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Unequivocal identification of the full composition of a gene is made difficult by the cryptic nature of

regulatory elements. Regulatory elements are notoriously difficult to locate and may reside at considerable

distances from the transcription units on which they operate and, moreover, may be incorporated into the

structure of neighbouring genes. The importance of regulatory mutations as the basis of human

abnormalities remains obscure. Here, we show that the chromosome 7q36 associated preaxial polydactyly,

a frequently observed congenital limb malformation, results from point mutations in a Shh regulatory

element. Shh, normally expressed in the ZPA posteriorly in the limb bud, is expressed in an additional ectopic

site at the anterior margin in mouse models of PPD. Our investigations into the basis of the ectopic Shh

expression identified the enhancer element that drives normal Shh expression in the ZPA. The regulator,

designated ZRS, lies within intron 5 of the Lmbr1 gene 1Mb from the target gene Shh. The ZRS drives the

early spatio-temporal expression pattern in the limb of tetrapods. Despite the morphological differences

between limbs and fins, an equivalent regulatory element is found in fish. The ZRS contains point mutations

that segregate with polydactyly in four unrelated families with PPD and in the Hx mouse mutant. Thus point

mutations residing in long-range regulatory elements are capable of causing congenital abnormalities, and

possess the capacity to modify gene activity such that a novel gamut of abnormalities is detected.

INTRODUCTION

The zone of polarising activity (ZPA) resides at the posterior
margin of the developing tetrapod limb bud and is required for
the anterio-posterior pattern of digits. The role of the ZPA and
the significance of the asymmetric posterior location were
demonstrated in chick explants. Manipulation of embryonic
limb buds placing an additional ZPA source at the anterior
margin results in supernumerary anterior-localized (preaxial)
digits (1). Production of SHH (Sonic hedgehog) appears to be
the ultimate role of the ZPA. Expression of Shh defines the
limits of the ZPA in the posterior margin (2,3) and replacement
of the ZPAwith a source of SHH in explant experiments results
in a normal A/P pattern. In addition SHH is sufficient to induce

supernumerary digits when ectopically expressed in the
anterior mesenchyme (2).
Corresponding to the chick studies, preaxial polydactyly in

mouse mutants is attributable to ectopic anterior expression of
Shh at early limb bud stages (4–6). One such mutant, Sasquatch
(Ssq), arose during the production of transgenic mice and
displays a preaxial polydactylous phenotype with no other
associated anomalities (7). The transgenic insertion, respon-
sible for the phenotype, carries the human placental alkaline
phosphatase (HPAP) reporter gene driven by the Hoxb1
rhombomere 4 enhancer (7). In the Ssq mouse, in addition to
HPAP expression in hindbrain rhombomere 4, the transgene
acquired expression in the ZPA of the limb bud. HPAP activity
is also detected in the anterior limb margin overlapping the
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ectopic Shh expression responsible for generating the poly-
dactyly phenotype.
Ssq maps to mouse chromosome 5 and corresponds to the

preaxial polydactyly (PPD) locus on human chromosome 7q36
(8). PPD in human is one of the most frequently observed
congenital hand malformations and patients present with a
range of limb phenotypes from triphalangeal thumb to one, two
or sometimes three extra digits on hands and/or feet (9–13).
Analysis of both a de novo chromosomal translocation
breakpoint in a patient with PPD and the site of transgenic
insertion in Ssq identified lesions within intron 5 of the Lmbr1
gene (8). Lmbr1 is physically linked to Shh and intron 5 lies at
a distance of 1Mb (a genetic distance of 1.8 cM) upstream
from Shh. Genetic analysis confirmed that, despite this
distance, a cis-acting regulator is responsible for the preaxial
polydactyly phenotype in Ssq and therefore PPD (8).
In our attempt to determine the molecular basis for preaxial

polydactyly, we identified the regulatory element that is
responsible for the initiation and spatially specific expression
of Shh in the ZPA. As predicted by the genetic analysis this
regulatory element is located 1Mb upstream of Shh, embedded
in a gene that resides in a cluster of unrelated genes. Point
mutations were found that reside in the ZRS in both human and
mouse. These mutations modify ZRS activity resulting in
ectopic expression of Shh and, consequently, supernumerary
preaxial digits.

RESULTS

Regulatory elements reside near the Ssq insertion site

The transgenic insertion site for the Ssq mutant mouse was
isolated previously and was postulated to be near or within a
regulatory element that affects expression of Shh (7,8). To
investigate the proximity of a potential regulator, transgenic
mice were made using cosmid clones from a Ssq genomic
library containing the insertion site. The cosmid Cos33S
contains at least two complete copies of the transgene construct
(carrying the HPAP reporter gene) and 8.5 kb of flanking
genomic DNA. G0 embryos analysed at E10.5 showed
expression of HPAP at the posterior margin of the limb
contained within the predicted ZPA (Fig. 1). This indicated the
presence of at least partial regulatory activity contained within
the 8.5 kb of flanking genomic DNA in Cos33S.

Conservation of intronic regions within the Lmbr1 gene

Interspecies conservation of nucleotide sequence may pinpoint
important regulatory elements. The sequence of intron 5 of the
Lmbr1 gene in several vertebrate species was compared to
search for conserved domains which would account for the
limb expression displayed by Cos33S. The partial sequence
available (accession no. AC0587880) for intron 5 in the mouse
was used to further establish high quality sequence for this
region and was compared to the available human sequence
(accession no. AC007097). Comparison of the 31 kb mouse
and 33 kb human intron 5 sequences using VISTA (14,15)
showed a number of regions of significant similarity, the largest
being a region of 1.3 kb (Fig. 2A). In addition the entire 18.5 kb

chick intron 5 was sequenced. Comparison of this sequence to
the mouse significantly reduced the overall similarity displayed
by the VISTA plot and demonstrated a single conserved region
of �800 bp corresponding to the 1.3 kb region predicted in
human and mouse (Fig. 2A).
Mapping the genomic flanking DNA contained in Cos33S

(discussed above) established the region of the intron
represented by the cosmid clone. Interestingly, the genomic
DNA extended upstream and included about 800 bp of the
1.3 kb conserved domain (green arrow at nucleotide 400 in
Fig. 2B). The data is consistent with the regulatory activity
detected by transgenesis residing within the conserved domain
of mouse, human and chick.

Identification of a ZPA-specific enhancer

A 1.7 kb HindIII fragment containing the mouse conserved
region was incorporated into transgenic constructs containing
the heterologous b-globin promoter and lacZ reporter gene
(construct i in Fig. 3A) (16). Transgenic embryos showed
similar b-gal staining patterns at the posterior margin of both
the fore and hindlimbs (Fig. 3B) reminiscent of limb Shh
expression in the ZPA. Much of the regulatory information for
driving expression in the ZPA appears to be contained within
this fragment, thus we refer to this conserved domain as the
ZPA regulatory sequence (ZRS).
In addition to the Lmbr1 sequences in species of land-based

tetrapods, we attempted to detect similar ZRS sequences in fish.
Cosmid and PAC clones from Fugu rubripes, the pufferfish,
were identified. The compact genome of Fugu (17) facilitated
the demonstration of the physical linkage of Lmbr1 and Shh
(manuscript in preparation). Genomic sequence was established
and the region corresponding to intron 5 was compared to
human, mouse and chick (the VISTA comparison with mouse
sequence is shown in Fig. 2A). This highlighted the presence of
a region of �400 bp conserved between all four species.
A 445 bp fragment of the mouse ZRS incorporating the Fugu

Figure 1. E10.5 transgenic embryo injected with Cos33S containing the Ssq
insertion site and stained for HPAP expression. (A) Lateral view showing stain-
ing in rhombomere 4 (white arrow) and within the ZPA of the limb buds. (B)
Dorsal side of the hindlimbs showing specific expression at posterior margin
(black arrows).
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region of similarity (nucleotides 28–568, the region between
the red arrows in Fig. 2B) was used in a transgenic construct
(construct ii, Fig. 3A). This construct drives lacZ expression
within the putative domain of the ZPA of both the developing
fore and hindlimb buds (Fig. 3C). Thus the fish sequence
comparison has aided in identifying a limited region of activity.
An additional construct was made based on the endpoint

(green arrow in Fig. 5B) of the genomic DNA in cosmid
Cos33S. The 50 end fragment from the 1.7 kb ZRS domain (50

of the blue arrow in Fig. 2B) incorporating �300 of the 445 bp
in construct ii was used (construct iii; Fig. 3A). Construct iii
drove expression in the posterior margin of fore and hind limbs
(forelimbs shown in Fig. 3D), thus we suggest that most of the
spatial activity is contained in a small fragment of 305 bp
(nucleotides 20–417 in Fig. 2B).

Identification of the fin bud element

To determine the regulatory capacity of the fish conserved
region, a construct containing the 502 bp Fugu DNA (construct

iv, Fig. 3A) most similar to the mammalian ZRS was made.
The resulting E10.5 transgenic embryos express a spatial
pattern indistinguishable from the ZPA-like expression pattern
(Fig. 3E) of the mouse (construct ii). The region of simi-
larity predicts a functional regulatory unit in the fish. Since
limb and fins are homologous structures and there is broad
conservation of synteny in vertebrates (manuscript in prepara-
tion), we argue that this regulatory element is responsible for
the expression of Shh observed in the posterior of the
developing fin bud (18). In addition the basis for conservation
of synteny may be a consequence of these distal regulatory
elements.

Spatio-temporal activity of the ZRS

In order to examine the time course of activity, permanent
transgenic lines were made with both the 1.7 kb, ZRS construct
i, and the mouse 445 bp construct ii. Of 11 independent lines
carrying construct i; five express b-gal with a consistent pattern

Figure 2. Interspecific sequence comparison of four vertebrate species for intron 5 of the Lmbr1 gene. (A) Schematic depiction of the genomic organization in
mouse from Hlxb9 to Shh, reflecting the transcribed strand (taken from Ensembl and based on the mouse genome assemble V3). Exons 5 and 6 of Lmbr1 are
labelled and below a sequence comparison of the intervening intronic DNA (intron 5) predicted by VISTA is depicted. Species used for the comparison (mouse,
human, chick and Fugu rubripes) are shown along the left side of the VISTA plot. Annotation along the top shows position of exons and predicted genomic repeats.
Mouse was used as the base sequence for all the comparisons and predicted regions of significant identity are shown (50% identity in windows of 100 bp appear on
the plot and those above 75% are shaded pink). The conserved region aligned in (B) is bracketed. (B) Alignment of the highly conserved region from all four
species. Nucleotides conserved within all four species are shaded black, while those conserved within only three species are shaded grey. The end of the cosmid
(Cos33S) is marked with a green arrow. The ends of the 445 bp constructs (constructs ii and iv) are marked with red arrows, and the end of construct iii is indicated
with a blue arrow. The locations of the single base pair changes identified in the human PPD families and in the Hx mouse are marked with magenta stars.
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in the limb buds. At E10.5 these lines show an accurate
initiation of expression of b-gal firstly, within a small patch in
the fore limb bud and, subsequently, in the hind limb (Fig. 4A).
The expression expands into the posterior margin and very
closely mimics the endogenous Shh pattern demonstrated by
in situ hybridization (Fig. 4B). This correlation between b-gal
activity and the Shh expression pattern continues to E11.5
(Fig. 4C). However, after this stage endogenous Shh expression
is reduced and is undetectable in the limb buds at E12.5. In
contrast the five ZRS lines continue to express the b-gal
activity to at least E13.5 (Fig. 4E). In situ hybridization to
examine lacZ mRNA showed that the transgene was being
actively expressed at this stage (Fig. 4F), and that the b-gal
activity does not simply reflect perdurance of the protein.
However, the distribution of the b-gal activity shows some
differences with that of the lacZ mRNA since the b-gal stain-
ing extends down the posterior shank of the limb (compare
Fig. 4E and F at E13.5, and H and I at E12.5). In addition,
at E12.5 while the lacZ RNA is expressed more highly at
the limb margin and declines towards the centre of the
limb bud (Fig. 4I), the protein has become localized to the

developing digits, giving rise to a V-shaped staining pattern
(Fig. 4H).
In contrast, the 445 bp element appears to be a weaker

regulator in transgenics. Whereas in the transient transgenic
embryos expression from the 445 bp construct ii is detectable at
E10.5, the b-gal was difficult to detect until E11.5 in the two
stable lines. Once again, as with the 1.7 kb construct,
expression is then maintained through E12.5 (Fig. 4L) until
at least E13.5 (Fig. 4M). This anomalous late-stage digit
expression reflects the pattern observed for the HPAP activity
reported for the Ssq mutant (Fig. 4G) (7), demonstrating that
ZRS contains most, if not all, the activity detected by the Ssq
HPAP reporter inserted in the Lmbr1 gene.

Point mutations within the conserved domain
associated with preaxial polydactyly

Having identified the functional ZRS domain, a total of seven
families with preaxial polydactyly, mapping to chromosome
7q36, were analysed. A large Dutch family (9,12) was tested

Figure 2 Continued.
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and the 96 affected individuals were all found to be
heterozygous for a C/G transversion at position 105 (Fig. 5E)
of the human sequence as shown in Figure 2B. This in contrast
to the 117 unaffected individuals (sibs or partners), who are

homozygous C/C. As the large Dutch family is from a
genetically isolated village, we tested 249 unaffected indivi-
duals from this village using ASO hybridization. In addition,
we tested 128 controls from around the village, as well as
183 controls from The Netherlands (giving a total of 1354
tested control chromosomes) and all were found to lack this
mutation.
In addition, we identified a DNA alteration in three smaller

families. Two of these families were identified in Belgium and
are designated as the Belgian 1 and Belgian 2 families (Fig. 5).
In the Belgian 1 family, an A/T transversion (Fig. 5E) at
position 305 of the human ZRS sequence segregated with the
PPD phenotype (seven affected A/T, six unaffected A/A;
pedigree shown in Fig. 5A) and was found to be absent in 183
Dutch and 95 Belgian controls. AT/C transition at position 323
of the human ZRS sequence (three affected T/C, four
unaffected T/T, Fig. 5E), segregating with the PPD phenotype
in the Belgian 2 family (pedigree shown in Fig. 5B), was absent
in the same 183 Dutch and 95 Belgian controls. Finally, a G/A
transition at position 404 (Fig. 5E) was detected in all six
affected individuals in a Cuban family (12) and was absent in
six unaffected relatives as well as 45 Cuban and 183 Dutch
unaffected individuals. The sequence analysis also resulted in
the identification of four other sequence alterations (C/G at
position 3, C/T at position 236, T/C at position 295 and G/C at
position 507 of the human ZRS sequence), which were
detected in unaffected individuals (with frequencies of 10–
30% in both Dutch controls and families), suggesting these are
polymorphisms. We therefore suggest that the base pair
differences found in the Dutch, Belgian and Cuban families
are the pathogenic mutations leading to the PPD phenotype in
these families. In the remaining three families we only found
the C/G polymorphism at position 3 also present in unaffected
individuals.
Previously, we showed that a region of �24 kb of intron 5 of

Lmbr1 was duplicated in the Ssq genome (8). Here we show
that the transgenic insertion is situated between the duplication
endpoints with copies of the ZRS on each side (Fig. 5F);
however, it is unclear how this contributes to ectopic
expression. A second allelic mutation was examined and
proved more informative. The hemimelic extra toes (Hx)
mutation has a similar phenotype to Ssq (19) and a critical
region that includes Lmbr1 and the downstream Rnf32 gene.
No mutations were found in the coding region of these genes
(20). The ZRS and three other highly conserved domains (data
not shown) located within the critical genetic region were
sequenced. A G to A transition was found at position 545 of the
mouse ZRS sequence of the Hx mutant (Fig. 5G); all other
regions sequenced were unaffected. The Hx mutation arose on
the congenic line B10.D2/nSn (21) derived from the inbred
strain C57BL/10Sn and the donor partner DBA/2J. Thus the
ZRS regions from the B10.D2/nSn, C57BL/10Sn and DBA2J
strains plus seven other control inbred strains (C57BL/6, C3H,
CBA, AKR, 129SV, FVB and A/J) were sequenced and found
to lack this G/A alteration. In addition, no other DNA
alterations were found in these strains.
The base pair changes detected in mouse and human occur at

highly conserved nucleotides. All are conserved in the ZRS of
mouse, human and chick and all except the mutation found in
the Belgian 1 family also include conservation with fish.

Figure 3. Summary of the constructs used to produce transgenic mice. (A)
Schematic representation of the constructs used. The entire 1.7 kb ZRS is
depicted by a yellow box, the 445 bp internal fragment by a red box, the end
of the cosmid by a green arrow and the end of construct iii by the blue arrow.
The region incorporated into each construct is depicted below. The table on the
right depicts the number of G0 (transients) embryos and lines as a ratio of
expressing/transgenic embryos. (B–E) show b-gal expression in E10.5 G0

embryos carrying (B) construct i, the 1.7 kb ZRS, (C) construct ii, the 445 bp
mouse construct; (D) construct iii, the 305 bp fragment, and (E) construct iv,
the 502 bp Fugu construct. Expression of the reporter gene in the posterior mar-
gin of the forelimbs indicated with arrowheads and hindlimbs with arrows.
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DISCUSSION

ZRS and polydactyly

Examples of suspected regulatory elements that operate over
extreme distances are increasingly being recognized. A series
of chromosomal aberrations that are purportedly regulatory
mutations for the developmental genes Sox9 (22) and MAF
(23) lie at distances of about 1Mb from the affected genes. In
addition a number of studies indicate an association between

chromosomal aberrations and congenital abnormalities in
which the aberrations reside at moderate distances (reviewed
in 24). In many of these cases the abnormalities are suggested
to be due to chromosomal position effects. Here, we show
that single basepair mutations residing within the ZRS
regulatory element are associated with the congenital
abnormality PPD. These mutations are located at a dramatic
distance from the target gene, Shh. The identification of such
subtle regulatory mutations is, of course, problematic. In the
case of preaxial polydactyly the critical genetic region defined

Figure 4. Analysis of spatio-temporal patterns in embryos from permanent transgenic lines. Embryos from lines carrying construct i (A–F, H and I) and construct ii
(J–M). (A) Increasingly older embryos (from left to right, harvested at E10.5 and staged relative to each other by size of hindlimb bud) stained for b-gal expression
show accurate activation of the transgene. The early hindlimb bud is indicated with a square bracket, hindlimb expression with an arrow and forelimb expression
with an arrowhead. (B) Expression of Shh (by in situ hybridization at E10.5) for comparison. Later embryos at E11.5 (C) show b-gal expression comparable to Shh,
whereas, embryos at E12.5 (D) and E13.5 (E) show persistence of b-gal staining. (F) lacZ mRNA in situ hybridisation on a transgenic littermate of (E) demon-
strates that the transgene continues to be expressed. Forelimbs from E12.5 embryos are shown in (G and H). (G) A Ssq/þ mutant embryo stained for the HPAP
reporter gene displays the posterior digital expression pattern. Expression from the transgene analysing for b-gal staining (H) and lacZ mRNA (I) shows that the
transgene mRNA and HPAP staining are similar but that the protein perdures extending proximally down the shank. (J–M) b-gal staining in embryos carrying the
445 bp mouse construct ii at E10.5 (J), E11.5 (K), E12.5 (L) and E13.5 (M). Persistance of expression down the shank of the limb bud is indicated with an open
arrowhead (D, E, L, M).
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Figure 5. (A, B) Pedigree structure of part of a Belgian family 1 (A) and family 2 (B) with autosomal dominant preaxial polydactyly. Solid symbols represent
affected individuals; open symbols represent unaffected individuals. Co-segregation of the A/T mutation in Belgian 1 and the T/C mutation in Belgian 2 with
the PPD phenotype is indicated. (C) Normal and X-ray images of the right hand of affected individual IV-2. Note the extra biphalangeal thumb (arrowhead), with
metacarpal, connected to a tri-phalangeal thumb (arrow). (D) Normal image of both hands of the affected individual IV-2 of Belgian family 2. Note the tripha-
langeal thumb on the left hand (arrow). (E) Sequence electropherogram of mutations found in the ZRS. Positions of the heterozygous mutations in the human
sequence of the ZRS (Fig. 2B) are indicated above. (F) Schematic representation of Lmbr1 intron5 in wild-type mice and in Ssq. Exons 5 and 6 are depicted
by dark and light blue boxes, respectively. The ZRS is shown as a yellow box and the breakpoints of the duplication marked by arrows. In Ssq, the inserted multiple
transgene elements are shown as the green box. (G) Sequence electropherogram of a wild-type and an Hx/Hx mouse. The G to A mutation is at position 545 of the
mouse sequence of ZRS as indicated in Figure 2B.
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for both mouse and human lies at a significant distance from
the target gene and, in fact, the Shh gene and both the Ssq
and Hx mouse mutations are at an approximate genetic
distance of 1.8 cM (8,20). The task of identifying distantly
located regulatory mutations required an initial search for
functional regulatory elements within the critical region by a
process of sequence comparisons in diverse species, and
subsequent experimental verification of enhancer activity.
Preaxial polydactyly is unlikely to be unique among
congenital dysmorphologies and we suggest that a number
of long-range regulatory mutations will be uncovered using
similar approaches.
In mammals the ZRS is contained within a highly conserved

1.3 kb region. The minimal region required for driving ZPA
expression in the transgenic constructs is found in a sequence
of about 300 bp. The mutations associated with polydactyly are
scattered through a region of 450 bases of the ZRS and map
both inside and outside the minimal region required for
expression activity. The lack of clustering of the mutations in
the ZRS suggests there is no single subdomain responsible for
mis-expression. In addition the mutations effect mis-expression
of the Shh gene without disrupting the normal production at the
posterior limb bud margin. Maintenance of normal ZRS
regulatory activity is supported by studies in both mouse
mutants, Ssq and Hx, in which posterior Shh expression in the
homozygous mutants and patterning of the posterior digits is
similar to wild-type. Thus we suggest that normal posterior
activity is unaffected by ZRS mutations which, however, affect
spatial specificity causing anterior, ectopic expression.
In our analysis multiple regulatory functions were assigned to

the ZRS. The ZRS is responsible, firstly, for initiation of Shh
expression at the appropriate time in limb bud development
and, secondly, for driving the appropriate posteriorly restricted
spatial expression pattern. However ZRS activity seems acutely
sensitive to structural perturbations since single base pair
changes appear to result in loss of expression asymmetry. The
mechanism in which the base pair changes participate remains
to be resolved. One approach to investigate this mechanism
may entail the production of mutations or deletions in the ZRS/
reporter gene constructs to generate ectopic reporter gene
expression. However, preliminary evidence suggests expression
levels of the reporter gene are not sufficiently high enough to
be detected (data not shown). Based on the previous
observation (8) that ZRS mutations (as in the Ssq mutation)
when linked to an inactive Shh null allele suppress the ectopic
extra digit, we suggest that the process of ectopic tissue
expansion is requisite for the detection of anterior expression.
Therefore straightforward ZRS/reporter constructs carrying
mutations may not provide the experimental route to under-
stand ectopic activity and further analysis incorporating Shh
expression will be required.
A number of genetic resources are available to investigate the

action of the ZRS in both normal posterior expression and
anterior ectopic expression of Shh. The frequency of PPD in
the human population opens the possibility of detecting a
number of other mutations in the ZRS (currently under
investigation), which may eventually aid in pinpointing
functional domains within the ZRS. In addition in mouse
other unlinked mutations, lx, Dh, Rim4, Xpl and lst, are known
to produce preaxial polydactyly with associated ectopic Shh

expression (4–6). These mutations are postulated to act by de-
repressing Shh expression in the anterior margin and thus may
function through the ZRS. The lst mutation is a particularly
attractive candidate. The gene responsible is the Alx4 gene
(25,26), which is expressed in the anterior margin of the early
limb bud. Examination of these polydactylous mouse muta-
tions may be instrumental in pinpointing interacting genes
which act at the ZRS.

Regulation at a distance

Chromatin or chromosomal structural elements are expected to
play a part in regulating gene expression at such a distance.
Here, we find that at least one major component of a long-range
regulator is a distance-independent enhancer. Our data,
however, question the necessity for the long-range separation
of regulator and the target gene. Clearly, the genomic
configuration of the ZRS situated inside the Lmbr1 gene at a
considerable distance from Shh is conserved over a significant
evolutionary period. Does this long-distance separation play a
role in the regulation? The transgenic approach poses an
answer by effectively eliminating the long distance upon which
the ZRS must act. The transgenes were constructed such that
the enhancer abuts the b-globin heterologous promoter driving
the reporter gene. The ZRS containing transgene initiates
expression at a stage similar to that of endogenous Shh, and the
subsequent spatial pattern is indistinguishable. Therefore,
neither genomic distance nor chromosomal context appears to
be important in defining the early parameters of Shh
expression. In contrast, the transgenic lines do not ‘turn off’
expression at the normal endpoint (3). Resolution of the
temporal pattern requires further input, leaving open the
possibility that distance of the ZRS may play a crucial role in
the appropriate resolution of the expression pattern.
Long-distance gene regulation must overcome a number of

inherent problems. For example, local gene expression appears
unperturbed by the presence of the ZRS. The ZRS lies within
intron 5 of the ubiquitously expressed Lmbr1. In addition,
Lmbr1 is situated among a cluster of genes including Rnf32 a
testes specific gene (27) positioned between the ZRS and Shh
and C7orf3, a widely expressed gene (13) and Hlxb9, a gene
involved in neural tube closure (28) and pancreatic develop-
ment (29) positioned directly upstream. The ZRS appears,
therefore, to be a component of a complex of regulators that
together drive the spatial and temporal pattern in the ZPA,
while insulating the surrounding genes, and seeking out the
Shh promoter specifically.

Evolution of Shh expression

The tetrapod limb was an essential morphological adaptation in
vertebrate evolution that facilitated the transition from an
aquatic to a land-based lifestyle. Expression of teleost HoxA
and HoxD genes, orthologues of genes expressed in tetrapod
limbs, suggest that the fin is homologous to proximal limb
structures (30). Additional anatomical data supports the notion
that in the fin-to-limb transformation advent of the autopodium
(structure which gives rise to the carpus/tarsus and digits) was
the distinguishing innovation (reviewed in 31). Generally in
tetrapod limbs, Shh expression has acquired a function in the
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autopod to pattern the chondrogenic elements. In teleosts, fin
structure differs quite dramatically from limb and Shh, although
expressed in the posterior margin, differs from the mouse
pattern in that it does not extend to the distal edge (18). Given
the substantial differences, is the fin Shh expression domain
equivalent to the ZPA? Initially, the ZPA was defined
functionally in chick explant studies (1). Since the character-
istic ZPA properties are mediated by SHH (2,3), the ZPA has
become synonymous with the limb expression pattern of Shh.
At the molecular level much of the information for the specific
Shh expression is contained in the ZRS. The data presented
here strongly suggest that fin and limb Shh expression are
under the same regulatory influences and thus the fish
expression domain of Shh and the ZPA are equivalent.
Elaboration of Shh activity in producing the pattern particular

to each type of appendage is different. Clearly, the ZRS of the
fish, although driving a posterior but proximal pattern in the
fin, has the capacity to regulate expression in a pattern
remarkably similar to that of the mouse limb. Hence, within the
vertebrate evolutionary scheme the ZRS regulatory element is
ancient, having arisen prior to the fin-to-limb transition. The
evolutionary period in which fin expression arose may have
been subsequent to chondrichthyes since dogfish do not express
Shh in the fin (32). The ZRS and consequently the ZPA arose,
but not as part of a mechanism to pattern digits and therefore
predate the advent of the tetrapod specific autopod. With the
basic regulatory mechanism for Shh expression in place, it
appears that the role of Shh changed within the context of the
evolving limb bud to define digit number and pattern.

MATERIALS AND METHODS

Sequencing and analysis

High quality mouse intron 5 sequence was assembled from
available unordered HTGS sequence of clone RP23-284A9
(accession no. AC0587880), in combination with l and cosmid
clone sequence containing the Ssq insertion site. This led
to an ordered array of intron 5 sequences, and gaps were
subsequently filled by PCR and sequencing. Finished human
sequence was available in the database (accession no.
AC007097). Database searching identified chicken Lmbr1
ESTs (ChEST294A11, 382F7 and 771N8), which were used
to screen the chicken BAC library filters (HGMP). Two clones
were identified (10P15 and 75K5); subsequent characterization
showed that 75K5 contained the entire Lmbr1 gene and this was
used as a template for long-range PCR (Roche) using primers
from exons 5 and 6 (CTTGGAGTCGGAAGGATTTGC and
TCTCCAGAATGCGTGCTCTG). The resultant PCR product
was shotgun sequenced using standard methods. Fugu Lmbr1
intron 5 sequence was obtained from a Shh containing PAC that
was completely sequenced.
Initial sequence comparison was conducted using VISTA

(www-gsd.lbl.gov/vista) (14,15) and the sequence displayed
using PileUp (The GCG Wisconsin Package at the HGMP,
Hinxton, UK) and ClustalX (HGMP) (33). The alignment in
Figure 2 was prepared using GeneDoc (www.psc.edu/biomed/
genedoc).

Transgenic analysis

The cosmid Cos33S containing the Ssq transgene and flanking
DNA was digested with NotI to release the insert. Both insert
and vector were injected. All other transgenic constructs made
use of a b-globin minimal promoter and the bacterial lacZ
reporter gene (16) (vector p1230, a kind gift from Robb
Krumlauf). Construct i (1.7 kb, ZRS construct) was made
by subcloning the 1.7 kb HindIII genomic fragment. Sub-
fragments of this were generated by PCR and sequenced to
ensure the absence of PCR errors. The Fugu construct iv, used
Fugu cosmid 16E21 (HGMP) as a template. All PCR primers
used had HindIII sites for ease of cloning and vectors were
made with the PCR products in both orientations relative to
lacZ. In all cases, the vector fragment was removed by NotI/
SalI digestion. Transgenic mice were made by pronuclear
injection using standard protocols. G0 embryos were harvested
at E10.5 (assuming the day of transfer to be E0.5) or allowed to
develop to term. Transgenic males were subsequently used as
studs with CD1 females. All embryos harvested had their yolk
sacs retained to allow for PCR genotyping.
HPAP, b-gal staining and in situ hybridizations were carried

out using standard techniques (7,34,35 respectively). The
probes used for in situ hybridization were Shh (a kind gift from
Andy McMahon) or lacZ, transcribed from vector p1230.

Mutation detection

The Dutch and Cuban families were previously mapped to
chromosome 7q36 (9,12). Affected individuals from the
Belgian 1 family (Fig. 5A) display preaxial polydactyly II,
with an extra thumb attached to the triphalangeal thumb
(Fig. 5B). The phenotype of the Belgian 2 family (Fig. 5C)
included triphalangeal thumbs with or without an additional
biphalangeal thumb (Fig. 5B). The phenotype in both families
was linked to chromosome 7q36.
Mouse strains tested for mutation analysis were: B10.D2/

nSn-Hx/Hx (and Hx/þ), B10.D2/nSn, C57BL/10SnJ, DBA2J,
C57BL/6, C3H, CBA,AKR, 129SV, FVB andA/J (Jackson labs).
Genomic DNA was isolated from peripheral blood from

affected and unaffected individuals according to standard
procedures (36). For mutation analysis of the ZRS in both
human and mouse, PCR reactions were performed in 50 ml
containing 1�GibcoBRL PCR buffer, 1.5mM MgCl2, 200 mm
dNTPs, 200 mm primers, 2.5 units of Taq DNA polymerase
(GibcoBRL) and 50 ng of genomic DNA. Cycling conditions
were: 3min at 94�C, 35 cycles of 15 s at 94�C, 15 s at 56�C and
35 s at 72�C followed by 5min at 72�C. PCR products were
purified using Amersham GFX purification columns, according
to the products instructions.
Direct sequencing of both strands was performed using Big

Dye Terminator version 3.0 chemistry (Applied Biosystems).
Fragments were loaded on an automated sequencer and
analysed with DNA Sequencing Analysis (version 3.7) and
SeqScape (version 1.1) packages (Applied Biosystems). To
ensure high quality sequencing we divided the ZRS and 200 nt
up- and downstream in three overlapping regions: Hi5f/R1,
Hi5f/R2 and Hi5f/R3 for human and mi5f/R1, mi5f/R2, mi5f/
R3 for mouse. The primers used for amplification were also
used for sequencing and are given in Table 1. For Allele
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Specific Oligo (ASO) hybridization, PCR products similar to
those sequenced were blotted onto Hybond-Nþ membranes
(Amersham Biosiences). Blots were hybridized for 1 h at 37�C
in 5� SSPE, 1% SDS and 50 mg/ml single-strand salmon
sperm DNA with either the normal or mutated oligo, labelled
with P32-gATP. Filters were washed at 37�C until a final
stringency of 0.3� SSC/1% SDS. Oligonucleotides used for
hybridization for the mutations can be found in Table 2.
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