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ABSTRACT

Canine preaxial polydactyly (PPD) in the hind limb is a developmental trait that restores the first digit
lost during canine evolution. Using a linkage analysis, we previously demonstrated that the affected gene
in a Korean breed is located on canine chromosome 16. The candidate locus was further limited to a
linkage disequilibrium (LD) block of <213 kb composing the single gene, LMBRI, by LD mapping with
single nucleotide polymorphisms (SNPs) for affected individuals from both Korean and Western breeds.
The ZPA regulatory sequence (ZRS) in intron 5 of LMBRI was implicated in mammalian polydactyly. An
analysis of the LD haplotypes around the ZRS for various dog breeds revealed that only a subset is assigned
to Western breeds. Furthermore, two distinct affected haplotypes for Asian and Western breeds were
found, each containing different single-base changes in the upstream sequence (pZRS) of the ZRS.
Unlike the previously characterized cases of PPD identified in the mouse and human ZRS regions, the
canine mutations in pZRS lacked the ectopic expression of sonic hedgehog in the anterior limb bud,
distinguishing its role in limb development from that of the ZRS.

ONGENITAL malformations of the vertebrate limb

are often observed as abnormal numbers of digits.

One class of defect is preaxial polydactyly (PPD), which
is caused by alterations in the anteroposterior patterning
of limb development (HiLL et al. 2003; HORIKOSHI ¢t al.
2003). Dogs in general have four digits in the hind limb,
presumably due to an evolutionary adaptation (GALIS
et al. 2001). However, in a few breeds, including Great
Pyrenees, five or six digits have been intentionally main-
tained through breeding. In addition, most breeds often
display this extra digit as a genetic variation, although
the number of digits (five) in the forelimb is essentially
unchanged. This type of dominant genetic alteration has
been commonly called “dewclaw,” but is more accurately
described as “hind-limb-specific PPD.” Rarely, polydactyl
mutations involving both the fore and hind limbs occur,
as reported in breeds like the Norwegian Lundehund
(FocLe 2000), although their genetic bases are poorly
understood. Except for its exclusive appearance in the
hind limb, hind-limb-specific canine PPD resembles
human PPD type I, which increases one or more
biphalangeal thumbs (TEmMTAMY and McKusick 1978;
ZGURICAS et al. 1999). Mouse mutations such as Hemi-
melic extra toes (Hx) and M100081 share a similarity with
human PPD, although the Sasquatch (Ssq) mutation
displays a unique phenotype of semidominant inheri-
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tance with no association with other anomalies, so that
heterozygotes contain an extra triphalangeal thumb
only in the hind limb, whereas homozygotes have defects
in both the fore and hind limbs.

Previous genomewide linkage studies have revealed
that human and mouse PPDs are associated with the
LMBRI gene on HSA7q36 and MMUbD (HING et al. 1995;
CLARK et al. 2000). However, no mutations were identi-
fied within the coding region of LMBRI (HEus et al.
1999). The LMBRI gene with 17 exons encodes a
putative transmembrane protein homologous to a lip-
ocalin receptor (WOJNAR et al. 2003). The expression of
LMBRI was not localized in developing mouse limbs
(HILL et al. 2003), and its overexpression in a devel-
oping chick limb did not interfere with normal skeletal
development (Maas and FarLon 2004). The targeted
deletion of the first exon in a mouse resulted in a loss of
distal limb structure (CLARK et al. 2001), while a deletion
in exon 4 in a human caused a distal limb truncation
called acheiropodia (IANAKIEV et al. 2001). These data
suggest that the LMBRI coding region is not directly
involved in the limb patterning.

Sonic hedgehog (Shh) is expressed in the mesenchyme
along the posterior margin of the limb in a region called
the zone of polarizing activity (ZPA). The spatio-
temporal expression of Shk is driven by a regulatory
element, called the ZPA regulatory sequence (ZRS),
contained in the intron 5 of the LMBRI gene, which is
located ~1 Mb from Shh (LETTICE et al. 2003). The
proximity of ZRS to Shh is preserved in mammals,
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including dogs (located on CFA16, http://genome.ucsc.
edu). The location and role of the ZRS sequence was
defined by the insertion mutant Ss¢ in mice, near to
which the human PPD, as well as the mouse Hx and
M100081 mutations, revealed substitutions (LETTICE
et al. 2003). The ZRS mutant displays an ectopic
expression of Shh in the anterior limb bud, while the
wild type expresses Shh only in the posterior ZPA region
(SHARPE et al. 1999; BLANC et al. 2002). This has led to
the hypothesis that ZRS serves as a long-range regulator
of Shh. A knockout mouse lacking the ZRS region failed
to express Skhin a developing limb bud, supporting the
hypothesis (SAGATI et al. 2005). This phenotype is similar
to that of the Shh-knockout mouse. Furthermore, the
single-base change in ZRS causing PPD resulted in an
ectopic expression of the reporter in the anterior region
of alimb bud (Maas and FaLLoN 2005). The data imply
that the anterior expression of Shi due to the altered
ZRS function is an underlying mechanism of PPD
occurring in both fore and hind limbs. The LMBRI
gene and its surrounding region are rich in mult-
species conserved sequence (MCS) elements, including
ZRS, which were functionally tested for their tissue-
specific expressions using zebrafish (GOODE et al. 2005).
Most of these MCS regions from the Fugu genome,
including three in the LMBRI gene, exhibited diverse
activities during development (GOODE et al. 2005). So
far, there has been no evidence that human and mouse
PPDs are caused by mutations in the two other MCSs in
LMBRI (SAGAT et al. 2005).

In a previous study, canine PPD in a hind limb was
mapped to CFA16 using a pedigree analysis of the Korean
breed, Sapsaree (PARK et al. 2004). Here, we reporton the
positional cloning and characterization of the affected
gene. On the basis of human synteny, the affected region
defined previously was further reduced to <213 kb by
linkage disequilibrium (LD) mapping. Simultaneously,
we identified two affected LD haplotypes, one for Korean
breeds and the other for Western breeds. Sequencing the
coding and intronic regions of a single candidate gene,
LMBRI, revealed base substitutions in the intronic MCS
region located upstream of ZRS, termed preZRS, or
PZRS, which exhibited a limb-specific enhancer activity
and altered the expression pattern in the limb bud in a
transgenic mouse when mutated. The mutational effect
of pZRS was distinct from that of a ZRS reported
previously (Maas and FALLoN 2004).

MATERIALS AND METHODS

Cosmid and BAC screening: The cosmid library obtained
from Beagle is from P. Henthorn at the University of
Pennsylvania. Canine BAC clones were obtained by hybridiz-
ing with a high-density grid containing an 8.1-fold canine BAC
library (L1 et al. 1999). We used the sequence around the
REN85MO08 marker as a probe for screening the genomic
library. Details of the hybridization conditions and sequencing

strategy are described in the supplemental MATERIALS AND
METHODS.

SNP finding: Genes were selected for SNP discovery on the
basis of human synteny. Two genes, KCNH2 and ADRB3, were
located on CFA16, while En2, Shh, Hixb9, Vipr2, Fgfrl, Indo,
Vdac3, Unc5D, Wrn, and NM024025 were selected from HSA7q
and HSA 8p. Intronic or exonic sequences 500-1500 bp in size
were amplified using primers designed by comparing human
sequences with those of a mouse or rat, depending on avail-
ability. To assess the primers, we performed PCR with dog
c¢DNA and confirmed the products by sequencing. Sequence
data from genomic DNA were analyzed using the PolyPhred
option of the PhredPhrap program. To determine linkage to
the canine PPD locus, SNPs were genotyped for the Sapsaree
pedigree constructed previously (PARK et al. 2004). We calcu-
lated pairwise LOD scores using the MLINK option of the
linkage program (LaTHROP and LALOUEL 1984). Two-point
linkage and haplotype analyses were additionally performed
using microsatellite markers previously mapped on CFA16.

Detection of mutations: For an analysis of mutations in the
canine ZRS, we used primers designed by comparing human
and mouse sequences. Sequences from exon 5 to ZRS of
LMBRI were obtained by small-scale shotgun sequencing and
compared among affected and unaffected individuals to
identify mutations. Direct sequencing of both strands was
performed using Big Dye Terminator version 2.0 (Applied
Biosystems). We performed SNP typing by allele-specific
oligonucleotide (ASO) hybridization and allele-specific PCR
and by using a SnapShot Multiplex kit (Applied Biosystems).
For ASO hybridization, amplified products were blotted onto
Hybond-N+ membranes (Amersham Biosciences), which
were hybridized for 1 hr at 37° in 5X SSC, 1% SDS, and 50
mg/ml of single-stranded salmon sperm DNA with either
normal or mutated oligonucleotides labeled with [y-**P]ATP.
Filters were washed at 37° through a final stringency of 0.3X
SSC with 1% SDS.

Association analysis: Marker-disease association was tested
using the x* method with a STATA program (http://csg.sph.
umich.edu). The Pvalue was obtained using Fisher’s exact
probability test. The Pvalues of the microsatellites were
corrected by multiplying the number of microsatellite alleles
observed in each locus (P.). P. < 0.01 was accepted as
statistically significant. The odds ratio for canine PPD was
calculated from a 2 X 2 contingency table. Allele frequency
was estimated using the GenePop program (http:/wbiomed.
curtin.edu.au/genepop/).

Luciferase assay: The 632-bp DNA fragments containing
either an A or a G allele of the DC-1 site were amplified from
the DNA of a DC-1 homozygous individual. The 703-bp
fragments containing the published human mutations were
obtained by PCR-based mutagenesis. Fragments were cloned
into the Kpnl/ Sacl site of the pGL2-promoter vector (Prom-
ega). P19 embryonal carcinoma cells were cultured in media
(MEMA, GIBCO, Life Technologies) supplemented with 10%
fetal calf serum, 2 mM L-glutamine, 100 units/ml penicillin,
and 100 wg/ml streptomycin. Transfections were performed
using a Lipofectamine reagent. Cells were transfected with
1 pg of the construct and 0.5 pg of the pSV-B-galactosidase
vector (Promega) as an internal control for measuring trans-
fection efficiency. After 48 hr, cells were collected and
measured for luciferase activity with the luciferase assay
reagent (Promega) using a luminometer (EG&G Berthold,
Microlumat LB96P). The B-galactosidase activities in the lysis
buffer were measured with a spectrophotometer using the
appropriate enzyme assay system (Promega).

Transgenic analysis: Transgenic constructs were generated
using the B-globin minimal promoter and the bacterial lacZ
reporter gene (kindly presented by Robb Krumlauf). Constructs
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containing pZRS and ZRS were made by cloning the 1.9-kb
DNA, generated by PCR from normal and affected dogs, con-
taining 5'-Kpnl and Xhol restriction sites. The PCR products
were sequenced to ensure the absence of errors. A vector
fragment was removed by Kpnl/Sacl digestion. Transgenic
mice were generated by pronuclear injection using standard
protocols. Embryos for staining were obtained at E10.5-15.5
(assuming the day of plug check as E0.5). Transgenic males
were subsequently used as studs for FVB background females.
All harvested embryos had their yolk sacs retained to allow for
PCR genotyping. Then B-gal staining was performed using
standard procedures (Maas and FaLLon 2005).

Whole-mount in situ hybridization: The experiment was
carried out as described previously (HECKSHER-SORENSEN et al.
1988; HAMMOND et al. 1998). RNA probes for in situ hybrid-
ization of a canine Shh sequence were obtained by PCR using
primers (GenBank accession no. XM_845357, forward/5'-
GGACCCGGCAGGGGATTTGG-3" and reverse/5'-GGCCGC
AGAGTCGTTGAGCG-3") and labeled using a DIG RNA
labeling kit (Roche). The solution for hybridization contained
50% formamide, 5X SSC, 2% blocking powder (Boehringer),
0.15% Triton X-100, 0.5% CHAPS, 5 mm EDTA, 100 pg/ml
heparin, and 50 wg/ml of yeast RNA. The chemicals used for
hybridization were from Sigma Chemical, unless otherwise
stated. Prehybridization was carried out for 5 hr at 65° in a
hybridization solution. The DIG-labeled RNA probe (1 ng/
ml) was denatured for 3 min at 80° in a 50-ul hybridization
mix, which was then used to hybridize with embryos overnight
at 65°. Washing was carried out as described (HAMMOND et al.
1998), followed by staining in AP1 (100 mm NaCl, 50 mm
MgCls, 100 mm Tris, pH 9.5) with a 20 wl/ml NBT/BCIP stock
solution (Roche, 18.75 mg/ml NBT and 9.4 mg/ml BCIP in
67% dimethylsulfoxide). For developing, the embryos were
rinsed in AP1 and mixed with PBST to stop the reaction and
then washed several times in PBS with 1% Triton X-100 to
adjust the background color, followed by fixing overnight at 4°
in 4% paraformaldehyde. Details are described in the supple-
mental MATERIALS AND METHODS.

RESULTS

SNP markers in the affected region: Initially, we
screened for canine SNPs located in the region around
LMBRI on CFA16, which share syntenies to both HSA7q
and HSA 8p, since the affected locus lies within the
syntenic junction. The linkage of the markers to CFA16
was determined by two-point and haplotype analyses.
The deduced syntenic order based on the SNP markers
was as follows: REN176D05-8T7R-REN85M08-14SP6R~
ZRSi5-HLXB9-CXX876—-FGFRI-ADRB3, with linkages
to CFA16, as shown in Figure 1 (supplemental Table S1).
Since the previous study (PARK et al. 2004) excluded the
CXX876 microsatellite marker located distally from
the recombination-free affected region, we suspect that
the candidate region is syntenic to HSA7q. Thus, LMBRI
was highlighted as a likely candidate gene involved in
developmental defects of the preaxial limb (HEUS et al.
1999; CLARK et al. 2000). On the basis of an earlier study
reporting that REN85MO08 is the most closely linked
marker to the canine PPD locus (PARK et al. 2004), we
attempted to screen additional SNPs from canine BAC
clones obtained with the sequence probes flanking the
REN85MO08 repeat polymorphism, which were further

expanded as contigs. The newly identified SNPs were
ordered on the basis of the map of BAC contigs (supple-
mental Figure S1) as follows: 8T7R-RNIF32-REN85M 08—
14SP6R—-LMBRI1 /SNPs—NOM1-HIL.XB9/SNPs (Figure 1A).

LD mapping with microsatellites and SNPs: Using
several SNPs and microsatellites covering a few mega-
bases of a previously suggested region of the canine PPD
locus, we performed LD mapping. Since the linkage
analysis was conducted with selected pedigrees from a
much larger population (>1000 dogs), we selected 77
other Sapsarees with PPD for high-resolution LD map-
ping. Genotyping with these markers along with a haplo-
type analysis led to the exclusion of REN176D05-8T7R
and NOMI markers located at the 3" and 5’ sides of
LMBRI, respectively, from the LD region, including the
canine PPD locus (Figure 1A). The REN85M08 marker
was initially positioned between 8T7R and 14SP6R SNPs
on the basis of PCR analyses with BAC contigs (supple-
mental Figure S1) and accurately confirmed using a
recent dog genome map (http://genome.ucsc.edu).
Thus, we limited the locus of the canine PPD to <1 Mb
(Figure 1A) within which a few genes, including LMBRI,
are located.

Association analysis of the LMBRI region in other
breeds with PPDs: To further map the canine PPD locus
with better resolution, we collected 47 normal and PPD
dogs from other breeds (supplemental Table S3). An
association analysis was performed for REN85M08 and
ShotR2 markers closely linked to the LMBRI gene, using
adistantlylocated REN124F19 marker as a control (Table
1). Using x* analysis, a significant P-value was obtained
for REN85MO08 and ShotR2 markers. We additionally
tested other SNPs (supplemental Table S2) identified in
the introns of LMBRI. Our data further support an
association with the LMBRI region, e.g., X* = 12.35, P=
4.41 X 107" for ZRSi5. The most significantly associated
allele of REN85M08 was absent in normal individuals,
which may seem unique, perhaps due to its recent origin
and tight linkage to a rare microsatellite allele. For
minimizing allelic bias, we attempted a balanced in-
clusion of each breed for case and control samples taken
from nine different breeds (supplemental Table S3).

Assessing LD haplotypes around LMBRI and their
phenotypic association: Since the PPD loci in other
breeds are associated with the LMBRI region, we ex-
tended the LD mapping to their genomes (supplemental
Table S3). Genotyping with most SNP and microsatellite
markers of the LMBRI region revealed recombination
breaks between RENS8HMO8 and 14SP6R SNP in three
affected individuals of the Shih Tzu, Yorkshire terrier,
and standard poodle breeds and between Int3 and NOM1
SNPs in the Shih Tzu (supplemental Figure S1). Thus,
the boundary of the canine PPD locus was marked by the
REN85M08 and NOMI markers, suggesting a candidate
region of <213 kb (Figure 1A). LD mapping and associ-
ation analysis confirm that the 140-kb region of LMBRI
constitutes the core of the affected locus. Accordingly, we
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F1GURE 1.—Genomic analysis of the PPD locus on CFA16. (A) The genomic structure around the MCS regions of the LMBRI gene.
The SNPs (solid triangles) and microsatellites (open triangles) are indicated below. The black bar and shaded regions within the
LMBRI gene represent exon and MCS regions, respectively. The yellow and pink bars represent human syntenic regions on HSA8p
and HSA7q. The deduced candidate region (213 kb) around the LMBRI gene for PPD is designated below. (B) The highly conserved
region between human and dog, analyzed using VISTA (http:/ genome.lbl.gov/vista), is presented. The region with >50% identity
analyzed with windows of 100 bp appears on the plot, while those >75% are shaded in pink. The identified PPD mutations, DC-1 and
DC-2, are presented (solid triangles). The red and black arrows indicate the sites of two mouse mutations, Hx-G/A and M100081-A/
G, and six human PPD mutations: Dutch-C/G (105 bp from 5'-ZRS), Belgian1-A/T (305), Belgian2-T/C (323), Cuban-G/A (404),
family B-C/G (621), and families A and C-A/G (740) from northern European descent (LETTICE ¢t al. 2003; GURNETT et al. 2007).
The phenotypic patterns of preaxial polydactyly are indicated below. (C) A sequence electropherogram of DC-1 (Sapsaree) and DC-2
(Great Pyrenees) mutations read in the reverse direction are shown with hind foot radiographs.

systematically analyzed this region for the presence of an the whole Sapsaree population is derived from less than
LD block by typing genetically independent individuals eight founders (PARK et al. 2004). From the Sapsaree and
for various breeds. For the Sapsaree, deducing LD other breeds, 14 SNP markers (supplemental Table S4)
haplotypes was fairly straightforward due to the availabil- of the candidate region were typed, which were initially
ity of pedigree information. In fact, the genetic history of assessed with the HaploXT/GOLD and SIMWALK2

TABLE 1

Allelic associations between the CFA16 microsatellite and SNP markers

Frequency of associated
allele’ (no. of individuals)

Distance  No. of Odds
Marker (Mb)“ alleles Normal PPD (C.I. of 95%)° X2 (1)! Pvalue P, value’
RENS85M08 21.1 7 0/48 (24) 17/42 (21) — 2395 9.87 X 1077  6.91 X 10°°
ShotR2 21.2 2 21/48 (24) 41/44 (22) 10.63 (2.51 45.06) 16.24 558 X 10~°
REN124F19 49.6 6 13/26 (23) 17/42 (19) 2.05 (0.81 5.18) 2.46 0.12 0.72

“Distances were based on the canine genome database (May 2005 for Boxer, http:/genome.ucsc.edu).

’ Frequencies of highly associated alleles are presented as the number of a particular allele among the number of all alleles. In micro-
satellite analysis, P-values were obtained for all combinations, each with a particular allele versus the other alleles combined. Only the
Pvalue for the most highly associated allele is shown. Individuals were selected from nine breeds (details in supplemental Table 3S).

“C.I. denotes the confidence interval. The odds ratio for REN85M08 could not be estimated due to the lack of PPD-associated
alleles in normal individuals.

“x? values with degrees of freedom in parentheses were obtained using Pearson’s method.

* Pvalues were corrected by multiplying the number of microsatellite alleles observed for each locus.
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TABLE 2

Haplotype-based association analysis in Western breeds

Haplotype frequency”

Haplotype“ Normal PPD Odds ratio (C.I. of 95%)°  x* (1) Pvalue’ P, value’
1-CCCAGC 0.250 0.727 8.00 (2.76 23.22) 20.95  4.60 X 10=°  2.30 X 10~°
2-CCCAAC 0.125 0.000 5.88 0.015 0.075
3-TCCCAC 0.312 0.068 6.21 (1.54 25.11) 8.71 0.0032 0.016
4-TCCCGC 0.250 0.137 2.11 (0.74 6.33) 1.88 0.17

5-CTTAGT 0.063 0.068 1.09 (0.21 5.80) 0.01 0.91

“The SNPs used to construct haplotypes are Intl6, Intl5, Int6, ZRSi5, ShotR2, and Int3, whose positions on
the canine genome are designated in supplemental Table 6S.
’ Individuals were selected from nine breeds, including 24 normal (10 homozygous and 14 heterozygous) and

22 PPD dogs (10 homozygous and 12 heterozygous).

“C.I. denotes the confidence interval.

“The Pvalues for the genotype level association with haplotype 1 are 6.27 X 10~ (x* = 20.40) and 1.31 X 102
(x> = 6.15) for dominant and recessive modes of inheritance, respectively.
‘The Pvalues were corrected by multiplying the number of haplotypes.

programs. Pairwise disequilibrium measurements based
on D' values indicated that the associated region with
significant Pvalues (<0.05) liesin an LD block extending
~113 kb, which includes Int3 and Intl6 SNP markers
(see Figure 1A; supplemental Table S5). Consequently, a
more extensive LD analysis was performed with the same
six SNPs. The five deduced haplotypes shown in Table 2
were repeatedly obtained with various parameter set-
tings, e.g., with D' score ranges of 0.7-0.9, confirmed by
HAPBLOCK and PHASE programs (STEPHENS ef al
2001; ZHANG et al. 2005). The reliability of haplotype
prediction is high due to the frequent presence (0.49) of
homozygous individuals. For ambiguous cases of pre-
dicted haplotypes, allele-specific PCR was performed.
Intriguingly, the deduced haplotypes of the Sapsaree
were fairly diverse, consisting of six different species
(Figure 2). Only two (no. 3 and no. 5) overlapped with
the haplotypes of Western breeds. According to previous
phylogenetic analyses with mitochondrial (LEONARD
et al. 2002; SAVOLAINEN et al. 2002) and microsatellite
(PARKER et al. 2004) markers, Western breeds share a
fairly recent ancestor. A neighbor-joining tree showing a
genealogical relationship was drawn (Figure 2) on the
basis of previous reports (PARKER et al. 2004) with an
addition of the Sapsaree and other native Asian dogs
(Kim et al. 2001). When this tree was juxtaposed with
haplotype patterns found in each breed, only a subset of
10 haplotypes was identified in the breeds of Western
origin. This is consistent with the current theory that
Western breed diversity is derived from a small number of
founders through a population bottleneck (SUTTER and
OsTRANDER 2004). Haplotype 10 is unique in wolves,
while haplotypes 5-9 were distributed over dogs of Asian
origin, including the Shiba Inu, Akida, Jindo, Sapsaree,
and Korean Tosa, which is a hybrid of a Korean mongrel
and Japanese Tosa. A variant of haplotype 3 in the
Sapsaree is associated with the polydactyl phenotype,
while haplotype 1 is associated with the PPD in other

breeds. Thus, we inferred two affected haplotypes of
different origin, specifically, one for Asian breeds and the
other for Western breeds. Tracing the genealogical roots
of the two affected haplotypes, 1* and 3%, through the
neighborjoining tree suggests that haplotype 3* found
in Asian breeds is likely to be more ancient than haplo-
type 1* in Western breeds.

Since the haplotypes were based on the affected LD
region, we confirmed the results in Table 1 by attempt-
ing a haplotype-based association analysis for 47 indi-
viduals with normal and canine PPD phenotypes. A
highly significant Pvalue was obtained for the associa-
tion of haplotype 1 to the PPD phenotype (Table 2),
thus verifying the PPD association of the LMBRI gene in
Western breeds. When the same analysis was performed
ata genotype level by assuming a dominantinheritance,
we obtained an even highersignificance (x*=20.40, P=
6.27 X 10°°) compared to that at the haplotype level
(x> =20.95, P. =2.30 X 10°°).

Mutational heterogeneity for canine PPD in the MCS
region of LMBRI intron 5: A comparison of the
complete cDNA sequences of LMBRI from wild-type
and affected individuals of the Sapsaree breed revealed
no differences, with the exception of a silent mutation
in exon 6 (data not shown). In mice and humans, no
polydactyl mutations were identified in the coding
region of LMBRI (HEUSs et al. 1999; CLARK et al. 2000),
but they were present in the ZRS sequence (700 bp,
starting from 4514 bp of intron 5), which is part of the
MCSregion (~1133 bp). We sequenced a 10.4-kb region
from a Sapsaree, including the ZRS, encompassing the
whole 5’ region of intron 5 with 104-bp exon 5 and
identified four single nucleotide changes. Three of
these mutations, designated as ShotF1-2, ShotR2, and
ZRSib, were variable in affected and unaffected individ-
uals, which is characteristic of SNP (supplemental Table
S4). However, the remaining mutant (DC-1), found in
the 1-kb region upstream of the 5'-end of the ZRS
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previously (Kim et al. 2001) or in this study. The
numbers with asterisks represent the affected
haplotypes from Asian and Western breeds. (B)
The SNP markers used to construct the haplo-
types are Intl6, Intl5, Int6, ZRSi5, ShotR2, and
Int3. The shaded circles represent haplotypes
found in Western breeds, and the open circles
(also for numbers in A) signify the unique
haplotypes in Asian breeds. The relationships
among different haplotypes were analyzed using
the NETWORK program (http:/www.fluxus-
engineering.com) and are shown schematically.
The double dashes specify two mismatches.

Yorkshire Terrier 1-2-3-4 Maltise 15

Malinois 1-2:3:4 Great Pyrenees 1

(Figure 1B), differs in terms of dependence on the
affected status. For example, 144 heterozygous and 6
homozygous affected individuals harbored G/A and A/
A, respectively, whereas the 65 unaffected individuals
displayed homozygous G/G (supplemental Table S4).
The same DNA alteration pattern in DC-1 was observed
in six Korean Tosas, whereas DC-1 was invariable (G/G)
in all individuals (42) of the Western breeds. A search
for DNA alterations specific for canine PPD individuals
of Western breeds led to the identification of a single
nucleotide change, G/A (denoted DC-2), located 246
bp downstream of DC-1 (Figure 1, B and C). The DC-2
mutation was identified in 26 affected individuals of
Western breeds with either heterozygosity (G/A in 14)
or homozygosity (A/Ain 12), whereas the 23 unaffected
individuals were homozygous (G/G). On the other
hand, there were seven more MCS in the candidate
region, three in the intergenic regions between the
NOMI and LMBRI genes, and four in the intronic
regions (SHARPE et al. 1999; LETTICE et al. 2003; ROBERT
and LALLEMAND 2006) in LMBRI (Figure 1A and
supplemental Figure S2). A comparison of the sequen-
ces in this region did not disclose any differences
between normal and PPD animals (data not shown).

A sequence with mutational changes, designated
PZRS (632-bp region located 585 bp upstream of ZRS)
and identified on the basis of human—dog similarities,
is less well conserved in other species. However, the nu-
cleotide residues corresponding to the DC-2 and DC-1
positions are well conserved in mammalian species (supple-
mental Figure S3). While none of the previous polydactyl
mutations are localized in this region, it is possible that
future searches will reveal changes in pZRS.

The MCS region serves as a transcriptional enhancer
modulated by polydactyl mutations: We investigated the
role of the ZRS in transcriptional regulation by generat-
ing a luciferase reporter construct. Interestingly, the ZRS
exhibited transcription-enhancing activity in the P19 em-
bryonal carcinoma cell line, which is more than sevenfold
relative to that of the vector control (Figure 3A). The mag-
nitude of the enhancer activity was not considerably al-
tered when the insert size was reduced to 131 bp (1787-
1917 bp in Figure 3A). However, the core ZRS region
displaying almost 100% identity in mammalian sequences
exhibited the highest enhancer activity (data not shown).
When we introduced DC-1 or DC-2 mutations in the wild-
type ZRS region, >50% reduction in enhancer activity
was evident (Figure 3A). Similar reductions were observed
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FIGUuRre 3.—Transcriptional enhancer activities
of the ZRS and pZRS regions. (A) The canine
ZRS or pZRS sequence with or without the PPD
mutation was inserted 269 bp upstream of the lu-

ciferase gene under the control of an SV40 pro-
moter. The full-length insert includes a 1917-bp
region containing pZRS and ZRS. The asterisks
represent the mutational positions. The ZRS re-
gion (1218-1917 bp) is a highly conserved region
among humans, dogs, and mice in which the core
ZRS (1571-1750 bp) is located. The boxes with a
solid line (left) represent the sizes of inserts
with or without mutations (*). The broken line

is used as a reference to designate the size of

the full-length insert. After transfection of P19
embryonal carcinoma cells with the appropriate
constructs, luciferase activities were determined,

| pzRs | | zrs |
1218 bp 1917 bp
A K
' 835bp
_______________________________ !
|* DC-1
: |v|l|§bp
e |
, 0bp 703 bp
B | !
* Duich |
* Belgi_Tm
*Belgian2

Cut

standardized with B-galactosidase, and shown as
relative values calculated by setting the activity
of an empty vector (pGL2, promoter only) as
one. The solid bars (right) represent expressions
from the constructs with mutations. Data were
obtained in triplicate. (B) Transcriptional activity
of constructs containing a human ZRS with or
without mutations. The constructs with muta-
tions contain nucleotide changes for Dutch-C/
G, Belgian1-A/T, Belgian2-T/C, and Cuban-G/A.
Data were obtained in triplicate.

o

2 4 6 8

10

12 14

Relative luciferase activity

in constructs containing human ZRS with four muta-
tions (asterisks in Figure 3B and arrows in Figure 1B),
when compared to those of a wild-type ZRS (Figure 3B).

The polydactyly caused by mutated pZRS is not due
to an ectopic expression of the anterior Shh: To
examine whether the canine PPD mutation in pZRS
causes an ectopic expression on the anterior limb bud
like other ZRS mutations, we designed two transgenic
constructs, one containing a 1.9-kb fragment with both
PZRS and ZRS regions positioned upstream of the
B-globin minimal promoter with lacZand the other with
a DC-1 PPD mutation. For the wild-type control, four
independent transgenic mice were obtained. At embry-
onic day 10.5, these lines displayed a (-gal expression
within a small patch in both limbs (not shown), which
expanded to the posterior region of ZPA (Figure 4, E
and F) and spread to the anterior direction of the
developing digits (Figure 4H), resulting in a V-shaped
staining pattern. From the DC-1 construct, we obtained
six independent lines. The stained region was broader
in the DC-1 embryos, compared to the wild type at E11.5
(Figure 4G), and extended to the position of the second
digit at E13.5 (Figure 4I). In contrast to that of a hind
limb, the B-gal staining pattern of the DC-1 forelimb was
essentially the same as that of the wild type (Figure 4, J
and K). The patterns in the homozygotes were in-
distinguishable from those in the heterozygotes (data
not shown). In addition to the expression in the limb

bud, the pZRS-containing constructs created additional
B-gal staining in the olfactory bulb region (Figure 4D,
asterisk).

Since the previous PPD mutations mapped in the ZRS
caused not only the reporter but also an Shh expression
in the anterior limb bud (Maas and FarLronN 2005), the
lack of anterior limb bud expression observed in the
canine ZRS with PPD was a bit of a surprise. Thus, we
speculate that the canine PPD may be unique in that the
mutation phenotypically mimics the normal limb de-
velopment in which the ZRS regulation, and also Shh, is
restricted to the ZPA region. To test this possibility, we
examined whether the Sih expression in the canine
embryo with PPD is limited to ZPA by in situ analysis. The
embryonic period of dogs is defined as 13-34 days after
fertilization, in which the limb buds are visible at 24-26
days of embryo development (Ruvinsky 2001). This
period corresponds to 10-12 embryonic days for mice,
during which the Shh expression in the ZPA of a limb
bud is apparent (ROBERT and LALLEMAND 2006). We
obtained 13 dog embryos of days 23-26 from four
Sapsarees in a natural estrus cycle, which were gener-
ated after crossing heterozygous Sapsarees with PPD.
The embryos were genotyped for DC-1 mutation and
a REN85M08 marker to obtain normal or PPD dogs.
The Shh expressions were observed at day 25 in the
ZPA region of the hind limb and were the same in
both normal and homo- or heterozygous PPD embryos
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MOUSE-BGal

DOG-Shh

E11.5/Hind

E13.5/Hind

E13.5/Fore

pZRS

632 bp

EE

pZRS-ZRS
1817 bp
1]

F1GURE 4.—Spatio-temporal patterns of gene expression in a developing embryo. (A, D, and E) Whole mounts, lateral views, and
ventral at the left. (B, C, and F-K) Dorsal views and anterior at the top. (A) Skh expression in dog embryos at day 25, equivalent to
mouse E11.0. (B and C) Shh expression in the ZPA region of the hind limb bud in wild-type (B, WT) and PPD (C, MUT) dogs. (D
and E) B-Gal staining patterns of transgenic mouse embryos at E11.5 with the wild-type pZRS (D) and the wild-type pZRS plus ZRS
(E). The extents of the inserts in the transgenic constructs are shown with boxes (solid lines) at the bottom. The asterisk in D
indicates 3-gal staining in the olfactory region. (F-I) 3-Gal staining in the hind limb buds with wild-type pZRS-ZRS at E11.5 (F) and
E13.5 (H) with mutant pZRS-ZRS at E11.5 (G) and E13.5 (I). The asterisk in I indicates the position of a developing second digit.
(J and K) B-Gal staining of forelimb buds in wild-type (J) and mutant (K) embryos at E13.5.

(Figure 4, A-C). The expression patterns stayed the
same until day 25.5 (data notshown). Unlike the human
or mouse mutations in ZRSs, an ectopic expression of
Shh in the anterior region was not observed in the
canine limb bud with PPD. It is likely that the role of
PZRS is different in driving an Shh expression there.

DISCUSSION

The canine PPD model provides a unique opportunity
to study limb development due to its hind-limb-specific
and atavistic phenotypes. The polydactylies that are gen-
erallyreported in dogs or cats show additional digits (one
or two) in the forelimb or hind limb, along with other
symptoms. But the phenotype of dewclaws is specifically
confined only to the hind limb. Most human or mice
phenotypes with preaxial digit anomalies are generated
as a result of abnormalities from the canonical form of
five digits. However, the canine PPD studied here appears
to be a reversion from the evolutionary loss of the first
digit. As described previously (PARk et al. 2004), the
restored phenotype is slightly overmanifested, generat-
ing one or more preaxial digits. As a matter of fact, the
external morphology of hind-limb-specific canine PPD is
slightly different from other polydactylies in that only the
claw is observed as having an extra digit with fibrous
tissue connecting the region between the tarsal and the
first metatarsal bones, which eitheris reduced in size oris
incomplete with a lesser deposit of bony material
(MILLER 1979; PARK et al. 2004). Thus, one might expect
that the genetic changes associated with the hind-limb-
specific canine PPD differ from those of polydactyly in

other species. Intriguingly, mutational changes for the
canine PPD were found in the region upstream of ZRS, in
which no PPD mutations have previously been mapped.

In a developing limb, Sik is required for proper
anterior/posterior patterning. The previous animal
models for PPD indicated that there were Shh expres-
sions in both the posterior and anterior regions of the
developing limb (Masuvya et al. 1995, 1997; SHARPE el al.
1999). The Shh misexpression in the anterior limb bud
leads directly to the formation of extra digits (RIDDLE
et al. 1993; LoPEZ-MARTINEZ et al. 1995), which is caused
by a single base change in the ZRS region (Maas and
Farron 2005). However, the canine PPD mutation
found in pZRS did not create an ectopic expression in
the anterior limb bud (Figure 4G). Instead, the enhanc-
ing activity was extended toward the anterior side by the
PPD mutation, which is clearly visible in the later stage
of the embryo (Figure 4I). Although it is difficult to
conclude whether such differences correlate with the
Shh expressions in the dog embryo (Figure 4, B and C)
due to a technical limit of in situ hybridization, the
mutational effect on the enhancer activity found only in
the hind limb is clearly suggestive. This may reflect the
unique genetic alteration restoring the five-digit pattern
of the canine hind limb. On the other hand, the pZRS
sequence characterized here itself displayed the en-
hancer function in the ZPA region of the limb bud, as in
the ZRS (Figure 4, D and E), with additional enhancer
activity in the olfactory pit. Recent findings (CAPELLINI
et al. 2006) indicate that the ZRS interacts with Pbx,
which is required for proximal/distal patterning, as well
as with HOX proteins such as Hoxd10 and Hoxd13.
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Similarly, the pZRS element may be associated with
other developmental regulators. Further investigation
with the pZRS element should clarify the mechanism
underlying the unique hind-limb-specific digit pattern-
ing in canine PPD.

A haplotype analysis of the LD block around LMBRI
revealed a fairly extended genomic region of >200 kb
with no recombination interruption among different
breeds. The considerable LD size is attributed to the fact
that the breeds have undergone tight population bottle-
necks (SUTTER and OSTRANDER 2004), which is also
consistent with the sharing of identical affected hap-
lotypes for canine PPD in different breeds. For the LD
block around LMBRI, we found a total of five haplo-
types in Western breeds, consistent with the previous
finding of relatively low haplotype diversity (average of
4.5 haplotypes across 80% of the genome at a locus)
among various breeds (SUTTER and OSTRANDER 2004;
SUTTER el al. 2004) with a high level of haplotype
sharing. We added five more haplotypes from Asian
origin and wolf breeds (Figure 2), supporting the
current hypothesis that Asian dogs have a more ancient
origin. The representation of such diverse haplotypes in
our dog colony appears to be due to an initial founder
collection made several decades ago from diverse re-
gions of Korea. The two independent origins of canine
PPD mutation may reflect its rather frequent incidence,
perhaps due to a developmental constraint.

To elucidate the morphological variations in dog
breeds, gene-associated repeat expansions/contractions
were cataloged for developmental genes, including Alx4
(Aristaless-like 4), Runx2, and Hox (FONDON and GARNER
2004). Interestingly, homozygous Alx4 (Ab1 bp) alleles
were identified in four Great Pyrenees with bilateral
double PPD, while a single PPD Great Pyrenees harbored
homozygous full-length alleles. On the other hand, Great
Pyrenees hind-limb polydactyly was not a simple Mende-
lian trait (FONDON and GARNER 2004), which was sug-
gested to be consistent with the genetic background
dependence of the Alx4null phenotype in mice exhib-
iting variable PPD phenotypes (Qu et al. 1998). Exam-
ination of Alx4 contraction in Great Pyrenees revealed
three homozygous (Alx4*’’) and three heterozygous
genotypes among six bilateral double PPDs. In addition,
Alx4 contraction was not observed in the PPD individ-
uals of two Shetland sheepdogs, two Shih Tzus, three
standard poodles, one Yorkshire terrier, one rottweiler,
and Sapsarees (data not shown). Thus, it is unlikely that
the canine PPD mutation is associated with Alx4 con-
traction in dog breeds other than Great Pyrenees. In
fact, even in Great Pyrenees, the association with Alx4*’
alleles is genetically ambiguous, whereas DC-1 or DC-2
associations are clearly Mendelian with an autosomal-
dominant mode of inheritance.
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