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Abstract

Cleft palate (CP) is one of the most commonly occurring craniofacial birth defects in humans. In order to study cleft palate in
a naturally occurring model system, we utilized the Nova Scotia Duck Tolling Retriever (NSDTR) dog breed. Micro-computed
tomography analysis of CP NSDTR craniofacial structures revealed that these dogs exhibit defects similar to those observed
in a recognizable subgroup of humans with CP: Pierre Robin Sequence (PRS). We refer to this phenotype in NSDTRs as CP1.
Individuals with PRS have a triad of birth defects: shortened mandible, posteriorly placed tongue, and cleft palate. A
genome-wide association study in 14 CP NSDTRs and 72 unaffected NSDTRs identified a significantly associated region on
canine chromosome 14 (24.2 Mb–29.3 Mb; praw = 4.64610215). Sequencing of two regional candidate homeobox genes in
NSDTRs, distal-less homeobox 5 (DLX5) and distal-less homeobox 6 (DLX6), identified a 2.1 kb LINE-1 insertion within DLX6
in CP1 NSDTRs. The LINE-1 insertion is predicted to insert a premature stop codon within the homeodomain of DLX6. This
prompted the sequencing of DLX5 and DLX6 in a human cohort with CP, where a missense mutation within the highly
conserved DLX5 homeobox of a patient with PRS was identified. This suggests the involvement of DLX5 in the development
of PRS. These results demonstrate the power of the canine animal model as a genetically tractable approach to
understanding naturally occurring craniofacial birth defects in humans.
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Introduction

Cleft palate (CP) is one of the most commonly occurring

craniofacial birth defects, affecting approximately 1 in 1500 live

human births in the United States [1]. Children born with CP

may develop hearing loss, difficulties with speech and eating, and

may be at an increased risk for psychiatric disorders and

neurological deficits [2–4]. CP occurs when there is a failure in

the formation of the secondary palate, which makes up all of the

soft palate and majority of the hard palate. Secondary palate

development is conserved across mammalian species and

proceeds through highly regulated sequential steps: palatal shelf

growth, elevation, fusion, and cell differentiation (reviewed in

[5]). Disruptions in any of these pathways may cause a cleft palate

and lead to the phenotypic spectrum of CP cases that is observed.

CP may occur alone (nonsyndromic) or with other abnormalities

(syndromic).

Pierre Robin sequence (PRS, OMIM 261800) is a heterogeneous

and phenotypically variable subgroup of CP that affects 1 in 8500

live human births [6]. PRS is characterized by a cleft palate,

shortened mandible (micrognathia), and posteriorly placed tongue

(glossoptosis). PRS is thought to be the result of a sequence of events

caused by the primary defect, micrognathia [7]. The etiology of

PRS is still largely unknown and highly variable. PRS may occur

alone or as part of a syndrome, such as Stickler syndrome,

Velocardiofacial syndrome, and Treacher Collins syndrome [8,9].

A high incidence within families and among twins suggests a genetic

etiology. Familial aggregation with an autosomal dominant mode of

inheritance has been observed with translocations of 17q24 and a

reduction of SOX9 and KCNJ2 expression [10,11]. PRS also

occurs at a high incidence among families with cleft lip and palate

[12,13]. However, monozygotic twins discordant for PRS are also

observed, suggesting that PRS may be a result of the twinning

process or of mandibular constraint in utero [13,14].
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In an effort to understand the genetic basis of craniofacial birth

defects such as PRS, we used a relatively unconventional model

organism, the domestic dog. Dogs have naturally occurring birth

defects, with inherited orofacial clefts that resemble those observed

in humans [15–17]. Domestication and subsequent pedigreed

breed creation from a small number of founders has led to a

unique genetic background, resulting in a small number of genetic

variants being responsible for the broad phenotypic diversity

observed [18]. Compared to humans, dogs are amendable to

association-based mapping studies with a small number of samples

due to their relatively long linkage disequilibrium blocks within

breeds [19]. Here, we demonstrate how a naturally occurring

model of PRS in the Nova Scotia Duck Tolling Retriever

(NSDTR) breed, characterized by CP and relative micrognathia,

led to the identification of both the first mutation responsible for

cleft palate in dogs and candidate genes for PRS in people.

Results

Genome-Wide Association
DNA samples were collected from 14 NSDTRs that had clefts

of the hard and soft palate. To identify loci associated with the CP

phenotype in the NSDTR, a genome-wide association was

performed in 14 CP NSDTR cases and 72 controls across

,173,000 SNPs. After quality control, 109,506 SNPs remained.

Chi-square analysis of the remaining SNPs identified an associated

region on canine chromosome 14 (cfa14; Figures 1A and 1B). A

homozygous 5.1 Mb haplotype was identified (24.2 Mb to

29.3 Mb) in 12 of the 14 CP NSDTR cases (Figure 1C). This

homozygous haplotype is absent in all 72 controls. Parents (n = 5)

and littermates (n = 6) of the 12 CP NSDTRs were heterozygous

for the associated haplotype, suggesting a recessive mode of

inheritance.

Quantile-quantile (Q-Q) plots and a genomic inflation factor of

1.05 indicate that there is no underlying population stratification

(Figure 1D). To confirm that only the association is responsible for

the deviation from the line of the null hypothesis, SNPs on cfa14

were removed and the Q-Q plot regenerated. There is little

evidence of population stratification with a recalculated genomic

inflation factor of 1.02.

Using microsatellite markers from the cfa14 interval, linkage

analysis was performed on a subset of CP NSDTRs with the

associated haplotype and available family members (n = 8). LOD

scores were calculated under a fully penetrant recessive mode of

inheritance (Table S1). A significant LOD score of 3.18 was

obtained with a recombination fraction (H) of zero at

cfa14.25006375, further confirming the association.

CP and Mandibular Abnormalities in NSDTRs
All 14 CP NSDTRs had clefts of the hard and soft palate

(Figures 2A and 2B), but the 12 CP NSDTRs with the associated

haplotype exhibited a specific phenotype, which we designate CP1

(Cleft Palate 1). Micro-computed tomographic (micro-CT) imag-

ing was performed to investigate additional craniofacial abnor-

malities on available skulls from 4 neonatal CP1 NSDTRs and 3

neonatal normal NSDTRs with the homozygous wildtype

haplotype. One of the mandibles from the 4 CP1 NSDTRs was

unavailable for imaging. Uneven alignment of the upper and lower

jaw was noted in the 3 CP1 NSDTRs when compared to the 3

normal NSDTRs indicating relative mandibular brachygnathia

(Figures 2C and 2D). 3D measurements of the mandible length

indicated that the CP1 NSDTRs had relatively shorter mandibles

by an average of 5.46 mm when compared to the normal

NSDTRs (Table S2). In the 4 cases, clefts were characterized by

abnormal or missing palatine fissures, missing or small palatine

processes of the maxilla, and small, missing, or abnormally shaped

palatine bones (Figures 2E–2G). The nasal septum was absent or

poorly developed. In the three CP1 NSDTR with mandibles,

variation from the normal angulation of the condylar process was

observed (Figure 2H). In two of these cases, an abnormal angle of

the mandibular head of the condylar process was observed. One

case had an additional general asymmetry of the entire cranio-

facial complex. Based on the phenotypic findings, we hypothesize

that the 12 CP1 NSDTRs are animal models for cleft palate and

micrognathia disorders.

Although unavailable for micro-CT imaging, the 2 CP cases

without the associated haplotype exhibited a normal jaw

relationship with no relative mandibular brachygnathism. Since

these dogs are phenotypically different, they were excluded from

the rest of the analysis.

Sanger Sequencing of DLX5 and DLX6
Located within the interval defined by the genome-wide

association study are 21 genes (Table S3). DLX5 and DLX6

(cfa14: 25014704-25033706) were selected for sequencing due to

their roles as transcription factors in craniofacial development and

the similar phenotypes observed in mutant mice [20–22]. The

coding regions and intronic regions with high conservation across

species of DLX5 and DLX6 were sequenced in one CP1 case and

one unaffected control NSDTR. One intronic nucleotide insertion

(25032667-25032667insG) was identified within DLX5 in both the

CP1 case and unaffected control NSDTRs when compared to the

CanFam 2.0 Boxer reference sequence [19]. Upon further

investigation in additional NSDTRs, it was observed that this

insertion does not segregate with the phenotype and is likely breed

specific. A 2056 bp insertion was identified within a highly

conserved region of DLX6 intron 2 at cfa14.25016716 in the CP1

case when compared to the unaffected control and reference

sequence. The insertion is 82 bp into intron 2 and is flanked by a

13 bp target site duplication. A BLAST search identified 99%

similarity with a LINE-1 element (GenBank AC187025.7) [23].

Transcription of the LINE-1 Element
Transcript analysis was performed in cDNA from cerebral

cortex for both DLX5 and DLX6. DLX5 and DLX6 transcripts

were Sanger sequenced in one neonatal CP1 NSDTR with the

LINE-1 insertion and compared to one neonatal unaffected

control NSDTR. No polymorphisms were identified within

Author Summary

Cleft palate is one of the most commonly occurring birth
defects in children, and yet its cause is not completely
understood. In order to better understand cleft palate we
have turned to man’s best friend, the domestic dog.
Common breeding practices have made the dog a unique
animal model to help understand the genetic basis of
naturally occurring birth defects. A genome-wide associ-
ation study of Nova Scotia Duck Tolling Retrievers with
naturally occurring cleft palate led to the investigation of
two homeobox genes, DLX5 and DLX6. Dogs with this
mutation also have a shortened lower jaw, which
resembles those who have Pierre Robin Sequence (PRS).
Investigation into people with PRS identifies a mutation
within a highly conserved and functional region of DLX5
that may contribute to the development of PRS. This
exemplifies how the dog will help us better understand
common birth defects.

A Canine Model of Pierre Robin Sequence
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DLX5. cDNA from the CP1 NSDTR showed both the wildtype

DLX6 transcript and a larger transcript, which contained 1281

base pairs of the intronic LINE-1 insertion (Figure 3B).

In order to quantify the amount of both wildtype DLX6

transcript and the larger mutant DLX6 transcript, real-time PCR

of DLX6 from cerebral cortex cDNA was performed in 3 neonatal

CP1 NSDTRs and 3 neonatal unaffected control NSDTRs. REST

analysis indicated that in CP1 NSDTRs, when compared to

control NSDTRs, the DLX6 wildtype transcript was downregu-

lated by a mean factor of 0.252 (p = 0.069), while the DLX6

mutant transcript was significantly upregulated by a mean factor

of 60.033 (p = 0.012; Figures 3C and 3D) [24]. Real-time PCR

was also performed on DLX5 in the same samples. There was no

significant change in DLX5 expression levels between CP1 cases

and unaffected controls in the tissues examined.

Sequence analysis and translation of the approximately 1.2

kilobase LINE-1 insertion predicts an in frame stop codon after the

insertion of a new exon (Figure 4). A premature stop codon is

predicted to truncate 17 amino acids from the 60 amino acid

functional DNA binding homeodomain.

Segregation Analysis and Allele Frequency
In order to investigate segregation of the DLX6 LINE-1

insertion, PCR genotyping was performed on available DNA from

parents, littermates, and the 12 CP1 NSDTRs (Figure 5). All 12

CP1 NSDTRs with the associated haplotype were homozygous for

the LINE-1 insertion or mutant allele. Within families of the 12

CP1 NSDTRs, nine parents and 17 littermates were available for

genotyping. Nine parents and 14 littermates were heterozygous for

the mutant allele, while the 3 remaining littermates were

homozygous for the wildtype allele. This indicates that the

DLX6 LINE-1 insertion segregates both with the phenotype and

with an autosomal recessive mode of inheritance.

Additional dogs were PCR genotyped to determine the allele

frequency of the DLX6 LINE-1 insertion (Table 1). Within the

NSDTR breed, 96 dogs were genotyped and 80 NSDTRs did not

carry the insertion, while the remaining 16 NSDTRs were

heterozygous for the insertion. To determine if the insertion was

shared among other breeds, 35 affected dogs from 20 other breeds

and 284 unaffected dogs from 69 breeds were genotyped. No

carriers were identified. This is consistent with a fully penetrant

Figure 1. Genome-wide association study results of NSDTRs with CP. A. Manhattan plot of 2log10 of raw p-values by chromosome. The
pgenome value is the p-value after 100000 permutations. The lowest pgenome is found across 8 SNPs on cfa14: 25822897, 25832747, 25847915,
25854827, 25868609, 25995782, 26023199, and 26082330. B. Plot of the raw p-values by Mb on cfa14 depicting the associated region. C. Observed
haplotypes in 12 CP NSDTRs. Horizontal bars represent haplotypes from the 12 CP NSDTRs with associated haplotype, with runs of homozygosity in
grey. The critical interval is defined by the shared homozygous haplotype denoted by the black bars (cfa14. 24189817-29319290). The 2 CP NSDTRs
without the associated haplotype are not included in this figure. D. Quantile-Quantile plot of genome-wide association results. Black dots represent
the observed versus expected p-values of all SNPs (l= 1.05). Grey dots represent the observed versus expected p-values after removal of all SNPs on
cfa14. (l= 1.02). The solid grey line represents the null hypothesis: observed p-values equal expected p-values.
doi:10.1371/journal.pgen.1004257.g001

A Canine Model of Pierre Robin Sequence

PLOS Genetics | www.plosgenetics.org 3 April 2014 | Volume 10 | Issue 4 | e1004257



autosomal recessive causative mutation that is private to the

NSDTR breed.

Screening of Human Cleft Palate Cases
To determine if variation in DLX5 or DLX6 contributed to

cleft palate in humans, a cohort of patients with a variety of

manifestations of cleft palate were sequenced. Sequencing of 59

patients with nonsyndromic CP (NSCP) and 92 patients with

nonsyndromic clefting of the lip and palate (NSCLP) identified 7

novel intronic or 39UTR variants (Table 2). The intronic variant

at chr9: 96635849 was present in 1.25% of chromosomes and was

absent from 1000 Genomes (p = 0.03) [25]. However, none of the

variants was significantly associated when correcting for multiple

comparisons. To test for overtransmission of a common allele to

affected offspring, a set of 362 case-parent trios from the US were

genotyped across a subset of SNPs (rs2272280, rs3801290, and

Figure 2. Phenotype of neonatal CP1 NSDTRs. A. Neonatal CP1 NSDTR with an extensive cleft of the hard and soft palate. B. Neonatal NSDTR
with a normal palate (WT). C. Lateral view of CP1 head exhibiting relative mandibular brachygnathia. D. Lateral view of WT head with a normal jaw
relationship. E. Coronal CT image depicting the failure of the palatine processes and nasal septum to fuse in CP1 NSDTRs. F. Coronal CT image
depicting midline fusion of palatal process and nasal septum in WT. P – Palatine process, NS – Nasal septum G. 3D reconstruction of microCT imaging
of CP1 and WT skulls with mandibles removed. CP1 skull shows abnormally shaped palatine process and palatine bones. Bones colored blue are the
palatine processes and palatine bones. WT skull shows anatomical location of normal palatine sutures and shape of palatine processes and palatine
bones. H. 3D reconstruction of mandibles depicting abnormal angulation of the condylar process (*) in CP1 mandibles compared to WT mandibles.
doi:10.1371/journal.pgen.1004257.g002
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rs3213654) and tested with TDT analysis. These SNPs were not

significantly associated with NSCLP or NSCP (p.0.4, data not

shown).

The screening of 31 patients with syndromic CP identified 4

novel rare variants, two of which were protein coding (Table 2).

These include a synonymous variant at p.Phe282 and a novel

missense variant in a patient with PRS (DLX5: p.Ile192Met;

NM_005221.5:c.576C.G). The missense variant was predicted to

be damaging by SIFT, but was inherited from the affected

individual’s unaffected mother. However, this variant affects a

Figure 3. PCR amplification and expression analysis of LINE insertion in CP1 and WT NSDTRs. A. Gel image of long range PCR
amplification of the DLX6 intronic LINE-1 insertion from genomic DNA of an unaffected NSDTR (WT; 2500 bp band), CP1 NSDTR (CP1; 4600 bp band),
and negative water control (Neg). CP1 has a 2.1 kb LINE insertion. B. Gel image of RT-PCR amplification of DLX6 from WT and CP1 cDNA. CP1
expresses both a wildtype (1390 bp) and mutant (2600 bp) transcript. The mutant transcript has a 1.2 kb insertion. GAPDH was used to control for
cDNA concentrations. C. Relative DLX6 gene expression ratios by transcript of cerebral cortex cDNA from 3 neonatal CP1 NSDTRs compared to 3
neonatal WT NSDTRs. Boxes represent the interquartile range, and the dotted lines within represent median gene expression. Whiskers of the boxplot
represent minimum and maximum observations. Relative expression levels were normalized to the housekeeping gene, B2M. Statistical significance is
reported as p,0.05(*). D. Summary of relative expression of wildtype and mutant DLX6 transcripts of CP1 NSDTRs compared to WT NSDTRs. Fold
change and p-values were calculated using REST2009 [24].
doi:10.1371/journal.pgen.1004257.g003

Figure 4. Schematic illustration of genomic and cDNA DLX6 gene structure in unaffected (WT) and CP1 NSDTRs (CP1). Nucleotides
boxed and in bold are the 13 base pair target site duplication identified as part of the DLX6 LINE-1 insertion. Conservation represents the UCSC
genome browser comparative genomics conservation track of human, dog, mouse, and rat sequence conservation. The region of conservation
represented in red is the region disrupted by the LINE-1 insertion. Image is not drawn to scale.
doi:10.1371/journal.pgen.1004257.g004

A Canine Model of Pierre Robin Sequence

PLOS Genetics | www.plosgenetics.org 5 April 2014 | Volume 10 | Issue 4 | e1004257



highly conserved residue of the DNA-binding domain of DLX5

that is conserved across vertebrates and was absent from both the

1000 Genomes and NHLBI ESP databases [25,26]. An additional

15 patients with Pierre Robin sequence were sequenced, but no

additional mutations were identified.

Discussion

A naturally occurring animal model for PRS was discovered in

twelve cases of CP1 NSDTRs, which exhibit relative mandibular

brachygnathia and cleft palate. A genome-wide association study

within NSDTRs with CP identified a shared 5.1 Mb homozygous

haplotype among 12 CP1 cases with relative mandibular

brachygnathia. From the associated interval, DLX5 and DLX6

were selected as regional candidate genes based on their roles in

development. Sequencing of these regional candidate genes in

NSDTRs identified an intronic LINE-1 insertion within DLX6

that segregates with the phenotype in the breed. This discovery

prompted the sequencing of the same genes in a human cohort of

CP cases, which identified a damaging missense mutation within

the homeobox of DLX5 in a patient with PRS was identified.

The regional candidate genes, DLX5 and DLX6, make up a pair of

convergently transcribed homeobox containing transcription factors

[27]. They are involved in patterning of craniofacial structures, inner

ear, limb, and brain development with roles in chondrocyte and

osteoblast differentiation [21,28,29]. The functions of Dlx5 and Dlx6

were studied by targeted inactivation of murine homologs. Develop-

mental expression of both genes was observed in the first pharyngeal

arch, brain, and skeleton [27]. Single gene mutants (Dlx52/2 and

Dlx62/2) were perinatal lethal and resulted in brain, bone, and inner

ear defects, with craniofacial abnormalities including a cleft palate,

hypoplastic condylar process, and shortened mandible [20–22].

Double mutants (Dlx52/2;DLX62/2) exhibited more severe cranio-

facial, inner ear, and bone defects, and were a phenocopy of split

hand/foot malformation [28]. They also exhibited homeotic transfor-

mation of the mandible into a maxilla indicating that these genes were

responsible for normal patterning of the mandible [21,28,29].

Phenotypic similarity between CP1 NSDTRs, the PRS patient,

and mutant mice are observed with the changes in the condylar

process, cleft palate, and relatively shortened mandibles. There

may be associated condylar hypoplasia in PRS, but this was not

investigated in the PRS patient [30,31]. Shortened mandibles have

Figure 5. Pedigree of 7 CP1 NSDTR families depicting segregation of the mutant allele with the LINE-1 element insertion. Filled
symbols represent NSDTRs with the CP1 phenotype. Diagonal lines indicate that the NSDTR is deceased. ‘‘+’’ represents wildtype allele. ‘‘m’’
represents the mutant allele. [ ] genotypes were inferred if DNA was not available.
doi:10.1371/journal.pgen.1004257.g005

Table 1. Summary of allele frequencies of genotyping results.

Sample N Allele Frequencya

NSDTRs 96 17%

Non NSDTRs with cleft 35 0%

Non NSDTRs 284 0%

aAllele frequencies indicate the number of individuals with at least one copy of the mutant allele.
doi:10.1371/journal.pgen.1004257.t001
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been observed to cause cleft palate in mouse studies [7,32–34].

Palatal development is a highly regulated sequence of events

involving the repositioning of the palatal shelves from a lateral to

horizontal orientation over the tongue. During this process, the

tongue repositions by elongation of the mandible, allowing for

reorientation of the palatal shelves (reviewed in [5]). If the

mandible does not elongate, the tongue cannot reposition, which

in turn obstructs palatal shelf elevation and leads to a cleft palate

[7]. This supports the role of DLX5 and DLX6 in the phenotype

observed in the PRS patient and CP1 NSDTRs. This also suggests

that the CP1 NSDTRs are naturally occurring animal models for

PRS because, although other disorders may be associated with

cleft palate and micrognathia, these dogs lack additional abnor-

malities [35].

DLX5 and DLX6 contain homeoboxes that regulate transcrip-

tion by binding to specific DNA sequences. Homeoboxes are

highly conserved nucleotide sequences of 180 base pairs. Point

mutations located within the homeobox give rise to disease at a

higher frequency than mutations located within the rest of the

gene and often show a dominant effect due to haploinsufficiency

[36]. DLX5 is sensitive to haploinsufficiency because, although

Dlx5+/2 mice appear normal, closer investigation indicates that

they have a decreased bone mineral density [20,37]. Mutations

within the homeobox may also affect proper structural folding of

the protein and DNA binding specificity leading to a mutant

phenotype [38]. This is observed in a homozygous missense

mutation in the homeobox of DLX5 in two affected family

members in a consanguineous pedigree with split-hand/foot

malformation (SHFM) [39]. The affected individuals were noted

to have clefts of the hands, but no cleft palate or craniofacial

abnormalities with the exception of a mildly pronounced forehead.

The heterozygous missense mutation identified in the PRS patient

(NM_005221.5:c.576C.G) is located within the homeobox

sequence of DLX5, which supports it contribution to the observed

phenotype.

The DLX5 heterozygous missense mutation within the PRS

patient does not segregate with a Mendelian mode of inheritance, but

this is not expected since PRS is a complex trait. PRS was not

apparent in the mother, but she may have exhibited subtle

craniofacial abnormalities that went unnoticed. This likely complex

inheritance suggests a role for additional, not yet identified loci or

environmental factors. Support for this is observed when mice with

heterozygous expression of a Dlx5 null allele and targeted inactivation

of a transcription factor responsible for clefting in people, Msx1,

exhibit cleft palate (Dlx52/+; Msx12/2) [40]. However, when

expression of both genes is disrupted (Dlx52/2; Msx12/2), mice

have no cleft palate.

Nine noncoding sequence variants were identified within DLX5

and DLX6 of human patients with orofacial clefts. Functional

analysis of the nine variants may provide further insight into the

possible contribution of these genes to a cleft palate phenotype.

Noncoding regions have important regulatory functions as they

have been observed to disrupt gene expression. Reduced DLX5

and DLX6 expression was observed in an autistic patient with a

SNP in the DLX5 and DLX6 intergenic region [41]. Hearing loss

and craniofacial defects including cleft palate and micrognathia

have been observed in the deletion of a DLX5 and DLX6

enhancer region [42]. The LINE-1 insertion within DLX6 of the

CP1 NSDTRs is also located within a noncoding region that is

highly conserved. According to the UCSC genome browser, the

HMR conserved transcription factor binding site regulation track

indicates that the LINE-1 insertion identified within DLX6 CP1

NSDTRs disrupts a binding domain for SUZ12. SUZ12 is a long

noncoding RNA that encodes a core of the polycomb repressive

complex2 that has regulatory functions in the developing embryo

[43]. The exact interaction of SUZ12 and DLX6 is not yet known,

indicating that the LINE insertion may do more than disrupt

transcription.

LINE elements are transposable elements that comprise 21% of

the human genome, 16% of the dog genome, and often insert into

intronic regions [44,45]. Intronic LINE element insertions are

observed to cause disease in Duchenne-like muscular dystrophy

and chronic granulomatous disease through the introduction of a

new exon [46–48]. cDNA sequence from CP1 NSDTRs

homozygous for the LINE-1 insertion indicate that 1 kb of the

LINE element is spliced into the DLX6 transcript. Premature

protein truncation of DLX6 is predicted due to an in frame stop

codon after the formation of a new exon. Both the Dlx6 mutant

mice (Dlx62/2) and CP1 NSDTRs phenotypes are the result of

truncating the same 39 sequence of the homeodomain [22].

The LINE insertion disrupts transcription of DLX6 within CP1

NSDTRs and leads to downregulation of wildtype DLX6

transcript when compared to unaffected NSDTRs. As a result,,

only 25% of the normal expression levels are produced. The

reduced expression of wildtype DLX6 transcript is not enough to

prevent CP and the mandibular abnormalities. DLX5 and DLX6

expression levels have been observed to vary based on the

timepoint and tissue examined with complex transcriptional

regulation from tissue specific enhancers and noncoding RNAs

[20,21,27,28,42,49–51]. It is possible that the LINE insertion

works to disrupt appropriate timing of tissue specific expression

since it is inserted into a highly conserved region within intron 2.

Although not statistically significant, expression analysis from

additional biological replicates from the correct tissue during the

correct embryonic timepoint would likely yield significant values in

the CP1 NSDTRs.

This discovery provides a genetic tool for the NSDTR breeder

who wishes to avoid producing cleft palate affected puppies. The

LINE insertion identified within the CP1 NSDTRs is unique to a

subset of cases with CP within the breed and cannot be used as a

tool to prevent against all genetic causes of CP. CP disease

heterogeneity is observed in the NSDTR breed as 2 of the 14 CP

cases did not possess relatively shortened mandibles and the

associated LINE-1 insertion. This is unexpected in a purebred

dog breed with few founders where the inbreeding coefficient is

0.26 [52]. This indicates that even in relatively genetically

homogenous samples, heterogeneity and a complex etiology that

mimics human cleft cases such as PRS is observed. This

highlights the promise of the dog as an animal model for birth

defects to identify multiple genes and/or pathways involved in

craniofacial development.

In summary, identifying a mutation in an animal model with

naturally occurring birth defects has enabled the identification of

new candidate genes for PRS in people. This supports the

continued use of the naturally occurring birth defects found within

dogs and their unique genetic background to further our

understanding of commonly occurring birth defects in people.

Materials and Methods

Ethics Statement
The use of samples involving human participants was approved by

the institutional review board at the University of Iowa (approval #s

199804080 and 199804081). Informed consent was obtained and all

clinical investigation was conducted according to the principles

expressed in the Declaration of Helsinki. The collection of canine sam-

ples used in this study was approved by the University of California,

Davis Animal Care and Use Committee (protocol #16892).
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Canine Samples and DNA Extraction
Blood and tissue samples from NSDTRs with cleft palate

(n = 14), healthy littermates (n = 24), parents (n = 11), unaffected

NSDTRs (n = 153), and dogs with cleft palate across 20 breeds

(n = 35) were collected from privately owned animals. When

available, tissue was collected at post mortem examination and

flash frozen. The evaluations of orofacial clefts were performed by

visual inspection of affected dogs. Blood samples from unaffected

dogs (n = 284) across 69 other breeds were collected from the

William R. Pritchard Veterinary Medical Teaching Hospital.

Genomic DNA was extracted from EDTA whole blood and tissue

samples using Gentra Puregene DNA purification extraction kit

(Qiagen, Valencia, CA).

Genome-Wide Association Study
Genome-wide SNP genotyping was performed with 14 cases

and 72 controls using the Illumina CanineHD BeadChip

(Illumina, San Diego, CA) with 173,662 markers. Samples had a

genotyping call rate of $90%. 63,195 SNPs were excluded due to

a minor allele frequency of #0.05 and 2,994 SNPs were excluded

for a missing call rate of #10%. Chi-square analysis was

performed using Plink [53]. 100,000 permutations were performed

to correct for multiple tests. To determine if population

stratification was present, quantile- quantile plots were generated

in R using Plink output data [54]. The genomic inflation factor

was also calculated using Plink.

CT Imaging
High-resolution micro-computed tomography (micro-CT) was

used to evaluate craniofacial structures in 4 CP1 NSDTRs that

were homozygous for the LINE-1 insertion, and in 3 normal

NSDTRs homozygous for the wildtype allele. Samples were

imaged at the Center for Molecular and Genomic Imaging (UC

Davis). The skulls were kept in zip-lock bags and allowed to warm

to the CT scanner temperature (29uC) inside of a custom plastic

holder. CT images were obtained on the Centers MicroXCT-200

specimen CT scanner (Carl Zeiss X-ray Microscopy). The CT

scanner has a variable x-ray source capable of a voltage range of

20–90 kV with 1–8W of power. Samples were mounted on the

scanners sample stage, which has submicron level of position

adjustments. Scan parameters were adjusted based on the

manufacturer’s recommended guidelines: source and detector

distances were 108 mm and 35 mm, respectively; the manufac-

turers LE4 custom filter was used for beam filtration; the voltage

and power were set to 70 kV and 8W, respectively; and 1600

projections were acquired over 360-degrees with an exposure time

of 1.5 s. Images were reconstructed on an isotropic voxel grid with

51.1507 microns per edge. Digital TIFF images were imported

into Amira 5.4.5 (Visualization Sciences Group, FEI) For all

specimens, tridimensional reconstructive (3D) images were gener-

ated to assess the spatial relationship of the bones. 3D length

measurements were performed using the 3D length tool. Visual

inspection of the micro-CT images was performed to identify any

abnormalities.

PCR Amplification of Microsatellites and Linkage Analysis
Four regional microsatellites were mined from the UCSC

genome browser (CanFam 2.0) ‘‘Variation and Repeats’’ database

within cfa14: 24.2 Mb–29.3 Mb. Fluorescently labeled microsat-

ellite primers were designed (Table S4) using Primer3 [55].

Microsatellites were PCR amplified using the following protocol:

94uC for 12 minutes, 7 cycles of 93uC for 20 seconds, 65uC for

30 seconds, 72uC for 2 minutes, 5 cycles of 93uC for 20 seconds,

58uC for 30 seconds, 72uC for 2 minutes, and 25 cycles of 93uC
for 20 seconds, 55uC for 30 seconds, 72uC for 2 minutes, followed

by a final annealing of 72uC for 2 minutes. Genotyping was

performed on an ABI 3100 Genetic Analyzer (Applied Biosystems,

CA) in 8 CP1 NSDTRs and 32 control NSDTRs. All genotypes

were analyzed using STRand software [56]. LOD score analysis of

microsatellite data was performed using Mendel software’s

LOCATION_SCORES option in 59 individuals from three

pedigrees [57]. The disease trait was coded as autosomal recessive

and assumed to be fully penetrant.

Sequencing of Candidate Genes
Primers to amplify the exons, intron/exon boundaries, and

regions of high conservation within the intragenic and intergenic

regions of DLX5 and DLX6 were designed in Primer3 (Table S3)

[55]. PCR products were amplified in one CP1 NSDTR and one

unaffected NSDTR. Areas with high GC content were amplified

using Invitrogen AccuPrime GC-Rich DNA Polymerase protocols

(Life Technologies, Grand Island, NY). PCR products were

cleaned using ExoSAP-IT and sequenced using the Big Dye

terminator mix on an ABI 3100 Genetic Analyzer (Applied

Biosystems, CA). Sequences were analyzed using Chromas

(Technelysium, Tewantin, QLD, Australia) and Vector NTI

(Informax, Frederick, MD). Sequences were aligned to each other

and the Boxer reference sequence (CanFam 2.0) to identify any

polymorphisms [19]. The DLX6 LINE-1 insertion was amplified

using LongAmp Taq PCR Kit (New England BioLabs Ipswich,

MA) and cloned using the Invitrogen TOPO TA Cloning kit

(pCR2.1-TOPO vector) with One Shot TOP10 Chemically

Competent E. coli. Products were isolated with the Qiaprep Spin

Miniprep kit (Qiagen, Valencia, CA) and sequenced using an ABI

3100 Genetic Analyzer (Applied Biosystems, CA). LINE element

sequence was identified using BLAST 2.2.28 [23].

RNA Extraction/cDNA Sequencing
Expression of DLX5 and DLX6 was evaluated in NSDTR

lymphocytes, unaffected adult beagle tissue from cerebellum,

cerebral cortex, heart, kidney, liver, skeletal muscle, skin, spinal

cord, spleen, testis, and thymus. Total RNA was isolated from

tissue samples using Qiagen QIAamp Blood Mini Kit (Valencia,

CA) tissue protocols. Adult beagle total RNA was obtained from

Zyagen (San Diego, CA). RNA was synthesized into cDNA using

Invitrogen Superscript III First Strand Synthesis System to RT

PCR kit (Life Technologies, Grand Island, NY). GAPDH was

amplified (forward primer 59AAGATTGTCAGCAATGCCTCC

39 and reverse primer 59 CCAGGAAATGAGCTTGACAAA 39)

in these tissues to ensure that equivalent amounts of cDNA were

added. Invitrogen 59 prime RACE system for Rapid Amplification

of cDNA ends kit (Life Technologies, Grand Island, NY) was used

to sequence the 59 prime end of DLX6 from embryo cDNA.

RACE primers were designed using Primer3 (Table S3) [55].

RACE PCR products were cloned using the Invitrogen TOPO

TA Cloning kit (pCR2.1-TOPO vector) with One Shot TOP10

Chemically Competent E. coli. Products were isolated with the

Qiaprep Spin Miniprep kit (Qiagen, Valencia, CA) and sequenced

using an ABI 3100 Genetic Analyzer (Applied Biosystems, CA).

Genotyping
Genotyping primers were designed using Primer3 [55]. PCR

genotyping was performed using a shared FAM labeled forward

primer (59 ACCATCGCTTTCAGCAAACT 39). Unlabeled

reverse primers specific for the LINE-1 insertion (59 GCAACTAA-

TATTCGATAAAGCAGAA 39) and wildtype (59 CTAG-

GCCCAGAATTCCTCCT 39) were designed. The PCR program

A Canine Model of Pierre Robin Sequence
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was as follows: 94uC for 12 minutes, 35 cycles of 94uC for

30 seconds, 58uC for 30 seconds, and 72uC for 45 seconds,

followed by 72uC for 20 minutes. The wildtype product produced

a 171 base pair product and the mutant product produced a 184

base pair product. GeneScan 500 ROX size standards were used

and the reaction was analyzed on an ABI 3100 Genetic Analyzer

(Applied Biosystems, CA). 96 unrelated unaffected NSDTRs and

284 unaffected dogs across 69 breeds were genotyped for the

insertion. Nonsyndromic cleft palate cases (n = 35) across 20 breeds

were genotyped. All genotypes were analyzed using STRand

software [56].

Real Time Quantitative PCR
Primer sequences were generated using Primer3Plus (http://

primer3plus.com/). A shared forward primer (59aaactcag-

tacctggcccttc 39) was designed with reverse primers unique to

wildtype (59ccatatcttcacctgtgtttgtg 39) and mutant (59aaactcag-

tacctggcccttc 39). Semi quantitative PCR using AmpliTaq Gold

DNA Polymerase was performed to test the quality of cDNA and

primers, to confirm product size and to check for the presence of

genomic DNA contamination. Real-time PCR was performed

using the Rotor-Gene SYBR Green PCR Kit (QIAGEN,

Valencia, CA) using a 2-step cycle protocol (45 cycles; Initial

denaturation-5 minutes at 95uC; Annealing- 15 seconds at 95uC;

Extension- 90 seconds at 95uC; Final Melt curve) on the Rotor

Gene Q real-time PCR system. Cerebral cortex from 3 neonatal

unaffected NSDTRs and 3 neonatal CP1 NSDTRs were run in

triplicates with each replicate containing 0.2 ng template cDNA.

cDNA was prepared as described above. All data was normalized

to the housekeeping gene B2M5 [58]. Amplification and takeoff

values were analyzed and graphed by REST2009 to determine

any significant expression differences in DLX5 and DLX6

transcript levels between control and affected cDNA samples [24].

Human Samples
The case cohort consisted of 92 samples from individuals with

nonsyndromic cleft lip with cleft palate (NSCLP) from the US, 59

samples from individuals with nonsyndromic cleft palate (NSCP)

from the US and the Philippines, and 46 samples from individuals

with cleft palate syndromes. The 46 syndromic samples consisted

of 30 samples from individuals with PRS and 16 samples from

individuals with additional congenital anomalies including club

foot, hearing loss, heart disease, and intellectual disability. 60

unrelated CEPH samples (CEU) were used as controls.

Sequencing of Human Samples
Primers were designed with Primer3 to cover the complete gene

region of DLX6 and all exons of DLX5 [55]. Primer sequences

and annealing temperatures are available in Table S5. The first

exon of DLX6 was sequenced using internal primers. PCR

products were sequenced on an ABI 3730XL (Functional

Biosciences, Inc., Madison, WI). Chromatograms were transferred

to a Unix workstation, base-called with PHRED (v.0.961028),

assembled with PHRAP (v. 0.960731), scanned by POLYPHRED

(v. 0.970312), and viewed with the CONSED program (v. 4.0).

The functional effects of variants were predicted using the Variant

Effect Predictor [59]. Genotypes from European or Asian

populations available from the 1000 Genomes Project and the

NHLBI Exome Sequencing Project were used as controls [25,26].

Fisher’s exact test, implemented in STATA (v12.1), was used to

test for differences in allele frequencies between NSCLP and

NSCP cases and controls [60]. For insertions or deletions where

allele frequencies were unavailable, we sequenced a set of 60

unrelated CEPH samples.

Genotyping of Human Samples
Three SNPs (rs2272280, rs3801290, and rs3213654) were

genotyped in 362 case-parent trios (1090 individuals) with

nonsyndromic cleft lip with or without cleft palate (NSCL/P)

from the US using TaqMan SNP Genotyping Assays (Life

Technologies, Grand Island, NY) on the ABI Prism 7900HT,

and were analyzed with SDS 2.3 software (Applied Biosystems,

Foster City, CA). The Family Based Association Test (FBAT) in

STATA (v12.1) was used to test for association these NSCL/P

case-parent trios [60].

Supporting Information
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(DOCX)
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Length measurements of the mandible are taken from the angular

process to rostral tip of the mandibular body.
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Table S3 Genes located within associated interval on chromo-

some 14. Genomic locations are based on the Can Fam 2.0

assembly and refer to chromosome 14 base pair locations. Genes

listed were identified using the UCSC genome browser RefSeq

gene annotation track.

(DOCX)

Table S4 Primers and annealing temperatures for sequencing of

canine samples. Genomic locations are based on the Can Fam 2.0

assembly and refer to chromosome 14 base pair locations. a LINE

insert begins at cfa14.25016704. S – primers used for sequencing.

(DOCX)

Table S5 Primers and annealing temperatures for sequencing of

canine samples. Genomic locations are based on the hg19

assembly and refer to chromosome 7 base pair locations. S –

primers used for sequencing.

(DOCX)

Acknowledgments

The authors thank all of the people, dog owners, and dogs that contributed

to this study.

Author Contributions

Conceived and designed the experiments: ZTW BA EJL NK JCM CMW

DLB. Performed the experiments: ZTW EJL DJR KJ NK ZJ AY SS.

Analyzed the data: ZTW EJL BA NK NS KJ JCM CMW DLB.

Contributed reagents/materials/analysis tools: JCM DLB. Wrote the

paper: ZTW EJL BA KJ DLB.

References

1. Parker SE, Mai CT, Canfield MA, Rickard R, Wang Y, et al. (2010) Updated

National Birth Prevalence estimates for selected birth defects in the United

States, 2004–2006. Birth Defects Res A Clin Mol Teratol 88: 1008–1016.

2. Persson C, Elander A, Lohmander-Agerskov A, E S (2002) Speech outcomes in

isolated cleft palate: impact of cleft extent and additional malformations. Cleft

Palate Craniofac J 39: 397–408.

A Canine Model of Pierre Robin Sequence

PLOS Genetics | www.plosgenetics.org 10 April 2014 | Volume 10 | Issue 4 | e1004257

http://primer3plus.com/
http://primer3plus.com/


3. Christensen K, PB M (2002) Facial clefting and psychiatric diseases: a follow-up

of the Danish 1936–1987 Facial Cleft cohort. Cleft Palate Craniofac J 39: 392–

396.

4. Conrad AL, Canady J, Richman L, P N (2008) Incidence of neurological soft

signs in children with isolated cleft of the lip or palate. Percept Mot Skills 106:

197–206.

5. Bush JO, R J (2012) Palatogenesis: morphogenetic and molecular mechanisms of

secondary palate development. Development 139: 231–243.

6. Bush PG, Williams AJ (1983) Incidence of the Robin Anomalad (Pierre Robin

syndrome). Br J Plast Surg 36: 434–437.

7. Ricks JE, Ryder VM, Bridgewater LC, Schaalje B, RE S (2002) Altered

mandibular development precedes the time of palate closure in mice

homozygous for disproportionate micromelia: an oral clefting model supporting

the Pierre-Robin sequence. Teratology 65: 116–120.

8. Cohen MM. (1999) Robin sequences and complexes: causal heterogeneity and

pathogenetic/phenotypic variability. Am J Med Genet 84: 311–315.

9. Printzlau A, M A (2004) Pierre Robin sequence in Denmark: a retrospective

population-based epidemiological study. Cleft Palate Craniofac J 41: 47–52.

10. Jakobsen LP, Ullmann R, Christensen SB, Jensen KE, al e (2007) Pierre Robin

sequence may be caused by dysregulation of SOX9 and KCNJ2. J Med Genet

44: 381–386.

11. Benko S, Fantes JA, Amiel J, Kleinjan DJ, Thomas S, et al. (2009) Highly

conserved non-coding elements on either side of SOX9 associated with Pierre

Robin sequence. Nat Genet 41: 359–364.

12. Jakobsen LP, Knudsen MA, Lespinasse J, Garcia Ayuso C, Ramos C, et al.

(2006) The genetic basis of the Pierre Robin Sequence. Cleft Palate Craniofac J

43: 155–159.

13. Holder-Espinasse M, Abadie V, Cormier-Daire V, Beyler C, Manach Y, et al.

(2001) Pierre Robin sequence: a series of 117 consecutive cases. J Pediatr 139:

588–590.

14. Poswillo D. (1966) Observations of fetal posture and causal mechanisms of

congenital deformity of palate, mandible and limbs. J Dent Res 45: 584–596.

15. Richtsmeier JT, Sack GH Jr, Grausz HM, LC C (1994) Cleft palate with

autosomal recessive transmission in Brittany spaniels. Cleft Palate Craniofac J

31: 364–371.

16. Moura E, Cirio SM, CT P (2011) Non-Syndromic Cleft Lip and Palate in Boxer

Dogs: Evidence of Monogenic Autosomal Recessive Inheritance. Cleft Palate

Craniofac J 49: 759–60. doi: 10.1597/11-110.

17. Kemp C, Thiele H, Dankof A, Schmidt G, Lauster C, et al. (2009) Cleft lip and/

or palate with monogenic autosomal recessive transmission in Pyrenees shepherd

dogs. Cleft Palate Craniofac J 46: 81–88.

18. Boyko AR, Quignon P, Li L, Schoenebeck JJ, Degenhardt JD, et al. (2010) A

simple genetic architecture underlies morphological variation in dogs. PLoS Biol

8: e1000451.

19. Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, et al. (2005)

Genome sequence, comparative analysis and haplotype structure of the domestic

dog. Nature 438: 803–819.

20. Acampora D, Merlo GR, Paleari L, Zerega B, Postiglione MP, et al. (1999)

Craniofacial, vestibular and bone defects in mice lacking the Distal-less-related

gene Dlx5. Development 126: 3795–3809.

21. Depew MJ, Liu JK, Long JE, Presley R, Meneses JJ, et al. (1999) Dlx5 regulates

regional development of the branchial arches and sensory capsules. Develop-

ment 126: 3831–3846.

22. Jeong J, Li X, McEvilly RJ, Rosenfeld MG, Lufkin T, et al. (2008) Dlx genes

pattern mammalian jaw primordium by regulating both lower jaw-specific and

upper jaw-specific genetic programs. Development 135: 2905–2916.

23. Morgulis A, Coulouris G, Raytselis Y, Madden TL, Agarwala R, et al. (2008)

Database indexing for production MegaBLAST searches. Bioinformatics 24:

1757–1764.

24. Pfaffl MW, Horgan GW, L D (2002) Relative expression software tool (REST)

for group-wise comparison and statistical analysis of relative expression results in

real-time PCR. Nucleic Acids Res 30: e36.

25. Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, et al. (2012) An

integrated map of genetic variation from 1,092 human genomes. Nature 491:

56–65.

26. Exome Variant Server. In: (ESP) NGESP, editor. Seattle, WA.

27. Simeone A, Acampora D, Pannese M, D’Esposito M, Stornaiuolo A, et al.

(1994) Cloning and characterization of two members of the vertebrate Dlx gene

family. Proc Natl Acad Sci U S A 91: 2250–2254.

28. Robledo RF, Rajan L, Li X, T L (2002) The Dlx5 and Dlx6 homeobox genes

are essential for craniofacial, axial, and appendicular skeletal development.

Genes Dev 16: 1089–1101.

29. Beverdam A, Merlo GR, Paleari L, Mantero S, Genova F, et al. (2002) Jaw

transformation with gain of symmetry after Dlx5/Dlx6 inactivation: mirror of

the past? Genesis 34: 221–227.

30. Hedge S, Praveen BN, SR S (2013) Morphological and Radiological Variation

of Mandibular Condyles in Health and Diseases: A Systematic Review. Dentistry

3:154. doi: 10.4172/2161-1122.1000154.

31. Johnson JM, Moonis G, Green GE, Carmody R, HN B (2011) Syndromes of the

first and second branchial arches, part 2: syndromes. AJNR Am J Neuroradiol

32: 230–237.

32. Clarke L, Hepworth WB, Carey JC, RE S (1988) Chondrodystrophic mice with

coincidental agnathia: evidence for the tongue obstruction hypothesis in cleft
palate. Teratology 38: 565–570.

33. Lavrin IO, McLean W, Seegmiller RE, Olsen BR, ED H (2001) The mechanism

of palatal clefting in the Col11a1 mutant mouse. Arch Oral Biol 46: 865–869.
34. Seegmiller RE, FC F (1977) Mandibular growth retardation as a cause of cleft

palate in mice homozygous for the chondrodysplasia gene. J Embryol Exp
Morphol 38: 227–238.

35. Cohen MM, Jr. (1978) Syndromes with cleft lip and cleft palate. Cleft Palate J

15: 306–328.
36. D’Elia AV, Tell G, Paron I, Pellizzari L, Lonigro R, et al. (2001) Missense

mutations of human homeoboxes: A review. Hum Mutat 18: 361–374.
37. Samee N, Geoffroy V, Marty C, Schiltz C, Vieux-Rochas M, et al. (2009)

Increased bone resorption and osteopenia in Dlx5 heterozygous mice. J Cell
Biochem 107: 865–872.

38. Damante G, Pellizzari L, Esposito G, Fogolari F, Viglino P, et al. (1996) A

molecular code dictates sequence-specific DNA recognition by homeodomains.
EMBO J 15: 4992–5000.

39. Shamseldin HE, Faden MA, Alashram W, FS A (2012) Identification of a novel
DLX5 mutation in a family with autosomal recessive split hand and foot

malformation. J Med Genet 49: 16–20.

40. Han J, Mayo J, Xu X, Li J, Bringas P Jr, et al. (2009) Indirect modulation of Shh
signaling by Dlx5 affects the oral-nasal patterning of palate and rescues cleft

palate in Msx1-null mice. Development 136: 4225–4233.
41. Poitras L, Yu M, Lesage-Pelletier C, Macdonald RB, Gagne JP, et al. (2010) An

SNP in an ultraconserved regulatory element affects Dlx5/Dlx6 regulation in the
forebrain. Development 137: 3089–3097.

42. Brown KK, Reiss JA, Crow K, Ferguson HL, Kelly C, et al. (2010) Deletion of

an enhancer near DLX5 and DLX6 in a family with hearing loss, craniofacial
defects, and an inv(7)(q21.3q35). Hum Genet 127: 19–31.

43. Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, et al. (2006)
Polycomb complexes repress developmental regulators in murine embryonic

stem cells. Nature 441: 349–353.

44. Kirkness EF, Bafna V, Halpern AL, Levy S, Remington K, et al. (2003) The dog
genome: survey sequencing and comparative analysis. Science 301: 1898–1903.

45. Szak ST, Pickeral OK, Makalowski W, Boguski MS, Landsman D, et al. (2002)
Molecular archeology of L1 insertions in the human genome. Genome Biol 3:

research0052.
46. Smith BF, Yue Y, Woods PR, Kornegay JN, Shin JH, et al. (2011) An intronic

LINE-1 element insertion in the dystrophin gene aborts dystrophin expression

and results in Duchenne-like muscular dystrophy in the corgi breed. Lab Invest
91: 216–231.

47. Meischl C, Boer M, Ahlin A, D R (2000) A new exon created by intronic
insertion of a rearranged LINE-1 element as the cause of chronic granulomatous

disease. Eur J Hum Genet 8: 697–703.

48. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, et al. (2001) Initial
sequencing and analysis of the human genome. Nature 409: 860–921.

49. Kouwenhoven EN, van Heeringen SJ, Tena JJ, Oti M, Dutilh BE, et al. (2010)
Genome-wide profiling of p63 DNA-binding sites identifies an element that

regulates gene expression during limb development in the 7q21 SHFM1 locus.
PLoS Genet 6: e1001065.

50. Zerucha T, Stuhmer T, Hatch G, Park BK, Long Q, et al. (2000) A highly

conserved enhancer in the Dlx5/Dlx6 intergenic region is the site of cross-
regulatory interactions between Dlx genes in the embryonic forebrain. J Neurosci

20: 709–721.
51. Feng J, Bi C, Clark BS, Mady R, Shah P, et al. (2006) The Evf-2 noncoding

RNA is transcribed from the Dlx-5/6 ultraconserved region and functions as a

Dlx-2 transcriptional coactivator. Genes Dev 20: 1470–1484.
52. K M (2010) Population structure and genetic diversity of worldwide Nova Scotia

Duck Tolling Retriever and Lancashire Heeler dog populations. Journal of
Animal Breeding and Genetics 127: 318–326.

53. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, et al. (2007)

PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J Hum Genet 81: 559–575.

54. R Development Core Team. (2012) R: A Language and Environment for
Statistical Computing. 2.15.1 ed. Vienna, Austria.

55. Rozen S, H S (2000) Primer3 on the WWW for general users and for biologist
programmers. Methods Mol Biol 132: 365–386.

56. Toonen RJ, S H (2001) Increased throughput for fragment analysis on an ABI

PRISM 377 automated sequencer using a membrane comb and STRand
software. Biotechniques 31: 1320–1324.

57. Lange K, Cantor R, Horvath S, Perola M, Sabatti C, et al. (2001) MENDEL
version 4.0: A complete package for the exact genetic analysis of discrete traits in

pedigree and population data sets. American Journal of Human Genetics

69(supplement): 504.
58. Brinkhof B, Spee B, Rothuizen J, LC P (2006) Development and evaluation of

canine reference genes for accurate quantification of gene expression. Anal
Biochem 356: 36–43.

59. McLaren W, Pritchard B, Rios D, Chen Y, Flicek P, et al. (2010) Deriving the
consequences of genomic variants with the Ensembl API and SNP Effect

Predictor. Bioinformatics 26: 2069–2070.

60. StataCorp (2011) Stata Statistical Software. Release 12 ed. College Station, TX:
StataCorp LP.

A Canine Model of Pierre Robin Sequence

PLOS Genetics | www.plosgenetics.org 11 April 2014 | Volume 10 | Issue 4 | e1004257


