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Abstract 

Dogs represent a fascinating species with dramatic variation in traits across hundreds of 

breeds. Genetic bottlenecks, inbreeding, and selection for extreme phenotypes have led 

to the accumulation of deleterious genetic variants and inherited diseases within breeds. 

Inherited canine neurological diseases such as movement disorders (e.g. ataxia and 

paroxysmal dyskinesia) and idiopathic epilepsy (IE) often have an impact on quality of life 

and life expectancy and can have a high prevalence in some breeds. The welfare impact 

means that elucidating the underlying genetics is of veterinary importance, and many 

canine inherited diseases are naturally occurring disease models of human disease. 

Whole-genome sequencing of two Norwegian Buhund siblings with progressive cerebellar 

ataxia led to the identification of a single nucleotide polymorphism (SNP) in KCNIP4. This 

gene had not been implicated previously in hereditary ataxia in any species. The findings 

suggest an important role for Kv4 channel complex KCNIP accessory subunits in the 

cerebellum. 

The feasibility and accuracy of genotype imputation of a study set using a reference panel 

comprising breed-specific array data and multi-breed variant data derived from whole 

genomes was assessed. Canine genotype imputation can be effective and accurate and 

was utilised for the IE and paroxysmal dyskinesia studies. 

A preliminary genome-wide association study (GWAS) of paroxysmal dyskinesia was 

conducted in the Norwich Terrier dog breed, and analysis of 44 SNPs in an independent 

dataset identified five genomic regions, and genes, for potential future investigation. 

Separate GWAS were performed for IE in the Italian Spinone and Border Collie breeds, 

and independent validation sets were utilised for replication analyses. Variants with 

evidence of association were incorporated into weighted risk scores, and their ability to 

predict disease status was assessed. The GWAS findings were not reproduced in the 

validation sets of the Italian Spinone study. However, the findings in the Border Collie IE 

study demonstrated evidence of replicable association and a three-SNP genetic risk score 

showed potential for predicting disease status. The findings suggest that mode of 

inheritance for IE is not monogenic in either breed and implicate three genes in the 

Border Collie. 
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1 Introduction 

Canis lupus familiaris, the domestic dog, is a fascinating species that consists of 

approximately 400 unique breeds with dramatic and extensive variation in morphological 

and behavioural traits [1]. Dogs have been companions for humans and have played a 

role in human society for many thousands of years [2]. Dogs are scientifically interesting 

in their own right, and are also a unique model of human diseases [3, 4]. In the following 

chapter an introductory overview of canine genetics will be provided, followed by a focus 

on the canine neurological disorders that are the subject of this thesis: idiopathic epilepsy 

and movement disorders. 

1.1 Origin of domestic dogs and the generation of specific breeds 

1.1.1 Domestication of canids and genetic bottlenecks 

Domestic dogs, Canis lupus familiaris, are highly selected variants of a subspecies of the 

wolf Canis lupus; it is possible for wolves and domestic dogs to mate and produce fertile 

offspring. Pedigree dogs are a product of restricted inbreeding and artificial selection for 

desired traits. Modern domestic dogs have therefore undergone two major genetic 

bottlenecks in their history [5]: the divergence from wolves followed by the relatively 

recent creation of pedigree breeds. A genetic bottleneck is a dramatic drop in the number 

of breeding individuals in a population, which results in a loss of genetic diversity that is 

then followed by population expansion. 

Dogs are thought to be the earliest domesticated animal [2, 6]. Domestication of the dog 

from wolves is understood to have occurred between 11,000 and 35,000 years ago, 

although the timing and location of the domestication event or multiple domestication 

events remain controversial [2, 6]. Out of the currently extant species of wild canids, such 

as coyotes and jackals, domestic dogs are most closely related to the grey wolf and 

analysis of mitochondrial DNA (mtDNA) supports wolf ancestry for modern dogs [2, 7]. 

Dogs may not have modern wolves as a direct common ancestor; it could be a now 

extinct subspecies of wolf [8]. 

The second major genetic bottleneck for the dog was the formation of breeds [5]. Most 

modern dog breeds came into existence in the last 200 to 300 years [9]. The Kennel Club 

in the United Kingdom (UK) and the American Kennel Club in the United States of America 

(USA), and other registering organisations, were established in the 1800s and required 
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both parents of registered dogs to be registered members of the same breed. This 

resulted in the isolation of each breed as a breeding population. The establishment of 

breed standards for behaviour and physical appearance has caused strong selective 

pressure for specific traits within breeds. 

1.1.2 Breeds, selection, and inbreeding 

Dogs are an excellent example of how physical and behavioural phenotypes can be 

diversified through domestication and selection. The >400 different breeds and breed 

varieties recognised around the world demonstrate a huge range of morphology and 

behavioural characteristics which make the dog extremely diverse phenotypically [1] 

(Figure 1.1). Many dog breeds were originally bred for a specific purpose, such as 

guarding, companionship, herding, hunting; or were bred for their novelty. The Kennel 

Club in the UK categorises dog breeds into seven groups: hound, working, terrier, gundog, 

pastoral, utility, and toy. Dog breeds can also be divided into ancient breeds and modern 

breeds. The ancient breeds, as their name suggests, have historic origins of typically from 

500 to thousands of years ago, and are genetically divergent to modern breeds [10]. Most 

modern breeds were produced by the controlled breeding practices used in the Victorian 

era. 
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Figure 1.1. Photographs demonstrating some of the morphological diversity of dog breeds 

in general and of the four breeds that are the focus of this PhD thesis. A) Chihuahua 

(smooth coat), toy group. B) Irish Wolfhound (left), hound group, depicted with a small 

mixed breed dog (right). C) Dachshund (wire haired), hound group. D) Pug, toy group. E) 

Norwegian Buhund, pastoral group. F) Norwich Terrier, terrier group. G) Italian Spinone, 

gundog group. H) Border Collie, pastoral group. E-H) Breeds which were the focus of 

studies as part of this PhD project. Breed groups are as defined by the UK Kennel Club. 

The restriction of breeding to within the breed registries, and other breeding practices, 

has resulted in pedigree dogs becoming highly inbred. The UK dog population became 

increasingly inbred between 1980 and 2000, but inbreeding has since levelled off, 

coinciding with the relaxation of quarantine laws which allowed increased numbers of 

imported dogs into the breeding population [11]. One breeding practice which increases 

inbreeding has been the use of popular sires: more female dogs are used for breeding 

than males, and some males can sire many litters and account for a large proportion of 

the puppies born for a breed each year. Inbreeding is a key consideration when 

implementing new genetic tests for disease-causing mutations, or when attempting to 

breed away from an inherited condition for which the aetiology is unknown. Selection 

away from a disease can result in the reduction of the breeding population and for 
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numerically small breeds this can be a particular problem, possibly necessitating the 

introduction of dogs from a different breed. 

1.2 Clinical consequences of breeding purebred dogs 

1.2.1 Rigorous selection for extreme phenotypes 

Breeders of purebred dogs aim for their dogs to fit the breed standard: guidelines for 

what is considered the ideal example of the breed, including appearance and 

temperament. This can lead to selection for extreme phenotypes such as large or small 

size, or short muzzles. The selection for extremes of phenotype can result in unintended 

harmful consequences to the health of dogs, leading to welfare concerns. 

The short-muzzled, or brachycephalic, breeds demonstrate how extreme phenotypes can 

lead to health problems. French Bulldogs, Bulldogs, Pugs, and other breeds with 

shortened skulls and muzzles, are prone to the brachycephalic obstructive airway 

syndrome (BOAS) respiratory disorder caused by obstruction of the airways by soft tissue 

not reduced in proportion with the skull [12-14]. BOAS is a considerable welfare concern; 

it causes difficulty breathing and dogs to struggle with exercise and heat, and results in a 

shortened lifespan. To reduce the frequency of BOAS there is a need to breed away from 

the short skull and muzzle phenotype, along with managing other factors which are 

associated with an increase in a brachycephalic dog‘s risk of BOAS. These include stenotic 

(closed) nostrils, and obesity [13, 14]. 

Another way in which selection for desirable breed phenotypes can have a negative 

impact on health is by increasing the frequency of genetic variants which produce the 

desired trait, but which also cause a disease phenotype. The insertion of a retro-gene 

copy of the fibroblast growth factor 4 (FGF4) gene on canine chromosome 12 (CFA12) is 

associated with both short limbs and Hansen’s type I intervertebral disc disease across 

multiple breeds [15, 16]. This gene insertion variant is semi-dominant for height, i.e. 

heterozygotes for this insertion are shorter than those without a single copy and 

homozygotes are shorter still; breeders selecting for the desirable short phenotype could 

therefore be unintentionally increasing the frequency of the disease allele. Genetic 

variants within ADAMTS17 are associated with primary open angle glaucoma (POAG) in 

the Petit Basset Griffon Vendeen and Shar Pei breeds [17, 18], and have also been linked 

with short stature [19]. Mutations within ADAMTS17 in humans cause Weill-Marchesani-
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like syndrome (WMLS), a connective tissue disorder with phenotypes that include 

glaucoma and short stature [20]. This could therefore represent another example of 

selection for height having the unintended consequence of increasing the frequency of a 

disease-causing variant. 

1.2.2 The effect of inbreeding on haplotype structure 

If two genomic locations on the same chromosome are inherited together more or less 

frequently than would be expected if they were randomly associated with each other (as 

calculated from their respective allele frequencies in the population), they are considered 

to be in Linkage Disequilibrium (LD); i.e. an unequal level of expected linkage frequency. 

The dog genome exhibits extensive LD, with long haplotype blocks, within breeds [5]. This 

is due to the relatively recent origin of dog breeds from small founder populations; there 

have not been enough generations for randomisation of linked genes through cross-over 

events and non-random mating. By contrast, across breeds the dog population has short 

haplotype blocks, reflecting the short-range LD of the ancestral population from which 

modern breeds are derived. When breeds were formed from a small subset of the entire 

population, the diverse combinations of short haplotype blocks present in the ancestral 

population became long haplotypes specific to breeds due to the relatively low diversity 

of the chromosomes in the founding population. 

The widespread inbreeding, relatively recent bottlenecks, and extensive LD have resulted 

in long runs of genome homozygosity, covering a large proportion of the genome [5]. The 

long runs of homozygosity represent regions of the genome with identical haplotypes on 

both chromosomes. Long regions of the genome around a variant causing a trait being 

selected for can become fixed or have reduced heterozygosity [21]. Through these 

selective sweeps, and extensive LD and long runs of homozygosity, variants conferring risk 

of disease can be more likely to be linked to the region under selection. The population 

bottlenecks and reduction of breeding population size caused by the selective breeding 

involved in domestication and breed formation have resulted in the accumulation of 

deleterious genetic variants throughout the canine genome [22]. The number of 

deleterious variants is highest in regions that contain variants causing desirable traits that 

have been positively selected for by dog breeders [22]. 

The extensive LD and homozygosity has both advantages and disadvantages for the 

experimental approaches used to investigate canine inherited disease. As a result of 
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widespread LD smaller sample sets and genotyping arrays with fewer genetic markers are 

necessary for genome-wide association studies (See chapter 1.4.2.2 for a description of 

this approach) to identify regions of the genome associated with disease in dog breeds 

than for comparable human studies [5]. However, the long haplotypes can also make it 

harder to narrow down the associated region to the variant causing disease because of 

the many linked variants over a broad, homozygous, region. 

1.3 Breed health monitoring techniques and breeding tools 

Inherited diseases in pedigree dog breeds are a major welfare concern. Responsible dog 

breeders and breed clubs are keen to eradicate these diseases from their breeds while 

still maintaining the breed standard. Health schemes that monitor inherited diseases 

through clinical testing of disease phenotypes [23-25] (https://www.bva.co.uk/Canine-

Health-Schemes/Eye-scheme/, accessed 24/02/2023), and commercially available DNA 

tests for known disease-associated variants [26], have been widely implemented with the 

aim of reducing the incidence of canine inherited diseases and improving canine health. 

1.3.1 Health schemes 

National kennel clubs have an important role in the implementation of breeding tools and 

strategies for the promotion of health and welfare [27]. Organisations such as the UK 

Kennel Club, International Sheep Dog Society (ISDS), and British Veterinary Association 

(BVA) have implemented schemes that aim to help responsible breeders avoid producing 

dogs affected by inherited disease and improve the health of their breed. 

The BVA/UK Kennel Club hip and elbow dysplasia schemes, which use the scoring of 

factors seen in radiographs to describe the condition of a dog’s hips or elbows, have been 

running since 1984 [23]. The schemes have been implemented extensively for the 

numerically large Labrador Retriever breed. The scores for each dog are recorded on a 

database and can be accessed through the Kennel Club website. The voluntary scheme is 

designed to allow dog breeders to make informed breeding decisions to reduce disease 

prevalence. The scheme has been broadly successful, and many breeds have shown a 

genetic trend towards improved hip and elbow condition [28]. The UK Kennel Club has 

introduced “estimated breeding values” (EBV) which are calculated from pedigree data, 

combining a dogs phenotype data with that of its relatives weighted using pedigree 

information [28, 29]. This requires a large number of dogs within a breed to have been 

https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/
https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/
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included in the hip and elbow dysplasia schemes [28]. EBVs are more accurate than 

phenotype measurement for predicting genetic risk of disease, and therefore are 

expected to have a higher efficacy for efforts to improve the health and welfare of the 

affected breeds. 

The BVA/UK Kennel Club/ISDS eye scheme aims to allow breeders to avoid breeding dogs 

affected by inherited eye conditions [24, 25] (https://www.bva.co.uk/Canine-Health-

Schemes/Eye-scheme/, accessed 24/02/2023). A certificate is given for all dogs tested 

through the scheme with details of their eye test results for each inherited condition 

included. The scheme aims to continually evaluate the evidence for eye conditions which 

may be inherited so that only conditions known to be inherited are included, and 

emerging conditions with strong evidence of inheritance can be added. Eye diseases 

screened for by the BVA/UK Kennel Club/ISDS eye scheme include, for example, 

hereditary cataract and progressive retinal atrophy (PRA) 

(https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/, accessed 24/02/2023). 

Health schemes such as these in the UK run by the BVA, Kennel Club, and ISDS, provide 

vast databases which when combined with pedigree information can become powerful 

research tools [23, 28, 30]. The eye schemes implemented by various organisations 

around the world have contributed to the considerable success in investigating the 

genetic cause of inherited eye conditions [31]. 

1.3.2 DNA testing 

According to Online Mendelian Inheritance in Animals (OMIA), at least 338 putative 

causal variants have been found for monogenic canine inherited diseases and traits [32] 

(http://omia.org/, accessed 24/03/2023). There are DNA tests commercially available for 

over 152 variants associated with an inherited disease either in a single dog breed or 

across multiple breeds [26]. Important examples of canine DNA tests include those for 

eye diseases such as PRA and neurological diseases including ataxia [26]. DNA tests, which 

are typically for autosomal recessive inherited diseases, allow dog breeders to make 

informed breeding decisions based on if a dog is heterozygous, or homozygous for the 

disease-causing variant or the non-disease-causing allele. The subsequent disease status 

for a fully penetrant autosomal recessive disease is highly predictable in progeny when 

the genotypes of the parents are known. In this way dog breeders can avoid producing 

dogs affected by a disease, and work to reduce the frequency of the disease-causing 

https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/
https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/
https://www.bva.co.uk/Canine-Health-Schemes/Eye-scheme/
http://omia.org/
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variant within the breed, a strategy that has been successfully implemented in several 

breeds [33]. 

1.4 Canine genetic research 

1.4.1 Resources for canine genetic research 

The investigation of canine inherited disease and traits has been facilitated by the 

development of resources and technologies dedicated to the canine genome. Early 

resources included microsatellite linkage maps and bacterial artificial chromosome (BAC) 

libraries [34, 35]. A key development was the use of fluorescent in situ hybridisation to 

identify the 38 canine autosomes, a challenge due to the small size and acrocentric 

morphology (centromeres located towards one end) of many of the canine chromosomes 

[36]. Sequencing of the canine genome (approximately 2.41 gigabases (Gb) long) later 

provided a powerful tool for canine genetic research [5]. It took six years from the first 

canine microsatellite linkage map to sequencing the first canine genome, and the field 

has continued to progress rapidly alongside the developments made in human genetic 

research. 

1.4.1.1 Microsatellite linkage map 

A linkage map contains the relative locations of markers on a chromosome as determined 

by the frequency of recombination. Microsatellite repeats are useful as markers for 

linkage maps because they are easy to genotype, are polymorphic (variable), and in 

mammalian genomes are randomly, and widely, distributed [34]. Early linkage maps for 

the canine genome included comparatively low numbers of markers. One of the first 

linkage maps, published in 1997, included 150 microsatellite markers: 139 in 30 different 

linkage groups and 11 which were informative but not linked to any of the other markers 

[34]. The largest linkage group included nine markers. Soon after (1999), an expanded 

linkage map was developed which included 276 markers, 268 assigned to 40 linkage 

groups; 29 linkage groups had ordered markers, and three were assigned to specific 

chromosomes [37]. Although none of the markers included were located on the male Y 

chromosome, five were X-linked. It was estimated that over 55% of the genome was 

flanked and covered by markers in this linkage map. Construction of a linkage map with 

approximately 3,000 microsatellite markers (published in 2010) was facilitated by the 

availability of a canine reference genome [38]. A comprehensive fine-scale genetic map 
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was later produced using 3.5 million autosomal single nucleotide polymorphisms (SNPs), 

and 198,000 SNPs on the X chromosome, identified by whole-genome sequencing of 51 

free-ranging, non-breed, dogs [39]. 

1.4.1.2 BAC library 

A BAC is a modified bacterial F factor plasmid into which fragments of eukaryotic 

genomes can be inserted [40]. BAC vectors contain sequences for restriction enzyme 

recognition sites that enable the incorporation of DNA to form a recombinant molecule 

which can then be inserted into a bacterial host.  BAC vectors carry F Factor genes for 

replication, and at least one antibiotic resistance marker allowing easy isolation of the 

bacteria into which the BAC has been successfully inserted. The bacteria can be cultured 

to generate colonies containing many identical copies of the original DNA fragment. A 

library of BAC clones can contain a copy or copies of every part of an organism’s genome: 

a genomic BAC library. BACs are useful for the generation of genomic libraries because 

they can carry fragments up to approximately 300 kilobase (kb), are easy to purify, and 

are stable for many generations of growth [35, 40]. A genomic BAC library for the canine 

genome (Dobermann Pinscher) was constructed in 1999 and made available to the 

academic community [35]. The library included around 166,000 clones, with a mean 

insert size of 155kb, and was predicted to give a redundancy (coverage) of 8.1, or in other 

words the entire genome was represented over eight times. 

1.4.1.3 The dog genome sequence 

Arguably the most powerful resource for canine genetic research is the availability of a 

high-quality genome sequence for the dog. The first draft dog genome sequence, from a 

male black standard poodle called Shadow, was published in 2003 [41]. This draft 

sequence had 1.5-fold sequence coverage, with many gaps, and was estimated to cover 

approximately 78% of the genome. This incomplete sequence was enough, however, to 

identify 18,473 putative canine orthologues for human genes. A higher quality canine 

genome sequence was published in 2005 for a female Boxer called Tasha [5]. This Boxer 

was chosen because of its low levels of heterozygosity, the lowest among dogs tested for 

a set of loci, making assembly of the genome simpler due to the high similarity of the two 

copies of each chromosome [5, 31]. However, later analysis showed the heterozygosity in 

other breeds is not greatly different to that seen in Tasha. The use of a female dog meant 

that the X chromosomes and autosomes had equal coverage. The Boxer genome had 
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approximately 7.5-fold sequence coverage, and had an initial assembly, named CanFam 

1.0, which was closely followed by the updated CanFam 2.0 (BROADD2) assembly [5]. The 

contigs (contiguous sequences, i.e. sets of overlapping sequence reads) were around 50 

times larger than those in the poodle sequence, with half of the bases located in contigs 

over 180kb in size. This meant that for most genes the sequence would be within a single 

contig, without gaps. The quality of the base calls was also high; quality scores were 

above 40 for 98% of bases. The quality scores used were Phred quality scores; a score of 

40 means that there is 1 in 10,000 probability of an incorrect base call [42, 43]. In 2011 

the CanFam3.1 canine genome assembly was released (GenBank Assembly ID 

GCA_000002285.2). The CanFam 3.1 assembly had substantially larger contigs; half of 

bases were in contigs over 267kb in size and was more complete with fewer gaps and 

smaller total gap size.  The availability of a high-quality canine genome sequence 

facilitated the use of techniques such as genome-wide genotyping arrays and next 

generation sequencing, allowing rapid advancement in canine genetic research. 

For a decade CanFam 3.1 was the reference genome used by most researchers in canine 

genetics. Recently, however, improved canine genome assemblies have become 

available, generated using long-read sequencing technologies [44-46]. One of the 

assemblies, Dog10K_Boxer_Tasha (GenBank GCA_005444595.1), is an improved assembly 

for the Boxer, Tasha [46]. Assemblies have also been developed for other breeds, 

including the German Shepherd (UU_CFam_GSD_1.0, GenBank GCA_011100685.1), and 

Great Dane (UMICH_Zoey_3.1, GenBank GCA_005444595.1) [44, 45]. The new assemblies 

have increased contiguity, and many of the remaining gaps have been filled in. Genome 

annotation has also been improved; the new Boxer assembly includes over 1200 protein-

coding transcripts not previously annotated on CanFam 3.1 [46]. The availability of 

genome assemblies from different breeds will allow an improved understanding of the 

genetic variation between breeds. For example, much of the variation observed between 

the Great Dane genome UMICH_Zoey_3.1 and CanFam 3.1 (Boxer) was structural, 

accounting for > 13.2 megabases (Mb) of sequence difference, and these structural 

variants were primarily canine short interspersed element (SINEC) and long interspersed 

element-1 (LINE-1) sequences [45]. The new reference genomes present a challenge for 

the canine genetics field, however, in that researchers will need to choose to which 

reference they align resequencing data. Their choice may depend on which trait or 

disease they are investigating, or in which breed. Researchers will want to ensure 
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compatibility between their own data, and with that of collaborators, but they are 

unlikely to wish to align all their data to all available reference genomes. To do so would 

be expensive in time and resources. To ensure the canine genetics field remains highly 

collaborative it is likely to be advantageous for a primary reference to be chosen. 

Alternatively, a pan-genome that incorporates variation in genome sequences across 

multiple breeds could have great utility [47]. 

1.4.2 Approaches for canine genetic research 

1.4.2.1 Linkage analysis 

Genetic linkage studies use extensive pedigrees to identify regions of the genome 

inherited with the disease. To do this effectively, inbred colonies of dogs can be 

necessary. An illustrative example of a successful genetic linkage study in the dog is the 

identification of a locus for canine progressive rod-cone degeneration (PRCD), a type of 

PRA, using a colony of Miniature Poodles, Beagles, and Beagle-crossbred dogs [48]. 

Informative pedigrees were generated through the breeding of known affected dogs with 

unrelated dogs to generate carriers, followed by backcrossing carriers with affected dogs 

(Figure 1.2). An informative pedigree allows the carrier or affected status of dogs to be 

determined, permitting investigation of marker segregation with disease, and therefore 

marker linkage with the disease locus. Genotyping of 100 microsatellite markers 

identified linkage between a marker and the PRCD locus [48]. Genotyping of additional 

microsatellite markers, including gene-specific microsatellites, allowed the relative 

mapping location of the PRCD locus, close to the centromere on chromosome 9, to be 

determined. 

 

Figure 1.2.Example of an informative pedigree used for linkage analysis. The pedigree 

diagram was recreated from Acland et al (1998) [48]. Squares represent male dogs, circles 



41 
 

female dogs. Solid black shapes are homozygous PRCD cases, hollow are unaffected dogs 

homozygous ‘normal’ at the PRCD locus. Half-filled shapes represent heterozygous 

‘carriers’. 

1.4.2.2 Genome-wide association studies 

Genome-wide association studies (GWAS) utilise SNP arrays to genotype markers 

distributed across the genome in a set of cases (individuals with the phenotype of interest) 

and a set of controls (individuals without the phenotype of interest) [49, 50]. GWAS can 

also be used to investigate quantitative traits, such as height, across a population-based 

cohort [49, 50]. Statistical analysis is carried out, testing differences in SNP allele frequency, 

to investigate if any SNP markers are associated with the phenotype being investigated. 

Regions of the genome associated with the trait can be identified and then subsequently 

investigated to identify genetic variants contributing to a phenotype, which could be a 

behavioural or morphological trait, or an inherited disease. A key advantage of GWAS is 

that it is hypothesis-free; i.e. it is not reliant on any knowledge of the underlying molecular 

biology of the disease or trait being investigated, such as is required for candidate gene 

studies, and can therefore identify novel regions associated with disease [51]. 

The development of SNP arrays for the dog was facilitated by the availability of a canine 

genome sequence. The Illumina Canine HD beadchip array was designed by the LUPA 

Consortium, which was a collaboration of canine geneticists and veterinarians in Europe 

[3]. The array was released prior to the 2011 LUPA publication, and until recently this was 

the largest genotyping array available for the dog, with 173,662 SNP markers. In 2017 the 

Axiom Canine HD Array was released, which genotypes up to 729,642 markers. The 

marker density available for a GWAS can be increased using genotype imputation (see 

chapter 1.4.2.5). 

The thousands of SNP markers used in a GWAS analysis means that a huge number of 

independent tests are carried out, and this results in a very high probability of Type I error 

(i.e. false positive results) [52]. To account for this, it is necessary to correct for multiple 

testing, such as by setting a stringent threshold for significance utilising the Bonferroni 

correction (dividing 0.05 by the number of variants included in the GWAS). However, the 

Bonferroni corrected threshold can be too conservative because LD between markers 
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means that the number of true independent tests are lower than the number of SNPs, 

and this can increase the chances of Type II error (i.e. false negative results). 

Population structure in GWAS, for example if cases and controls are not evenly 

distributed across sub-populations, can result in false-positive statistical associations of 

SNP markers due to differing allele frequencies between populations, potentially 

obscuring meaningful associations with disease [49, 53]. Statistical mixed models can be 

used to compensate for population stratification [53, 54]. A mixed model generates 

variables for each individual using a relatedness matrix and uses variables modelled using 

both fixed and random effects to account for population structure in an association 

analysis. 

Two main diagnostic plots are used to visualise GWAS data and detect potential 

population structure or systematic bias: quantile-quantile (QQ) plots, and 

multidimensional scaling (MDS) plots. QQ plots compare the results obtained to those 

that would be expected in hypothetical GWAS data to determine if more statistically 

significant associations were observed than would be expected by chance (Figure 1.3), 

which would be seen as a wide-ranging deviation from a null line that represents the 

expected P-values and represents an inflation of test statistics [49].  If this is due to 

population stratification, adjustment using a mixed model as described above will 

mitigate against these effects. An MDS plot uses values extracted from the genotyping 

data by comparing the genetic distance between the individuals in a relationship matrix 

[55]. Two values representing genetic distance are plotted on a scatter plot to give a two-

dimensional representation of the relatedness of the individuals included in the GWAS 

(Figure 1.4). Population stratification would be observed if cases and controls formed 

distinct or diverging clusters. 
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Figure 1.3. Example QQ plot showing mixed model adjusted -Log10 P-values from a GWAS. 

The GWAS of Border Collie dogs included 291,450 SNPs (including imputed data up to 

Axiom Canine HD array SNP density), and 104 idiopathic epilepsy cases and 167 controls 

(see chapter 7). 

 

Figure 1.4. Example MDS plot showing cases and controls from a GWAS. MDS plot is from 

chapter 5 and was generated for Norwich Terrier dogs (24 paroxysmal dyskinesia cases and 

24 controls) genotyped using the Axiom Canine HD array. 
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1.4.2.3 Candidate gene analysis 

A candidate gene approach is a way of investigating the genetic basis of a disease or trait 

if there is a strong biological rationale implicating a specific gene with the disease [56]. A 

gene or genes of interest are sequenced and interrogated for potential causal variants 

[57]. Alternatively, the candidate genes can be investigated by genotyping tagging 

microsatellite (or any other type, for example SNP) markers [58]. The choice of gene(s) is 

based on prior knowledge, which may be incomplete or inaccurate, for example if the 

gene is known to be associated with a phenotype in humans, a different breed, or in a 

knock-out mouse model. The candidate gene approach is a rapid and cost-effective way 

of identifying potentially causal variants. Due to the prior knowledge required, discoveries 

made in this way will not be novel, but can allow the development of a DNA test for the 

dog breed or breeds under investigation. However, candidate gene studies can be subject 

to bias, and both type I and type II error [59]. 

An example of a canine candidate gene study utilising microsatellite markers was the 

identification of gene mutations in HSF4 that are associated with hereditary cataract in 

multiple breeds [58]. This study genotyped markers flanking 20 candidate genes for 

cataracts. The genes were considered candidates for canine cataracts because they had 

previously been implicated in cataracts in humans or mice. The microsatellites were 

genotyped in affected dogs, carriers, and unaffected dogs of the Staffordshire Bull Terrier, 

American Cocker Spaniel, Golden Retriever, and Miniature Schnauzer breeds. An 

association with disease was found for HSF4 in the Staffordshire Bull Terrier. Sequencing 

the gene identified mutations which were present in affected Staffordshire Bull Terriers, 

Boston Terriers and Australian Shepherds. 

A candidate gene approach using next generation DNA sequencing methodology to re-

sequence the protein-coding exons of the canine Duchenne Muscular Dystrophy (DMD) 

gene identified the single base pair deletion that has been suggested to cause dystrophin-

deficient muscular dystrophy in a Norfolk terrier dog [57]. 

1.4.2.4 Next generation DNA sequencing 

DNA sequencing technologies underwent rapid development during the time of the 

human genome project (1995 - 2003) and in the years after [60]. The sequencing of the 

first genomes relied on versions of Sanger sequencing which involved the fragmentation 

of the genome, subcloning of the fragments, and semi-automated sequencing of each 
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fragment in individual reactions using capillary electrophoresis to determine the 

sequence [5, 40, 41, 61]. NGS, or massively parallel sequencing, technologies make 

possible a dramatically higher throughput. The Illumina next-generation sequencing 

technology sequences all of the fragments of an entire genome in parallel on a single 

flow-cell (chip) [61]. 

NGS can be used to identify candidate causal variants for canine inherited disease in 

multiple ways. Genome-wide mRNA sequencing (mRNA-seq) can be used to sequence all 

transcripts expressed in a tissue, and then candidate genes interrogated for potentially 

causal variants [62]. Targeted sequencing of a region of the genome identified through 

GWAS or linkage analysis can be used to interrogate the region to find the likely-causal 

variant [63, 64]. It has become feasible, as the cost of NGS has decreased, to sequence 

the entire genome of affected dogs and compare the variants identified to genomes of 

control dogs to identify mutations that segregate with disease [65, 66].  

To ensure that the most use is made of the huge amount of data being produced through 

sequencing the whole genomes of dogs, international consortia have been formed to 

share the data between research groups. An example is the Dog Biomedical Variant 

Database Consortium (DBVDC), which shares variant data from over 600 canine whole 

genome sequences (WGS) [67]. The data shared by the DBVDC includes information 

about the breed of the dog sequenced and the DBVDC member who submitted the data, 

but no information about the disease status of the dog. In this way data can be shared 

without compromising the research interests of the consortium members, but the 

information can be obtained from the individual members at their discretion if necessary. 

The database allows the members to screen variants of interest within a large panel of 

genomes of many different breeds, something that would not be possible for smaller 

research groups which may not have the resources or facilities necessary to generate 

such a database on their own. The consortium ensures that data generated for the 

specific task of identifying a disease-causing variant by a research group can continue to 

be a useful resource to multiple research groups once the initial research objectives has 

been accomplished. The DBVDC variant data has contributed to the research of over 50 

different inherited canine diseases [67]; including diseases with an autosomal recessive, 

autosomal dominant, X-linked, and presumed complex mode of inheritance. 
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Another international collaborative effort, Dog10k, aims to generate high quality WGS 

data for 10,000 canids [68, 69]. The data will facilitate investigations into the genetics of 

traits and disease, and an improved understanding of genetic diversity across breeds and 

the effect of domestication. Variant data from the Dog10k WGS will be shared as the 

project progresses, and added to the genome-wide variant data of over 528 purebred 

dogs, 36 mixed breed dogs, 104 village and feral dogs, and 54 canids from five wild 

species, that has already been generated by the canine genetics community and is 

publicly available [69, 70]. 

1.4.2.5 Genome-wide genotype imputation 

Genotype imputation is a computational approach that allows unobserved genotypes for 

individuals in a dataset (the study dataset) to be predicted using variant data for a set of 

different individuals with observed genotype data at a higher density (the reference 

panel) [71, 72]. Statistical models are utilised to extrapolate from haplotype patterns 

observed in the reference panel and predict unknown genotypes in the study dataset [72, 

73]. Genome-wide genotype imputation has typically been used to enable data from 

different arrays to be combined in meta-analysis and to increase the resolution of GWAS 

data generated using a genotyping array, although it has also been applied to fill in the 

gaps in low-coverage WGS [74, 75]. The use of genotype imputation is well established in 

human genetics, and the approach is increasingly being used in canine genetics [76-79]. 

The accuracy of imputation can be dependent on the reference panel used, with large 

datasets including a combination of population-specific and more divergent and 

cosmopolitan individuals (for example, other dog breeds) providing best results [73, 76]. 

The increasing availability of large datasets of canine genetic variation, through 

sequencing collaborations such as the DBVDC and Dog10k, is invaluable for generating 

multi-breed reference panels for canine genotype imputation [67, 69]. 

It has been reported that higher density marker sets could facilitate the identification of 

most moderate- to large-effect loci underlying canine complex inherited diseases [80]. 

Imputation of older datasets to increase SNP density is therefore likely to be important 

for canine complex disease research. 
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1.5 Scientific interest in the dog as a natural disease model 

In addition to the veterinary importance of identifying the variants causing canine 

inherited disease, and the welfare impact this can have on breeds, canine genetic 

research is also of general scientific interest. The dog can be an interesting model for 

disease because it is a large mammal that shares a similar living environment with 

humans; dogs live in the same homes as humans, in towns and cities, and are exposed to 

the same environmental factors that can have an impact on health. Many inherited 

canine diseases, including ataxia and epilepsy, are close analogues of human disease, and 

can have a similar aetiology [4, 63, 81-83]. OMIA includes over 550 canine traits or 

diseases cross referenced to corresponding phenotypes recorded on online Mendelian 

inheritance in man (OMIM), and have therefore been identified as potential models of 

human traits [32, 84] (http://omia.org/, accessed 24/03/2023). The LUPA consortium 

aimed to use canine inherited disease as a model to identify genes of relevance to human 

disease [3]. As mentioned in chapter 1.2.2 the haplotype structure of the canine genome 

can be advantageous for genetic studies. Extensive LD means that smaller sample sets 

and genotyping arrays with fewer genetic markers can be required for GWAS [5]. Other 

advantages of the dog as a disease model are the availability of genealogical data from 

kennel clubs and other organisations, and phenotypic data accrued through health 

schemes (see chapter 1.3.1 for more information) [23, 28, 30, 31]. 

Genetic studies into canine inherited diseases similar to human conditions have identified 

variants in genes previously associated with human disease, and also in novel genes not 

previously implicated [81]. Novel inherited neurological disease-associated genes 

identified in the dog have later been demonstrated to have a role in human inherited 

disease, for example CAPN1 for cerebellar ataxia in Russell Terrier Group dogs and 

autosomal recessive hereditary spastic paraplegia or spastic ataxia in humans [63, 82, 83]. 

Canine epilepsy is highly similar clinically to human epilepsy and represents an important 

naturally and spontaneously occurring disease model [4, 85]. Experimentally induced 

rodent models of epilepsy have been extensively used for comparative research, but 

often have differences to the naturally occurring epilepsy in humans [4]. Non-human 

primates have similarly been used to study experimentally induced seizures, as have cats 

[85]. Epilepsy in cats can occur naturally, but idiopathic epilepsy (IE) is relatively 

uncommon in comparison to dogs, with some studies reporting incidences from 0% to 

http://omia.org/
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59% in cats with seizures [86], whereas IE has been found to be the most common cause 

of seizures dogs [87]. Other advantages of the dog as a model organism are that the 

clinical surveillance of disease by specialist veterinary neurologists can be extensive, and 

anti-epileptic medications used in humans often work well in dogs [4]. 

1.6 Movement disorders 

1.6.1 Definitions and characteristics in humans 

Movement disorders are a heterogeneous group of diseases of the nervous system that 

cause excessive movement (hyperkinesia), abnormal movement (dyskinesia), reduction of 

voluntary and reflexive movement (hypokinesia), or repetitive involuntary movements 

(dystonia) [88, 89]. Abnormalities in the basal ganglia are associated with most movement 

disorders, but there are some exceptions [89, 90]. Ataxia (incoordination) is a movement 

disorder often caused by abnormalities of the cerebellum. Some movement disorders can 

lack structural pathology observable through computed tomography (CT) or magnetic 

resonance imaging (MRI) (see chapter 1.6.3), making diagnosis challenging [89]. 

1.6.1.1 Ataxia 

The term ‘ataxia’ is used to refer to both the clinical phenotype of incoordination and to a 

group of degenerative neurological diseases which are characterised by progressive ataxia 

[91].  Ataxia can be caused by dysfunction in the cerebral cortex, cerebellum, or basal 

ganglia [92]. This group of disorders can have an acquired, genetic, or unknown, cause. 

Causes of acquired ataxia include trauma, tumours, and demyelinating diseases such as 

multiple sclerosis. Ataxia with a genetic cause can be autosomal recessive or autosomal 

dominant. In some cases it is caused by mutations in the mitochondrial DNA, or ataxia can 

be X-linked such as in the case of Fragile X tremor-ataxia syndrome [92]. 

Spinocerebellar ataxias are clinically and genetically heterogeneous [91, 93, 94]. Although 

the name indicates clinical changes in both the cerebellum and spinal cord, the spinal cord 

is not affected in many diseases within this group and there are often other regions of the 

nervous system involved [91]. Age of onset for spinocerebellar ataxia varies widely, from 

childhood to late in life [91, 93, 94]. Spinocerebellar ataxia, SCA, refers to the inherited 

diseases with an autosomal dominant mode of inheritance [91]. The acronym SCAR is used 

to denote autosomal recessive ataxias, and SCAX those which are caused by variants on the 

X chromosome [93, 94]. Each distinct spinocerebellar ataxia is named SCA, SCAR, or SCAX, 
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followed by a number representing the order in which the genetic cause was determined. 

There are exceptions to this naming convention, mostly for ataxias defined less recently 

[95]. SCAs and SCARs are relatively rare genetic diseases, with pooled average prevalence 

estimates of 2.7 SCA cases per 100,000 and 3.3 SCAR cases per 100,000 in a systematic 

review of population-based prevalence studies [96]. There are over 40 distinct SCAs, which 

can be split into those caused by repeat expansion mutations (where regions of repetitive 

nucleotide sequences are increased in length, often causing long stretches of glutamine), 

and the rare SCAs caused by non-repeat mutations [91]. Variants can be pathogenic 

through a broad range of mechanisms, including; proteotoxicity, RNA toxicity, ion channel 

dysfunction, impaired mitochondrial function, and disruption of nuclear functions. Over 

100 genes have been associated with SCARs, also covering a wide array of pathologies, 

including; impaired DNA damage repair, disruption of mitochondrial homeostasis, impaired 

phospholipid or sphingolipid metabolism, loss of autophagy-lysosomal activity, and 

damaged cilia function [93]. For most SCAs and SCARs there is currently no treatment [91, 

93]. 

The most common ataxia is Friedreich Ataxia, which is a SCAR (although it isn’t included 

within the SCAR nomenclature) caused by mutations in FXN, the gene encoding Frataxin, 

a mitochondrial protein that has a role in intracellular iron homeostasis and which is 

strongly expressed in the heart, dorsal root ganglia, and in the cerebellum [93, 95, 97, 98]. 

In most affected individuals Friedreich Ataxia is caused by homozygous GAA repeat 

expansions in the first exon of FXN, the remainder are compound heterozygotes for a 

repeat expansion and a second variant within the same gene [98]. This disorder begins in 

childhood, with an average age of onset of 10 years, and presents with ataxia, decreased 

reflexes, sensory neuropathy (loss of sensation), scoliosis (curved spine), and abnormal 

eye movement [98, 99]. Friedreich Ataxia eventually progresses to an inability to walk, 

and affected individuals have a reduced lifespan. The progressive ataxia is caused by 

degeneration of the cerebellum in combination with sensory neuropathy and 

involvement of the vestibular nerve [99]. 

1.6.1.2 Paroxysmal dyskinesia 

Paroxysmal (meaning occurring periodically with a well-defined onset and cessation of 

clinical signs) movement disorders include the episodic ataxias and paroxysmal 

dyskinesias [100]. Paroxysmal dyskinesias (PxDs) are a group of relatively rare movement 
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disorders characterised by short-lived recurrent episodes of involuntary abnormal 

movement without loss of consciousness [101]. PxDs can be genetic, they can be caused 

by trauma, or they can be secondary to vascular, metabolic, or immune-mediated 

syndromes [102]. There are considerable similarities between PxDs and epilepsies, and 

often overlap in disease phenotypes and aetiologies [103]. 

PxDs have been divided into three groups based on the cause or trigger that precedes the 

attacks: kinesigenic (PKD), nonkinesigenic (PNKD), and exercise-induced (PED) [104]. PKDs 

are triggered by an abrupt movement such as standing up, and the most common clinical 

manifestation is brief uncontrollable contraction of the muscles (dystonia) of limbs either 

on one side of the body, or (less commonly) both [101, 104, 105]. PNKD attacks are not 

caused by movement, but typically by alcohol, coffee, or strong emotions such as stress, 

and can also occur unprovoked [101, 104, 105]. PNKD attacks are similar to those of PKD, 

but longer in duration and typically do not occur as often. PED episodes are typically 

caused by extended periods of exertion, and are usually characterised by dystonia [101, 

104, 105].  

Despite the above classification of the PxDs into three distinct groups, these syndromes 

are heterogeneous and affected individuals can have triggers for their episodes that fit 

within more than one of these definitions [106, 107]. Where genetic causes have been 

identified it can be more appropriate to refer to gene-specific phenotypes. At least 34 

genes have been implicated in PxDs, including genes encoding proteins with roles in 

synaptic function, transmembrane transporter proteins, proteins involved in the second 

messenger intracellular signalling systems, ion channels, and mitochondrial proteins 

[107]. For this brief overview of the PxDs in humans the focus will be the three original 

classifications and the genes predominantly, or first, associated with them. 

Variants in PRRT2, which encodes proline-rich transmembrane protein 2, have been 

associated with a high proportion of PKD, the most common PxD phenotype [106, 107]. 

PRRT2 is thought to have a role in normal transmission at synapses in the cerebellum 

[108]. Variants in PRRT2 act in an autosomal dominant manner with incomplete 

penetrance and cause a spectrum of phenotypes which can be exclusively PKD or benign 

familial infantile seizures, or benign familial infantile seizures in combination with PKD 

[107]. More rarely, PRRT2 mutations are associated with either of the other PxD 

classifications (PNKD and PED) or with any of a range of neurological symptoms including 
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episodic ataxia, childhood-absence epilepsy, and febrile seizures [106, 107]. PKD is 

treated effectively with anticonvulsants, and, although quality of life can be poor in 

undiagnosed cases, patients tend to have a normal life expectancy [101]. 

Variants in the PNKD gene (previously called MR-1) cause up to 71% of PNKD, the second 

most common PxD phenotype [107]. The PNKD protein has a role in synaptic 

neurotransmitter release [109]. Alternate splicing produces at least three different PNKD 

proteins, with differing expression patterns, including a long (PNKD-L) (which is expressed 

only in the CNS), medium (PNKD-M), and short (PNKD-S) splice variant [107]. Mutations in 

each of these have been associated with neurological disorders, although only those 

affecting the long and short proteins have been associated with PNKD, and one of these 

variants presents with PNKD and episodic ataxia. Other variants affecting the long and 

medium proteins cause various phenotypes including PKD and seizures, and episodic 

ataxia [107]. Variants in PNKD tend to cause PNKD in an autosomal dominant manner 

[106]. The knowledge of factors (including alcohol, caffeine, and stress) that trigger PNKD 

attacks allows patients to be taught to reduce their exposure, and PNKD attack frequency 

has been reported to reduce with age [101]. 

The first gene to be associated with PED was the glucose transporter 1 (GLUT1) gene 

SLC2A1, although mutations within this gene only explain a small proportion of PED cases 

and the phenotype is heterogeneous [106, 110]. GLUT1 has an important role in 

transporting glucose across the blood-brain barrier [111]. Mode of inheritance is typically 

autosomal dominant for PED, although other SLC2A1 associated (GLUT1 deficiency) 

syndromes can be autosomal recessive [106]. GLUT1 deficiency can cause PED, in some 

rarer cases PNKD, and other phenotypes include epilepsy and ataxia. Modifying the 

patient’s diet can be used to treat GLUT1 deficiency PED, typically through a ketogenic 

diet [112]. Treatment with the synthetic, medium-chain triglyceride ‘triheptanoin’ has 

also been shown to be effective [113]. 

1.6.2 Canine movement disorders 

There are well characterised examples of hereditary ataxia and paroxysmal dyskinesia in 

dogs, some of which have considerable similarity to the movement disorders found in 

humans [114-116]. There has been success in investigating the genetic causes for several 

canine movement disorders, and some of the genes implicated in dogs had not previously 

been associated with a disease phenotype in humans. Canine movement disorders could 
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therefore be an important model of human disease and may help improve understanding 

of the underlying molecular mechanisms involved. 

There is a scarcity of publications reporting the incidence and prevalence of movement 

disorders in the general canine population, or in specific breeds. The hereditary ataxias as 

a group are a key cause of movement disorders in dogs, though the specific diseases can 

be rare [114]. Studies of cerebellar degeneration in American Staffordshire Terriers and 

Scottish Terriers estimated a prevalence of 1 in 400 and 1 in 1,335 respectively, by 

comparing the number of dogs registered with a kennel club within a given range of years 

to the number of dogs known to have been diagnosed with the disease [117, 118]. This 

approach will at best give an estimate of the minimum prevalence because the studies 

are unlikely to identify all affected dogs. Exercise-induced ataxia was reported in 0.4% of 

Australian Greyhounds following races in a study that observed starters for 536 races 

[119]. An estimated prevalence of PxD in the Norwich Terrier of 13% has been reported 

through a breed-wide UK survey [120]. However, in this questionnaire-based study there 

was a high likelihood of bias caused by owners of affected dogs being more likely to 

participate. In another breed-wide survey, this one for Dutch Border Terriers born 

between 1998 and 2001, or between 2003 and 2006, episodes with abnormal movements 

or posture were reported for 7.6% and 4.8% of dogs respectively [121]. 

1.6.3 Canine ataxia 

1.6.3.1 Clinical characteristics and heterogeneity 

In this section the clinical characteristics and heterogeneity of canine ataxia will be 

outlined. The two key categories of canine ataxias which have been described are 

cerebellar cortical degeneration and spinocerebellar ataxia, but there are canine ataxias 

that do not fit within either of these groups. 

1.6.3.1.1 Cerebellar cortical degeneration 

Cerebellar cortical degeneration is characterised by degeneration of the cerebellar cortex, 

and manifests clinically with signs reflecting cerebellar dysfunction [114]. These signs can 

include a wide-based stance, dysmetria (over or under extending limbs when moving), 

swaying of the trunk, and a broad, low frequency, tremor (intention tremor). 

The neuropathology of cerebellar cortical degeneration includes the loss of Purkinje 

neurons, and atrophy of the molecular layer, granular layer, and white matter [114]. The 
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neuronal degeneration varies between breeds. Purkinje cell loss and granular cell layer 

depletion has been reported in the majority of cerebellar cortical degeneration cases, 

including in the American Staffordshire Terrier, Beagle, Finnish Hound, Old English 

Sheepdog, Gordon Setter, Hungarian Vizsla, and Scottish Terrier breeds [62, 65, 117, 118, 

122-124]. Thinning of the cerebellar molecular layer was also described in American 

Staffordshire Terriers, Scottish terriers, Old English Sheepdogs, Hungarian Vizslas [117, 

118] [65, 123]. The subsequent shrinkage of the cerebellum can be detectable through 

MRI [118, 122]. 

Age of onset for cerebellar cortical degeneration is variable between breeds, with some 

having a neonatal or juvenile onset, and others presenting with the disease when adult. 

For example, in Beagles the ataxia is noticeable from when they start walking [62]. In the 

Finnish Hound the clinical signs have an onset ranging from four to 12 weeks [122]. Onset 

in Hungarian Vizslas has been reported at about three months of age [65]. Old English 

Sheepdogs and Gordon Setters develop signs of progressive ataxia between six months 

and four years of age [123]. Onset in the American Staffordshire Terrier is typically in 

adult dogs and most are diagnosed with cerebellar cortical degeneration between 4 and 6 

years of age [118]. 

Disease progression can also be variable between breeds [114]. In some breeds 

progression can be rapid and result in early euthanasia, in others slow progression and 

stabilisation results in a relatively mild phenotype for the dog’s entire life. For example, 

progression is typically slow in Gordon Setters and Scottish Terriers; whereas ataxia is 

severe and progressive in the Beagle and rapidly progressive in the Finnish Hound [62, 

117, 122, 125]. 

1.6.3.1.2 Spinocerebellar ataxia 

Spinocerebellar degeneration affects the medulla, spinal cord, or both, in addition to (or 

without) affecting the cerebellum [114]. There is variation between breeds, and multiple 

forms have been found within breeds. 

There are at least two forms of spinocerebellar ataxia in Russell group terriers (Jack 

Russell Terriers, Parson Russell Terriers, and Russell Terriers) [63, 66]. One form is 

referred to as spinocerebellar ataxia with myokymia, seizures, or both (SAMS) [66]. This 

form of ataxia has an age of onset between two and ten months and is characterised by 
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cerebellar ataxia in combination with myokymia (involuntary quivering muscle 

contractions) and/or seizures [66]. The second form of spinocerebellar ataxia in Russell 

group terriers has a later onset, usually between six months to one year of age, and has 

not been reported to exhibit myokymia or seizures [63, 66]. An inherited ataxia with 

similar clinical signs and histopathology to that seen in Russell group terriers has been 

described in Smooth-Haired Fox Terriers. In both breeds the ataxia, which is progressive, 

is characterised by hypermetria (over-extended gait) and a gait that is described as 

dancing or bouncing [126, 127]. The histopathology findings show degenerative changes 

most pronounced in the spinal cord, without any reported cerebellar degeneration [126-

128]. 

Multiple forms of cerebellar ataxia have also been described in the Malinois variety of 

Belgian Shepherd Dogs. Spongy degeneration with cerebellar ataxia (SDCA) in the 

Malinois has an age of onset ranging from 4 to 7 weeks [129-131]. Clinical signs have 

some heterogeneity, with moderate to severe ataxia observed in all cases, but additional 

signs including seizures and central blindness are seen in a subset of dogs that also show 

rapid disease progression. SDCA histopathology demonstrates spongy degeneration of 

the cerebellar nuclei and the presence of vacuoles within the granular cell layer and 

foliate white matter extensively, and some scattered lesions within the Purkinje cell layer 

and elsewhere in the brain [129]. Another spinocerebellar ataxia in the Malinois has some 

similarity to the SAMS reported in Russell group terriers, and presents with severe and 

progressive ataxia, moderate paraparesis (partial inability to move legs), and muscle 

contractions that resemble myokymia [132]. The histopathology shows swelling of axons 

and the presence of vacuoles, which is most pronounced throughout the spinal cord but 

also present within the dorsal and ventral nerve roots, brain stem, and cerebellum. 

Progressive ataxia, muscle spasm, and short episodic spastic fits in dogs from 12-14 days 

old has been described in yet another form of inherited ataxia in the Malinois variety of 

Belgian Shepherd Dogs [133]. This spinocerebellar ataxia, referred to as central nervous 

system (CNS) atrophy with cerebellar ataxia, shows degeneration within both the spinal 

cord and cerebellum, in addition to lesions elsewhere in the brain. 

In the Italian Spinone, spinocerebellar ataxia is characterised by wide-based stance, 

hypermetria, compromised balance, and truncal swaying [64]. Age of onset is typically 

four months; the ataxia is progressive, and deterioration of balance eventually reaches a 

point that the affected dogs cannot stand or walk at approximately one year of age. There 
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is no substantial Purkinje cell loss or granular cell layer depletion observed in 

histopathological analysis [64]. 

Spinocerebellar ataxia in two litters of Alpine Dachsbracke dogs exhibited severe early 

onset ataxia and signs of impaired vision [134]. The neuropathology of this ataxia has 

similarities to SDCA, with spongy degeneration characterised by vacuoles and astrogliosis 

(increase in the number, and changes in morphology, of astrocytes) throughout the white 

and grey matter of the entire brain. The Purkinje and granular cell layers of the 

cerebellum are relatively spared, but the molecular layer shows mild astrogliosis and 

vacuolisation.  

Cerebellar ataxia in the black Norwegian Elkhound is reported to have an onset of 

approximately four weeks of age [135]. Signs of degeneration within the cerebellum and 

brain stem are observed in histopathological analyses in the form of axonal swelling and 

spheroids within the Purkinje cell axons in the granular cell layer and vacuoles in the brain 

stem. 

1.6.3.1.3 Other canine ataxias 

The ataxias are phenotypically diverse, and some will not fit neatly within either of the 

above categories. Some ataxias do not show degeneration of the cerebellum or of the 

medulla or spinal cord. Other disorders for which ataxia is the primary sign show 

malformation, rather than degeneration, of the cerebellum. 

Coton de Tulear dogs affected by neonatal cerebellar ataxia are unable to walk, and this 

ataxia is apparent from the age that their siblings begin to show coordinated movement 

[136]. The ataxia, which is severe from the start, does not worsen but also does not 

improve over time. The cerebellum and spinal cord do not show any lesions or substantial 

degeneration. However, signs of synaptic abnormalities are observed in Purkinje cells and 

the molecular layer. 

An example of a canine ataxia characterised by a cerebellar malformation is Dandy-

Walker-like malformation (DWLM) in the Eurasier breed [137]. Dandy-Walker 

malformation is a condition described in humans characterised by a specific set of 

malformations of the brain, including agenesis of the cerebellum [137, 138]. Cerebella in 

DWLM affected dogs lack the caudal sections of the vermis and cerebellar hemispheres 

[137]. DWLM cases show early onset, non-progressive, mild to moderate ataxia from the 
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age that dogs begin to walk; and follow-up in older dogs has demonstrated that the 

cerebellar ataxia can improve over time. 

Ataxia can be the predominant sign for diseases that affect tissues in addition to those 

within the central nervous system, such as that seen in a neurodegenerative vacuolar 

storage disease in the Lagotto Romagnolo breed [139].  Progressive cerebellar ataxia in 

Lagotto Romagnolo dogs has variable age of onset (four months to four years) and a 

varying rate of progression between dogs. Neuropathological findings show degeneration 

of the cerebellum, including loss of Purkinje cells and depletion of the granular cell layer, 

and cytoplasmic vacuolisation throughout the central and peripheral nervous system 

[139]. Vacuolisation is also observed within the secretory epithelium and mesenchymal 

cells. 

1.6.3.2 Diagnosis 

Diagnosis of hereditary ataxia typically involves the exclusion of other possible causes 

[114]. Blood and cerebrospinal fluid (CSF) testing, carried out to investigate possible 

metabolic, inflammatory, or infectious diseases, are typically normal for hereditary 

ataxias. MRI is used to identify inflammation or structural irregularities. MRI can be useful 

in diagnosis of dogs with ataxia caused by cerebellar malformation [137]. Atrophy of the 

cerebellum can sometimes be seen on MRI images for dogs with hereditary ataxia, but 

this is not always the case. For example, MRI images of the brain in Italian Spinoni 

affected by spinocerebellar ataxia, Russell group terrier SAMS cases, and Belgian 

Shepherd Dogs with SDCA, do not show any significant differences to those of unaffected 

dogs [64, 66, 129]. Post-mortem histopathology can be necessary to determine the 

presence or absence of cerebellar or spinocerebellar degeneration. 

1.6.3.3 Genetics 

Genetic testing for putative ataxia-causing mutations can be extremely useful for 

diagnosis. 

There has been considerable success in investigating the genetic causes of canine 

inherited ataxias, and a summary of what is known about the genes involved is given in 

Table 1.1. At least 15 genes have been implicated in canine ataxias, and the putative 

causal variants have been identified for over 15 breeds of dog; some genes have been 

associated with ataxia in multiple breeds and some individual breeds have multiple forms 
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of ataxia each putatively caused by a variant in a different gene (Table 1.1). Eight of the 

genes have been associated with inherited ataxia in humans. As demonstrated above, the 

inherited canine ataxias are heterogeneous and can be difficult to categorise, particularly 

prior to post-mortem histopathology. As causal genetic variants are identified, it could 

become more appropriate to categorise the canine ataxias by the associated gene, or by 

the gene’s function, or even by the molecular pathophysiological mechanisms underlying 

the disease where this can be elucidated. There are at least five genes associated with 

canine ataxia that have roles in ion transport (ion channels, ion pumps, or ion 

transporters) (section 1.6.3.3.1); two (or potentially three) genes with roles in autophagy 

(section 1.6.3.3.3); two involved in the signalling pathway of the neurotransmitter 

glutamate (section 1.6.3.3.2); two with functions relating to the degradation of proteins 

(section 1.6.3.3.4); and two genes that have been linked to normal development of the 

cerebellum (section 1.6.3.3.5) (Table 1.1). Genes with roles in lipid metabolism, 

mitochondrial function, neuroprotective signalling pathways, and selenium transport, 

have also been identified (section 1.6.3.3.6). The genes associated with canine inherited 

ataxia are discussed in the following sections, grouped by their suggested biological roles. 

To the author’s knowledge, at the time of writing, all canine inherited ataxias for which a 

putative disease-causing variant has been elucidated are inherited in an autosomal 

recessive manner (Table 1.1). Linkage analysis, genome-wide association analysis, and 

homozygosity mapping for cerebellar ataxia in Scottish Terriers identified an associated 

region on the X chromosome, but a candidate causal variant has not been found and 

pedigree analysis was unable to confirm an X-linked mode of inheritance [140]. Some of 

the genes associated with autosomal recessive ataxia in dogs are known to cause 

autosomal dominant conditions in humans (Table 1.1). 
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Table 1.1. Genes implicated in canine inherited ataxia. 

Gene Gene function / role Dog breed Canine ataxia (inheritance+) Discovery methodology in the dog Human ataxia* (inheritance+) 

GRM1  
Glutamate signalling 

pathway 
Coton de Tulear  Neonatal cerebellar ataxia (AR) 

GWAS (12 cases, 12 controls) 

Candidate gene exon sequencing 

[141] 

SCA44 (AD) [142] 

SCAR13 (AR) [143] 

SPTBN2 
Glutamate signalling 

pathway 
Beagle 

Cerebellar cortical degeneration 

(AR) 

 mRNA-seq candidate gene study (one case) 

[62] 

SCA5 (AD) [144] 

SCAR14 (AR) [144] 

SEL1L  
ER-associated protein 

degradation pathway 
Finnish Hound 

Cerebellar cortical degeneration 

(AR) 

GWAS (13 cases, 18 controls) 

Exon sequencing in region 

[122] 

N/A 

CAPN1 
Protease, neuroprotective 

signalling pathways 

Parson Russell 

Terrier 
Spinocerebellar ataxia (AR) 

GWAS (16 cases, 16 controls) 

Targeted NGS 

[63] 

Spastic ataxia / spastic paraplegia 

76 (SPG76) (AR) [82, 83] 

RAB24 Autophagy 

Old English 

Sheepdog and 

Gordon Setter 

Cerebellar cortical degeneration 

(AR) 

GWAS (14 cases, 40 controls) 

Targeted NGS 

Genotyping additional breeds 

[123] 

N/A 

KCNJ10  Potassium channel 

Russell group 

terrier  

Spinocerebellar ataxia / 

spinocerebellar ataxia with 

myokymia, seizures, or both 

(SAMS) (AR) 

WGS (one case, 81 controls) 

[66] Epilepsy, ataxia, sensorineural 

deafness, tubulopathy (EAST) / 
seizures, sensorineural deafness, 

ataxia, mental retardation, and 

electrolyte imbalance (SeSAME) 

(AR) [145, 146] 

Smooth-Haired and 

Toy Fox Terrier 
Hereditary ataxia (AR) 

Genotyping previously identified variant 

[147] 

Belgian Shepherd 

Dog (Malinois) 

Spongy degeneration with 

cerebellar ataxia, subtype 1 

(SDCA1) (AR) 

Linkage analysis (six cases, 18 controls) 

Homozygosity mapping (six cases) 

WGS (three cases, 140 controls) 

[131] 
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Gene Gene function / role Dog breed Canine ataxia (inheritance+) Discovery methodology in the dog Human ataxia* (inheritance+) 

ATG4D  Autophagy Lagotto Romagnolo 

Cerebellar ataxia / 

Neurodegenerative Vacuolar 

Storage Disease (AR) 

Linkage analysis (two cases, four controls) 

Homozygosity mapping (three cases) 

WGS (One case, 118 controls) 

[139] 

N/A 

ITPR1  Calcium channel Italian Spinone Spinocerebellar ataxia (AR) 

Microsatellite homozygosity mapping (six 

cases, six controls) 

Microsatellite linkage analysis (13 cases and 

47 controls) 

Targeted NGS (two cases, three controls) 

[64] 

SCA15/16 (AD) [148, 149] 

SCA29 (AD) [150] 

Gillespie syndrome (AD/AR) [151] 

VLDLR Cerebellum development Eurasier 

Cerebellar hypoplasia / Dandy-

Walker-like malformation 

(DWLM) (AR) 

GWAS (nine cases, 11 controls) 

Homozygosity mapping (nine cases) 

WGS (one case, 47 controls) 

[152] 

Cerebellar hypoplasia (AR) [153] 

SNX14  

ER-associated lipid 

metabolism, intracellular 

mitochondrial trafficking, 

(possible) autophagy 

Hungarian Vizsla 
Cerebellar cortical degeneration 

(AR) 

WGS (one case, 13 controls) 

[65] 
SCAR20 (AR) [154] 

ATP1B2 Sodium - potassium pump 
Belgian Shepherd 

Dog (Malinois) 

Spongy degeneration with 

cerebellar ataxia, subtype 2 

(SDCA2) (AR) 

Linkage analysis (four cases, nine controls) 

Homozygosity mapping (four cases) 

WGS (one case) 

[130] 

N/A 

SCN8A  
Voltage gated sodium 

channel 
Alpine Dachsbracke Spinocerebellar ataxia (AR) 

Linkage analysis (two cases, five controls) 

Homozygosity mapping (four cases, eight 

controls) 

WGS (one case, 600 controls) 

[134] 

N/A 
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Gene Gene function / role Dog breed Canine ataxia (inheritance+) Discovery methodology in the dog Human ataxia* (inheritance+) 

SLC12A6  
Potassium and chloride ion 

cotransporter 

Belgian Shepherd 

Dog (Malinois) 
Spinocerebellar ataxia (AR) 

Whole exome sequencing 

(two cases, two unaffected parents) 

[132] 

N/A 

SELENOP  

Selenium storage and 

transportation, (possible) 

synaptic signalling 

Belgian Shepherd 

Dog (Malinois) 

CNS atrophy with cerebellar 

ataxia (AR) 

Linkage analysis (four cases, six controls) 

Homozygosity mapping (four cases) 

WGS (one case, 735 controls) 

[133] 

N/A 

HACE1 
Protein degradation / 

cerebellum development 

Norwegian 

elkhound (Black) 
Cerebellar ataxia (AR) 

WGS (three cases, nine related controls) 

[135] 

Intellectual disability, spasticity 

and abnormal gait (AR) [155] 

The biological function of the encoded proteins, and the canine and human ataxias they are reported to cause, and the methodology used in the genetic study for the dog. * Neurological 

diseases where ataxia is a predominant sign. Other inherited conditions may have been associated with the gene listed. + Modes of inheritance: autosomal recessive (AR), autosomal 

dominant (AD). GWAS: Genome-wide association study. WGS: whole genome sequencing. ER: Endoplasmic reticulum. mRNA-seq: mRNA sequencing. NGS: Next generation sequencing. 

SCA: Spinocerebellar ataxia (autosomal dominant). SCAR: Spinocerebellar ataxia (autosomal recessive).  
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1.6.3.3.1 Ion transport 

KCNJ10 encodes the inwardly rectifying potassium channel Kir4.1; which is expressed in 

the central nervous system, particularly in astrocytes which have an important function in 

the clearance of potassium ions from the extracellular space; and has been implicated in 

EAST (Epilepsy, Ataxia, Sensorineural deafness, Tubulopathy) or SeSAME (Seizures, 

Sensorineural deafness, Ataxia, Mental retardation, and Electrolyte imbalance) syndrome 

in humans [145, 146, 156]. A missense variant within the KCNJ10 gene is associated with 

SAMs in Russell group terriers and both Smooth-Haired and Toy Fox Terriers [66, 147]. 

Tenterfield Terriers heterozygous for the variant and unaffected by ataxia have also been 

identified, potentially indicating that this variant could be involved in ataxia in yet another 

breed [147]. 

ITPR1 encodes inositol 1,4,5-trisphosphate receptor type 1, which is a calcium channel 

that regulates intracellular calcium signalling [157, 158]. A GAA repeat expansion within 

intron 35 of ITPR1 is associated with spinocerebellar ataxia in the Italian Spinone [64]. The 

size of the expansion in affected dogs is 300 to 650 GAA repeats, whereas the wild-type 

alleles have a range of seven to 22 repeats. A similar GAA intronic repeat expansion, in 

Frataxin, causes Friedreich Ataxia in humans; and intronic repeats cause at least four SCAs 

[91, 98]. ITPR1 has been associated with SCA15 (also called SCA16), SCA29, and Gillespie 

syndrome in humans [148-151].  

There are at least four genetically distinct, autosomal recessive, forms of inherited ataxia 

in the Belgian Shepherd Dog (Malinois) breed [130-133]. Three of the variants putatively 

found to cause ataxia in the Belgian Shepherd are in genes involved in ion transport [130-

132]. A variant within the second exon of potassium channel gene KCNJ10 is associated 

with spongy degeneration with cerebellar ataxia, subtype 1 (SDCA1) [131]. This represents 

a second, distinct, variant within KCNJ10 that is associated with canine ataxia in addition to 

that seen in Russell group terriers and Smooth-Haired and Toy Fox Terriers. A 227 bp short 

interspersed nuclear element (SINE) insertion within the second exon of the ATP1B2 gene 

is associated with spongy degeneration with cerebellar ataxia, subtype 2 (SDCA2) [130]. 

ATP1B2 encodes the β2 subunit of Na+/K+-ATPase [130, 159, 160]. The Na+/K+-ATPase, and 

the β2 subunit, have an important role in maintaining neuronal transmembrane ionic 

gradients through transport of two potassium ions across the cellular membrane, into the 

cell, in exchange for three sodium ions [161]. An insertion/deletion variant in a third gene, 
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SLC12A6, has been putatively found to cause another form of spinocerebellar ataxia in the 

Belgian Shepherd Dog breed [132]. The SLC12A6 gene encodes K+-CL− cotransporter 3 

(KCC3) which is highly expressed in the brain (including the cerebellum), and variants within 

the gene are implicated in agenesis of the corpus callosum with peripheral neuronopathy 

(ACCPN) [162, 163]. ACCPN is a neurodegenerative disease, but has a different phenotype 

to canine spinocerebellar ataxia [132, 163]. 

SCN8A encodes sodium voltage-gated channel α subunit 8, which is the alpha subunit of 

Nav1.6, a voltage-gated sodium channel with a role in the regulation of action potential 

formation, and nerve conduction velocity, in the central nervous system [164, 165]. A 

missense variant in the final exon of SCN8A is associated with spinocerebellar ataxia in 

Alpine Dachsbracke dogs [134]. Mutations within SCN8A have been implicated in a range 

of human neurological conditions including paroxysmal dyskinesia, a spectrum of epilepsy 

phenotypes, and cognitive impairment with or without cerebellar ataxia [107, 166, 167]. 

1.6.3.3.2 The signalling pathway of the neurotransmitter glutamate 

Neonatal cerebellar ataxia in Coton de Tulear dogs is putatively caused by a 62-bp 

insertion in exon 8 of GRM1 [141]. GRM1 encodes the metabotropic glutamate receptor 

mGluR1 which is highly expressed in Purkinje cells, and has been implicated in the human 

spinocerebellar ataxias SCAR13 and SCA44 [142, 143]. The G-protein coupled mGluR1 is 

key to the postsynaptic response to glutamate and is important for cerebellar function 

[168]. 

A form of cerebellar cortical degeneration in Beagles is putatively caused by an 8 bp 

deletion in SPTBN2, which encodes β-III spectrin [62]. β-III spectrin stabilises the plasma 

membrane localisation and modulates the activity of the neuronal glutamate transporter 

EAAT4 and the metabotropic glutamate receptor mGluR1 [169, 170]. SPTBN2 has been 

associated with the spinocerebellar ataxia SCA5/SCAR14 in humans [144]. 

1.6.3.3.3 Autophagy 

The protein encoded by RAB24 has a role in autophagy, which is the process through 

which long-lived proteins and organelles are transported to lysosomes and degraded 

[171]. A SNP in RAB24 has been identified as the likely genetic cause of cerebellar cortical 

degeneration in Old English Sheepdogs and Gordon Setters [123]. The role of RAB24 in 

autophagy includes clearance of autophagic vacuoles [171]. Defects in autophagy in mice 
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have been demonstrated to cause neurodegeneration which includes loss of Purkinje 

cells, and impaired autophagy has been seen in human SCAs [172-174]. 

The ATG4D (autophagy related 4D, cysteine peptidase) protein is also involved in 

autophagy, and loss of this gene in mice and zebrafish results in cerebellar 

neurodegeneration [139, 175]. A non-synonymous variant within ATG4D is associated 

with cerebellar ataxia in the Lagotto Romagnolo breed [139]. Immunohistochemical 

analysis of affected canine cerebellum has demonstrated that the autophagy pathway 

was disrupted [139]. 

1.6.3.3.4 Protein degradation 

SEL1L has a role in the pathway for transportation of misfolded protein from the 

endoplasmic reticulum (ER) to the cytosol (a process called dislocation) for degradation 

by the proteosome [176]. A non-synonymous SNP in exon 19 of SEL1L, resulting in a 

serine to proline substitution in the encoded protein, putatively causes cerebellar cortical 

degeneration in Finnish Hounds [122].  

Genetic investigations of ataxia in the black Norwegian Elkhound found that a single base 

deletion in exon 11 of HACE1 causes the disease [135]. HACE1 (HECT Domain And Ankyrin 

Repeat Containing E3 Ubiquitin Protein Ligase 1) encodes an E3 ubiquitin ligase strongly 

expressed in the brain that targets specific proteins for degradation by the 26S 

proteasome [177]. HACE1 has a role in the regulation of RAC1, a GTPase involved in 

cerebellar development, and has been implicated in an autosomal recessive human 

neurodevelopmental disease with clinical signs that include cognitive impairment and 

hypotonic or ataxic movement [155, 178, 179]. 

1.6.3.3.5 Cerebellum development 

A single base deletion in the VLDLR gene putatively causes Dandy-Walker-like 

malformation in the Eurasier breed [152]. VLDLR encodes a receptor for Reelin, which has 

important roles in the development of the brain, and notably the cerebellum; mutations 

within VLDLR have been implicated in cerebellar hypoplasia in humans [153, 180]. 

1.6.3.3.6 Genes with other roles and functions 

Spinocerebellar ataxia in Russell terrier group dogs can be associated with a missense 

mutation in CAPN1, which encodes a subunit of calcium dependent cysteine protease 
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calpain-1 [63]. Calpain-1 is activated by calcium influx into the cell, and its protease 

activity triggers various signalling pathways including those involved in neuronal survival 

and synaptic plasticity [181]. Mutations in CAPN1 had not previously been associated with 

ataxia in any species, however, since the CAPN1 variant for cerebellar ataxia in the Russell 

terrier group dogs was identified at least 43 causative variants within this gene have been 

associated with a form of spastic ataxia in humans [82, 83]. 

A SNP at the splice donor site of SNX14 exon 26, that alters splicing and extends the exon 

by 275 bp, putatively causes cerebellar cortical degeneration in the Hungarian Vizsla 

breed [65]. The protein encoded by SNX14, sorting nexin 14, is associated with a form of 

cerebellar ataxia in humans (SCAR20) [154]. SNX14 is highly expressed in the mouse brain, 

particularly during neuron development, and knockdown of its expression impairs 

neuronal excitability and synaptic function in mouse cortical neurons [182]. SNX14 has a 

role in lipid homeostasis between ER, lysosomes, and ER-derived lipid droplets [183]. 

SNX14 has been implicated in the regulation of mitochondrial transport in axons through 

management of microtubule organization via an interaction with spastin [184]. Mutations 

within SNX14 have been associated with lysosome-autophagosome dysfunction and 

slower autophagosome clearance, but other work has shown normal autophagosome-

lysosome function in SNX14-deficient cells [183, 185]. 

The fourth genetically distinct form of ataxia in the Belgian Shepherd, CNS atrophy with 

cerebellar ataxia, is putatively caused by the deletion of the entire protein-coding 

sequence of the SELENOP gene [133]. SELENOP encodes selenoprotein P, which has a key 

role in the storage and transportation of selenium. Selenium is important for normal brain 

function, and selenoprotein P itself may have a role in synaptic signalling [186]. 

1.6.4 Canine paroxysmal dyskinesia 

1.6.4.1 Clinical characteristics and heterogeneity 

The classification of canine PxDs can be difficult [187, 188]. They are phenotypically 

heterogeneous but also often share characteristics, and most canine PxDs have 

similarities to human PNKD, limiting the usefulness of the human PxD classification 

system in dogs [187, 188]. The canine PxDs could be classified by aetiology; there are at 

least four canine PxDs with a putative genetic cause, and there are examples of PxDs 

influenced by diet or that are reported to be drug-induced [189-196]. There are also 

canine PxDs which are considered likely to be inherited, but for which genetic causes have 
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not yet been identified [120, 121]. In this section canine PxDs for which a putative genetic 

cause has been identified, or for which a genetic study has been reported, are discussed. 

1.6.4.1.1 Episodic falling – Cavalier King Charles Spaniel 

Episodic falling in the Cavalier King Charles Spaniel is characterised by attacks that are 

prompted by exercise, excitement, or stress [189, 197]. The disorder has been 

categorised as a PNKD [187]. Age of onset for episodic falling in the Cavalier King Charles 

Spaniel is variable, ranging from 3 months to 4 years [197]. Episodic falling attacks are 

brief (lasting up to 5 minutes) but variable in length and are typified by dystonia [189, 

197]. Progressive hypertonicity (stiffening) of muscles generally causes the dog to assume 

an unusual posture with a lowered head, arched spine, and stiff limbs. The episodes 

typically result in the dog collapsing, but consciousness is maintained throughout the 

episode. 

1.6.4.1.2 Canine epileptoid cramping syndrome (CECS) – Border Terrier 

CECS, or Spikes disease, is a heterogeneous paroxysmal dyskinesia. In one study, episodes 

were reported to not be evoked by sudden movements and mostly have no obvious 

trigger, whereas another observed that episodes are triggered by sudden movements in 

most cases [195, 198]. Both studies reported that episodes can be induced by stress or 

anxiety. CECS has been classified as a PNKD, although based on some of the above-

mentioned precipitating events it is possible it could also be labelled as a PKD in some 

individuals by certain criteria [104, 187, 195]. There is evidence that CECS is a gluten-

sensitive disorder caused by gluten in the diet, and should therefore be referred to as 

paroxysmal gluten-sensitive dyskinesia (PGSD) [194, 195]. Border terriers affected by 

CECS or PGSD have attacks which have a broad range of durations, lasting from 30 

seconds to 2.5 hours [195, 198]. Episodes can occur in clusters of up to three in a day, but 

with long periods free from attacks in between (multiple weeks or months). Age of onset 

is also highly variable, with the first attack occurring between two months and eight years 

[195, 198]. Attacks typically affect all limbs, head, and neck; and are typified by walking 

difficulties, tremors, and dystonia. Affected dogs can also show signs of gastrointestinal 

disease [195, 198]. 
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1.6.4.1.3 Paroxysmal dyskinesia - Soft-coated Wheaten Terriers 

Episodes of PxD in the Soft-coated Wheaten Terrier breed can be precipitated by stress, 

excitement, or anxiety, but in most cases episodes have no clear trigger [191, 199]. The 

PxD in this breed is similar to human PNKD. Episode frequency is variable, from one a 

week to over 10 a day, and duration ranges from several minutes to over four hours. 

Median age of onset has been reported to be 2.25 or 2.5 years, but can range from 10 

months to 12 years [191, 199]. Episodes are characterised by involuntary hyperkinetic 

irregular movements: rapid flexion and extension of pelvic limbs or dystonia, or both 

[199]. Dogs remain conscious during episodes and able to walk, suggesting that 

movement can be semi-purposeful. 

1.6.4.1.4 Paroxysmal exercise-induced dyskinesia - Shetland Sheepdogs 

A form of paroxysmal dyskinesia, categorised as PED, in the Shetland Sheepdog breed has 

been described in four cases and is reported to have episodes triggered primarily by 

exercise or stress but which can occur while at rest or during activity [192]. The episodes, 

which are progressive and can last minutes or hours, affect all limbs and are typified by 

generalised ataxia, hypermetria and muscular hypertonia, and dystonia. Transient 

hypoglycemia (low blood glucose level), increased lactate excretion, and metabolic 

acidosis have been reported in affected dogs. The most severe episodes can render the 

dog unable to walk. Episode frequency can range from years free from episodes, one to 

two per year, or an episode every 2 to 3 days [192]. 

1.6.4.1.5 Paroxysmal dyskinesia - Markiesje 

The Markiesje breed is numerically small and currently recognised only by the Dutch 

Kennel Club. Juvenile paroxysmal dyskinesia in this breed is severe and rapidly 

progressive and the dyskinesia is present whenever dogs are walked or stressed, with the 

result that it is almost constant while the dogs are moving but absent when dogs are at 

rest [193]. It is arguable that this PxD most closely fits within the PKD classification. The 

clinical signs include tetraparesis (weakness of all four the limbs), dystonia, and cramping; 

affected dogs fall over when they try to walk [193]. Age of onset in this breed is early, 

approximately 10 weeks of age. The severity of this PxD leads to euthanasia in most 

cases, and histopathology shows mild degeneration of the brain stem and spinal cord and 

in the skeletal muscle some mild denervation atrophy. 
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1.6.4.2 Diagnosis and treatment 

Dogs affected by paroxysmal dyskinesia often do not have any substantial abnormalities 

that are clinically or neurologically observable between episodes [115]. MRI and CSF are 

used to determine if a PxD is primary (i.e. no evidence of pathogenic abnormalities, or 

inherited) or secondary (symptomatic with evidence of pathogenic abnormalities) [187]. 

Videos of episodes in combination with medical history can be used for diagnosis [187, 

194]. Diagnosis is typically based on the overall phenomenology of the attacks, but 

differentiation from focal seizures can be challenging [120, 188, 198]. Intraictal (between 

seizure) electroencephalogram (EEG) monitoring would ideally be used to differentiate 

PxD from epileptic seizures, but this is not usually feasible. Serological testing for gluten-

specific antibodies can be used to assist diagnosis of PGSD in Border Terriers [194, 195]. 

Episodic falling in Cavalier King Charles Spaniels can be effectively treated with 

clonazepam (a benzodiazepine) [115]. Clonazepam is a potent anticonvulsant which 

supresses neuronal activity by hyperpolarising neurons, binding to the GABA receptor and 

increasing its activity [200]. The treatment of CECS in Border Terriers with anticonvulsants 

such as phenobarbital and diazepam is typically ineffective [198]. It has been reported 

that CECS / PGSD can be responsive to a gluten-free diet [194, 195]. Treatment with the 

carbonic anhydrase inhibitor acetazolamide has been shown to be an effective treatment 

for some cases of PxD in the Soft-coated Wheaten Terrier breed; benzodiazepines and 

other antiepileptic drugs can be beneficial but to a lesser extent [199]. Treatment of PED 

in Shetland Sheepdogs using the anticonvulsants phenobarbital, levetiracetam, or 

diazepam has been reported to be ineffective; however dietary changes, stress-reduction, 

and treatment with acetazolamide or zonisamide (reported for a single case) may be 

beneficial. PxD in the Markiesje does not respond to treatment [193]. 

1.6.4.3 Genetics 

At the time of writing, four different genes, with diverse biological functions, have been 

associated with canine PxD (Table 1.2) [189-193]. The studies that implicated these genes 

in canine PxD have used either a GWAS or WGS approach. Although some of these genes 

have been identified as causing a range of phenotypes in humans or other species, some 

of which are neurological, they have not yet been reported to be associated with human 

conditions for which paroxysmal dyskinesia is the predominant phenotype. Also discussed 

in this section is the GWAS of PxD in the Border Terrier that was unable to identify any 
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regions of the genome associated with the disease which is postulated to have a complex 

mode of inheritance [121]. 
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Table 1.2. Genes associated with canine paroxysmal dyskinesia. 

Gene Gene function / role Dog breed Canine PxD (inheritance*) Discovery methodology 

BCAN  Perineuronal nets: cell adhesion, cell 

motility, axonal guidance, synapse plasticity 

Cavalier King Charles 

Spaniel  

Episodic falling (AR) GWAS and targeted resequencing 

[189, 190] 

PIGN GPI biosynthesis  Soft-Coated 

Wheaten Terriers  

Paroxysmal Dyskinesia 

(AR) 

WGS [191] 

PCK2  Gluconeogenesis, regulation of 

mitochondrial respiration  

Shetland Sheepdogs Paroxysmal exercise-

induced dyskinesia (AD) 

WGS [192] 

SOD1  Copper / zinc superoxide dismutase, 

regulation of superoxide radical levels 

Markiesje Juvenile paroxysmal 

dyskinesia (AR) 

GWAS and exon sequencing [193] 

The biological function of the encoded proteins, and the methodology used in the genetic studies that implicated them. *Modes of inheritance: autosomal 

recessive (AR), autosomal dominant (AD). GWAS: Genome-wide association study. WGS: whole genome sequencing. Glycosylphosphatidylinositol (GPI). 
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Episodic falling in the Cavalier King Charles Spaniel is inherited in an autosomal-recessive 

manner [189]. A GWAS consisting of 31 affected dogs and 38 unaffected controls 

genotyped using the Illumina Canine HD bead chip, and targeted resequencing of the 

region identified on chromosome 7, found a 15,724 bp deletion that included the first 

three exons of BCAN [189]. A different group also independently identified the same 

deletion as associated with episodic falling, also using a GWAS approach [190]. The BCAN 

gene had not previously been associated with paroxysmal dyskinesia in any species. These 

studies demonstrate the utility of GWAS for detecting candidate disease-causing variants 

in genes which have not previously been associated with a disease phenotype and would 

not be identified through a candidate gene sequencing approach. BCAN encodes brevican 

which is a proteoglycan highly expressed only in the brain and which localises at 

perineuronal nets, extracellular matrix structures that have a role in cell adhesion and 

motility, axonal guidance, and the plasticity of synapses [201, 202]. 

The mode of inheritance of PxD in the Border Terrier has not yet been established, 

although an increased prevalence in some specific lines has been observed; most cases 

have unaffected parents; and approximately half have at least one affected sibling [121].  

PxD in the Border Terrier is most likely to have a complex mode of inheritance [121]. A 

GWAS including 110 Border Terriers affected by PxD, and 120 unaffected by the disease, 

was unable to identify any regions of the genome significantly associated with PxD [121]. 

The dogs included in the GWAS were from Finland, The Netherlands, and Germany. For 

most dogs, the only phenotypic information available was owner-reported, and the 

affected dogs showed a wide range of clinical features. Affected dogs were not tested for 

gluten-sensitivity. PxD in this breed is heterogeneous, and epilepsy, which can be difficult 

to differentiate from PxD in some cases, is known to be prevalent within the breed [194, 

195, 203]. Multiple genetically distinct disorders, each of which may be polygenic or have 

contributing environmental factors, may therefore have been included within the case 

definition.  

PxD is inherited in an autosomal recessive manner in Soft-Coated Wheaten Terriers [191]. 

Sequencing whole genomes of two affected Soft-Coated Wheaten Terriers and filtering 

the identified variants for those predicted to have a high effect and that segregated with 

disease using 100 WGS of unaffected dogs, identified a nonsynonymous SNP in the PIGN 

gene. Genotyping additional dogs demonstrated that the mutation segregated with the 

disease. The enzyme encoded by PIGN has a role in glycosylphosphatidylinositol (GPI) 
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biosynthesis [204]. GPI is a complex glycophospholipid that is attached to proteins and 

anchors them to the cell surface. PIGN is one of over 30 genes involved in GPI 

biosynthesis, and mutations within these genes cause a wide range of phenotypes [205]. 

Mutations in PIGN have been implicated in autosomal recessive disorders with a wide 

spectrum of epilepsy phenotypes and movement disorders [206]. 

A whole genome sequencing study of two Shetland Sheepdog PxD cases identified 10 

heterozygous variants by filtering for protein-changing variants heterozygous or 

homozygous in both cases but absent from the genomes of control individuals (648 dogs 

of genetically diverse breeds and eight wolves) [192]. Genotyping the variant within the 

putative candidate gene PCK2 in all four affected dogs and unaffected dogs of the same 

breed and a range of genetically diverse breeds found that the variant segregated with 

disease in an autosomal dominant manner. PCK2 encodes the mitochondrial isoform of 

phosphoenolpyruvate carboxykinase, which has an important function in gluconeogenesis 

(the generation of glucose from noncarbohydrate substrates), and PCK2 has a role in the 

regulation of mitochondrial respiration [207]. In humans phosphoenolpyruvate 

carboxykinase deficiency has been suggested to cause hypoglycemia and liver 

impairment, and a mutation within PCK2 has been associated with a form of glaucoma 

[208, 209]. There is some limited evidence of low glucose in PxD affected dogs with the 

PCK2 variant but affected dogs were not reported to have been assessed for glaucoma 

[192]. 

Juvenile paroxysmal dyskinesia in Markiesje dogs has an autosomal recessive mode of 

inheritance [193]. A GWAS of five cases and 18 controls, followed by the sequencing of 

the exons of genes within the identified region of chromosome 31, identified a 

frameshift-causing insertion/deletion in the first exon of the SOD1 gene that segregated 

with disease [193]. SOD1 encodes copper / zinc superoxide dismutase which has a role in 

regulating the levels of superoxide radicals, a by-product of cellular respiration, by 

converting superoxide radicals to oxygen and hydrogen peroxide; and can also have 

functions in metabolic signalling and transcriptional regulation [210]. Missense mutations 

within the SOD1 gene have been associated with canine degenerative myelopathy (DM), 

and it is thought that the mutations cause the disease through a gain of function that 

leads to aggregate formation [211-213]. Mutations within SOD1 cause human 

amyotrophic lateral sclerosis (ALS), for which canine degenerative myelopathy is a model, 

also by causing protein misfolding and the formation of aggregates in a way thought to be 
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prion-like [214]. Juvenile paroxysmal dyskinesia in the Markiesje breed has a very 

different phenotype to DM, most likely because it is caused by a loss of function mutation 

that is effectively a complete knock-out of the SOD1 gene in comparison to the gain of 

function missense mutations that are thought to cause DM and ALS [193]. 

1.7 Epilepsy 

1.7.1 Epilepsy definition and characteristics in humans 

Epilepsy is a disease of the brain typically defined as two or more unprovoked seizures 

which have occurred over 24 hours apart [215]. The International League Against Epilepsy 

(ILAE) definition of epilepsy also includes cases where only a single seizure has occurred 

but the probability of a second occurring within the next 10 years is similar to cases 

where two have occurred (60%). 

A seizure is defined as the temporary manifestation of abnormal neuronal activity in the 

brain which is synchronous or excessive, and the process that leads to seizure generation 

is called ictogenesis [216, 217]. A seizure occurs when the normal balance between 

neuronal excitation and inhibition in the brain is skewed [217, 218]. Seizures are 

categorised by their onset, which can be focal, generalised, or unknown [216]. Focal 

seizures originate in neural networks located in one or more localised brain regions or in a 

single hemisphere, either in a distinct location or with a wide distribution [217, 219]. 

Generalised seizures originate and rapidly spread within neural networks in both 

hemispheres of the brain.  

The physiological signs of seizures are extremely diverse [219]. Focal seizures can be 

categorised into those that impair awareness and those that do not [216]. Focal, 

generalised, and unknown onset seizures can all have motor or non-motor forms [216]. 

Generalised tonic-clonic motor seizures present as an initial stiffening (tonic) followed by 

jerking movements (clonic) of all limbs bilaterally and symmetrically and result in a loss of 

consciousness [218]. A seizure can have a focal onset and then spread to both 

hemispheres and cause a tonic-clonic seizure, previously called a secondarily generalised 

seizure but now referred to as focal to bilateral tonic-clonic [216]. Tonic or clonic signs 

can also occur separately as signs of generalised or focal motor seizures. Motor seizures 

with both onsets can also cause sudden and extremely brief movements of muscles, 

called myoclonic seizures; focal myoclonic seizures typically affect only individual muscles 
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or muscle groups [216, 218]. Generalised onset atonic motor seizures result in a loss of 

muscle tone, often characterised by the head dropping [218, 219]. Atonic seizures can 

also have a focal onset [216]. Non-motor generalised seizures are referred to as absence 

seizures and can present as gazing with no response to external auditory stimuli [216, 

218]. Non-motor focal seizures can have autonomic, behavioural, cognitive, emotional, or 

sensory signs [216]. 

After the type of seizure has been established, diagnosis can determine the type of 

epilepsy that an individual has: focal, generalised, combined generalised and focal (where 

an individual has both focal and generalised seizures), and unknown (when the available 

information is insufficient) [220]. Once epilepsy type is established, and if sufficient 

diagnostic information is available, an epilepsy syndrome can be determined based on 

features that tend to occur together such as seizure-types, age of onset, triggers, and 

comorbidities. 

1.7.2 Epilepsy genetics in humans 

The aetiology of epilepsy can be genetic, immune, infectious, metabolic, or structural 

(abnormalities visible on neuroimaging) [220]. The structural and metabolic aetiologies 

can both have underlying genetic causes. A genetic epilepsy is one in which a causal 

genetic mutation is either known or presumed (based on a family history or on clinical 

research into a particular epilepsy syndrome) [220]. There has been a lot of progress in 

recent years; however, for many cases of epilepsy with a presumed genetic cause the 

underlying variant or gene has not been identified [220-222]. The genetic epilepsies 

include numerous rare monogenic diseases, and there are also more common epilepsies 

that are thought to have an oligogenic (a relatively low number of variants conferring 

disease risk with a modest-to-high effect size) or polygenic (hundreds or even thousands 

of low effect risk variants) modes of complex inheritance with possible environmental and 

epigenetic factors also contributing to disease risk [217, 221, 222]. 

Most of the epilepsy-associated genes have been identified through discovery of rare 

variants for monogenic disorders [217, 222]. NGS approaches, including whole-exome 

sequencing and WGS, have been effective in the identification of candidate epilepsy-

causing variants, although these have mostly been limited to variants within the protein-

coding regions [217, 222]. WGS is used in diagnostic genetic testing of epilepsy, and can 

lead to the discovery of novel genes [217, 221, 222]. There are 227 epilepsy-associated 
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gene and loci entries on OMIM as of 2023 [84] (https://omim.org/, accessed 24/03/2023). 

The Genomics England PanelApp (a curated collection of publicly available gene panels 

used for prioritising variants in genetic testing) genetic epilepsy syndromes (version: 3.0) 

gene panel includes 489 genes, short tandem repeats (STRs), or copy number variants 

(CNVs) that have a diagnostic level of supporting evidence for disease association [223, 

224] (https://panelapp.genomicsengland.co.uk, accessed 23/01/2023). 

Considerable success has been had with the identification of genes associated with the 

epileptic encephalopathies, which are (individually) rare severe early onset progressive 

conditions characterised by cognitive and behavioural impairments caused by the 

epileptic activity [222, 225, 226]. A notable example is the sodium channel α1 subunit 

gene SCN1A, mutations within which cause the majority of the cases of Dravet syndrome, 

a severe early-childhood-onset epileptic encephalopathy [227, 228].  The variants within 

SCN1A that cause Dravet syndrome are mostly de novo (new variants present in the 

offspring but not in the parents), and many of the epileptic encephalopathies for which a 

genetic cause has been identified can be caused by de novo mutations [222, 228-230]. 

Along with SCN1A, most of the genes initially implicated in epileptic encephalopathies 

encoded ion channels, leading to them being referred to as channelopathies [225]. 

However, genome-wide screening has led to the discovery of epileptic encephalopathy 

associated genes that encode proteins with a diverse range of functions Figure 1.5. 

https://omim.org/
https://panelapp.genomicsengland.co.uk/
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Figure 1.5. Simplified illustrations demonstrating some examples of cellular functions, 

pathways, and genes implicated in epilepsy. Figure adapted from Ellis et al (2020) [221]. 

Created with BioRender.com.  
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Success has been more modest in the elucidation of the underlying genetic causes of the 

common epilepsies, which comprise the genetic generalised epilepsies (previously called 

idiopathic generalised epilepsies) and focal epilepsies [220, 222, 231]. Although rare 

monogenic causes have been identified for some, most of the common epilepsies are 

thought to be caused by an oligogenic or polygenic combination of rare and common 

variants [222, 232]. Ultra-rare variants in genes known to cause rare dominant epilepsy 

disorders have been shown to contribute to both genetic generalised epilepsy and focal 

epilepsy [233, 234]. The investigation of the common variants involved in epilepsy has 

been hindered by limited study power, the clinical heterogeneity of epilepsy makes 

generating the necessary large case sets challenging. However, GWAS meta-analyses 

combining epilepsy cohorts have produced some positive results; a more recent genome-

wide multi-ethnic mega-analysis (analysis of pooled raw data from multiple studies) that 

comprised 15,212 epilepsy cases and 29,677 controls identified 16 loci associated with 

common epilepsies (11 of which were not previously known as epilepsy genes) [231, 235]. 

1.7.3 Canine idiopathic epilepsy 

Canine epilepsy is a neurological condition of great concern to many dog breeders and 

owners, and it is also relatively common in many pedigree dog breeds. One study has 

estimated the prevalence of canine epilepsy to be 0.62% across all UK breeds and mixed-

breeds; some sub-populations of individual breeds have an estimated prevalence of up to 

18.3% [203, 236]. Epilepsy can have a negative impact on quality of life, both for the 

affected dog and for the owner [237, 238]. Epilepsy is the most common diagnosis for 

dogs with new-onset seizures [239].  

IE in dogs is defined by the International Veterinary Epilepsy Task Force (IVETF) as 

epilepsy with a known or suspected genetic cause or as epilepsy for which the cause is 

unknown; and for which a structural cerebral pathology has not been identified and is not 

suspected [240]. IE has been found to be the most common diagnosis for dogs with 

epilepsy, ahead of structural epilepsy [87, 239, 241, 242]. It has been estimated that just 

over half of dogs undergoing MRI for epileptic seizures have IE, and IE is the most 

common diagnosis when the dogs undergoing MRI are aged six months to six years [242].  

Not all epilepsy with a genetic cause is idiopathic; structural epilepsy, which encompasses 

disorders characterised by a cerebral or intracranial pathology (including developmental, 

degenerative, and neoplastic diseases) that causes epileptic seizures, can have a genetic 
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cause [240]. Canine Lafora disease is a progressive neurodegenerative disease that causes 

myoclonic epilepsy and other clinical signs such as ataxia, vision loss, and cognitive 

decline [243, 244]. In canine Lafora disease a repeat expansion within the NHL repeat 

containing E3 ubiquitin protein ligase 1 (NHLRC1) gene results in the accumulation of 

Lafora bodies (insoluble glycogen) in neurons and causes neurodegeneration [243, 245]. 

Lafora disease is therefore categorised by the IVETF as a structural epilepsy because of 

these structural changes in the brain [240]. Lafora disease putatively caused by repeat 

expansions within NHLRC1 has been identified in multiple dog breeds [243, 244, 246, 

247]. Another genetic canine epilepsy that fits within the IVETF definition of structural 

epilepsy is the recently reported severe early onset neurodegenerative disease with 

mitochondrial respiratory deficiency and epileptic encephalopathy in the Parson Russell 

Terrier breed [248]. Affected dogs present with severe seizures that rapidly worsen until 

the dog dies as a result of the disease or euthanasia. The histopathological findings, which 

show severe neuronal degeneration and necrosis throughout the brain, accumulation of 

rounded and swollen mitochondria in neurons, and a build-up of amyloid-β, conform to 

the IVETF definition of structural epilepsy [248]. An in-frame deletion in the nuclear-

encoded pitrilysin metallopeptidase 1 (PITRM1), a mitochondrial protease, has been 

associated with this disorder [248]. 

In the following sections the focus will be on the clinical characteristics, epidemiology, 

diagnosis, treatment, and genetics of canine IE.  

1.7.3.1 Clinical description, characteristics, and heterogeneity 

There is considerable variation between the clinical characteristics of IE in different 

breeds of dog [249]. The predominant type of seizure observed can be different between 

breeds; seizure type can be focal, generalised, or focal onset progressing to generalised 

[250]. The manifestation of the focal or generalised seizures can also vary between dogs, 

and the most commonly reported seizure phenotype can depend on the breed of dog 

[249]. The average ages of onset, and survival time, have also been reported to vary 

between breeds. For some breeds different preictal (before seizure) and postictal (after 

seizure) signs have been observed. Neuro-behavioural comorbidities which develop at 

disease onset can be common in some breeds [251]. Below are summaries of the clinical 

characteristics of epilepsy with a focus on the Belgian Shepherd, Border Collie, Irish 

Wolfhound, Italian Spinone, and Petit Basset Griffon Vendeen breeds; benign familial 
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juvenile epilepsy (BFJE) in the Lagotto Romagnolo; and Rhodesian Ridgeback generalised 

myoclonic epilepsy with photosensitivity. 

1.7.3.1.1 Seizure type 

The Goenendael and Tervueren varieties of the Belgian Shepherd breed most commonly 

suffer from focal seizures and over half of affected dogs are reported to have focal 

seizures that progress to generalised seizures [252, 253]. It has been reported that one 

quarter of affected Belgian Shepherd dogs have focal seizures that do not become 

generalised, and some experience seizures that are generalised from onset. Border Collies 

diagnosed with IE primarily suffer from generalised seizures, typically tonic-clonic; 

seizures can have a focal onset, and focal seizures which do not progress to secondary 

generalisation have also been reported [254, 255]. A retrospective study of Irish 

Wolfhounds in 120 related litters reported that most dogs had grand mal (now referred 

to as generalised tonic-clonic) seizures [236]. However, the authors did not state the 

proportion of dogs that had this type of seizure, or if any had seizures with a focal onset. 

Italian Spinoni with IE have also been reported to typically present with generalised tonic-

clonic seizures, with focal onset and secondary generalisation reported in approximately 

half of affected dogs [251]. In the Petit Basset Griffon Vendeen breed most epilepsy-

affected dogs suffer from focal seizures; dogs that experience focal seizures that progress 

to become generalised are slightly more common than those that only have focal seizures 

[256]. 

1.7.3.1.2 Seizure duration 

Seizure duration can vary, and seizures are reported to last between 30 seconds and 2.5 

minutes in Belgian Shepherd dogs and between one to three minutes in the Petit Basset 

Griffon Vendeen breed [252, 256]. The frequency of seizures is also highly variable, some 

Border Collies can have multiple seizure days each week while others are reported to 

have a single seizure day per year, and seizure frequency in the Italian Spinone breed 

varies from as many as 11 seizure days each month down to fewer than one per month 

[251, 254]. 

1.7.3.1.3 Cluster seizures and status epilepticus 

Cluster seizures (multiple seizures occurring unusually close together, more than one 

seizure in a day, with full recovery between) and status epilepticus (an unusually 
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prolonged seizure, or multiple seizures without full recovery in between) are 

characteristic of epilepsy which is more severe; survival time is reportedly reduced in 

Border Collies that have had status epilepticus and Italian Spinone dogs that have 

suffered from cluster seizures, and euthanasia is a more likely outcome when cluster 

seizures are more frequent [240, 251, 254, 257]. In a study of 407 dogs of various breeds 

affected by idiopathic epilepsy, cluster seizures occurred in 41% of dogs [257]. Cluster 

seizures have been reported to occur in a third of affected Belgian Shepherd dogs [258]. A 

high proportion (59 - 94%) of Border Collies have been reported to have had cluster 

seizures, and this can be associated with a poorer quality of life [254, 255]. Border Collies 

also have an increased probability of cluster seizures when compared to the Labrador 

Retriever breed as a baseline, giving further evidence for the more severe phenotype in 

this breed [259]. In the breed-wide Italian Spinone survey cluster seizures had occurred in 

73% of affected dogs [251]. Status epilepticus appears to be rare in IE-affected Belgian 

Shepherd dogs, whereas it has been reported to occur in 33-53% of affected Border 

Collies and 21% of affected dogs in the Italian Spinone breed [251, 254, 255, 258]. 

1.7.3.1.4 Seizure triggers 

Seizure-precipitating events have been reported in some breeds, and studies which are 

not breed specific have found that owners frequently claim to be able to identify seizure 

triggers and predict when a seizure is likely to occur, although these studies can be 

affected by recall bias [260-264]. Owners of 22% of Belgian Shepherd dogs report that 

seizures can be provoked by stress or hyperactivity, but seizures also occur when the dog 

is at rest [252]. In Border Collies most seizures occur whilst sleeping or at rest and 

seizures can have no apparent precipitating event, but owners also report stress as a 

potential trigger [254, 255]. 

1.7.3.1.5 Preictal signs 

Preictal signs, which occur before a seizure and can last multiple days, are relatively rare 

(4%) in Belgian Shepherd dogs but when they occur they are characterised by dogs 

behaving in an unusually dispirited way [252]. Over half of Border Collie cases have been 

observed to have preictal signs, the most commonly reported of which were the seeking 

of the owners attention and restlessness [254, 255]. Less commonly reported preictal 

symptoms in the Border Collie include salivation, aggression and vomiting. The preictal 
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signs in this breed are typically observed less than 30 minutes before seizure onset. In 

some Border Collie cases, signs, such as reduced responsiveness to commands, or a single 

forelimb becoming lame, are observed between 24 and 48 hours before a seizure [254]. 

Preictal signs, including anxiety, seeking owner’s attention, barking or whining, and 

aggressive behaviour, have been reported in 57% of Italian Spinoni [251]. 

1.7.3.1.6 Postictal signs 

Many affected Border Collies take from six hours to multiple days to recover completely 

from seizures [254]. This postictal phase commonly manifests as restlessness. Other 

common postictal signs reported for the Border Collie breed include polyphagia 

(increased appetite), polydipsia (excessive thirst), temporary blindness, and over half of 

dogs become lethargic [254, 255]. A postictal phase, of variable length, has been reported 

to occur in all affected dogs in the Italian Spinone breed and signs include disorientation, 

ataxia, blindness, and sleeping deeply [251]. 

1.7.3.1.7 Age of onset 

Age of IE onset varies widely between dogs and breeds. The mean age of onset in a study 

of Belgian Shepherd dogs was 3.3 years, and a similar mean age of onset was observed in 

the Italian Spinone breed (3.2 years) [251, 252]. In the Belgian Shepherd a range of six 

months to eight years was reported for age of onset, and a range of 11 months to six 

years was seen in the Italian Spinone [251, 252]. In the Border Collie age of onset has a 

median of 2.37 - 2.79 years, although age of onset is variable [254, 255]. Age of onset in a 

study of epilepsy in the Petit Basset Griffon Vendeen breed ranged from two months to 

6.5 years (median two years) [256]. For the majority of Irish Wolfhounds the first seizure 

has been reported to occur by three years of age [236]. 

1.7.3.1.8 Survival time and epilepsy as a cause of death 

Epilepsy can be associated with an earlier age of death [236, 254, 258]. In the Border 

Collie breed it has been reported that dogs with an age of onset of less than two years, or 

for which at least one episode of status epilepticus has occurred, have a significantly 

decreased survival time after diagnosis [254]. In the Italian Spinone breed the mortality 

rate due to causes related to epilepsy has been estimated to be 32% [251]. Epilepsy was 

the most common cause of death in a breed wide survey of Danish Petit Basset Griffon 

Vendeen dogs registered with the Danish Kennel Club between 1999 and 2008, most of 



81 
 

the dogs that died were euthanised due to poor seizure control [256]. Some breeds have 

been reported to have a tendency towards a more severe epilepsy and shorter survival 

time: a study of 136 dogs of various breeds with epilepsy onset at less than one year of 

age, 13 of which were Border Collies, found that Border Collies had a shorter survival time 

than other IE-affected dogs [265]. 

1.7.3.1.9 Lagotto Romagnolo benign familial juvenile epilepsy (BFJE) 

BFJE occurs in young Lagotto Romagnolo dogs, has a mean age of onset of 6.3 weeks, and 

completely remits by 13 weeks (although some adult dogs have been observed with the 

disease) [266]. Affected dogs present with simple (where consciousness is not affected) or 

complex (where consciousness is impaired) focal seizures with tremors, stiffness, and 

ataxia. Some dogs can become ataxic between seizures, but this is no longer observed 

once the seizures remit [266]. It has been reported that BFJE-affected dogs exhibit 

behaviour resembling human attention deficit hyperactivity disorder (ADHD) in the form 

of increased excitability and inattention [267]. This ADHD-like behaviour continues after 

the seizures have remitted. 

1.7.3.1.10 Rhodesian Ridgeback generalised myoclonic epilepsy 

Generalised myoclonic epilepsy with photosensitivity has been reported in Rhodesian 

Ridgeback dogs [268]. In 35% of affected dogs the seizures are triggered by visual stimuli 

such as flashing light, and seizures are characterised by myoclonic jerks, progressing to 

generalised tonic-clonic seizures in 38% of dogs. In some dogs absence seizures (staring 

episodes) have been observed [269]. Age of onset is between 6 weeks and 1.5 years of 

age (mean six months), and the dogs that progress to generalized seizures do so within six 

months of disease onset [268]. Most dogs are reported to have myoclonic jerks daily, 

some dogs have up to 150 a day. 

1.7.3.2 Epidemiology 

Although some epidemiological studies have been carried out for canine idiopathic 

epilepsy, they have mostly been limited to retrospective, cross-sectional, and 

observational studies, and as such they are unable to determine cause and effect in 

relation to epilepsy and its risk factors. Currently ongoing longitudinal studies hope to 

overcome this limitation [270]. 
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1.7.3.2.1 The prevalence of epilepsy 

There is considerable variation in prevalence of epilepsy between breeds. In a population 

of dogs attending 92 primary veterinary clinics in the UK, part of the VetCompass project, 

a prevalence of 0.62% was observed, with 539 dogs affected by epilepsy with no known 

cause [203]. Figure 1.6 summarises the estimated prevalence of epilepsy of unknown 

cause in the most common dog breeds in this study. It was found that Border Terriers and 

German Shepherd Dogs had the highest odds ratios when compared to crossbreed dogs, 

with 2.7 and 1.9 times the odds, respectively, of developing epilepsy. However, the 

Border Terrier breed is known to have a high prevalence of PxD which can be challenging 

to differentiate from focal seizures [121, 198]. Another study analysing data from 

VetCompass, that included 455,553 dogs and looked at seizure prevalence during 2013, 

found a 0.82% prevalence of seizures [271]. This study included seizures of all causes, 

which most likely accounts for the increased prevalence in comparison to the previous 

study which looked only at epilepsy, although IE has been found to be the most common 

cause of seizures in the VetCompass data [87]. 

 

Figure 1.6. Estimated prevalence of epilepsy of unknown cause in some of the most 

common breeds of dog. Graph generated using data from Kearsley-Fleet et al (2013) [203] 
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The estimated prevalence found in breed specific studies for some breeds for which 

genetic studies have now been carried out are shown in Table 1.3. The studies were all 

questionnaire-based, and are therefore subject to bias; owners of affected dogs could be 

more likely to complete a questionnaire. For one study of epilepsy in the Belgian 

Shepherd breed, if all dogs for which a questionnaire was not returned were unaffected 

the prevalence would be 3.9% in this breed, as opposed to the estimated 9.5% [252]. In 

the same scenario for the Petit Basset Griffon Vendeen study the prevalence within the 

entire population would be 5.1% instead of 8.9%. The Belgian Shepherd dog study’s 

authors suggest that there may have been owners of additional affected dogs who did 

not return questionnaires and young dogs within the population which had not yet had 

their first seizure, and so the prevalence may have been underestimated [252]. The 

authors of the study of Petit Basset Griffon Vendeen dogs also argued that some owners 

of dogs with IE could be dissuaded from responding to the questionnaire due to not 

wanting to be associated with owning dogs with epilepsy [256]. The increased prevalence 

observed in an extended family of Belgian Shepherd dogs provided additional evidence of 

an underlying genetic factor for the disease [253]. An increased occurrence of epilepsy 

was observed in some Petit Basset Griffon Vendeen litters, again supporting a genetic 

cause [256]. A study of related litters of Irish Wolfhounds found a high prevalence of IE, 

however, the study only included litters containing affected dogs or litters for which both 

parents, in different litters, had produced affected offspring [236].  

Table 1.3. Prevalence estimates for epilepsy in breed specific studies. 

Breed Study Population Prevalence 

Belgian Shepherd dog Danish Kennel Club registered 

1995 - 2004 (Goenendael and 

Tervueren varieties) 

9.5% [252] 

Extended family of 199 dogs 33% [253] 

Irish Wolfhound 120 related litters (796 dogs) 18.3% [236] 

Italian Spinone UK Kennel Club registered 

2000 - 2011 

5.3% [251] 

Petit Basset Griffon Vendeen Danish Kennel Club registered 

1999 - 2008 

8.9% [256] 

1.7.3.2.2 Sex bias and sex as a risk factor for canine epilepsy 

It has been suggested that the risk of being diagnosed with IE varies between sexes [272]. 

Figure 1.7 summarises the representation of male and female dogs in three large, across-
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breed, country-specific studies investigating the epidemiology of epilepsy. All three 

studies demonstrate an over representation of male dogs. In a UK study of 1,260 epileptic 

dogs an overrepresentation of male dogs (63%) was observed [273]. Kearsley-Fleet et al 

(2013) found that male dogs were more than 1.5 times more likely to have epilepsy [203]. 

In a study of 665,000 insured dogs in Sweden, male dogs were overrepresented in the 

group of 5,013 dogs with at least one record of an insurance claim for epilepsy (1.4:1) 

[274]. Male dogs have also been observed to have a higher risk of seizures of any cause 

[271].
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Figure 1.7. The ratio of male and female dogs of all breeds with epilepsy in three country-specific studies. The total number of affected dogs 

included is indicated for each study. The sex least represented was used as the reference (1) for each study.

2.00 1.00 0.00 1.00 2.00

All UK Breeds (Kearsley-Fleet et al, 2013) n=538

All UK Breeds (Short et al, 2011) n=1249

All Swedish Breeds (Heske et al, 2014) n=5013

Male Female
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It is possible that there is breed-specific variation in the sex distributions of dogs with 

epilepsy. Figure 1.8 summarises some examples of the sex distributions in breed-specific 

epilepsy sample sets. Some studies demonstrate an overrepresentation of male dogs with 

IE in concordance with the across-breed studies outlined above, whereas some show no 

bias or a bias towards female dogs with IE. Examples of studies which have evidence of a 

sex bias towards male dogs include the studies for the Irish Wolfhound, Italian Spinone, 

and Petit Basset Griffon Vendeen breeds [236, 251, 256]. In studies for the Belgian 

Shepherd breed the distribution of affected dogs between the sexes varies by study, 

suggesting sampling variation; although the majority of the studies suggest that a dog’s 

sex does not have an effect on its likelihood of developing IE in this breed it is possible 

there is some country-specific variation [258, 275, 276]. For example, a Danish study had 

an over-representation of female dogs affected by IE [252]. There is also variation in the 

proportion of affected dogs that are male or female between Border Collie studies [254, 

255]. The definition and diagnosis of epilepsy is variable between studies, and study 

design also varies and can be subject to sample collection bias. Some of these studies 

have a very small sample size and are unlikely to be representative of the general 

population.
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Figure 1.8. The ratio of male and female dogs with epilepsy in breed-specific studies.  The main country in which dogs were located, and the 

total number of affected dogs included, is indicated for each study. The sex least represented was used as the reference (1) for each study. 

2.00 1.00 0.00 1.00 2.00

Petit Basset Griffon Vendeen - Denmark (Gulløv et al, 2011) n=42

Italian Spinone - UK (De Risio et al, 2015) n=63

Irish Wolfhound - USA (Casal et al, 2006) n=146

Border Collie - Germany (Hülsmeyer et al, 2010) n=49

Border Collie - Netherlands (Santifort et al, 2022) n=116

Belgian Shepherd dog - USA (Oberbauer et al, 2010) n=36

Belgian Shepherd dog - Finland (Seppala et al, 2012) n=94

Belgian Shepherd dog - Denmark (Gulløv et al, 2008) n=51

Belgian Shepherd dog - Denmark (Berendt et al, 2008) n=49

Male Female
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Sex or reproductive status may also influence a dog’s risk of being diagnosed with IE, or 

disease severity. A study that reviewed the medical records of 407 dogs with IE found that 

cluster seizures were more likely for unneutered dogs [257]. The study also found that 

intact females had cluster seizures more frequently than neutered females. However, a 

study of 384 dogs of various breeds and mixed breeds treated at a UK specialist canine 

epilepsy clinic found no association between sex and neuter status and cluster seizures 

[259]. A disproportionate number of neutered dogs with epilepsy has been described in 

comparison to non-epileptic dogs, but this is possibly a result of owners having their dogs 

neutered after epilepsy diagnosis in the belief that it will reduce seizure frequency [273]. 

A large cohort study with data including the age of disease onset and the date of 

neutering would be needed to investigate this possibility. The apparent association 

between neuter status and IE was not replicated in a later study [203].  

The effect of sex or neuter status on disease progression or outcome may vary depending 

on breed. A study of Danish Belgian Shepherd dogs found that intact animals were more 

likely to be euthanised due to epilepsy [252]. Two studies of Border Collies affected by IE 

did not find any association between sex or reproductive status and seizure frequency, 

age of onset, or survival time [254, 255]. A study that investigated if there was an 

association between neutering and IE onset and severity in Labrador Retrievers and 

Border Collies diagnosed with IE, using primary-care clinical data including timing of 

neutering, observed that most cases were neutered before epilepsy onset and found that 

age of onset and occurrence of cluster seizures were unaffected by neuter status [277]. 

Another finding from this study was an increased survival time in dogs that were not 

neutered prior to epilepsy onset. In Irish Wolfhounds epilepsy was reported to have a 

later onset in male dogs [236]. Survival time was longer for female dogs and for neutered 

animals in a study in the Italian Spinone breed, however, this was confounded by more 

female dogs being neutered in comparison to males [251]. Sex and neuter status were 

not associated with survival in the Italian Spinone breed when analysed using a 

multivariable Cox regression model. 

1.7.3.3 Diagnosis and treatment 

Epilepsy across breeds is a collection of neurological conditions, with differing aetiologies 

and seizures as a key phenotype. This can make diagnosis challenging, requiring collection 
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of extensive clinical phenotype data [250]. The wide variety of possible aetiologies makes 

diagnosis of idiopathic epilepsy a process of elimination, and diagnosis is by exclusion of 

the alternatives. Diagnosis of epilepsy requires differentiation from phenotypically similar 

conditions such as PxD or exercise-induced collapse [250, 278]. Treatment options for 

canine idiopathic epilepsy have broadened recently, although phenobarbital and 

potassium bromide are still the most commonly used [200, 279]. The following section 

describes the diagnosis and treatment of canine idiopathic epilepsy in more detail. 

1.7.3.4 The diagnosis of canine idiopathic epilepsy 

The IVETF has recommended a three-tier system for diagnosis of canine IE [250]. The 

lowest level of confidence is tier I, and tier III is the highest. The requirement of each tier 

includes those of the tier below it with additional stringencies. The key criteria for each 

tier are summarised in Table 1.4. It has been estimated that approximately half of UK 

seizure-affected dogs are evaluated diagnostically to the level of IVETF Tier I or higher 

[87]. 

Table 1.4. The criteria for the three-tier system for the diagnosis of canine IE.

Tier Criteria * 

I - At least two seizures have occurred 24 or more hours apart 

- Clinically unremarkable inter-ictal (between seizure) physical and 

neurological examinations 

- No abnormalities observed in blood and urine tests 

- Dog is aged between six months and six years at onset 

II - Unremarkable: 

o Fasting and post-prandial (after a meal) bile acids 

o MRI 

o CSF 

III - EEG results typical of IE 

* Each tier’s requirements include those of the previous, lower diagnostic confidence, tier. 

MRI: Magnetic resonance imaging. CSF: Cerebrospinal fluid. EEG: Electroencephalogram. 

IE: Idiopathic epilepsy. 
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Diagnosis can be made challenging by the reluctance of owners to proceed with tests, 

possibly due to procedures such as MRI being both expensive and invasive. One 

questionnaire-based study found that only 59.5% of Petit Basset Griffon Vendeen dogs 

with IE were diagnosed with the disease by a veterinarian before taking part in the study 

[256]. Over a quarter of owners had not informed their veterinarian about their dog’s 

seizures, and for the remainder their veterinarian had been unable to diagnose IE. 

1.7.3.5 The treatment of canine idiopathic epilepsy 

1.7.3.5.1 Phenobarbital 

The most commonly used antiepileptic medication (AEM) in small animals is the 

barbiturate phenobarbital [200]. Barbiturates are CNS depressants, some of which are 

commonly used as anaesthetic agents. Phenobarbital, in contrast to other barbiturates, 

works as an anticonvulsant at lower doses without causing anaesthesia [200, 280]. 

Barbiturates such as phenobarbital increase the binding of the inhibitory 

neurotransmitter GABA (γ-aminobutyric acid) to its receptor. GABA receptor activation 

inhibits the postsynaptic neuron, increasing the potential needed for depolarisation. 

Barbiturates also inhibit the activity of the excitatory neurotransmitter glutamate.  In 

combination these effects of phenobarbital raise the seizure threshold [200]. 

Phenobarbital can have a high efficacy in dogs, decreasing seizure frequency in 60-93%, 

and is relatively safe. Common adverse effects of this AEM include drowsiness, ataxia, 

excessive hunger, thirst, and urination [200]. Many of these adverse effects occur at the 

start of treatment, and decrease as the dog develops tolerance to the AEM [200, 279]. 

There are also some less commonly reported adverse effects, including liver damage 

(hepatotoxicity). 

1.7.3.5.2 Bromide 

Bromide, typically administered as potassium bromide, is used in combination with 

phenobarbital to treat dogs with seizures which are refractory to phenobarbital 

monotherapy [200, 279]. Phenobarbital and bromide work synergistically to improve 

seizure control in epileptic dogs, and bromide treatment on its own is also possible but is 

not approved in most EU countries. When used in combination with bromide the dose of 

phenobarbital can often be reduced [200]. Common adverse effects of bromide 
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treatment include those of phenobarbital, with the addition of pelvic limb weakness, 

vomiting, and diarrhoea [279]. The combination of phenobarbital with bromide can 

amplify these side effects. The exact mechanism for bromide’s effect has not yet been 

determined, although it may function through the stabilisation of neuronal cell 

membranes [200]. 

1.7.3.5.3 Imepitoin 

Phenobarbital and bromide have both been in use for a long time, whereas imepitoin was 

developed more recently [200, 279, 281]. Imepitoin was initially intended for use in 

humans but was eventually developed for the treatment of canine epilepsy due to a 

better pharmacokinetic profile (the pharmacokinetics was found to be too variable in 

humans and affected by factors such as smoking status) [279, 281]. Imepitoin acts as a 

low affinity partial agonist of the benzodiazepine recognition site of the GABAA receptor, 

and potentiates its inhibitory effects [200, 281]. The lower affinity of imepitoin at the 

recognition site overcomes some of the adverse effects of benzodiazepines which are full 

agonists of this site, such as diazepam which is used to treat status epilepticus in dogs 

[200, 279, 281]. Imepitoin has been in use for a relatively short amount of time, so its side 

effects and possible reactions with other drugs are perhaps not so well characterised as 

phenobarbital or bromide, but it has been suggested that this AEM has less harmful 

adverse effects [279, 281]. The most commonly reported adverse effects of imepitoin 

include ataxia and polyphagia (excessive eating or hunger) [279, 282]. 

1.7.3.5.4 Other AEMs 

Phenobarbital and imepitoin are the only AEMs approved for first-line treatment of 

canine IE [279]. The remaining AEMs are only used if phenobarbital or imepitoin 

treatment, as a monotherapy or in combination together or with potassium bromide, fails 

to reduce seizure frequency. 

Levetiracetam’s exact mechanism of action has not been determined, but is thought to 

regulate neurotransmitter release from vesicles [200]. Zonisamide’s mechanism of action 

is also not well characterised, although it reduces sodium and T-type calcium channel 

activity [283]. Levetiracetam and zonisamide are both used for the treatment of epilepsy 
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in humans [200]. Felbamate is thought to inhibit N-methyl-D-aspartate (NMDA) excitatory 

signalling activity [200]. Topiramate’s anticonvulsant effect is due to it acting on multiple 

pathways; it has been suggested that it inhibits sodium channels and AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid) signalling, and increases inhibitory GABA 

activity [284]. The mechanism of action of gabapentin and pregabalin as anticonvulsants 

is uncertain [200]. Despite being structurally analogous to GABA, they do not function as 

GABA agonists [285]. They are thought to act on a subunit of voltage-gated calcium 

channels, the alpha2-delta protein, and reduce the release of neurotransmitters. 

Gabapentin is also used to treat neuropathic pain [200]. 

1.7.3.5.5 The use of diet to treat epilepsy 

There is some evidence that changing the diet of IE affected dogs may help treat the 

disease [286-289]. A medium-chain TAG ketogenic diet, which is high in fat (using 

medium-chain fatty acids as an alternative fat source) and low in proteins and 

carbohydrates, has been suggested to be beneficial for some dogs affected by epilepsy 

[286]. The diet is considered a potential way to improve quality of life when AEM are 

ineffective, although the exact mechanism of action remains unknown. The ketogenic 

medium-chain triglyceride diet has also been suggested to help reduce ADHD-like 

behaviour in dogs with epilepsy [287]. Supplementation of a dog’s diet with medium-

chain triglycerides may have potential for the reduction of seizure frequency and has 

been suggested to improve cognition in dogs diagnosed with epilepsy [288, 289]. 

1.7.3.5.6 Treatment and treatment outcome in specific breeds 

Belgian Shepherd dogs diagnosed by general practitioners are administered AEMs in 37% 

of cases, all of which are prescribed either phenobarbital on its own or, less commonly, in 

combination with potassium bromide [252, 258]. In 16% of cases inability to control 

seizures results in the dog being euthanised [252]. Remission has been reported to occur 

in 13.7% of dogs for which AEMs have not been administered [258]. 

Most Border Collies diagnosed with idiopathic epilepsy are administered AEM treatment 

continually [254]. A high proportion of these dogs are treated with more than one AEM 

[254, 255], typically phenobarbital and potassium bromide in combination. Some Border 
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Collies are given additional treatments along with phenobarbital and potassium bromide, 

namely one of carbamazepine, levetiracetam, or zonisamide [254]. Of the Border Collies 

treated with two or more AEMs, 71% are resistant to treatment and have one or more 

seizures each month [254]. Remission is achieved in some dogs (18%), mostly through 

treatment but in some cases remission is spontaneous. Adverse effects of treatment are 

reported by 67% of owners and cause a loss of working ability in over half of dogs [254].  

A survey of Italian Spinone dogs born between 2000 and 2011 found that the majority of 

Italian Spinoni diagnosed with idiopathic epilepsy are treated with AEM [251]. Most dogs 

are treated using one or two AEMs, but some can be treated with as many as five. 

Treatment with more than one AEM is more common than monotherapy. The most 

administered AEMs are phenobarbital and potassium bromide [251]. Adverse effects of 

treatment are reported in 82% of Italian Spinone dogs; over half of owners consider the 

adverse effects to be acceptable. It has been reported that remission through treatment 

is achieved for very few Italian Spinone dogs (6%) [251]. 

A study of Petit Basset Griffon Vendeen dogs registered with the Danish Kennel Club 

between 1999 and 2008, the only published report of epilepsy prevalence and clinical 

characteristics in this breed, did not report any details of epilepsy treatment or treatment 

effectiveness in the dogs included [256]. This was also the case for the study of epilepsy in 

Irish Wolfhounds of 120 related litters [236].  

1.7.3.6 Genetics 

A genetic basis for IE is highly likely given the increased risk and high prevalence of the 

disease in some pedigree dog breeds, and the evidence for an underlying genetic cause in 

many human epilepsies [203, 217, 221, 222, 236, 251-253, 256]. Pedigree analyses for the 

Border Collie, Belgian Shepherd dog, and Irish Wolfhound have provided further evidence 

that IE has an underlying genetic cause within these breeds [236, 253, 254]. Some of 

these pedigree studies have suggested that an autosomal recessive mode of inheritance 

is possible; however, the Irish Wolfhound pedigree study and the GWAS findings for 

various breeds suggest a complex mode of inheritance is likely [80, 236, 253, 254, 290-

293]. 
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Although the probable genetic causes have been identified for some rare, monogenic, 

canine epilepsies, the underlying genetics remains unclear for most canine IE; it is likely 

that a combination of rare and more common variants, with smaller effects on conferring 

risk of disease, are involved, as is hypothesised for the common epilepsies in humans 

[222, 232, 268, 294]. The extent of the contribution of environmental causes and triggers 

is unknown; longitudinal studies may help elucidate this [270]. 

The following section summarises the studies which have so far investigated the genetics 

of IE in the dog. Some earlier studies looked at linkage using microsatellite markers, but 

GWAS have had the most success at identifying genomic regions associated with epilepsy: 

three genes and one haplotype containing a number of potential candidate genes have 

been identified as associated with canine epilepsy using this method to date [80, 268, 

276, 290, 291, 294]. 

1.7.3.6.1 A SNP in LGI2 is associated with benign familial juvenile epilepsy (BFJE) in 

the Lagotto Romagnolo 

An autosomal recessive mode of inheritance was suggested for BFJE based on the analysis 

of a large multinational pedigree [294]. A GWAS using DNA from 11 affected Lagotto 

Romagnolo dogs and 11 unaffected littermates identified a region associated with BFJE 

on chromosome 3 [294]. The region contains the epilepsy candidate gene LGI2 (leucine-

rich gene, glioma-inactivated, 2), sequencing of which identified an A to T substitution in 

affected dogs that introduces a stop codon. The SNP has a strong association with BFJE, 

but shows incomplete penetrance [294]. Some affected dogs are heterozygous and, 

rarely, unaffected dogs can be homozygous for the mutation. LGI2 belongs to a group of 

neuronally secreted proteins, with roles in the development and function of the nervous 

system, that includes LGI1, mutations in which putatively cause autosomal-dominant 

partial epilepsy with auditory features (ADPEAF) in humans [295-298]. The protein-

truncation causing SNP identified in LGI2 prevents secretion of the protein and interaction 

with the synaptic membrane proteins ADAM22 and ADAM23 [294]. 
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1.7.3.6.2 A common risk haplotype in ADAM23 

A linkage study using 410 microsatellite markers across the genome was initially used to 

investigate the genetics of IE in the Belgian Shepherd dog breed [275]. The study included 

DNA from 74 affected, 281 unaffected, and 11 dogs with unknown epilepsy status, and 

constructed pedigrees using an additional 344 dogs. Six tentative loci associated with IE 

were identified: three on chromosome 2, and one on each of chromosome 6, 

chromosome 12, and chromosome 37 [275]. 

A GWAS of 40 Belgian Shepherd dog IE cases and 44 controls identified a locus on 

chromosome 37 associated with the disease, which overlapped with the region found 

previously on this chromosome [275, 276]. The association was subsequently replicated 

by a GWAS using a higher density SNP array, a larger set of Belgian Shepherd dogs (93 

cases, 162 controls, with a 16% overlap with the previous study), and a cohort of dogs 

from three additional breeds (Beagle, Finnish Spitz, and Schipperke, 157 cases and 179 

controls in total) [290]. The most significantly associated SNP was in ADAM23 (a 

disintegrin and metalloproteinase 23). Resequencing ADAM23 in the Belgian Shepherd, 

and genotyping the identified variants in the four breeds, found a six-variant risk 

haplotype with low penetrance which covers ADAM23 exons 5 to 11, although a causal 

mutation has not been identified [290]. 

The ADAM23 risk haplotype was later genotyped in eight more breeds: Australian 

Shepherd (59 cases, 71 controls), Finnish Lapphund (35 cases, 50 controls), Irish Setter (19 

cases, 36 controls), Kromfohrländer (46 cases, 29 controls), Labrador Retriever (29 cases, 

50 controls), Miniature Pinscher (16 cases, 15 controls), Pyrenean Shepherd (17 cases, 23 

controls), and Whippets (17 cases, 25 controls) [291]. A combined analysis of all eight 

breeds showed an association between the one of the variants (CanFam3.1, chromosome 

37, 15,108,593 bp) and IE with strong statistical significance (P= 4.6 x 10−6). The risk 

haplotype was associated with IE (P < 0.05) in four of the breeds: Australian Shepherd, 

Kromfohrländer, Labrador Retriever, and Whippet [291]. The Finnish Lapphund did not 

show any association between IE and the haplotype; the other three breeds showed a 

trend towards association although not statistically significant. The ADAM23 risk 

haplotype alleles were major (common) alleles in all eight breeds. 
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ADAM23 is one of three ADAM proteins (ADAM11, ADAM22 and ADAM23) that lack 

metalloprotease catalytic activity, are expressed in the brain, and act as receptors for LGI 

proteins [299]. ADAM23 is important for synapse maturation and function, has a role in 

the regulation of voltage-gated potassium currents, and it is known to interact with the 

epilepsy-associated proteins LGI1 and LGI2 [294, 299-301]. 

1.7.3.6.3 A potential second risk haplotype for IE in the Belgian Shepherd dog 

A recent GWAS of IE in the Belgian Shepherd breed, including 20 cases and 45 controls, 

replicated the association on chromosome 37 by finding a region with suggestive 

association with IE that is in LD with ADAM23 [292]. The strongest association in this 

study, however, was on chromosome 14, upstream of the RAPGEF5 (Rap guanine 

nucleotide exchange factor) gene [292]. Downregulation of RAPGEF5 has been suggested 

to have a potential role in epileptogenesis and seizure onset in a rat model of temporal 

lobe epilepsy [302]. Logistic regression of the chromosome 14 and 37 regions found that a 

two-loci model was highly predictive of IE status in the GWAS [292]. The model had high 

sensitivity but low specificity, i.e. many unaffected dogs have the risk alleles, and was not 

validated in an independent set of cases and controls. The study also found that the two 

risk loci do not account for all epilepsy risk, suggesting that there are additional risk loci or 

environmental risk factors yet to be identified [292]. Reanalysis of the data from the 2012 

Belgian Shepherd dog IE study, this time imputed to allow analysis of 2,012,439 markers, 

replicated the chromosome 37 locus; however, the analysis was unable to replicate the 

association on chromosome 14, with or without the inclusion of the strongest associated 

marker on chromosome 37 as a fixed effect [303]. Another study, including an additional 

47 cases and 74 controls, was also unable to replicate the association on chromosome 14, 

although an interaction between the two loci was reported to elevate IE risk [304]. It is 

possible that different risk loci are present within different Belgian Shepherd populations, 

or that the chromosome 14 association is a false positive. Genotyping large, independent, 

study sets within and across the different populations is necessary to validate the 

identified risk haplotype. 



97 
 

1.7.3.6.4 Irish Wolfhound 

Hayward et al (2016) [80] used an approach that included 4,224 dogs from 150 breeds in 

addition to mixed breed and village dogs and performed GWAS for 12 different 

phenotypes. Within this were 34 Irish Wolfhounds affected by IE and 168 unaffected 

controls. This within-breed GWAS identified an epilepsy-associated haplotype, present in 

38% of Irish Wolfhound cases and 11% of controls, which covers 13.5 Mb on chromosome 

4 and contains a number of epilepsy candidate genes. However, the study did not 

attempt to narrow the haplotype or identify the gene or genes involved. 

1.7.3.6.5 A deletion in DIRAS1 is associated with generalised myoclonic epilepsy in 

Rhodesian Ridgeback dogs 

A combined GWAS, whole exome sequencing, and whole genome sequencing approach 

was used to identify a 4 bp deletion in DIRAS1 as the cause of generalised myoclonic 

epilepsy with photosensitivity in Rhodesian Ridgeback dogs [268]. Whole exome 

sequencing of two unrelated affected dogs and 169 unaffected dogs of other breeds 

identified a 4 bp deletion in the second exon of DIRAS1 that causes a frameshift and the 

loss of the stop codon, extending the encoded protein by 104 amino acids. A GWAS of 10 

affected and 18 unaffected dogs confirmed that this region was associated with disease, 

and the deletion was found in the WGS of an affected dog and not in 99 unaffected dogs 

of other breeds. Genotyping additional Rhodesian Ridgebacks demonstrated that the 

deletion fully segregates with the disease. DIRAS1 (DIRAS family GTPase 1) is a GTPase 

that may have a role in synaptic function by regulating the release of the 

neurotransmitter acetylcholine and could be involved in neuronal development [305, 

306]. 

1.7.3.6.6 Petit Basset Griffon Vendeen 

A GWAS of 23 Petit Basset Griffon Vendeen IE cases and 30 unaffected controls identified 

three regions with suggestive associations with IE on chromosomes 13, 24, and 35 [293]. 

The study identified a candidate gene near to each locus but sequencing the exons of the 

genes failed to identify any variants that could confer disease risk. The candidate genes 

investigated were DOK5 (docking protein 5), NRN1 (neuritin 1), and FAM135b (family with 
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sequence similarity 135 member B) [293]. This study hasn’t ruled out the possibility that 

variation within regulatory elements within the regions could underlie IE risk, and studies 

with larger case-control sets would be necessary to determine the validity of the 

identified regions. 

1.7.3.6.7 Studies with negative results 

The publication of results that may be inconclusive is helpful for the research community 

to improve our knowledge of the inheritance of canine epilepsy and to allow researchers 

to build on previous studies. 

Microsatellite markers located near to 52 candidate genes were used for linkage analysis 

in 31 IE affected and 60 unaffected dogs of the Vizsla breed, and association analysis in 

the Beagle, English springer spaniel, and Greater Swiss Mountain Dog breeds (24 cases 

and 24 controls of each breed) [307]. The study did not identify any genes that reached 

Bonferroni-corrected statistical significance for association with IE; this suggests that 

either these candidate genes are not involved in IE in these breeds, or the study did not 

have sufficient power to find an association and therefore provides evidence that canine 

IE is not monogenic in these breeds. 

For a number of breeds the GWAS approach has so far been unsuccessful for investigating 

the genetics of IE [291]. GWAS including 50,000 SNP markers did not identify any 

associations which reached genome-wide significance in the Kromfohrländer (21 cases 

and 21 controls) or Miniature Pinscher (15 cases and 15 controls). A GWAS of 173,662 

SNP markers was used for the Finnish Lapphund (40 cases and 97 controls) and Pyrenean 

Shepherd (20 cases and 27 controls) breeds and also did not identify any significantly 

associated regions. The inability of these GWAS to find an IE-associated region, 

particularly for the studies using the less SNP dense genotyping array, could be due to 

disease associated regions not being tagged by markers but it is most likely due to the 

fact that three of these GWAS used very small sample sets and therefore lacked statistical 

power to find common loci of modest effect on disease risk. These negative results give 

further evidence that in many breeds canine IE may not be monogenic and is likely to 

have a complex mode of inheritance. 
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1.7.3.6.8 The genetics of refractory IE 

A survey of owners of IE affected dogs, general practice veterinarians, and veterinary 

neurologists found the research area of highest priority to be the management of 

antiepileptic medication and the development of new anti-seizure drugs [308]. It has 

been suggested that responsiveness to antiepileptic medication is affected by genetic 

factors, and this is supported by the differences in IE severity and the variation in 

prevalence of refractory IE between breeds; observable, for example, in the reports that 

most Belgian Shepherd dogs are treated with a phenobarbital monotherapy whereas 

treatment with more than one AEM is more common than monotherapy in Border Collies 

and Italian Spinone dogs [251, 252, 254, 258]. 

The ABCB1 (ATP binding cassette subfamily B member 1) gene, also known as MDR1 

(multidrug resistance protein 1), has been investigated as a candidate gene for refractory 

IE [309-312]. ABCB1 encodes an efflux transporter that has a role in the excretion of drugs 

over the blood-brain barrier, and variants within the gene can lead to ivermectin 

sensitivity in dogs [313, 314]. A 4 bp deletion that putatively causes ivermectin sensitivity 

in dogs was suggested to be associated with better seizure outcome in homozygous dogs 

in a study of 29 dogs with epilepsy [310]. A study that included 25 Border Collies with 

idiopathic epilepsy, of which 13 were refractory to phenobarbital treatment, found that a 

SNP (c.-6-180T > G) in the first intron of ABCB1 was significantly more common in dogs 

resistant to treatment than the IE affected dogs that were responsive [309]. This variant 

was found to have a high frequency in 472 Border Collies in Japan, but phenobarbital-

resistance was not investigated [311]. In a subsequent study of 45 refractory and 50 

responsive dogs of various breeds including mixed breed dogs and Border Collies there 

was no association between the c.-6-180T > G SNP and refractoriness in an across breed 

analysis; instead, the study found a within-breed association between the homozygous 

T/T genotype with either refractoriness or responsiveness depending on the breed [312]. 

This suggests that any effect of variants within ABCB1 on response to treatment may be 

dependent on other risk factors, genetic or environmental. The study included four or 

fewer dogs of each breed with refractory epilepsy, but 21 mixed-breed dogs, which limits 

its power to find associations within specific breeds. The three studies investigating 

ABCB1 and refractory epilepsy all have limited sample set sizes, and the inconclusive 
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findings suggest that larger study sets are necessary to enable any conclusions to be 

reached on the role of ABCB1 in the responsiveness to antiepileptic medication [309, 310, 

312]. 

1.8 Summary 

The dog is an interesting model for inherited neurological disease. Inbreeding and genetic 

bottlenecks have led to an increased prevalence of specific inherited disease within 

certain breeds and has had effects on the haplotype structure of the genome that can be 

both beneficial and challenging for genetic research. Inherited movement disorders and 

idiopathic epilepsy have a high prevalence in some breeds and can have an impact on 

length of life or quality of life. 

Ataxia in the dog is predominantly inherited in an autosomal recessive manner, and WGS 

of small numbers of cases has been effective in the identification of putative causal 

variants. The canine paroxysmal dyskinesias for which putative causal variants have been 

identified have had autosomal recessive or autosomal dominant modes of inheritance, 

and GWAS or WGS have been used successfully in these cases, but there is evidence that 

inheritance is likely polygenic or complex in some breeds. Idiopathic epilepsy is highly 

likely to have a complex mode of inheritance in most breeds, and the GWAS approach has 

been the most successful in elucidating the underlying genetics. Higher density 

genotyping arrays are valuable when investigating complex disease, and genotype 

imputation would facilitate the generation of high-density GWAS datasets. 

The identification of genetic factors contributing to the risk of developing idiopathic 

epilepsy and movement disorders in the dog could have major impact on the way these 

conditions are diagnosed, treated, and selected against. Such information could also 

provide invaluable insights into equivalent human conditions.  
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2 Aims and objectives 

2.1 Aim 

The aim of this PhD project is to identify genetic factors contributing to the risk of 

developing idiopathic epilepsy and movement disorders in the dog. These neurological 

disorders are distinctive but can overlap phenotypically, and previous research has 

identified examples of these diseases with both monogenic and suspected oligogenic or 

multigenic modes of inheritance. This PhD project will explore the genetic and 

computational approaches available for investigating canine neurological diseases, 

developing, and utilising, tools to best elucidate the underlying genetics. 

2.2 Objectives 

1. To whole genome sequence two Norwegian Buhund siblings affected by cerebellar 

ataxia and perform analyses to identify and characterise potentially causal 

variants. This incurable progressive cerebellar ataxia is likely rare [315], although it 

could potentially be an emerging disease in the breed, and previous research has 

demonstrated that WGS of small numbers of cases can be an effective 

methodology for investigating the genetics of canine inherited ataxia [65, 66]. 

 

2. To validate and implement genome-wide genotype imputation to impute Illumina 

CanineHD datasets for the Border Collie and Italian Spinone up to the genotype 

density possible through the Axiom Canine HD array, assessing the effect of breed 

and reference panel size on imputation accuracy. Such an approach could be a 

cost-effective use of new and existing datasets and be a useful tool for complex 

disease research in this PhD and for future studies. 

 

3. To carry out a GWAS of PxD in the Norwich Terrier and to investigate any disease-

associated loci in a large population-based dataset. Although a pedigree study 

supplied evidence that PxD in this breed is inherited [120], it could not establish 

mode of inheritance and there are no previous publications describing the 

underlying genetics. Mode of inheritance for canine PxD can be monogenic or 

potentially multigenic [121, 189-193]. This study will therefore be the first to 
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explore the underlying genetics; the GWAS approach is expected to identify 

disease-associated loci if PxD in the Norwich Terrier is monogenic or to give a 

preliminary indication of mode of inheritance if PxD is complex. 

 

4. To carry out a GWAS of IE in the Italian Spinone and to investigate any disease-

associated loci in independent sample sets. IE has a high prevalence in the Italian 

Spinone and a severe clinical course [251], making it a welfare concern for the 

breed. As for Norwich Terrier PxD, there have not been any previous published 

studies describing the mode of inheritance for IE in the Italian Spinone. Although 

monogenic epilepsies have been reported [268, 294], for other breeds a complex 

mode of inheritance for IE is suspected [80, 236, 253, 254, 290-293]. This study 

will be the first GWAS of IE in the Italian Spinone to be described and will supply 

evidence of mode of inheritance, identify disease-associated loci if IE is monogenic 

in this breed, and potentially indicate risk-associated loci for a multigenic disorder. 

 

5. To carry out a GWAS and meta-analysis of IE in the Border Collie and to investigate 

any disease-associated loci in a large independent case-control set. Although the 

prevalence of IE in the Border Collie has not been investigated in a breed-wide 

survey, an increased prevalence has been reported [203], and the numerically 

large size of this breed and severe clinical course suggest that even with a 

relatively low prevalence a large number of dogs could be severely affected 

making the disease a major welfare concern [254, 255, 316] 

(https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/, 

accessed 16/01/2023). The lack of significant findings in an unpublished GWAS of 

IE in the Border Collie that was conducted as part of the LUPA consortium [3] 

suggested that the disease is likely oligogenic or multigenic. Power calculations 

suggest that a study including a minimum of 100 cases and 150 controls would 

have sufficient power to identify variants of moderate or intermediate effect 

(Appendix i.i). 

https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/
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3 Manuscript 1 - Characterisation of canine KCNIP4: A novel gene for 

cerebellar ataxia identified by whole-genome sequencing two affected 

Norwegian Buhund dogs 

This manuscript has been published in PLOS Genetics 

Full citation: 

Jenkins CA, Kalmar L, Matiasek K, Mari L, Kyöstilä K, Lohi H, Schofield EC, Mellersh CS, De 

Risio L, Ricketts SL (2020) Characterisation of canine KCNIP4: A novel gene for cerebellar 

ataxia identified by whole-genome sequencing two affected Norwegian Buhund dogs. 

PLoS Genetics. 16(1):e1008527. doi: 10.1371/journal.pgen.1008527. 

3.1 Authors and affiliations 

Christopher A Jenkins 

Kennel Club Genetics Centre, Animal Health Trust, Newmarket, Suffolk, United Kingdom 

Lajos Kalmar 

Department of Veterinary Medicine, University of Cambridge, Cambridge, 

Cambridgeshire, United Kingdom 

Kaspar Matiasek 

Section of Clinical & Comparative Neuropathology, Centre for Clinical Veterinary 

Medicine, Ludwig-Maximilians-Universität Munich, München, Germany 

Lorenzo Mari 

Neurology/ Neurosurgery Service, Centre for Small Animal Studies, Animal Health Trust, 

Newmarket, Suffolk, United Kingdom 

Kaisa Kyöstilä 

Department of Veterinary Biosciences, and Department of Medical and Clinical Genetics, 

University of Helsinki, Helsinki, Finland 

Folkhälsan Research Center, Helsinki, Finland 



104 
 

Hannes Lohi 

Department of Veterinary Biosciences, and Department of Medical and Clinical Genetics, 

University of Helsinki, Helsinki, Finland 

Folkhälsan Research Center, Helsinki, Finland 

Ellen C Schofield 

Kennel Club Genetics Centre, Animal Health Trust, Newmarket, Suffolk, United Kingdom 

Cathryn S Mellersh 

Kennel Club Genetics Centre, Animal Health Trust, Newmarket, Suffolk, United Kingdom 

Luisa De Risio 

Neurology/ Neurosurgery Service, Centre for Small Animal Studies, Animal Health Trust, 

Newmarket, Suffolk, United Kingdom 

Sally L Ricketts 

Kennel Club Genetics Centre, Animal Health Trust, Newmarket, Suffolk, United Kingdom 

3.2 Authors contributions 

CAJ contributed to study design, performed experimental work and analysis and 

interpretation of data, and wrote the manuscript. SLR conceived of, designed, and 

supervised the study, and provided critical review of the manuscript. LDR contributed to 

study conception and provided clinical expertise. LK provided expertise and contributed 

to study design relating to in silico protein analysis. KM performed the 

immunohistochemical analysis. LM contributed case definition and clinical expertise. CSM 

contributed to study conception and funding. ECS oversaw genome alignment and data 

curation and provided bioinformatics support including scripts for WGS analysis. KK and 

HL contributed to sample collection.  

3.3 Abstract 

A form of hereditary cerebellar ataxia has recently been described in the Norwegian 

Buhund dog breed. This study aimed to identify the genetic cause of the disease. Whole-
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genome sequencing of two Norwegian Buhund siblings diagnosed with progressive 

cerebellar ataxia was carried out, and sequences compared with 405 whole genome 

sequences of dogs of other breeds to filter benign common variants. Nine variants 

predicted to be deleterious segregated among the genomes in concordance with an 

autosomal recessive mode of inheritance, only one of which segregated within the breed 

when genotyped in additional Norwegian Buhunds. In total this variant was assessed in 

802 whole genome sequences, and genotyped in an additional 505 unaffected dogs 

(including 146 Buhunds), and only four affected Norwegian Buhunds were homozygous 

for the variant. The variant identified, a T to C single nucleotide polymorphism (SNP) 

(NC_006585.3:g.88890674T>C), is predicted to cause a tryptophan to arginine 

substitution in a highly conserved region of the potassium voltage-gated channel 

interacting protein KCNIP4. This gene has not been implicated previously in hereditary 

ataxia in any species. Evaluation of KCNIP4 protein expression through western blot and 

immunohistochemical analysis using cerebellum tissue of affected and control dogs 

demonstrated that the mutation causes a dramatic reduction of KCNIP4 protein 

expression. The expression of alternative KCNIP4 transcripts within the canine 

cerebellum, and regional differences in KCNIP4 protein expression, were characterised 

through RT-PCR and immunohistochemistry respectively. The voltage-gated potassium 

channel protein KCND3 has previously been implicated in spinocerebellar ataxia, and our 

findings suggest that the Kv4 channel complex KCNIP accessory subunits also have an 

essential role in voltage-gated potassium channel function in the cerebellum and should 

be investigated as potential candidate genes for cerebellar ataxia in future studies in 

other species. 

3.4 Author summary 

Hereditary ataxias, which are a group of disorders characterised by incoordination of 

movement, are typically incurable and there are often no disease-modifying treatments 

available. Canine hereditary ataxias are a notable group of movement disorders in dogs, 

and represent well characterised naturally occurring disease models of ataxia that can 

help improve our understanding of the underlying biology of the disorder in both dogs 

and humans. We used the whole genome sequences of two affected siblings to 

investigate the genetic cause of a slowly progressive form of hereditary ataxia in the 
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Norwegian Buhund dog breed, and identified a single base change within the KCNIP4 

gene. We have characterised the expression of KCNIP4 in the dog, and investigated the 

effect of the identified mutation. This gene has not previously been implicated in 

inherited ataxia in any species, and our findings suggest that this and related genes 

represent potential candidates for ataxia in future studies in other species. Our findings 

will allow dog breeders to avoid producing affected dogs, reduce the disease allele 

frequency, and eventually eliminate the disease from the breed, through the use of a 

DNA test. 

3.5 Introduction 

Hereditary ataxias are a group of movement disorders, typified by incoordination of gait, 

limbs, or eyes, primarily caused by inherited dysfunction of the cerebellum and/or its 

afferent or efferent pathways [92]. In humans autosomal recessive and dominant forms 

of hereditary ataxia have been reported, in addition to mitochondrial, and, in the case of 

fragile X tremor-ataxia, X-linked forms. Inherited ataxias are typically not curable and 

there are often not any disease-modifying treatments available [92, 317]. 

Multiple examples of hereditary ataxia have been described in purebred dogs [32, 64, 65, 

114, 131, 132, 134]. Although the specific diseases are often rare, and the genetic 

mutations can be breed-specific, hereditary ataxia is a key cause of movement disorders 

in dogs. Canine hereditary ataxia is typically inherited in an autosomal recessive manner, 

and putatively disease-causing variants have been identified for some breeds [32, 64, 65, 

114, 130-132, 134, 147, 318]. Some of the genes implicated in canine ataxia had not 

previously been associated with disease in humans [63, 122, 123, 130], whereas other 

forms of canine ataxia are associated with variants within the same genes that are 

associated with well characterised forms of human ataxia [62, 64, 65, 134]. Canine 

hereditary ataxia is a naturally occurring disease model and research into the genetics of 

ataxia in purebred dogs can help improve the understanding of the underlying molecular 

mechanisms of human disease. 

Hereditary ataxias in humans are classified by mode of inheritance, whereas in dogs, 

where the underlying genetic basis is often less well defined, have recently been classified 

based on the clinical signs and the neuronal structures affected [92, 114]. The five classes 
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of canine hereditary ataxia are cerebellar cortical degeneration (CCD), spinocerebellar 

degeneration, canine multiple system degeneration (CMSD), cerebellar ataxias without 

significant neurodegeneration, and episodic ataxias [114]. 

Different genetic approaches have successfully been used to investigate the causal 

mutations for canine hereditary ataxia. Homozygosity mapping, linkage analysis, and 

targeted resequencing was used to investigate spinocerebellar ataxia in the Italian 

Spinone, and identified a GAA repeat expansion in ITPR1, a calcium channel that regulates 

intracellular calcium levels [64]. mRNA sequencing and a candidate gene approach was 

used to identify an 8 bp deletion in SPTBN2 (β-III spectrin, involved in the development of 

Purkinje cells) associated with CCD in Beagles [62]. Genome-wide association studies 

(GWAS) have been used to identify likely causal mutations for CCD in Finnish Hounds 

(SEL1L, targeted degradation of misfolded or unassembled peptides), and Old English 

Sheepdogs and Gordon Setters (RAB24, which has a role in autophagy); and 

spinocerebellar ataxia in Russell Terrier Group dogs (CAPN1, which encodes μ-calpain, a 

subunit of calcium dependent cysteine protease) [63, 122, 123]. Whole genome 

sequencing of single cases of ataxia has been used more recently to successfully identify 

likely causal variants for CCD in the Hungarian Vizsla (SNX14, which has a role in the 

maintenance of neuronal excitability and synaptic transmission, and is associated with 

cerebellar ataxia in humans) [65] and spinocerebellar ataxia in Russell Group Terriers 

(KCNJ10, a potassium channel gene) [66]. Both of these studies used control genomes, 

and predicted effect on the protein sequence, to filter common benign variants, and then 

identified variants within candidate genes for genotyping in additional dogs. 

The clinical and histopathological characteristics of hereditary cerebellar ataxia in the 

Norwegian Buhund have been described previously in a study of four cases presenting 

with mild and slowly progressive cerebellar ataxia, characterised by a broad base stance 

and hypermetria in all four limbs, truncal ataxia, and fine head tremors [315]. At referral 

two dogs (siblings) were aged 12 weeks, and two other affected dogs were aged 16 and 

20 weeks. Histopathological analysis of the cerebellum showed minor signs of 

degeneration and reduced expression of Purkinje cell differentiation markers calbindin-D-

28K and ITPR1 in some cerebellar regions [315]. Pedigree analysis suggested an 

autosomal recessive mode of inheritance. Genome-wide mRNA-sequencing of two 
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affected siblings and subsequent investigation of 20 candidate genes in this dataset did 

not identify any potentially causal variants for the disease [315].  

The present study aimed to identify the underlying genetic cause of ataxia in the 

Norwegian Buhund breed using whole genome sequencing of the two affected siblings. A 

mutation within KCNIP4, a novel gene for cerebellar ataxia, was identified. 

3.6 Results 

3.6.1 Whole genome variant filtering 

Whole genome sequences of two ataxia-affected Norwegian Buhund siblings were 

initially compared with the Boxer reference sequence CanFam3.1 and whole genome 

sequences of 44 dogs unrelated to the two cases and of 29 different breeds (control 

genomes). Variants identified were filtered to leave only those which were homozygous 

in both of the affected dogs, but which were homozygous for the reference or an 

alternative allele in the control dogs. Our hypothesis was that the causal variant is rare 

and private to the Norwegian Buhund breed. From this, a total of 26,073 segregating 

variants were identified (Appendix ii.i). Additional filtering by variant effect, leaving only 

high-effect variants that were predicted to directly affect a protein-coding sequence, or 

disrupt a transcript, reduced the number to 121. 

The 121 variants were then further filtered using whole genome sequence variant data 

from the Dog Biomedical Variant Database Consortium (DBVDC) [67]. The consortium 

dataset included 361 additional whole genome sequences comprising 96 different pure 

breeds, three wolves, and seven types of mixed-breed dog. The variants were filtered to 

leave only those which were absent in all of the consortium genomes. This left 16 high-

effect variants that were homozygous in the two affected dogs and were not present in 

any of the other whole genome sequences. Seven of the 16 variants were predicted to be 

tolerated and benign by two variant effect prediction tools; SIFT and PolyPhen-2. The nine 

remaining variants were taken forward for genotyping in additional Norwegian Buhunds. 

3.6.2 Variant segregation in additional dogs 

Each of the nine variants was initially genotyped in 14 additional, unaffected, Buhunds. 

These included two full siblings of the affected dogs and two obligate carriers which were 
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identified through the pedigree (Appendix ii.ii). Only one of the nine variants segregated 

as would be expected for an autosomal recessive mode of inheritance: a nonsynonymous 

SNP in the KCNIP4 gene (NC_006585.3:g.88890674T>C, XP_003434448.1:p.(Trp142Arg)) 

(Appendix ii.iii). This variant was genotyped in a further 56 Buhunds (archived DNA 

samples collected between 2008 and 2011) not reported to have ataxia (a total of 70 

tested “UK Buhund set 1”). Of these 70 dogs 24 were heterozygous for the KCNIP4 variant 

(T/C), and the other 46 were homozygous for the CanFam3.1 reference allele (T/T) (Table 

3.1). None of the unaffected dogs were homozygous for the KCNIP4 variant. Genotyping 

unaffected Norwegian Buhunds sampled in 2017 revealed that this contemporary set of 

36 UK dogs (“UK Buhund Set 2”) included three heterozygotes, and within 40 dogs 

sampled in Finland (“Finnish Buhund Set”) one heterozygote was identified (Table 3.1). 

Neither of these sample sets included any dogs homozygous for the variant. Two 

additional Norwegian Buhunds were previously diagnosed with cerebellar ataxia in 1998 

and 2002. Genotyping these additional cases, in addition to the two siblings used for 

whole genome sequencing, confirmed that all four affected dogs were homozygous for 

the KCNIP4 variant (Table 3.1). 

Table 3.1. Genotypes of Norwegian Buhunds and a multi-breed panel for the KCNIP4 

variant (NC_006585.3:g.88890674T>C) 

 T/T T/C C/C Total 

Buhund Cases 0 0 4 4 

UK Buhund Set 1 46 24 0 70 

UK Buhund Set 2 33 3 0 36 

Finnish Buhund Set 39 1 0 40 

Multi-breed Panel 359 0 0 359 

Total 477 28 4 509 

For further validation and to investigate if the variant is confined to the Norwegian 

Buhund breed a panel of 359 dogs of 122 other breeds was genotyped. The KCNIP4 

variant was not present in this multi-breed panel (Table 3.1) (Appendix ii.iv). 

Variant data for additional whole genome sequences subsequently became available after 

the initial analysis. These additional genomes included 140 in-house genomes and 255 
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genomes in the DBVDC consortium [67], all of which were homozygous for the reference 

allele. 

In total the KCNIP4 variant was assessed in 802 whole genome sequences, including dogs 

of 158 breeds, 13 mixed breed dogs, and eight wolves (Appendix ii.v), and genotyped in 

an additional 505 unaffected dogs (including 146 Norwegian Buhunds), and only the four 

affected Buhunds (two whole genome sequences and two genotyped) were homozygous 

for the variant. These results demonstrate that the variant segregates with disease and is 

confined to the Norwegian Buhund breed. 

3.6.3 Bioinformatics tools predict the KCNIP4 variant to be deleterious 

The KCNIP4 variant is a nonsynonymous T/C SNP causing a tryptophan to arginine amino 

acid change. The nucleotide, and codon within which the KCNIP4 variant is located, is 

conserved across 99 species of mammal (UCSC) (Appendix ii.vi). Tryptophan is highly 

conserved at this location, and so is the flanking amino acid sequence in 19 species of 

mammal (16 primates) (UCSC) (Appendix ii.vii). SIFT predicted the variant to be 

“deleterious” (SIFT value: 0), and Polyphen-2 “probably damaging” (Polyphen-2 value: 

0.99) [319, 320], both based on Ensembl transcript ENSCAFT00000026195.4. The effect of 

the variant was also assessed using a third tool, Mutation Taster, which predicted the 

variant to be “disease causing” (transcript Genbank ID: NM_025221.6, probability: 0.99) 

[321].  

3.6.4 At least five KCNIP4 transcripts with alternative first exons are expressed in 

canine cerebellar tissue 

There are four NCBI RefSeq KCNIP4 transcripts, and seven Ensembl KCNIP4 transcripts, 

annotated for the canine genome (Appendix ii.viii). Two of the canine Ensembl 

transcripts (ENSCAFT00000060142.1, ENSCAFT00000083618.1) match canine RefSeq 

transcripts (XM_014112663.2, XM_003434400.4), making a total of nine unique KCNIP4 

transcripts annotated for the canine genome. Three of the NCBI RefSeq canine KCNIP4 

transcripts correspond to human Ensembl transcripts and transcripts reported previously 

to be expressed in human and mouse cerebellum [322] (Appendix ii.viii). The 

corresponding protein RefSeq for canine transcripts XM_014112663.2, XM_003434400.4, 

and XM_005618660.3 align to the protein sequences for human transcripts KCNIP4-1bΔ2 
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(ENST00000382148.7), KCNIP4-1dΔ2 (ENST00000382150.8), and KCNIP4-1eΔ2 

(ENST00000382149.9) respectively (Appendix ii.viii) (Figure 3.1A). These three transcripts 

were confirmed using RNA sequencing data for canine cerebellum from dogs of multiple 

breeds, including the two affected Norwegian Buhund siblings.  
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Figure 3.1. Canine KCNIP4 transcript exon composition and confirmation of the expression 

of the transcripts, including the exon containing the identified variant, in canine 

cerebellum. A) An illustration of the exon composition of the five canine KCNIP4 transcripts 

identified using mRNA and whole genome sequencing data and alignment with known 

human transcripts. KCNIP4-1a and KCNIP4-1aΔ2 share exon 1a as their first exon, whereas 

all other transcripts have unique first exons. In these five canine transcripts, exon 2 is only 

present in KCNIP4-1a. Exons 3 to 9 are shared across all five transcripts. Coordinates for 

the first and second exons of each transcript are in Appendix ii.viii. The genomic region 

containing exons 3 to 9 as labelled in the Figure is Chr3: 88,780,584-88,894,638. The 

genomic region containing all of the transcripts is Chr3: 87,771,818-88,894,638. B) RT-PCR 

of five KCNIP4 transcripts in canine cerebellum samples for seven dogs. Primers and 

expected product sizes are given in Appendix ii.xii. From left to right: no template water 

control (NTC); two ataxia-affected Norwegian Buhunds (NB); Labrador Retriever cross 

breed (LR-X); Golden Retriever (GR); Siberian Husky cross breed (XB); Beagle (BE); Great 

Dane (GD). C) Sanger sequencing chromatogram demonstrating that exon “6”, containing 

the mutation, is present in the transcripts expressed in the canine cerebellum. The 

sequences shown are for KCNIP4-1bΔ2. NB: Norwegian Buhund, GR: Golden Retriever.
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Two other transcripts (KCNIP4-1a and KCNIP4-1aΔ2) which have been reported to be 

expressed in human and mouse cerebellum do not have corresponding canine RefSeq 

transcripts [322] (Appendix ii.viii). An assessment of the syntenic region for the first exon 

for these transcripts in CanFam3.1 revealed that there is a gap in the canine genome at 

this location (CanFam3.1 Chr3:87,771,558-87,771,880) (Figure 3.1A). When translated 

into the amino acid sequence, unmapped reads from the RNA sequencing data which 

were paired to the mapped reads of the flanking exons (exon 2 and exon 3), aligned with 

the N-terminal protein sequence corresponding to the first exon of human transcripts 

KCNIP4-1a (ENST00000382152.7), which contains “exon 2”, and KCNIP4-1aΔ2 

(ENST00000447367.6), in which “exon 3” is the second exon (Figure 3.1A) (Appendix 

ii.viii). Reads extending upstream into the gap in the genome from the gap’s 3’ end 

(chr3:87,771,880) aligned with part of the missing sequence, confirming that this gap in 

the genome is the location of the unaligned exon. A comparison of the identified 

transcripts, and the sequence and genomic position of canine Ensembl transcripts 

ENSCAFT00000090603.1 and ENSCAFT00000090861.1, revealed that they are partial 

canine transcript annotations for KCNIP4-1a and KCNIP4-1aΔ2, but are lacking most of the 

first exon as a result of the gap in the genome (Appendix ii.viii). 

There are also four annotated canine transcripts, one RefSeq and three Ensembl, which 

do not match any of the known human KCNIP4 Ensembl transcripts (Appendix ii.viii). Two 

of these transcripts, ENSCAFT00000079461.1 and ENSCAFT00000061238.1, are indicated 

in the annotation to have an additional exon between exons 3 and 4. This additional exon 

is not seen in any of the human transcripts or any of the other annotated canine 

transcripts, and was not observed in canine cerebellum mRNA sequencing data. Ensembl 

transcript ENSCAFT00000026195.4 appears to be an incorrect amalgamation of the first 

exon of KCNIP4-1eΔ2 (XM_005618660.3), the second exon of KCNIP4-1a, and exons 3 to 9 

which are present in all of the KCNIP4 transcripts (Figure 3.1A). This transcript was not 

seen in the mRNA sequencing data. Canine RefSeq transcript XM_536275.6 is stated to 

start with the second exon of KCNIP4-1a, followed by exons 3 to 9. This combination of 

exons is not seen in any of the annotated human Ensembl transcripts. 

RT-PCR of RNA extracted from cerebellum tissue samples from two ataxia-affected 

Buhunds and five unaffected dogs of other breeds confirmed that at least five transcripts 
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for KCNIP4, with alternative first exons, are expressed in the canine cerebellum (Figure 

3.1B). The variant identified in this study is located in exon 6, which Sanger sequencing of 

the RT-PCR products for the Buhund siblings and a Golden Retriever confirmed is 

expressed in all five of these transcripts (Figure 3.1C). All of the confirmed transcripts 

contain exons 3 to 9. 

3.6.5 RT-qPCR of KCNIP4 expression 

The relative expression of KCNIP4 in cerebellar tissue samples from the two sibling cases 

and five unaffected dogs, in comparison to the ubiquitously expressed TATA box binding 

protein (TBP) gene, was assessed using RT-qPCR. The assay for KCNIP4 was designed with 

primers in exons 3 and 4, both of which are present in all five of the transcripts shown to 

be expressed in the canine cerebellum, allowing the assay to quantify total KCNIP4 

transcript expression.  

Relative quantification of KCNIP4 was suggestive of reduced expression in cerebellar 

tissue from the two affected dogs (ΔΔCq = 0.497) (Figure 3.2A), although the change in 

expression was not statistically significant (Student’s T-test, P = 0.07). 
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Figure 3.2. RT-qPCR and western blot analysis of KCNIP4. A) Relative quantification (ΔCq) of 

KCNIP4 in comparison to the ubiquitously expressed control gene TBP in cerebellar tissue 

samples of two ataxia affected Buhund siblings (Case) and five ataxia unaffected dogs 

(Labrador Retriever cross-breed, Siberian Husky cross-breed, Beagle, Golden Retriever, and 

a Great Dane) (Control). Black lines show group median. B) Western blot comparing 

KCNIP4 protein expression in the cerebellum tissue lysate of two Norwegian Buhund cases 

and six control dogs. Top panel: Anti-KCNIP4 western blot. Bottom panel: Ponceau S total 

protein loading control. From left to right: two ataxia affected Norwegian Buhunds (NB); 

Three ataxia-affected control dogs of other breeds (Parson Russell Terrier (PRT); Beagle 

(BE); Hungarian Vizsla (V)); three ataxia-unaffected control dogs of other breeds (Golden 

Retriever (GR); Siberian Husky cross breed (XB); Labrador retriever cross breed (LR-X)). 

Approximate sizes of protein ladder bands are indicated on the left (kDa). 

3.6.6 Western blot shows loss of KCNIP4 in cerebellum of cases 

Western blot analysis was carried out for KCNIP4 using cerebellum tissue lysate from two 

cases and six control dogs. Three of the controls were affected by cerebellar ataxia but 

were of other breeds for which the putative causal mutation is known [62, 63, 65], and 

the remaining three were unaffected by ataxia. The western blot showed a clear change 

in KCNIP4 expression in the cerebellum tissue from the Buhund case (Figure 3.2B). Three 

bands are visible for the control tissues, at approximately 28 kDa, 26 kDa, and 22 kDa. The 

band with the highest saturation in all controls is at 28 kDa, with the lower molecular 

weight bands observed to be fainter in the three controls which were affected by 

genetically distinct forms of cerebellar ataxia. The two lower bands are absent, or too 

faint to observe, in the two Buhund cases. The 28 kDa band appears to still be present in 
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the Buhund cases, but at a much lower saturation. A fourth band is observable for all 

eight tissue lysates at approximately 37 kDa, and has a higher saturation in the two 

Buhund cases. The different bands may represent the differently sized isoforms of 

KCNIP4, although the band at 37 kDa does not fit within the size ranges of any of the 

known KCNIP4 isoforms (Appendix ii.viii). The western blot analysis indicates a dramatic 

reduction of KCNIP4 expression in dogs homozygous for the KCNIP4 variant, and could 

suggest a complete loss of some, if not all, KCNIP4 isoforms. 

3.6.7 Immunohistochemistry shows a reduction of KCNIP4 expression in the 

cerebellum of an affected Buhund 

Expression of KCNIP4 protein was identified immunohistochemically throughout synaptic 

glomeruli of the cerebellar granular cell layer and basket cells of the molecular layer in all 

dogs, but staining intensity was considerably lower in the Buhund with two copies of the 

mutation (Figure 3.3). As functional differentiation of Purkinje cells appears to underlie 

regional differences [315], sagittal and transverse sections of all cerebellar lobuli were 

examined. Reduction of KCNIP4 expression was seen throughout the entire cerebellar 

cortex but more extensive in areas where Purkinje cells showed least expression of 

calbindin and ITPR-1 in the histopathological analysis carried out previously for the clinical 

characterisation of the disease [315]. 
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Figure 3.3. Immunohistochemical analysis of KCNIP4. Immunohistochemical expression 

patterns of KCNIP4 in the cerebellum of an affected Buhund (A, C) compared to that of two 

control dogs (B,D).Top panels: Rostral lobe. Bottom panels: Caudoventral vermis. The 

Buhund shows a diffusely decreased immunopositivity within the molecular layer (ML) and 

granular layer (GL) (brown staining). Thereby, rostral lobe areas (A) present with slightly 

stronger signal intensity than the caudoventral vermis (C). This difference matches to 

regional differences in Purkinje cell marker expression demonstrated previously [315]. PC: 

Purkinje cell; FWM: foliary white matter.  

3.6.8 In silico protein analysis of the 3D structure of KCNIP4 suggests that the 

mutation affects protein stability and function 

The structure of one KCNIP4 isoform, KChIP4a (KChIP4 was a previous abbreviation for 

KCNIP4), has been determined through X-Ray diffraction (PDB ID 3DD4). KChIP4a aligns 

perfectly with XP_003434448.1 and KCNIP4-204 (KCNIP4-1dΔ2). This allowed the use of 

online tools for predicting the effect of the variant on protein stability.  The Eris server, 

which uses discrete molecular dynamics, was used to predict the effect of the mutation 



118 
 

on the free energy of the protein’s structure [323]. The tryptophan to arginine 

substitution caused a predicted ΔΔG of 7.31 kcal/mol, which indicates a dramatic 

decrease in stability. 

The 3D protein structure was used to investigate the physical location of the amino acid 

substitution within the protein. The tryptophan residue affected is within the 

hydrophobic core of KCNIP4, and is predicted to interact with the N-terminal helix which 

sits within the groove of the protein (Figure 3.4A). The substitution replaces the non-

charged, non-polar, hydrophobic tryptophan with the positively charged, polar, arginine. 

This is likely to have an impact on the hydrophobicity of the protein’s core. The arginine 

residue is predicted to interact with different helical structures within the protein 

compared to tryptophan, no longer interacting with the N-terminal helix (Figure 3.4B). 

The arginine residue is also predicted to overlap, and clash, with neighbouring residues 

(Figure 3.4C). 

 

Figure 3.4. 3D models of KCNIP4 with and without the amino acid substitution caused by 

the mutation identified. (A) KCNIP4 with tryptophan (green) at position 142. (B) KCNIP4 

with arginine (orange) at position 142. Blue lines in A) and B) indicate predicted 

interactions between atoms (including polar and nonpolar interactions). (C) KCNIP4 with 

arginine (orange) at position 142, with red lines indicating clashes (interactions where 

atoms are too close together). 
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3.7 Discussion 

In the present study we used whole genome sequencing to identify the likely causal 

mutation for a recently characterised cerebellar ataxia in the Norwegian Buhund dog 

breed [315]. Whole genome sequencing of single cases of ataxia has recently been used 

to successfully identify mutations putatively causing CCD in the Hungarian Vizsla and 

spinocerebellar ataxia in Russell Group Terriers [65, 66]. Taken together this suggests that 

cerebellar ataxias in the dog are particularly amenable to this approach for the 

identification of candidate causal mutations. The approaches used in these two previous 

studies, however, used the candidacy of the genes in which variants were found to filter 

for potentially causal variants [65, 66]. The present study used a much larger number of 

in-house and consortium control sequences to filter variants to a level manageable for 

follow-up, allowing the discovery of a likely-pathogenic variant in KCNIP4, a novel gene 

for cerebellar ataxia. A previous study that used GWAS and targeted resequencing to 

investigate a different form of canine cerebellar ataxia in Russell Terrier Group dogs 

identified a variant in CAPN1, which had also not previously been implicated in ataxia in 

humans [63]. Mutations in this gene were later demonstrated to cause autosomal-

recessive hereditary spastic paraplegia in humans, which is a condition that can present 

with cerebellar signs and which is associated with ataxia in some cases [82]. Canine 

hereditary cerebellar ataxia, as a naturally occurring disease model, therefore represents 

a resource for the identification of novel genes that should be considered as potential 

candidates when investigating similar conditions in humans. The discovery of novel genes 

for hereditary ataxia (and other rare, autosomal recessive, or autosomal dominant 

diseases) in the dog, when only very small numbers of cases are available, is therefore 

becoming increasingly possible with the rapid expansion of publicly available whole 

genome sequence datasets [67]. In the future this could make clinical diagnostic 

sequencing affordable and efficient for emerging Mendelian canine conditions. 

The mutation identified is a nonsynonymous SNP causing a tryptophan to arginine amino 

acid substitution within a highly conserved region of KCNIP4. Voltage-gated potassium 

channel-interacting proteins (KCNIP, previously called KChIP) are four calcium binding 

proteins which interact with voltage-gated potassium (Kv) channels and modulate A-type 

potassium currents [324, 325] (Appendix ii.ix). Mutations in KCNIP4 have not been 
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associated with cerebellar ataxia previously in any species to the authors’ knowledge. 

However, mutations within KCND3, which encodes the voltage-gated potassium channel 

α-subunit Kv4.3, have been found to cause spinocerebellar ataxia type 19/22 in humans 

[326-330]. Mutations in KCND3 reduce trafficking and cell surface expression of KV4.3 and 

suppress the amplitude of the potassium current or affect channel gating [331]. KChIP4a, 

an isoform of KCNIP4, has been shown to interact with Kv4.3 and to modulate its 

inactivation [332, 333]. 

RT-qPCR analysis did not demonstrate a statistically significant reduction in the 

expression of the KCNIP4 transcript in the affected Buhunds, although it was suggestive of 

reduced expression; whereas a dramatic reduction in KCNIP4 protein expression was 

observed in the cerebellum of cerebellar ataxia-affected Norwegian Buhunds, through 

both western blot and immunohistochemistry. It has been demonstrated previously that 

changes in the protein expression of the Kv4 accessory subunits (KCNIP1, KCNIP2, KCNIP3, 

and KCNIP4) do not necessarily reflect transcriptional expression [334]. It has been 

suggested that the formation of complexes between the accessory subunits and the α-

subunits (Kv4.2 or Kv4.3) stabilises the proteins, leading to increased levels of each 

protein [334]. The tryptophan to arginine substitution identified in the current study is 

predicted to be destabilising and damaging to protein function. If the predicted effect on 

protein function prevents the formation of complexes, and this precludes the stabilisation 

of the protein, combined with the mutation’s destabilising effect this could potentially 

explain the dramatic reduction in protein expression observed without a significant drop 

in transcript expression. Only RNA from two cases was available for the RT-qPCR analysis; 

inclusion of a larger number of cases would be necessary to confirm this finding. 

Although the western blot and immunohistochemical analysis indicate a considerable 

reduction in KCNIP4 protein expression in affected dogs, the exact epitope of the 

antibody used is unknown. The immunogen used by the manufacturer consisted of the 

majority of the protein’s amino acid sequence, and the epitope has not been mapped. 

This means that the epitope could be in the region of the mutation, and the mutation 

could potentially have prevented antibody binding and thus mimicked an apparent fall in 

protein expression. However, the immunohistochemistry demonstrated that there was 

still some expression in a case, and that the expression pattern matched that seen 
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previously for KCNIP4 expression in humans and mice [322], and the variability in 

expression in the case match that of the Purkinje cell markers demonstrated in the 

histopathological analysis carried out previously [315]. This indicates that the antibody 

used is still capable of binding the protein containing the variant. 

An additional band, at a greater atomic mass than the known KCNIP4 isoforms, was 

observed on the western blot. This additional band with a mass of ~37 kDa, which had a 

higher intensity in the two cases, could potentially represent an increase in expression of 

a different accessory Kv4 subunit, observable as a result of cross-reactivity of the 

antibody used. Loss of one of the KCNIPs has previously been observed to result in an 

increase in protein expression of the other, non-disrupted KCNIPs [334]. This 

compensatory mechanism is thought to occur through competition between the KCNIPs 

for binding to α-subunits [334, 335]. The stabilisation that occurs through binding to the 

other subunits results in an increase in protein levels. 

The three main bands are observed for the control tissues in the western blot, at 

approximately 28 kDa, 26 kDa, and 22 kDa, are expected to represent the various 

isoforms of KCNIP4, which fit within this approximate size range (Appendix ii.viii). The 

band with the highest saturation in all controls, at 28 kDa, has a size closest to that 

expected of KCNIP4-1a. The lower two bands were observed to be fainter in the three 

controls which were affected by other forms of cerebellar ataxia, in comparison to those 

unaffected by ataxia. We propose that this difference could be a result of cerebellar 

degeneration, particularly for the Beagle and Hungarian Vizsla CCD cases, which are forms 

of ataxia characterised by the loss of Purkinje cells and depletion of the granular cell layer 

[62, 65]. The degradation of the cerebellum and cell types known to express the KCNIP4 

protein could feasibly have resulted in the reduction in KCNIP4 expression observed in 

comparison to the unaffected controls.  In comparison, the Norwegian Buhund cerebellar 

ataxia cases, which had two copies of the KCNIP4 variant but negligible cerebellar 

degeneration observed in the histopathological analysis [315], demonstrated almost 

complete loss of KCNIP4 protein expression in the western blot analysis, and dramatically 

reduced expression in the immunohistochemistry, indicating that in these individuals the 

loss of protein is caused by the mutation, not the cerebellar degeneration. 
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Human KCNIP genes have seven 3’ exons (exons 3 to 9, Figure 3.1A) which are identical in 

length and have highly similar sequences between the four genes [322]. The 5’ exons for 

the four genes are extremely dissimilar, and each KCNIP gene has multiple 5’ exons which 

are unique. The high homology of the genes indicates shared protein function, and the 

conservation of the amino acid sequence of exons 3 to 9 suggests that variants in these 

regions are likely to be damaging to function. The variant identified in this study is located 

within exon 6, one of the highly conserved 3’exons, in a region of the protein which has 

identical amino acid sequences in the four canine proteins. The bioinformatics tools we 

have used show that the mutation in this conserved region affects the hydrophobic core 

of the protein, and predict it to be destabilising and damaging to function. 

In addition to demonstrating that a variant within KCNIP4 is associated with cerebellar 

ataxia in the Norwegian Buhund dog breed, we have characterised the gene’s expression 

in the canine cerebellum. RT-PCR analysis and in situ hybridisation studies have 

demonstrated that KCNIP4 is expressed in the cerebellum in humans and mice [322]. We 

have demonstrated that at least five KCNIP4 transcripts are expressed in canine 

cerebellum, and that they share high sequence similarity with the human transcripts, all 

sharing the seven highly conserved 3’ exons but with alternative 5’ exons aligning with 

those seen in humans. A previous in situ hybridisation study in mice demonstrated that 

KCNIP4 is expressed in the Purkinje cell layer and granular layer neurons of the 

cerebellum [322], and an immunohistochemical study in the rat showed protein 

expression throughout the cerebellum but particularly in the granular cell layer [336].  We 

demonstrate that KCNIP4 protein is also expressed strongly in the granular layer of the 

canine cerebellum. One transcript was only found in the kidney in humans [322]. 

Consistent with this, this transcript, KCNIP4-1cΔ2, was not identified in the canine 

cerebellum. However, the first exon of this transcript is a shortened version of the first of 

the 3’ exons shared by all transcripts, which makes it impossible to assay using the 

methods used here; primers designed for this first exon would amplify all KCNIP4 

isoforms. We were unable to locate the 5’ untranslated region (UTR) for the KCNIP4-1cΔ2 

transcript in canine cerebellum mRNA sequencing data. 

In the immunohistochemical analysis we observed that expression of KCNIP4 in the 

canine cerebellum was predominantly within the granular cell layer, and KCNIP4 



123 
 

expression was strong throughout the synaptic glomeruli. Previous research has 

suggested a role for A-type potassium channels in the regulation of postsynaptic 

excitability of granule cell dendrites at the synapse between granule cells and mossy-fibre 

cells [336]. We suggest that a theoretical effect of the mutation described in the present 

study could therefore be hyperexcitability of postsynaptic granule cell membranes and/or 

receptor potentials being lost in the dendritic tree instead of travelling to granule cell 

soma and via parallel fibres to Purkinje cells. We theorise that the features observed in 

Purkinje cells [315] could be secondary to uncoordinated signalling from granule cells. 

Interestingly, an in situ hybridisation study in mice demonstrated that the KCNIPs that are 

expressed in the cerebellum, including KCNIP4, are expressed at a higher level in the 

rostral lobe when compared to the caudal vermis [322]. Our immunohistochemical 

findings showed the expression of KCNIP4 protein was lowest in the caudoventral vermis 

of cases when compared to the rostral lobe, and this is also the region where the previous 

histopathological findings showed the least expression of Purkinje cell differentiation 

marker proteins (calbindin and ITPR-1) [315]. 

A potential limitation of the present study is the small number of affected dogs included 

in the research; increasing the risk of a false positive finding. This is a result of the 

numerically small size of the Buhund breed, and the limited availability of samples from 

affected dogs. However, the availability of obligate carriers and other individuals from the 

extended pedigree moderates this as a limitation. Genotyping large numbers of 

unaffected breed matched controls, and multiple representatives of many different 

breeds, also minimised the effect of this limitation. We were also unable to breed-match 

when performing RT-qPCR, western blot and immunohistochemistry due to the lack of 

availability of relevant tissue, but this limitation was minimised by the use of control 

samples from dogs of 3-6 diverse breeds. Only a single control gene (TATA box binding 

protein (TBP)) was used for RT-qPCR normalisation, the use of multiple control genes 

would be more robust. The antibody used for western blot and immunohistochemistry 

was not validated in-house; testing it using a recombinant protein would confirm that it 

performs as expected. A potential limitation of the WGS analysis pipeline used here is 

that it would not have detected structural variants or insertions and deletions larger than 

approximately 75 bp. Given that we identified a compelling candidate causal variant in 
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our current pipeline, we did not further investigate larger structural or non-coding 

variants. However, both would require the use of gene candidacy to generate a realistic 

number of variants for follow-up. Future refinement of structural variant callers will 

enable their incorporation into pipelines for efficient analysis of WGS, with necessary 

harmonisation amongst datasets. 

In summary, by whole genome sequencing two Norwegian Buhund siblings, and filtering 

against a bank of genomes of dogs of other breeds, we have identified a mutation 

associated with cerebellar ataxia in this breed. The mutation is in a gene, KCNIP4, not 

previously implicated in this disease in any species, and these findings could therefore 

inform research into inherited ataxia of unknown aetiology in humans. This research has 

led to the development of a DNA test for cerebellar ataxia in the Norwegian Buhund 

breed, allowing dog breeders to avoid producing affected dogs, reduce the allele 

frequency, and eventually eliminate the disease from the breed. 

3.8 Methods 

3.8.1 Ethics statement 

Samples were collected from privately owned pet dogs from the general population, and 

samples from the UK were in the form of buccal swabs or residual blood samples taken as 

part of a veterinary procedure. This study was approved by the Animal Health Trust ethics 

committee (AHT06-09). EDTA blood samples (3 ml) from 40 Norwegian Buhunds donated 

to research were collected under the permission of animal ethical committee of County 

Administrative Board of Southern Finland (ESAVI/343/04.10.07/2016) and all experiments 

were performed in accordance with relevant guidelines and regulations and with owners’ 

written consent. 

3.8.2 Sample collection and DNA extraction 

Samples from four Norwegian Buhunds diagnosed with cerebellar ataxia by veterinary 

neurologists at the Animal Health Trust Centre for Small Animal Studies, Newmarket, 

were included in this research. Buccal swabs and post mortem tissue samples (stored in 

RNAlater) were collected from two affected siblings diagnosed in 2008 (aged 12 weeks 

(0.2 years)). For the dogs diagnosed in 1998 and 2002 (aged 16 and 20 weeks, 
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respectively (0.3 and 0.4 years)) residual formalin-fixed paraffin-embedded (FFPE) tissue 

samples, collected for histopathology at the time of diagnosis, were used. Clinical 

descriptions and details of diagnosis have been described previously [315]. 

For validation of potential causal variants, samples from three sets of unaffected 

Norwegian Buhunds were utilised. The first set of DNA samples from 70 UK dogs were 

archived samples which had previously been collected for an unrelated study of inherited 

cataracts (unpublished) between 2008 and 2011, with the exception of one dog sampled 

in 2015 (“UK Set 1”). The dogs in this set were aged between 0.3 and 15.3 years (mean 

age 5.5 years) at sample collection, and none had been reported to have ataxia by their 

owners. Two sets of DNA samples were collected in 2017 from Norwegian Buhunds 

reported to have no signs of ataxia; one set from 36 dogs in the UK (“UK Set 2”) and 

another from 40 dogs living in Finland (“Finnish Buhund Set”). Dogs in “UK Set 2” were 

aged 0.9 to 8.8 years (mean age 4.2 years), and in the Finnish Buhund Set were aged 

between 0.6 and 9.5 years (mean age 3.2 years).  

DNA was extracted from buccal swabs using the QIAamp Midi Kit (Qiagen), or whole 

blood using a standard chloroform protocol (Cytiva Nucleon). DNA extraction from FFPE 

samples was carried out using Recoverall total nucleic acid isolation kit (Ambion). In the 

Finnish cohort, genomic DNA was extracted from the white blood cells using a semi-

automated Chemagen extraction robot (PerkinElmer Chemagen Technologie GmbH, 

Baeswieler, Germany) according to the manufacturer’s instructions. DNA concentrations 

were measured using Qubit fluorometer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) and Nanodrop ND-1000 UV/Vis Spectrophotometer (Nanodrop 

technologies, Wilmington, Delaware, USA) and samples were stored at –20 °C. 

3.8.3 RNA sequencing 

Genome-wide RNA sequence analysis was carried out, using extant data generated as 

described previously [315]. Visual inspection of gene transcripts was carried out using the 

Integrative Genomics Viewer (IGV) [337]. 
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3.8.4 Whole genome sequencing 

Whole genome sequencing, including library preparation, of the two affected Norwegian 

Buhund siblings was carried out by Edinburgh Genomics laboratories, University of 

Edinburgh, using Illumina 150 bp paired-end sequencing (approximately 40X coverage). 

The library preparation method used was TruSeq DNA Nano (Illumina). Sequence reads 

were aligned to the canine reference genome CanFam3.1 using the Burrows-Wheeler 

Aligner (BWA-MEM), and SNP and in-del variants were called using the Genome Analysis 

Toolkit (GATK) Haplotypecaller (v3.6) using GATK best practices [338, 339]. Consequence 

predictions were designated for each variant using the Variant Effect Predictor (Ensembl), 

and variant calls for genomes of 44 unrelated dogs of 29 other breeds, were used to filter 

variants [340] (Appendix ii.i). The initial 44 control genomes, and the additional 140 that 

later became available for assessment of candidate variants, had been accrued over time 

for other research and as a resource.  

3.8.5 Genotyping 

The initial genotyping for candidate variants identified as potentially causal was 

performed using Sanger sequencing for eight SNPs, and fragment length analysis for a 

deletion, on an ABI 3130XL Genetic Analyzer. Primer sequences are available in Appendix 

ii.x. Hotstartaq plus (Qiagen) was used for the initial PCR prior to sequencing, using the 

following cycling conditions: 95°C for 5 minutes, followed by 35 cycles of 30 seconds each 

at 95°C and 57°C, and 72°C. Sanger sequencing used Bigdye terminator v3.1 ready 

reaction mix (Applied Biosystems), using standard cycling conditions: 96°C for 30 seconds, 

followed by 44 cycles of 4 seconds at 92°C, 4 seconds at 55°C and 1 minute 30 seconds at 

60°C. Fragment length analysis was carried out using a three primer system, utilising a 

forward primer designed with a “tail” at the 5’ end and a fluorescently labelled (FAM) 

primer complementary to the “tail” on the forward primer [341]. Hotstartaq plus (Qiagen) 

was used for PCR, and cycling conditions were as follows: 94°C for 4 minutes, followed by 

30 cycles of 30 seconds each at 94°C and 57°C, and 1 minute at 72°C. This was followed by 

eight cycles of 30 seconds each at 94°C and 50°C, and 1 minute at 72°C. The cycling was 

concluded with a 30 minute extension step at 72°C. 
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Further genotyping for the KCNIP4 variant utilised an allelic discrimination method, using 

an ABI StepOne real-time thermal cycler. The assay primer and probe sequences are in 

Appendix ii.xi.  The Kapa probe fast master mix (Kapa Biosystems) was used for 

genotyping all dogs, except those for which samples were collected as FFPE tissue. To 

optimise genotyping of the latter by limiting the levels of PCR inhibitors, DNA isolated 

from FFPE samples was further purified by ethanol precipitation before genotyping. FFPE 

derived DNA samples were genotyped using the Taqpath Proamp master mix (Applied 

Biosystems). For allelic discrimination assays using KAPA Probe Fast and DNA from buccal 

swabs or blood samples, a fast ramping speed was used and the following cycling 

conditions were used: 30 seconds Pre-PCR read at 25°C, 95°C holding stage for 3 minutes, 

40 cycles of 95°C for 3 seconds and 60°C for 10 seconds, followed by a 30 second post-

PCR read step at 25°C. Allelic discrimination assays using Taqpath Proamp used the 

standard ramping speed and the following cycling conditions: 60°C for 30 seconds pre-

PCR read, 5 minute 95°C holding stage, 40 cycles of 15 seconds at 95°C and 1 minute at 

60°C, and 60°C for 30 seconds post-PCR read step. 

3.8.6 RT-qPCR 

RNA was extracted from cerebellum samples collected post-mortem from the two 

affected Norwegian Buhund siblings and five other dogs unaffected by ataxia of different 

breeds (Labrador Retriever cross-breed, Siberian Husky cross-breed, Beagle, Golden 

Retriever, and a Great Dane) Elimination of genomic DNA and reverse transcription was 

carried out using the Quantitect cDNA synthesis kit (Qiagen). Assay primers and probe 

were designed for qPCR (using the PrimeTime qPCR Assay Design Tool, IDT) with the 

fluorescently labelled probe overlapping the boundaries of exons present in all alternative 

KCNIP4 transcripts (Forward: GCCCAGAGCAAATTTACCAAG, probe: 

AAGAATGAGTGTCCCAGCGGTGT, reverse: CGGAAAGAACTGCGAGTAAATC). The qPCR was 

carried out using Luna Universal qPCR Master Mix (NEB) and an ABI StepOnePlus real-

time PCR system, and comparative CT analysis used for relative quantification compared 

to an assay for the ubiquitously expressed TBP gene [342]. Reaction efficiency was 

calculated by performing a seven point, doubling dilution, standard curve. The reaction 

efficiencies of both the KCNIP4 and TBP assays were 99.2%. 
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3.8.7 PCR and Sanger sequencing of transcripts 

PCR primers were designed to be specific to each transcript, with a unique forward 

primer designed to overlap the boundary of the first and second exon and a reverse 

primer in the final exon which all transcripts share: GCATGGAGCGCATTATGTTT (Appendix 

ii.xii). Hotstartaq plus (Qiagen) was used for PCR of the cDNA produced by reverse 

transcription for the two Buhunds and five control dogs (see above), and cycling 

conditions were as follows: 95°C for 5 minutes, followed by 35 cycles of 30 seconds each 

at 95°C and 57°C, and 72°C. This was followed by final step at 72°C for 5 minutes. Agarose 

gel electrophoresis (1.5% agarose, 100v for one hour) was carried out using 3 µL of each 

product and images were taken. Sanger sequencing was carried out on the products for 

the two Norwegian Buhunds and Golden Retriever, as described above in section 3.8.5. 

3.8.8 Western blot 

Cerebellum tissue from the two cerebellar ataxia-affected Norwegian Buhund siblings and 

six control dogs were homogenised in radioimmunoprecipitation assay (RIPA) buffer (Cell 

Signalling Technology). The six control dogs included three dogs affected by cerebellar 

ataxia, but clear of the KCNIP4 mutation and of breeds for which the putative causal 

mutation is known (one of each of Parson Russell Terrier, Beagle, and Hungarian Vizsla). 

The Parson Russell Terrier was diagnosed with late-onset spinocerebellar ataxia, and both 

the Beagle and Hungarian Vizsla with CCD, and all three were homozygous for the 

applicable variant for their form of ataxia [62, 63, 65]. The remaining three control dogs 

were unaffected by ataxia and clear of the mutation: one of each of Golder Retriever, 

Siberian Husky cross breed, Labrador Retriever cross-breed. Total protein lysate (15 µl, 

180 - 255 µg) was diluted in Laemmli sample buffer (BIO-RAD) and separated by SDS-

polyacrylamide gel electrophoresis using a 4 - 20% Mini-PROTEAN TGX Stain-Free precast 

gel (BIO-RAD). Wet transfer was used to transfer proteins onto a nitrocellulose membrane 

(0.45 µm). Immunoblotting was carried out using a rabbit monoclonal primary antibody 

targeting KCNIP4 (abcam, ab203831). The immunogen for the primary antibody used was 

a recombinant protein covering all of KCNIP4 (KCNIP4-1a, ENST00000382152.7), from the 

first amino acid to the C-terminus. Protein band detection utilised the WesternBreeze 

anti-rabbit chromogenic kit (Invitrogen) which uses a goat anti-rabbit antibody and 
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conjugated alkaline phosphatase for detection. Ponceau S stain was used as a total 

protein loading control. 

3.8.9 Immunohistochemistry 

Tissue expression of KCNIP4 was evaluated immunohistochemically in transverse and 

sagittal sections of cerebella of one affected Buhund sibling and three neurologically 

healthy control dogs (Labrador Retriever, Australian Shepherd, Jack Russell Terrier). The 

staining employed the same antibody as used for western blot (as described above), 

polymer technology and a diaminobenzidine tetrahydrochloride detection kit. Slides were 

counterstained with haematoxylin and routinely coverslipped using xylene-based 

mounting medium. 

3.8.10 In silico protein analysis 

In silico protein analysis was carried out using a 3D model (PDB ID 3DD4) obtained from 

the PDB-REDO Databank (pdb-redo.eu). The model had been refined and rebuilt from the 

original PDB model which had been determined through X-ray diffraction [333]. The 

model was visualised using UCSF Chimera software [343], and the two missing loops were 

modelled using Modeller [344]. Heteroatoms were removed from the PDB file, and a 

model of the protein containing the variant was created using Chimera’s Rotamers tool, 

choosing the arginine rotamer with the highest probability in the Dunbrack library [345]. 

Clashes and contacts were predicted using Chimera’s “Find Clashes/Contacts” tool which 

uses van der Waals radii to find interatomic clashes and contacts. The software’s default 

clash and contact criteria were used.  Clashes: van der Waals overlap >=0.6 angstroms, 

subtracting 0.4 for H-bonding pairs. Contacts: van der Waals overlap >=-0.4 angstroms. 
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4.3 Summary 

Genotype imputation using a reference panel that combines high-density array data and 

publicly available whole genome sequence consortium variant data is potentially a cost-

effective method to increase the density of extant lower-density array datasets. In this 

study three datasets (two Border Collie; one Italian Spinone) generated using a legacy 
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array (Illumina CanineHD, 173,662 SNPs) were utilised to assess the feasibility and 

accuracy of this approach and to gather additional evidence for the efficacy of canine 

genotype imputation. The cosmopolitan reference panels used to impute genotypes 

comprised dogs of 158 breeds, mixed breed dogs, wolves, and Chinese indigenous dogs as 

well as breed-specific individuals genotyped using the Axiom Canine HD array. The two 

Border Collie reference panels comprised 808 individuals including 79 Border Collies and 

426,326 or 426,332 SNPs; and the Italian Spinone reference panel comprised 807 

individuals including 38 Italian Spinoni and 476,313 SNPs. A high accuracy for imputation 

was observed, with the lowest accuracy observed for one of the Border Collie datasets 

(mean R2 = 0.94) and the highest for the Italian Spinone dataset (mean R2 = 0.97). This 

study’s findings demonstrate that imputation of a legacy array study set using a reference 

panel comprising both breed-specific array data and multi-breed variant data derived 

from whole genomes is effective and accurate.  The process of canine genotype 

imputation, using the valuable growing resource of publicly available canine genome 

variant datasets alongside breed-specific data, is described in detail to facilitate and 

encourage use of this technique in canine genetics. 

4.4 Introduction 

Genotype imputation is a computational method that predicts missing genotypes in a 

dataset of genotyped individuals, using a reference panel of individuals genotyped at a 

higher density [71, 72]. Imputation can enable meta-analyses of data generated using 

different arrays that include differing sets of SNP markers, and can increase the resolution 

of GWAS datasets by increasing SNP density and allowing inclusion of SNPs not genotyped 

on that array [346]. Genotype imputation is a well-established tool in human genetics, 

facilitated by the availability of large datasets of human genetic variation, such as the 

HapMap [347]; 1,000 Genomes Project [348]; and Haplotype Reference Consortium [349], 

that can be used as reference panels for imputation of GWAS array data [73]. The 

reference panels used can include a mixture of both population-specific panels and more 

divergent and cosmopolitan panels. An inclusive approach, using a reference panel with a 

composite of individuals closely related to the study population and individuals from 

other populations, can improve imputation accuracy [73]. 
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Genotype imputation has also been established in other mammalian species, such as 

horse [350-353], cattle [354-356], pig [357, 358], and sheep [359, 360]. The feasibility of 

using genotype imputation in the domestic dog has also been demonstrated; examples 

include imputation from a theoretical very low-density array up to the commonly used 

Illumina CanineHD BeadChip array [77], and imputation from an array up to whole 

genome level (resulting in 4.9 million to 24 million variants) [76, 78]. Furthermore, 

genotype imputation has been shown to facilitate the identification of potentially novel 

loci for complex traits in dogs and the refining of intervals for known associated loci [78]. 

It has been demonstrated that to impute genotypes accurately in the dog a number of 

reference panel individuals specific to the breed of the dogs in the study set are required 

in combination with individuals of multiple other breeds [76]. Genome sequence 

consortia could be invaluable resources for this approach, particularly for the generation 

of a multi-breed reference panel [67, 69]. Such consortia have produced large variant 

datasets that are, or will become, publicly available. However, genome consortia datasets 

may include relatively few dogs of each breed, and many of the less common breeds may 

not be represented at all. Despite the decreasing cost of whole genome sequencing, 

generating a breed-specific component of a whole genome reference panel may be 

unfeasible for smaller studies. In recent years, however, a new higher density genotyping 

array for the canine genome has become available: the Axiom Canine HD array, which 

genotypes over 710,000 markers. Genotyping a set of breed-specific individuals using this 

array for use in a reference panel for imputation is comparatively cost-effective. Before 

the development of the Axiom Canine HD array, the 173,662 SNP Illumina CanineHD array 

had been used extensively for research since 2011 [3], meaning long running and ongoing 

studies often have extant datasets generated using this array. Applying genotype 

imputation to bring existing datasets up to marker densities comparable with the newer 

Axiom array could be an attractive way to utilise the wealth of data already available and 

increase the resolution and concomitant power of datasets. 

There is still a need to build evidence for the optimum size of the breed-specific 

component of canine reference panels, and to examine how this may vary by breed. To 

date there is also a scarcity of literature outlining in detail the process of imputation in 

the dog, and to the authors’ knowledge no publications describing in detail the 
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imputation of canine genotypes from the commonly used high density Illumina array up 

to the newer and increasingly utilised higher density Axiom array. This knowledge would 

be highly valuable to many researchers without the resources to generate large WGS 

datasets, with current WGS consortia containing only limited numbers of individuals of 

most breeds. This study intended to address these points and to provide further evidence 

towards a best practice method for accurate imputation in the dog. 

The aim of the present study was to validate the use of genome-wide genotype 

imputation to impute extant Illumina CanineHD datasets up to the genotype density 

possible through the Axiom Canine HD array. Three Illumina datasets of two different 

breeds (two Border Collie and one Italian Spinone dataset) were imputed, assessing the 

effect of breed and reference panel size on imputation accuracy. 

4.5 Materials and methods 

The steps involved in preparing datasets for imputation, and the datasets used, which are 

described in detail below, are summarised in Figure 4.1. For this study, each reference 

panel was assembled using data from three datasets: a breed-specific dataset (either 

Border Collie or Italian Spinone) genotyped using the Axiom Canine HD array; and two 

sets of array marker data extracted from WGS datasets (one in-house WGS dataset 

including 186 dogs of multiple breeds, and a consortium (Dog Biomedical Variant 

Database Consortium, DBVDC) WGS dataset comprising 577 dogs of multiple breeds; 28 

Chinese indigenous dogs, and eight wolves). These reference panels were used to impute 

Axiom genotypes in three study sets that had been genotyped using the Illumina 

CanineHD array (‘Border Collie Set 1’, ‘Border Collie Set 2’, and ‘Italian Spinone’) (Figure 

4.1). 



136 
 

 

Figure 4.1. Flowchart to illustrate dataset processing for imputation study sets and reference panels.
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4.5.1 Array-genotyped datasets for breed-specific reference panels 

The Axiom Canine HD array genotype datasets, one each for the Italian Spinone and 

Border Collie breeds, were processed for quality control using the Axiom Analysis Suite 

and the Best Practices Workflow. Genotype data were available for 47 dogs (579,158 

SNPs) in the Border Collie dataset, and 45 dogs (593,264 SNPs) in the Italian Spinone 

dataset (Figure 4.1). 

4.5.2 WGS for the multi-breed reference panel 

As stated above, two sets of WGS were used to make up the multi-breed component of 

the reference panel (Figure 4.1). The first set consisted of 186 in-house WGS of dogs, 

representing 93 breeds and five mixed breed dogs, accrued over time for other research 

and as a resource (average coverage >30X, lowest coverage 11X) (Appendix iii.ii). The 

second set was an international consortium (DBVDC) dataset that included sequence 

variant data for an additional 577 dogs (117 breeds, in addition to mixed breed dogs), 

eight wolves, and 28 Chinese indigenous dogs [67]. The genomes included in the DBVDC 

had an average of approximately 24X coverage, and a minimum of 10X coverage. 

The Axiom Canine HD array SNPs were extracted from the two sets of WGS variant data 

using VCFtools (v0.1.15) [361] to allow the data to eventually be merged with the breed-

specific Axiom array genotype data. A minimum quality score (minQ) was set to 20 to 

exclude genotypes with quality scores (Phred) below this threshold, and only biallelic loci 

were extracted. The output files produced by VCFtools were in PLINK ped and map format 

[55]. 

4.5.3 Aligning variant datasets from the Axiom array and WGS 

Genotype data from both WGS datasets (in-house WGS dataset and DBVDC WGS 

dataset), and each Axiom dataset, were filtered using PLINK (v1.07) to exclude individuals 

genotyped for <90% of the SNPs, and to exclude SNPs that were called in <97% of 

individuals. Axiom datasets were also filtered to exclude SNPs with a Hardy-Weinberg 

equilibrium P-value <5x10-5 (Figure 4.1). None of the datasets were filtered by MAF at this 

stage to retain as many SNPs as possible prior to merging. 
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The statistical software package Stata (Stata 15. College Station, TX, USA) was used to 

identify genotypes with strands that did not match between the datasets, and SNPs or 

variants which were insertions, deletions, or not biallelic across the datasets. Although 

only strand-flipped SNPs that were not between complementary bases (i.e. T/C, A/G) 

could be identified using this method, the small number that were found (Border Collie: 

n=78; Italian Spinone: n=91) indicated that the number of missed flipped SNPs is likely to 

be negligible. The identified insertions, deletions, and SNPs which were not biallelic were 

excluded, and the strands of the strand-flipped SNPs were aligned using PLINK (v1.07). 

4.5.4 Merging the datasets to make a reference panel 

For each of the two breeds, a combined reference panel was created using the Axiom 

array marker variants extracted from the two sets of WGS and the appropriate breed-

specific Axiom canine HD array genotype dataset. To facilitate this, these three datasets 

were processed to keep only unique SNPs (i.e. removing SNPs within the same dataset 

that had different array IDs, but the same genomic position) that were present in all three 

(Figure 4.1). 

4.5.5 Study sets 

Two Border Collie GWAS sets (‘Border Collie Set 1’ included 162 dogs, ‘Border Collie Set 2’ 

comprised of 93 dogs) and one Italian Spinone set (58 dogs), all previously genotyped 

using the Illumina CanineHD array, were used in this research (Figure 4.1). The Border 

Collie Illumina GWAS sets were genotyped at different times and therefore retained as 

separate study sets to preserve data quality and account for any between-run variability, 

as good practice for downstream use of the data in GWAS meta-analysis [362]. Datasets 

were filtered to remove individuals with genotype call rates <95%, SNP call rates <97%, 

MAF <1%, and Hardy-Weinberg equilibrium P <5x10-5. A more stringent individual 

genotype call rate was used, in comparison to the initial filtering of the reference panel 

datasets, for consistency across chromosomes, to prevent individuals from later being 

removed by the filtering carried out for each chromosome prior to haplotype phasing. 

Only SNPs present in the corresponding reference panel were retained (Figure 4.1). 
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4.5.6 Dogs for analysing genotype concordance and imputation accuracy 

The two Border Collie Illumina study sets contained dogs (33 in Set 1, 14 in Set 2) that 

were re-genotyped on the Axiom array (47 total) and which would therefore be part of 

the reference panel. All except eight of these re-genotyped dogs (selected at random to 

be kept in for use in calculating imputation accuracy and genotype concordance) were 

removed from each study set (Figure 4.1). The two different sets of eight dogs for 

concordance calculations, one set for each Border Collie study set, were independently 

removed from the Border Collie reference panel. Each set of eight dogs was therefore 

present in one of the two original Illumina datasets, but there were no overlaps between 

each study set and its respective reference panel. This resulted in a different reference 

panel for each of the two Border Collie Illumina datasets (Figure 4.1). For the Italian 

Spinone there were no individuals that were present in both Illumina and Axiom datasets 

to use for assessing imputed genotype concordance. Instead, eight dogs genotyped using 

the Axiom array were selected at random to be excluded from the reference panel, 

filtered to leave only the SNPs present in the Illumina study set, and merged with this 

dataset (Figure 4.1). 

4.5.7 Summary of the final reference panels 

The pooled reference panels were filtered for SNP MAF <1%, SNP call rate <97%, and 

individual call rate (95%). 

The final Border Collie reference panels were each comprised of 808 dogs: 39 Axiom-

genotyped Border Collies, 184 in-house WGS (5 Border Collies), and 585 DBVDC WGS (35 

Border Collies) (Figure 4.1). The Italian Spinone reference panel included 807 dogs: 37 

Axiom-genotyped Italian Spinoni, 185 in-house WGS (1 Italian Spinone), and 585 DBVDC 

WGS (no Italian Spinoni). Each reference panel included dogs of 158 breeds, 12 mixed 

breed dogs, six wolves, and 28 Chinese indigenous dogs.  

To investigate the relationship between the number of breed-specific reference 

individuals and accuracy, two additional reference panels were produced for Border Collie 

Set 1, one without the 35 DBVDC Border Collies (‘44 Border Collie Reference Panel’) and a 

second with half of the in-house WGS and genotyped Border Collies removed at random 
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(’22 Border Collie Reference Panel’). The dogs were removed from the reference panel 

before filtering SNPs again as above. 

4.5.8 Multidimensional scaling (MDS) plot of Set 1 Border Collies 

To assess for the presence of any population stratification between the Axiom genotyped, 

in-house WGS, and DBVDC Border Collies; and the Illumina genotyped Border Collies; an 

MDS plot of Border Collies included in the Border Collie Set 1 reference panel and study 

set was generated using PLINK (v1.90). The data for only the Border Collies was extracted 

from the Border Collie Set 1 reference panel and filtered to keep only the 100,535 SNPs 

also present in the Border Collie Set 1 study set. The resulting dataset was merged with 

the study set. The MDS plot included 39 Axiom-genotyped Border Collies, five in-house 

WGS Border Collies, 35 DBVDC WGS Border Collies, and 130 Border Collie Set 1 study set 

dogs. 

4.5.9 Aligning study set variant datasets with reference panel variant datasets 

The strands of the Illumina study set genotype data needed to be aligned with that of the 

reference panel before imputation could be carried out (Figure 4.1). A considerable 

number of discrepancies were identified when comparing the Illumina strand annotations 

to those of the Axiom/WGS data. This could have been due to the Illumina CanineHD 

BeadChip probes being originally designed using the previous canine reference genome 

build BROADD2 whereas the Axiom Canine HD array and WGS were CanFam3.1. To 

identify all of the SNPs that needed to be strand flipped, flanking DNA information 

provided in the annotation documents for each of the two genotyping arrays was used. 

Ten bases of the upstream and downstream sequence for each of the SNPs were 

extracted from the annotation file and were compared between arrays. The strands of 

the study set SNPs that were not on the same strand between datasets were aligned 

(Figure 4.1). 

4.5.10 Haplotype phasing and imputation 

The reference panel and study sets were split by chromosome for haplotype phasing and 

imputation. Only the autosomes were used for imputation. Each individual in the 

reference panel and study set needed to pass a genotype rate threshold of 90% for each 
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chromosome. Three individuals (originally part of the DBVDC WGS set) were excluded for 

the chromosome 9 (CFA 9) reference panel because they failed to pass this threshold. 

The Border Collie Set 1 reference panel included 426,326 SNPs; and the Border Collie Set 

2 reference panel included 426,332 SNPs. The Italian Spinone reference panel contained 

476,313 SNPs. In the reduced Border Collie Set 1 reference panels, the number of SNPs 

were: 44 Border Collie Reference Panel, 426,235 SNPs; 22 Border Collie Reference Panel, 

426,154 SNPs. 

Haplotype phasing of reference panels and study sets was carried out using SHAPEIT (v2, 

r904) [363]. Genotype imputation was carried out using IMPUTE2 (IMPUTE v2.3.2) [72, 

73]. A publicly available canine genetic map was used for haplotype phasing and 

imputation [38]. A window size of 2 Mb was used for haplotype phasing, and the effective 

population size was set at 200 for both phasing and imputation [76]. 

4.5.11 Analysis of imputed genotypes 

To assess accuracy of imputed genotypes, the predicted allele ‘dosage’ produced by 

imputation was compared to the ‘known’ genotypes in the array data for eight different 

dogs from each study set. After exclusion of the observed Illumina array genotypes, the 

squared Pearson correlation coefficient (R2) was calculated for each individual to give an 

indication of accuracy for each chromosome. Genotype concordance (%) was also 

calculated after converting the allele dosages provided by IMPUTE2 to binary genotypes 

using PLINK (v1.90) (calls with uncertainty >0.1 were called as missing). 

IMPUTE2 produces a metric, called Info, for each SNP that describes the reliability of the 

imputed genotypes. An Info score is a value typically between 0 and 1, with scores closer 

to 1 indicating greater certainty. The Info scores were split into 10 groups to allow 

visualisation of the data and comparison with previous studies, and the concordance of 

the SNPs with known heterozygous or homozygous genotypes in the eight dogs were 

analysed. 
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4.6 Results and discussion 

4.6.1 Imputation accuracy and concordance, and comparison with previous studies 

After filtering the SNPs as would typically be carried out for a GWAS (Hardy-Weinberg 

P<5x10-5, call rate <97%, MAF <5%) the number available for analysis was on average 

(mean) three times higher than that of the study set (Table 4.1). This increase in SNP 

number and therefore density would be expected to reduce the gaps between genotyped 

SNPs, increasing the likelihood of a SNP tagging a risk-conferring variant in a GWAS 

(dependent on local LD structure). This also allows meta-analysis with data genotyped on 

the higher density Axiom array, without sacrificing a large proportion of the available 

data. However, the number of imputed SNPs is limited by the number within the 

reference panel, which is dependent on the allele frequencies within the breed. This can 

be seen clearly when comparing the relative sizes of the Border Collie and Italian Spinone 

reference panels and the number of SNPs in the resulting imputed datasets (Table 4.1). 

Table 4.1. SNPs in each dataset before and after imputation. 

Dataset Study Set 

Dogs (n) 

Study Set 

SNPs (n) 

Total SNPs After 

Imputation (n) 

SNPs Passing Quality 

Control* (n) 

Border Collie Set 1 130 100,535 426,326 310,617 

Border Collie Set 2 86 105,443 426,332 310,300 

Italian Spinone Set 66 104,432 476,313 341,854 

* Hardy-Weinberg P>5x10-5, call rate >97%, MAF >5% 

Across the three imputed datasets, genotype dosages produced were highly correlated 

(>0.94) with the known genotypes provided by the array (Table 4.2). After conversion of 

the predicted dosages to binary genotype format, the percentage of genotypes 

concordant between the imputed data and array data was high (≥96.9%), demonstrating 

that genotype imputation was very accurate for all three datasets (Table 4.2). The 

concordances observed for the three sets imputed in this study are higher than that 

observed in a previous study also using IMPUTE2 but a smaller multi-breed reference 

panel to impute genotypes in Standard Poodles up to whole genome level (94.1%), and 

comparable to the same study’s results for the Boxer when using different software for 

imputation (Beagle 4.0, [364])(97.8%) [76]. This previous study used a reference panel 
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with a multi-breed component of 63 dogs representing 14 different breeds, and 19 breed-

specific dogs (Standard Poodles or Boxers depending on the study set). When the breed-

specific dogs were excluded from the study’s reference panel, or only dogs of other 

breeds were included, accuracy dropped. The present study utilised reference panels of 

over 800 dogs from 158 breeds (including breed-specific dogs), and accuracy was high for 

both Border Collies and Italian Spinoni. The inclusion of individuals in reference panels 

from other populations not matched to the study set (in addition to population-matched 

individuals) has also been shown to be effective for achieving optimum accuracy in the 

imputation of genotypes in human studies, by improving imputation of alleles less 

common in the study population which may be poorly represented in population-

matched individuals [73]. 
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Table 4.2. Imputation accuracy across the three study datasets. 

Dataset Mean R2 Genotype 

Concordance (%) 

Worst Chr 

(Mean R2) 

Best Chr 

(Mean R2) 

Individual 

Lowest R2* 

Individual 

Highest R2* 

Border Collie Set 1 0.94 96.9 CFA 6 (0.92) CFA 5 (0.96) 0.89 0.98 

Border Collie Set 2 0.96 97.7 CFA 21 (0.94) CFA 23 (0.97) 0.93 0.97 

Italian Spinone Set 0.97 98.2 CFA 36 (0.95) CFA 7 (0.98) 0.94 0.99 

*Lowest or highest R2 observed in an individual dog 
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The concordance for the three sets in the present study was also higher than the highest 

concordance observed (92.7%) in another study that imputed genotypes of multiple dog 

breeds up to whole genome level using a multibreed reference panel of 365 WGS that 

included minimal (between 10 and 16) breed-specific dogs [78]. This highlights again the 

importance of breed-specific individuals in reference panels for canine genotype 

imputation accuracy. Including population-matched individuals has been demonstrated to 

be important for the accuracy of imputation of genotypes in human studies. Similarly, 

increasing the number of breed-matched individuals in reference panels can improve 

imputation accuracy in cattle [355]. 

Both of the two aforementioned canine studies [76, 78] imputed from the Illumina 

CanineHD array or a comparable array up to whole genome level, whereas the present 

study imputed up to the Axiom array, a comparatively lower proportion of SNPs. It is 

possible that imputing a greater proportion of SNPs increases error rate. However, 

previous work has suggested that it is the density of the known SNPs (the number of 

existing genotypes) in the study set that has the greatest impact on accuracy, not the 

number of missing SNPs that need to be imputed to bring the study set up to the size of 

the reference panel [77, 365]. It could be that studies imputing to whole genome level 

impute a greater proportion of SNPs with low MAF. Alleles with the lowest frequencies 

are well established as having a reduced accuracy when imputed, particularly for 

heterozygous loci [73, 77, 78]. 

4.6.2 Variation in imputation accuracy across chromosomes and study individuals 

Accuracy was moderately consistent across autosomes, although some variation was 

observed (Table 4.2, Figure 4.2). There was no correlation between chromosome size and 

imputation accuracy in this or a previous study [76]. However, a correlation between 

accuracy and chromosome size was seen in the other study that imputed up to genome 

level [78]. Imputation accuracy was also variable across individuals (Table 4.2, Figure 4.3). 

Border Collie Set 1 showed the biggest difference in mean R2 values between the 

individuals (and, to a lesser extent, chromosomes) with the highest and lowest accuracies. 
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Figure 4.2. Accuracy of imputation for each chromosome in Italian Spinone and Border Collie datasets. The graph shows the R2 of imputed calls and known 

genotypes. Boxes are 25th to 75th percentiles, with lines for the median. Whiskers indicate upper and lower adjacent values; outliers are shown using dots. 

Truncated y-axis starts at 0.7. 
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Figure 4.3. Accuracy of imputation for each concordance-tested individual (n = 8 for each set) in Italian Spinone and Border Collie datasets. The graph shows 

the R2 of imputed calls and known genotypes. Boxes are 25th to 75th percentiles, with lines for the median. Whiskers indicate upper and lower adjacent 

values; outliers are shown using dots. Truncated y-axis starts at 0.7.
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4.6.3 Study-specific differences and the effect of reducing the number of breed-

specific reference panel individuals on imputation accuracy 

Border Collie Set 1 had the lowest imputation accuracy, and the highest accuracy was 

observed for the Italian Spinone dataset (Table 4.2, Figure 4.2), despite the Italian 

Spinone reference panel including only 38 breed-specific dogs, whereas the Border Collie 

reference panels contained more than double the number (79 Border Collies). This 

indicates that the relationship between accuracy and the size of the breed-specific 

component of the reference panel reaches a plateau, and that other factors also have a 

role. To test this hypothesis, Border Collie Set 1 was imputed using two other reference 

panels: one without any of the DBVDC Border Collies (’44 Border Collie Reference Panel’), 

and one with half of the remaining Border Collies (’22 Border Collie Reference 

Panel’)(Figure 4.4). The 44 Border Collie Reference Panel did not materially reduce 

imputation accuracy (R2 = 0.94) (Figure 4.4). Using the 22 Border Collie Reference Panel 

had a greater effect, bringing the accuracy down to R2 = 0.92 (Figure 4.4). This suggests 

that above 44 breed-specific dogs in the reference panel, imputation accuracy plateaued 

for the Border Collie, and that other factors caused this dataset to be imputed at a lower 

accuracy than the Italian Spinone set. The multi-breed reference panel used in this study 

included more dogs from more breeds than those described for previous studies [76, 78], 

therefore it is possible that the large number and diversity of haplotypes present limited 

the effect of reducing the number of breed-specific dogs on accuracy. Since differences 

between the levels of inbreeding and LD in the Border Collie and Italian Spinone breeds 

could also be contributing to some of the variation in accuracy observed; future work 

could compare imputation accuracy across many different breeds when using the same 

sized reference panel. The reduced accuracy in Border Collie Set 1 when compared to 

Border Collie Set 2 suggests differences in the sample populations or potentially lower 

DNA quality and therefore reduced genotype reliability in Set 1. 
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Figure 4.4. Accuracy of imputation for each concordance tested dog from Border Collie Set 1 and each of three reference panels containing decreasing 

numbers of Border Collies. The graph shows the R2 of imputed calls and known genotypes. Boxes are 25th to 75th percentiles, with lines for the median. 

Whiskers indicate upper and lower adjacent values; outliers are shown using dots. Lines show mean R2 for each reference panel. Truncated y-axis starts at 

0.7.
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A study of imputation in sheep showed that including more closely related individuals in 

the reference panel can improve imputation accuracy [359] and previous research has 

indicated that including related individuals can also increase accuracy in the dog [77], 

although the effect seen was minimal. The Border Collie breed is numerically much larger 

than the Italian Spinone, and the dogs included in the reference panel are therefore likely 

to be less closely related to those in the study set. The DBVDC is an international 

consortium, and the consortium Border Collies could therefore be expected to originate 

from populations less closely related to the study set, which were predominantly UK 

dogs, compared to the dogs used for array genotyping or WGS in the UK, which were also 

predominantly UK dogs. This could also partially explain why removing these dogs had 

only minimal effect on accuracy. To examine this, an MDS plot of Set 1 Border Collies 

(reference panel and study set) was generated using SNP data common to all four 

datasets (Axiom-generated Border Collies; in-house and DBVDC WGS-derived Border 

Collies; Illumina-genotyped Border Collie Set 1) (Appendix iii.iii). This demonstrated that 

the reference panel captures the study-set individuals effectively, and in particular that 

the combination of the Axiom and WGS-derived reference panels appears to give the 

greatest coverage of individuals.  However, as the majority of the DBVDC individuals 

cluster with a close group (Appendix iii.iii), it may be that the limited number of 

haplotypes in this group means that removing the DBVDC Border Collies had a smaller 

effect than removing a further 22 dogs which may have been more distributed. Future 

research that examines imputation accuracy in breeds with known differences between 

geographical populations, such as the Retriever breeds [366, 367], would help to 

elucidate this. 

Differences in the approaches used to calculate accuracy between the two breeds could 

also explain some of the differences observed. The dogs used to calculate concordance in 

the Italian Spinone dataset had been genotyped on the Axiom array before being filtered 

to keep only Illumina array SNPs before imputation. This created an artificial low-density 

dataset. By contrast, the Border Collies used to calculate concordance had been 

genotyped on both arrays, and the Illumina dataset imputed. Differences between 

accuracy of arrays, and errors in genotype calls when retesting, introduced discrepancies 

between the Border Collie datasets, whereas the Italian Spinone concordance dogs had 
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identical genotypes between the reference panel and artificially created Illumina study 

set dogs. This means that accuracies are not directly comparable, although it does give an 

indication of the real differences. 

4.6.4 Imputation accuracy stratified by IMPUTE2’s imputation certainty (‘Info’) 

metric 

The accuracy of imputation across the range of the ‘Info’ statistic, split into 10 ‘Info 

groups’, was assessed. The concordance of homozygous SNPs was consistently high 

across the Info groups, but heterozygous genotypes had a low concordance in the lower 

Info groups (Figure 4.5), consistent with earlier canine research [76]. Most SNPs fell 

within either the very lowest Info group or the higher Info groups, which is also similar to 

previously published findings [76]. When the grouped Info scores were compared to the 

expected allele frequency provided by the IMPUTE2 software, a positive trend was 

observed (Appendix iii.iv), however, this was skewed by the lowest and highest Info score 

groups containing the majority of the SNPs with low frequency alleles (Appendix iii.v). 

The Info metric produced by IMPUTE2 can be used to filter the imputed SNPs to remove 

those for which there is a lower imputation certainty. The results from this study indicate 

that the optimum threshold to use for filtering by Info will vary depending on the breed of 

dog in the dataset imputed. A higher threshold might be necessary for the Border Collie, 

compared to the Italian Spinone, to ensure highest accuracy without excluding too many 

useful SNPs (Figure 4.5). However, the majority of the SNPs with lower imputation 

certainty will be filtered out of downstream GWAS analyses by MAF (Appendix iii.iv and 

Appendix iii.v). 
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Figure 4.5. A comparison of imputation accuracy and predicted certainty. Top: percent of concordant genotypes for SNPs with heterozygous or homozygous 

known genotypes grouped by IMPUTE2’s Info metric (imputation certainty). Bottom: percent of total imputed calls within each Info group. Data for eight 

dogs were included for each study. Total imputed SNPs: Border Collie Set 1 n = 325,791, Border Collie Set 2 n = 320,889, and Italian Spinone n = 371,881. 
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4.6.5 Conclusions 

This research has demonstrated and described in detail the successful use of imputation 

to bring the SNP density of the commonly used Illumina array closer to that of datasets 

generated using the newer higher-density, and increasingly used, Axiom array. This 

represents a cost-effective method to make the most use of extant data, without the 

need to re-genotype all individuals or generate large WGS datasets as would be necessary 

for imputation up to the density of WGS, which has been the predominant focus of 

previous literature in the canine field. The present study demonstrates that in-house and 

publicly available consortium WGS variant datasets can be used to produce multi-breed 

reference panels large and diverse enough to enable accurate genotype imputation of 

canine GWAS datasets. This work contributes to building best practice evidence for the 

optimum size of the breed-specific component of canine reference panels, demonstrating 

that increasing the number of breed-specific dogs improves accuracy, and providing some 

initial evidence for the upper threshold after which adding more dogs may have a limited 

effect.  Although the number of breed-specific dogs required may vary significantly 

between breeds, our analysis of the Border Collie has shown that effective imputation can 

be carried out in a genetically diverse and numerically large breed using a modest number 

of breed-specific dogs in the reference panel. As well as investigating imputation in 

additional breeds, including those with distinct geographically isolated populations, it will 

be important for future applications to examine regions of gene complexity, such as the 

major histocompatibility complex (MHC), where imputation accuracy may be highly 

variable across breeds. 
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5.3 Summary 

Paroxysmal dyskinesia is a neurological disorder in the Norwich Terrier dog breed, with 

unknown aetiology and a high prevalence, making it a disease of considerable concern for 

the breed. Previous research has suggested a possible genetic cause. Genome-wide 

association studies of modest size have had some success in identifying the probable 

genetic cause of autosomal recessive paroxysmal dyskinesias in other dog breeds. A 
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preliminary genome-wide association study of paroxysmal dyskinesia was conducted in 

the Norwich Terrier using 24 cases and 24 controls over the age of six years. Whilst this 

analysis did not yield any genomic regions reaching genome-wide statistical association, 

analysis of the genotypes of 44 SNPs with suggestive association (P-value < 1 x 10-3) in an 

independent dataset of 232 Norwich Terriers, of which 10 were cases and 45 controls, 

identified five genomic regions, and genes, for potential future investigation. 

5.4 Main text 

5.4.1 Background 

Paroxysmal dyskinesias (PxDs) are typified by recurring episodes of involuntary abnormal 

movement without loss of consciousness [101, 188]. PxD is phenotypically heterogeneous 

in dogs, but characteristics are often shared between breeds and with human PxD [187, 

188]. There are canine PxDs with known or suspected single gene genetic causes [189-

193]; PxDs considered likely to be inherited [120, 121]; and examples of PxDs influenced 

by diet or which are drug-induced [194-196]. A pedigree analysis in a previous study of 

PxD in Norwich Terriers showed clustering of cases and suggested an inherited 

component, although mode of inheritance could not be ascertained [120]. A PxD 

prevalence of 13% (95% confidence interval 9% - 18%) was estimated in these Norwich 

Terriers in the UK, although the questionnaire-based breed-wide study was likely to have 

a bias towards affected dogs. Typical PxD episodes in the Norwich Terrier are 

characterised by dystonia of the pelvic limbs, and often the thoracic limbs and trunk, 

causing difficulty walking and unusual posture [120]. Dogs are neurologically normal 

between episodes and diagnostic investigations are unremarkable. In about half of cases 

episodes are triggered by stress, anxiety, excitement, or changes to the dog’s normal daily 

routine [120], suggesting that the disease could be categorised as a paroxysmal 

nonkinesigenic dyskinesia (PNKD) [188]. Episode duration ranges from less than two 

minutes to 30 minutes, and the frequency of occurrence has a broad range, from twice a 

day to only twice a year [120]. Age of onset is also variable, ranging from 0.8 to 5.4 years 

(median age of onset is three years). Similar to canine epileptoid cramping syndrome 

(CECS) in Border Terriers [194, 195, 198], PxD in Norwich Terriers is not treated effectively 

with anticonvulsants and there are anecdotal reports that changing the dog’s diet can be 

beneficial in some cases [120]. 
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In the present study a preliminary genome-wide association study (GWAS) was 

undertaken, aiming to identify PxD-associated loci in Norwich Terriers and help to assess 

the probable mode of inheritance of the disorder. Subsequently, the SNPs with the 

strongest association with PxD were investigated for replication in an independent 

Norwich Terrier dataset generated for a separate study. 

5.4.2 Sample collection and DNA extraction 

The study design and sample collection protocols were approved by the Animal Health 

Trust Clinical Research Ethics Committee (Project No. 35-2017) and University of 

Cambridge Department of Veterinary Medicine Ethics and Welfare Committee (No. 

CR527), and samples were obtained following owner informed consent. The GWAS 

individuals were 24 Norwich Terrier PxD cases and 24 PxD-unaffected Norwich Terriers 

over the age of six years. All dogs included in the GWAS were living in the United Kingdom 

at the time of sample submission. All except two of the cases were identified through the 

previously described questionnaire-based breed-wide study [120]; the remaining two 

were diagnosed at the Animal Health Trust Neurology unit. The same veterinary 

neurology specialist (LDR) reviewed the case details of all affected Norwich Terriers. 

Controls were Norwich Terriers with no owner-reported episode suggestive of PxD or 

other episodic abnormality of muscle tone, posture and movement and were a minimum 

age of six years. The six years minimum age threshold for controls was based on the 

oldest age of onset for an affected Norwich Terrier observed in the previous breed-wide 

survey (5.4 years) [120]. Where possible, the controls were selected so that each PxD-

affected case was matched by at least one related (first, second, or third-degree relative) 

control. This was to overcome the marked population stratification observed in a GWAS 

conducted previously in our laboratory (unpublished data). Pedigree information was not 

available for two of the affected dogs. Samples were in the form of buccal swabs or 

residual blood samples drawn as part of a veterinary procedure. DNA isolation was 

carried out for swabs using a QIAamp DNA Blood Midi Kit (Qiagen) and a standard 

chloroform extraction protocol for blood samples. One sample (a case) with an 

insufficient DNA quantity was whole-genome amplified using the REPLI-g Single Cell kit 

(Qiagen). 
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5.4.3 GWAS 

Of the canine PxDs for which the probable underlying genetic cause is known [189-191, 

193], PxD in the Soft-Coated Wheaten Terrier is phenotypically most similar to that of the 

Norwich Terrier. Prior to commencing the GWAS, the putative causal variant 

(NC_006583.3:g.14705240C>T, PIGN:c.398C>T) was genotyped in Norwich Terriers 

affected by PxD, seizures, or similar clinical signs, including the 24 PxD cases to be 

included in the GWAS. The variant was not present in the sample set. 

Genotype data were generated for the 48 dogs using the Axiom Canine HD array (up to 

729,642 SNPs and other DNA variants). The dataset was filtered using PLINK (v1.90) [368]; 

filtering for individuals with a genotype call rate of under 90% did not exclude any dogs. 

Population-corrected association analysis (using a linear mixed model) was carried out on 

the autosomes using GEMMA [54], including only the 230,972 variants with call rate > 

97%, minor allele frequency > 0.05, and Hardy-Weinberg equilibrium P-value > 5 x 10-5. 

None of the variants passed the Bonferroni-corrected threshold for genome-wide 

significance (P ≤ 2 x 10-7) (Figure 5.1). As this was a small preliminary study that was likely 

to lack statistical power to detect associations for a non-single gene disease, to 

investigate if any of the strongest-associated variants represented genomic regions with a 

replicable association with PxD, a threshold of P ≤ 1 x 10-3 for suggestive association was 

implemented for selecting variants for further analysis (Figure 5.1). This identified 47 

SNPs across eight chromosomes. 
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Figure 5.1. Genome-wide association analysis of 24 PxD-affected Norwich Terrier dogs and 24 controls (230,972 SNPs). Plot of negative log (base 10) 

transformed P-values. X-axis is SNP location by chromosome (left to right, autosomes 1 to 38). Green (upper) line shows Bonferroni-corrected threshold for 

statistical significance (P ≤ 2 x 10-7). Orange (lower) line indicates the empirical threshold for suggestive association (P ≤ 1 x 10-3). Genotyped using the Axiom 

Canine HD array. 
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5.4.4 Replication in an independent dataset 

An independent Norwich Terrier SNP genotype dataset was used for an initial replication 

study. This publicly available dataset was generated for a GWAS of Norwich Terrier upper 

airway syndrome [369]. Sample and genotyping details are provided in the published 

manuscript [369]. The full dataset was initially treated as a population-based control 

sample of the Norwich Terrier breed but PxD case/control status was subsequently 

available for a subset of the dogs. Cases (n = 10) were defined in this set as dogs reported 

by the owner to have had multiple episodes; two of these were reported to have been 

diagnosed with PxD by a veterinary neurologist. Controls (n = 45) were dogs over the age 

of seven years not reported to have had an episode suggestive of PxD. 

The replication dataset was imputed, using SHAPEIT (v2, r904) [363] for haplotype 

phasing and IMPUTE2 (IMPUTE v2.3.2) [72, 73] for imputation, using a methodology 

described in detail previously [370] (see chapter 4). The aim of imputation was to bring 

the SNP density up to that of the discovery GWAS set and allow analysis of the most 

significantly associated GWAS SNPs that were not present in the lower density array data 

(Illumina CanineHD). One dog was removed after filtering for call rate, leaving 232 dogs 

for imputation and analysis. A reference panel of 421,742 SNPs and 855 individuals was 

used for imputation, comprising 807 dogs of approximately 159 breeds; 14 mixed breed 

dogs; 28 Chinese indigenous dogs; and six wolves. The reference panel, which was 

generated using array genotype data and array SNPs extracted from in-house and publicly 

available whole-genome sequence variant data [67, 370] (see chapter 4), included 51 

Norwich Terriers; 47 of which were part of the discovery GWAS. The mean estimated 

concordance across the chromosomes, calculated from the concordance statistic (for 

masked genotypes) provided by IMPUTE2, was 98.8%. 

Genotypes for the most significantly associated SNPs identified in the GWAS were 

extracted from the imputed replication dataset and the PxD GWAS dataset using PLINK; 

44 out of 47 SNPs were present in both datasets and therefore available for analysis. 

Three SNPs were not imputed; one SNP was not present in the whole-genome sequence 

variant data used to construct the reference panel, the other two were filtered due to 

missing data. The 44 included the most-highly associated SNP from each of the eight 

chromosomes. Imputed genotype calls with uncertainty greater than 0.1 were treated as 

missing. Chi-squared P-values were calculated for each SNP using Stata (Stata 15. College 
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Station, TX, USA), with and without the inclusion of the additional 10 cases and 45 

controls. Risk allele frequencies were also calculated for each SNP in the full population 

dataset of up to 232 dogs. After the addition of the 10 cases and 45 controls, the Chi-

squared P-values were lower for 24 of the 44 SNPs, including three of the eight GWAS 

SNPs that were the most significantly associated on chromosomes: 5, 14, and 21 (Table 

5.1 and Appendix iv.i). Although the association of the SNP on chromosome 14 was 

stronger after inclusion of the additional dogs, the risk allele frequencies were not 

directionally consistent in the additional cases and controls. The risk allele for the SNP on 

chromosome 21 was not present in any of the additional cases and controls and was 

extremely rare (0.007) in the 232 dogs of the entire population set. The most significantly 

associated SNP on chromosome 32 did not show an increased level of statistical 

association with the added dogs; however, an increased statistical significance was 

observed for two other SNPs on this chromosome. Although genotypes were missing for 

two of the additional cases and six additional controls for one of these, reanalysis of the 

genotype data including only dogs without missing genotype data confirmed the same 

observation (Appendix iv.ii). A second SNP on chromosome 37, which was not the top 

GWAS SNP, became the highest associated after analysis with the second set of dogs 

(Table 5.1 and Appendix iv.i). The SNPs which showed an increased association identified 

five potential genes of interest: SIK3, ELMO1, FCHSD2, TMEM150C, and SLC39A10.
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Table 5.1. GWAS data and replication analysis of SNPs with a GWAS P-value < 1 x 10-3 

   GWAS (GEMMA-adjusted) Unadjusted Replication 

SNP ID Genomic 
Pos. a 

Nearest 
known gene 

ca/co b 
(n) 

P-value Alleles 
(risk/non-

risk) 

Risk allele 
freq. 

(ca/co b) 

Odds ratio 
(95% CI) 

χ2 P-value 
(GWAS dogs) 

Pop. set 
risk allele 

freq. c 

χ2 P-value d Additional 
ca/co b (n) 

Risk allele 
freq. 
(ca/co b) e 

AX-167401878 5:16564735 SIK3 23/24 7.9 x 10-4 A/G 0.59/0.27 1.48 
(1.21 - 1.82) 

3.5 x 10-3 0.16 3.6 x 10-4 * 10/45 0.15/0.13 

AX-167923327 10:54532815 ASB3 24/24 4.2 x 10-4 A/C 0.23/0.04 1.74 
(1.31 - 2.31) 

3.5 x 10-3 0.23 0.21 10/45 0.50/0.30 

AX-167671433 12:22674130 GFRAL 24/23 9.4 x 10-4 A/G 0.35/0.15 1.64 
(1.25 - 2.15) 

5.6 x 10-3 0.21 0.14 10/41 0.25/0.24 

AX-167677441 14:48725029 ELMO1 23/24 8.9 x 10-4 T/C 0.67/0.44 1.49 
(1.17 - 1.89) 

0.02 0.33 3.5 x 10-3 * 10/45 0.05/0.24 

AX-167780040 15:50486447 TMEM154 24/23 4.3 x 10-4 T/C 0.96/0.76 1.79 
(1.33 - 2.42) 

2.5 x 10-3 0.90 0.13 10/45 0.95/0.97 

AX-167233313 21:25108139 FCHSD2 24/24 9.5 x 10-4 C/G 0.31/0.06 1.72 
(1.33 - 2.24) 

3.5 x 10-4 0.007 5.8 x 10-7 * 10/45 0.00/0.00 

AX-167828838 32:6759073 SEC31A 24/23 6.1 x 10-4 T/C 0.73/0.50 1.56 
(1.22 – 2.00) 

0.02 0.69 0.20 10/45 0.65/0.64 

AX-168031858 32:6522283 TMEM150C f 24/23 9.2 x 10-4 T/C 0.69/0.37 1.43 
(1.17 - 1.76) 

6.8 x 10-3 0.30 1.2 x 10-4 * 10/45 0.30/0.21 

AX-167541099 32:6531625 TMEM150C f 24/24 9.7 x 10-4 G/A 0.69/0.40 1.46 
(1.18 - 1.81) 

6.8 x 10-3 0.32 3.2 x 10-4 * 8/39 0.31/0.24 

AX-167857485 37:5161255 SLC39A10 g 23/24 4.3 x 10-4 G/A 0.61/0.27 1.59 
(1.30 - 1.94) 

2.5 x 10-3 0.30 0.07 10/44 0.15/0.31 

AX-167666536 37:5073636 SLC39A10 g 24/23 9.2 x 10-4 T/C 0.46/0.17 1.55 
(1.25 - 1.93) 

4.9 x 10-3 0.18 1.4 x 10-3 * 10/44 0.15/0.13 

The most significantly associated SNPs on each chromosome are shown, and any SNPs with a higher GWAS P-value but which had a lower P-value in the Chi-squared analysis than the top GWAS SNP. The 

data for all 44 SNPs are included in Appendix iv.i. The SNPs are ordered by chromosome and GWAS P-value. a The CanFam3.1 genomic location of the SNP in the format chromosome: bp position. b ca/co = 

case/control. c The risk allele frequency in the full population dataset including up to 232 dogs. d χ2 P-value for a combined analysis of the dogs included in the GWAS and up to 10 cases and 45 controls. e Risk 

allele frequencies in the additional cases and controls from the population dataset. f SNPs correlated at R2 of 0.98 in the combined GWAS and population datasets. g SNPs correlated at R2 of 0.48 in the 

combined GWAS and population datasets. * Chi-squared P-value for analysis including additional case and control dogs is lower than the unadjusted P-value when including only those in the GWAS.
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5.4.5 Investigating potential differences in study population 

To determine if population stratification was present within the GWAS sample set, or 

between the GWAS set and the replication sample set, two-dimensional multidimensional 

scaling (MDS) plots based on a matrix of pairwise identity-by-state (IBS) distances were 

generated using PLINK. Prior to MDS analysis, the datasets were filtered by SNP call rate 

(> 97%), individual call rate (> 90%), minor allele frequency (> 0.05), and Hardy-Weinberg 

equilibrium P-value (> 5 x 10-5). Only SNPs with a IMPUTE2 ‘Info’ statistic (certainty 

metric) over 0.5 were kept for the imputed dataset. To allow a combined MDS analysis of 

the GWAS and replication dataset the two genotype datasets were merged using PLINK, 

keeping only the SNPs present in both. The GWAS MDS plot indicated that efforts to avoid 

population stratification by selecting controls related to each case were largely successful, 

although a small number of cases and controls still did not cluster together as tightly as 

others (Figure 5.2A). The MDS plot of the combined datasets showed considerable 

overlap, and the two sets did not cluster independently, however the majority of the 

independent replication set did not overlap with the GWAS dataset (Figure 5.2B). This 

indicates some population stratification, likely due to the differences in sample 

recruitment between studies, and the different methodology used for genotyping, and 

the imputation, are likely to have introduced some variation through observational error.  
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Figure 5.2. MDS plots of Norwich Terrier genotype datasets. The plots show MDS of 24 PxD cases and 24 controls in the GWAS dataset only (A) and MDS 

comparing the GWAS cases and controls to the replication set of 10 cases, 45 controls, and 177 dogs of unknown phenotype (B).   
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5.4.6 Discussion 

This study of PxD in the Norwich Terrier was a preliminary investigation intended to give 

an indication of the mode of inheritance; the study aimed to identify potential disease-

associated regions if PxD was a single gene disorder in the Norwich Terrier or be a 

foundation for future studies if PxD had a multigenic or complex mode of inheritance. 

GWAS of comparable size to that described here, or smaller, have successfully identified 

regions strongly associated with autosomal recessive PxD and led to identification of 

putative causal variants in two different breeds [189, 190, 193]. The lack of SNPs with P-

values approaching genome-wide significance in the present GWAS suggests that PxD in 

the Norwich Terrier is not likely to be a single gene disorder, and the underlying genetics 

may be multigenic or complex. Future research will build on these findings through meta-

analysis with a larger GWAS dataset, or by investigating the identified regions and genes 

of interest. Any future GWAS should include a larger cohort to increase study power and 

allow further elucidation of the underlying genetics. Despite the limited study power, the 

current study did identify five candidate regions and genes (SIK3, ELMO1, FCHSD2, 

TMEM150C, and SLC39A10) for further study, by analysing the genotypes of the most 

significantly associated GWAS SNPs in an independent dataset. 

The SNP with the strongest statistical association in the replication study is located on 

chromosome 21 within the FCHSD2 gene, which encodes FCH and double SH3 domains 

protein 2 [371]. The risk allele was rare in GWAS controls and in the independent 

population set in general and absent in the cases and controls used for replication. 

However, it was comparatively common in the GWAS cases, of which 15 were 

heterozygotes (no dogs were homozygous). Taken together this suggests that in some 

Norwich Terrier PxD cases a rare, high effect, variant may underly increased risk of PxD. 

FCHSD2 has a role in clathrin-mediated endocytosis (CME) [372], promoting actin 

polymerization during CME [373], and mediating the endocytosis of membrane receptors 

[374-376]. FCHSD2 has also been shown to be essential for the formation and 

maintenance of actin-based cell protrusions [377], including stereocilia which are 

important for balance and hearing [378-380]. Strengthening FCHSD2 as a candidate gene 

for PxD, the Drosophila homologue for FCHSD2 is Nervous Wreck (nwk). A temperature-

sensitive mutation within nwk was described as causing loss of coordination, seizure-like 

spasms, and eventual paralysis [381], and nwk has a role in the regulation of synaptic 
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endocytosis [382]. However, the structure of the domains and roles of the nwk and 

FCHSD2 proteins have been reported to differ [372]. 

One of the most strongly associated variants was within the SIK3 gene, which encodes 

salt-inducible kinase 3, a member of the AMP-activated protein kinase (AMPK)-related 

family of kinases [383]. SIK3 has diverse roles [383], including skeletal development [384, 

385]. With potential relevance to PxD, SIK3 has neurological roles including the regulation 

of sleep and sleep need; mouse models with a mutation in SIK3 have been referred to as 

‘Sleepy’ mice [386-388]. SIK3 has also been demonstrated to be an essential component 

of a signalling pathway in Drosophila glial cells that regulates K+ and water homeostasis, 

suppressing neuronal hyperexcitability and seizure susceptibility [389]. 

Two of the remaining associated SNPs identify genes with neurological functions that 

could plausibly have an involvement in PxD. One SNP, and a second SNP in near perfect 

correlation in the combined GWAS and population datasets (R2 0.98), are both within 

TMEM150C on chromosome 32, and ELMO1 is the closest gene for the SNP on 

chromosome 14. The TMEM150C gene encodes tentonin 3, thought to be either a 

mechanically activated (MA) ion channel or have a role in the regulation of MA ion 

channel activity, which mediates slowly adapting currents in mechanosensory neurons 

and is involved in muscle coordination and sensing changes in arterial pressure [390-395]. 

The engulfment and cell motility 1 (ELMO1) protein forms a complex with DOCK180 (a 

guanine nucleotide exchange factor) to mediate RAC1 (a Rho GTPase) signalling which has 

roles in the regulation of the actin cytoskeleton and is involved in cerebellar development 

[179, 396-398]. ELMO1, which is expressed in the developing mouse brain (including the 

cerebellum) [399], has been implicated in cell migration [397, 400], phagocytosis of 

apoptotic neurons by neuronal progenitor cells during neurogenesis [401], and mediation 

of neurite outgrowth [396, 402, 403]. 

The remaining gene identified for potential further study is SLC39A10, which, to the 

authors knowledge, has not yet been reported to have neurological roles that suggest a 

clear candidacy for PxD.  SLC39A10, the closest known gene to the most significantly 

associated SNP on chromosome 37, encodes the Zinc (Zn2+) transporter ZIP10 which has 

roles in the transport of Zn2+ in the kidney and intestines [404-406], and is involved in 

immunity; including the regulation of macrophage and B-cell survival [407, 408], and B-

cell antigen receptor signalling [409]. 
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One limitation of this study, in addition to the limited size and therefore power of the 

GWAS and of the replication case-control set, is the population differences between the 

GWAS sample set and the replication set. MDS analysis, although showing considerable 

overlap between sample sets, displayed some population stratification. The replication 

sample set was collected and genotyped for an unrelated study and population 

stratification could have resulted in inflation of P-values for the SNPs in the replication 

study because of differences in allele frequencies in comparison to the dogs in the closely 

related GWAS set. However, although some of the P-values observed in the replication 

study were decreased in comparison to the GWAS, the statistical significance of other 

SNPs was instead reduced, suggesting that the P-values weren’t inflated overall. Another 

potential limitation is that the small number of cases included in the replication set were 

not as robustly defined as those in the GWAS. To extend our study, we are seeking to 

collect an additional well-defined independent case-control set in which to follow up 

these preliminary findings. 

Through GWAS and replication in an independent dataset, this preliminary study has 

identified five genes for future investigation with potential roles in PxD risk. The study 

provides evidence that PxD is not monogenic autosomal recessive in the Norwich Terrier, 

although the findings also suggest that rare familial high effect variants might underly 

increased PxD risk in some dogs. These findings will provide a foundation for future work. 
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6.3 Abstract 

Idiopathic epilepsy (IE) has a high prevalence and a severe clinical course in the Italian 

Spinone breed of dog. A genome-wide association study meta-analysis of 52 cases and 51 

controls was conducted to identify genomic regions that may have involvement in the 

development of IE. Subsequent to the meta-analysis, a set of 175 controls and an 

independent validation set of 23 cases and 23 controls were genotyped for SNPs showing 

suggestive association with IE to find variants exhibiting evidence of replicable association 

and to test the predictiveness of SNPs for IE status when combined in a weighted risk 

score. Although two regions showed statistically significant association with IE in the 

GWAS meta-analysis, and additional regions with suggestive association were identified, 

the findings were not reproduced in the validation sets. This is the first GWAS of IE in the 

Italian Spinone, and the findings suggest that IE in the breed is not monogenic and 

demonstrates the challenges when investigating a multigenic or complex inherited 

disease in a numerically small dog breed. 

6.4 Introduction 

Epilepsy is common in dogs, with an estimated prevalence of 0.62% - 0.75% in the general 

dog population [203, 274] and a much higher prevalence reported for some breeds [251, 

252, 256, 410, 411]. IE in the Italian Spinone breed of dog has been clinically characterised 

and defined as two or more epileptic seizures (occurring > 24 hour apart) with an onset 

between 6 months and 6 years of age in dogs with normal interictal physical and 

neurologic examinations and unremarkable results of haematology and serum 

biochemistry [251]. This breed-wide survey of 1,192 UK dogs born between the years 

2000 and 2011 estimated the prevalence of IE in the Italian Spinone breed to be 5.3% 

(95% confidence interval 4.0-6.6%). The age of onset in the 63 cases identified in the 

study ranged from 11 months to six years (median 2.9 years) and their seizures were 

found to be typically generalised tonic-clonic, with approximately half of dogs reported to 

have seizures with a focal onset that became generalised. IE has been reported to be 

particularly severe in this breed, with cluster seizures reported for the majority of cases; 

status epilepticus occurring in over a fifth of cases; and a 32% mortality due to epilepsy-

related causes [251]. 

It is thought, based on current evidence, that for common human diseases with an adult-

onset, heritability is conferred by many genetic variants acting together that range from 
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low-frequency with high-effect on disease risk, to common with low-effect on risk [412]. 

Each single genetic variant does not give a strong indication of an individual’s overall 

disease risk, but a polygenic risk score (PRS) incorporating multiple variants can be used. 

PRS are typically calculated as the total number of risk alleles that an individual carries, 

weighted by the measured effect of each of the variants [412]. Following GWAS and 

replication studies for several complex human diseases, PRS have been developed to help 

identify individuals at highest risk of disease in the population and who therefore may 

benefit from clinical and/or lifestyle interventions [412, 413]. PRS have been produced for 

multiple human diseases, including coronary heart disease [414-416] [412, 415, 416], and 

some types of cancer [417-419]. 

The present study sought to identify genetic variants that are reproducibly associated 

with IE in the Italian Spinone dog breed and to assess their utility as a predictive tool in a 

genetic risk score in an independent set of Spinoni. We performed a GWAS meta-analysis, 

utilising genotype imputation, followed by replication testing in additional samples. 

6.5 Methods 

6.5.1 Sample collection 

Idiopathic epilepsy cases were recruited through a breed-wide survey as reported 

previously [250], owner reported questionnaires, and cases diagnosed by veterinary 

neurologists in the neurology unit at the Animal Health Trust Centre for Small Animal 

Studies, Newmarket, UK (led by Luisa De Risio) or Linnaeus referral veterinary hospitals. 

All Italian Spinoni affected by IE recruited as outlined above were diagnosed by Luisa De 

Risio (a board-certified veterinary neurologist) through review of the owner 

questionnaire, medical records, and epileptic seizure video footage when available. The 

diagnosis of IE was based on the criteria set by the IVETF [250]. In addition to the above, 

four dogs (two cases and two controls) included in the study were collected by the 

University of Helsinki, Finland. All controls were dogs over the age of seven years that 

were reported by their owners to have never had a seizure. 

Two GWAS datasets were generated for this study, genotyped four years apart; Set 1 (29 

cases, 29 controls) and Set 2 (23 cases, 22 controls). The controls in Set 2 were selected at 

random from a large pool (approximately 170) of available control samples, and the 

relatedness of the cases and controls from the UK were compared to the Kennel Club-
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registered Italian Spinone population (as outlined below) to ensure that the cohorts did 

not have an over-representation of closely related individuals. Due to DNA availability, a 

subset of the UK dogs investigated for relatedness (12 cases, 16 controls) were combined 

with predominantly non-UK dogs to make up the final Set 2. A set of 175 control dogs 

over the age of seven years were used as a ‘semi-replication’ set to investigate the most 

significantly associated SNPs from the GWAS. These control samples had been accrued 

over time and via study recruitment including through the Italian Spinone Club of Great 

Britain (ISCGB). An independent validation set consisted of 23 cases and 23 controls (Set 

3). Additional details about the dogs included in the four sets is given in Appendix v.i and 

Appendix v.ii. 

Samples were collected in the form of buccal swabs or whole blood residual from routine 

clinical tests (Animal Health Trust Clinical Research Ethics Committee Project No. 73-2016, 

University of Cambridge Department of Veterinary Medicine Ethics and Welfare 

Committee No. CR512). DNA was extracted from swabs using a QIAamp DNA Blood Midi 

Kit (Qiagen), and blood samples using a standard chloroform protocol. 

6.5.2 Kinship calculations and selection of controls for Set 2 

At the time of genotyping for Set 2, DNA samples of approximately 170 controls were 

available. A set of controls was selected at random for GWAS from the available dogs; 

however, we sought to confirm that bias had been avoided in the selection methodology, 

and that the subset of the potential Set 2 controls (that were UK-Kennel Club registered) 

were representative of a wider population of Italian Spinoni in a contemporaneous UK 

Kennel Club-registered population. The relatedness of the potential Set 2 (21 cases and 

25 controls that were UK-Kennel Club registered) were compared to 1,000 randomly 

selected samples of the same number of dogs in each group from the Kennel Club 

pedigree database during 2017. See Appendix v.iii and Appendix v.iv for a more detailed 

description of the methodology used and of the results from this analysis. The mean 

kinships among and between the cases and controls cohorts were found to be 

representative of random samples of dogs from similar birth years (Appendix v.iii and 

Appendix v.iv). 
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6.5.3 Array genotyping 

The two study sets were genotyped on different arrays: Set 1 on the Illumina CanineHD 

BeadChip (173,662 SNPs) and Set 2 using the Axiom Canine HD array (up to 729,642 SNPs 

and other DNA variants). High-quality genotyping data were available for 29 cases and 29 

controls (individual call rate > 95%) for Set 1. For Set 2, after quality control using the 

Axiom Analysis Suite and the Best Practices Workflow, genotype data were available for 

23 cases and 22 controls with individual call rate > 90%. 

A subset of the independent set used for replication, consisting of 18 cases and 18 

controls (‘Set 3’), was also subsequently genotyped on the Illumina CanineHD BeadChip 

and high-quality genotype data was obtained for all dogs. 

6.5.4 Genotype imputation and GWAS meta-analysis 

Genome-wide genotype imputation was carried out for Set 1, as described previously 

[370] (see chapter 4), to allow meta-analysis with Set 2 whilst maximising the number of 

SNPs available for analysis. Imputation increased the SNP density of Set 1 to Axiom-array 

level; to 476,313 autosomal SNPs (imputation accuracy: mean R2 = 0.97, mean genotype 

concordance 98.2%) [370] (see chapter 4). Set 3 was imputed to Axiom-array level using 

the same reference panel used for Set 2. The imputed data was converted to BIMBAM 

format for downstream analysis. 

GWAS analysis was conducted for each dataset independently using GEMMA, with a 

linear mixed model to correct for population stratification [54]. SNPs were filtered to 

remove those with a Hardy-Weinberg P-value < 5 x 10-5; those with a SNP call rate < 97%; 

or with a minor allele frequency (MAF) < 5%. The imputed dataset, Set 1, SNPs were also 

filtered to exclude those with an IMPUTE2 ‘Info’ statistic (imputation certainty) < 0.5 [72, 

73]. After quality control 341,811 and 358,527 SNPs remained for Set 1 and Set 2, 

respectively. 

A fixed-effects meta-analysis was carried out using the statistical software package Stata 

(Stata 15. College Station, TX, USA), for the SNPs common across the GWAS sets, using 

the summary statistics produced by GEMMA. Heterogeneity was assessed using the Q 

statistic. 

A two-dimensional multidimensional scaling (MDS) plot was generated for Set 1, Set 2, 

and Set 3 using PLINK (Appendix v.v). For MDS analysis the datasets were filtered by SNP 
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call rate (< 97%), individual call rate (< 90%), and Hardy-Weinberg equilibrium P-value (< 5 

x 10-5). Set 2 and Set 3 were also filtered by the IMPUTE2 ‘info’ statistic (< 0.5). To allow a 

combined MDS analysis the three genotype datasets were merged using PLINK, keeping 

only the SNPs present in all. 

6.5.5 Genotyping selected GWAS SNPs in additional dogs 

The genotyping of individual SNPs in the semi-replication set of 175 control dogs, and Set 

3, was carried out using allelic discrimination assays, utilising an ABI StepOne real-time 

thermal cycler and LUNA Universal Probe qPCR Master Mix (NEB). The sequences of the 

TaqMan SNP genotyping assay (ThermoFisher) primers and probes (reporters) are in 

Appendix v.vi. A fast ramping speed was used, and the following cycling conditions: 30 

seconds pre-PCR read at 25°C, 3 minute 95°C holding stage, 40 cycles of 95°C for 3 

seconds and 10 seconds at 60°C, followed by a 25°C post-PCR read stage for 30 seconds. 

6.5.6 Chi-square analysis of SNPs in additional control dogs 

Genotypes for the most significantly associated SNPs in the 10 regions identified in the 

meta-analysis were extracted from the array genotype and imputed genotype data for 

dogs included in the GWAS meta-analysis. Imputed genotype probabilities were 

converted to hard genotype calls using PLINK (v1.90) [368], and genotype calls with 

uncertainty > 0.1 were treated as missing. Genotype calls for the 10 SNPs were obtained 

through allelic discrimination assays, as outlined above, for the semi-replication set of 175 

control dogs. Chi-square analysis was caried out using Stata (Stata 15. College Station, TX, 

USA) with and without the inclusion of the 175 additional controls. 

6.5.7 Generating a five-SNP genetic risk score and testing it in an independent study 

set 

Weighted five-SNP risk scores were calculated as follows: 

5 ×
𝛽1 × 𝑆𝑁𝑃1 +  𝛽2 × 𝑆𝑁𝑃2 + 𝛽3 × 𝑆𝑁𝑃3 + 𝛽4 × 𝑆𝑁𝑃4 + 𝛽5 × 𝑆𝑁𝑃5

𝛽1 +  𝛽2 + 𝛽3 + 𝛽4 + 𝛽5
 

Where ‘SNP’ represents the count of the risk-conferring allele, and ‘β’ the beta-coefficient 

from the meta-analysis, for each of the five SNPs. If the meta-analysis-derived beta-

coefficient was calculated for the non-risk allele, and therefore negative, the allele was 

‘flipped’ to produce a positive beta-coefficient coded for the risk allele (× -1). 
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Genetic risk scores were calculated for dogs included in the GWAS meta-analysis using 

the array genotype data or imputed genotype data. Imputed genotype probabilities were 

converted to hard genotype calls as above. Genotype calls from allelic discrimination 

assays were used to generate genetic risk scores for dogs that were part of Set 3. 

Individuals were excluded from the analysis if genotype calls were missing for any of the 

five SNPs. 

To assess genetic risk score performance in each set of dogs the receiver operating 

characteristic (ROC) and area under the curve (AUC) were calculated and plotted using 

logistic regression, for IE case/control status and the genetic risk score, and using Stata’s 

‘lroc’ command. Calibration plots were generated using the ‘pmcalplot’ Stata module to 

further evaluate the predictive performance of the genetic risk score. 

6.6 Results 

6.6.1 GWAS meta-analysis identifies suggestively associated loci on 12 chromosomes 

A meta-analysis of two GWAS datasets, Set 1 and Set 2, including a total of 52 cases and 

51 controls and comprising data from 328,622 SNPs, identified SNPs in two regions that 

passed the Bonferroni corrected threshold for statistical significance (1.5 x 10-7); on 

chromosomes 2 and 8 (Figure 6.1 and Table 6.1). Suggestive associations also indicated 

that multiple other regions might have a role in conferring disease risk in this breed. SNPs 

with P-values < 1 x 10-5 were identified on 10 additional chromosomes (Figure 6.1 and 

Table 6.1). Two of the 12 SNPs, on chromosomes 33 and 38, were excluded from further 

analysis due to high heterogeneity (P-value ≤ 0.01) between the two study sets (Table 6.1 

and Appendix v.vii). 
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Figure 6.1. GWAS meta-analysis of 52 Italian Spinone idiopathic epilepsy cases and 51 controls (328,622 SNPs). Plot of negative log (base 10) transformed P-

values. X-axis is SNP location by chromosome (left to right, autosomes 1 to 38). Solid circles indicate array-genotyped SNPs, hollow triangles denote SNPs 

imputed for Set 1. Green (upper) line shows the Bonferroni-corrected threshold for statistical significance (P < 1.5 x 10-7). Orange (lower) line indicates the 

empirical threshold for suggestive association (P < 1 x 10-5). Axiom Canine HD array data, and Illumina CanineHD BeadChip data imputed to Axiom density. 
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Table 6.1. The most significantly associated GWAS meta-analysis SNPs on each chromosome with P-values < 1 x 10-5 

Genomic pos. a Nearest 

known gene 

ca/co b 

(n) 

Odds ratio 

(95% CI c) 

P-value P-value 

for het. d 

Alleles 

(risk/non-risk) 

Risk allele freq. (ca/co b) 

Set 1 Set 2 Set 3 e 

1:93123836 JAK2 52/51 1.40 (1.24-1.59) 1.8 x 10-7 0.03 T/C 0.84/0.47 0.67/0.43 0.64/0.50 

2:52390106 MAST4 52/51 1.38 (1.23-1.54) 3.6 x 10-8 0.03 C/T 0.50/0.34 0.70/0.16 0.36/0.39 

3:84100359 RBPJ 52/51 1.41 (1.22-1.63) 5.0 x 10-6 0.98 C/G 0.34/0.10 0.39/0.11 0.31/0.17 

5:38884749 TEKT3 52/50 1.52 (1.29-1.79) 4.1 x 10-7 0.70 T/C 0.27/0.04 0.37/0.10 0.28/0.14 

6:18142628 CORO1A 52/51 1.41 (1.21-1.64) 9.4 x 10-6 0.36 G/A 0.48/0.22 0.46/0.25 0.36/0.22 

8:70681185 RCOR1 52/51 1.42 (1.25-1.62) 6.9 x 10-8 0.56 G/T 0.83/0.52 0.78/0.52 0.67/0.56 

11:17811231 SLC27A6 52/51 1.46 (1.26-1.70) 9.8 x 10-7 0.71 T/C 0.84/0.62 0.91/0.61 0.83/0.69 

20:30846012 FHIT 51/51 1.39 (1.22-1.59) 1.6 x 10-6 0.19 A/G 0.69/0.50 0.75/0.36 0.58/0.42 

24:29341230 LPIN3 52/51 1.55 (1.29-1.87) 3.2 x 10-6 0.04 T/C 0.24/0.16 0.33/0.05 0.25/0.25 

25:22038367 GALNTL6 52/51 1.81 (1.41-2.31) 2.9 x 10-6 0.24 T/A 0.10/0.05 0.22/0.00 0.06/0.11 

33:5990467 COL8A1 52/51 1.37 (1.20-1.56) 5.1 x 10-6 8.5 x 10-3 A/G 0.62/0.46 0.78/0.39 Not tested 

38:13596806 TGFB2 52/51 1.31 (1.16-1.47) 6.4 x 10-6 7.4 x 10-3 G/C 0.48/0.39 0.67/0.18 Not tested 

a The CanFam3.1 genomic location of the SNP in the format chromosome: base pair position. b case / control. c 95% confidence intervals. d heterogeneity. e 

The risk allele frequencies in the 18 cases and 18 controls in the replication set, which was not part of the GWAS meta-analysis.  
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6.6.2 Genotyping the most significantly associated SNPs in additional controls 

The 10 SNPs identified in the GWAS meta-analysis were initially genotyped in up to 175 

additional unaffected Italian Spinone dogs over the age of seven years. Five of the 10 

SNPs, on chromosomes 1, 2, 11, 20, and 25 showed stronger statistical associations with 

IE after the addition of these controls (Table 6.2). The other SNPs, on chromosomes 3, 5, 

6, 8 and 24, demonstrated a reduced statistical significance when the additional dogs 

were included, which may suggest a lack of replication of these SNP associations. 

Table 6.2. Initial replication analysis of 10 SNPs showing suggestive association with IE in 

the GWAS 

Genomic 

position*  

GWAS 

Cases/Controls (n) 

P-value 

(GWAS dogs) 

Control 

Set (n) 

P-value 

(GWAS + controls) 

1:93123836 52/51 2.3 x 10-5 174 1.7 x 10-6 

2:52390106 52/51 1.1 x 10-4 174 3.4 x 10-5 

3:84100359 52/51 8.5 x 10-5 175 2.0 x 10-3 

5:38884749 50/48 3.2 x 10-5 175 1.1 x 10-3 

6:18142628 52/51 3.4 x 10-4 175 0.02 

8:70681185 52/51 3.0 x 10-5 173 1.7 x 10-4 

11:17811231 52/51 5.2 x 10-5 175 1.2 x 10-5 

20:30846012 51/51 8.1 x 10-5 174 2.3 x 10-5 

24:29341230 52/51 2.8 x 10-3 175 6.9 x 10-3 

25:22038367 52/51 1.1 x 10-3 175 8.2 x 10-6 

*The CanFam3.1 genomic location of the SNP in the format chromosome: base pair 

6.6.3 Testing a five-SNP genetic risk score in an independent case-control set 

To conduct further validation of SNPs showing initial evidence of replication from the 

above analysis (once new incident cases had become available), and to assess the utility 

of a genetic risk score to predict a dog’s risk of developing IE, the five SNPs that showed 

an increased statistical association after the addition of the large control set were 

investigated as a weighted five-SNP genetic risk score in an independent validation set of 

23 IE cases and 23 controls (Set 3). Receiver operating characteristic (ROC) curve and 

calibration plot analysis demonstrated that the genetic risk score had poor predictiveness 

in Set 3 (area under ROC curve (AUC): 0.58; 95% confidence intervals (CI): 0.41 - 0.75), 
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failing to replicate that seen in the GWAS discovery sets (AUC: 0.92; 95% CI: 0.87 - 0.97) 

(Figure 6.2). The five SNPs also failed to replicate the statistical associations observed in 

the GWAS sets, both individually and as a five-SNP genetic risk score (Appendix v.viii). 
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Figure 6.2.  Receiver operating characteristic (ROC) curves and calibration plots for a five-

SNP genetic risk score for idiopathic epilepsy in the Italian Spinone. Plots A and B are ROC 

curves for GWAS individuals, and Set 3, respectively. Points represent each potential 

genetic risk score cut-off for defining cases, from the highest (0,0) to the lowest (1,1). 

Sensitivity: fraction of cases correctly classified. Specificity: fraction of controls correctly 
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classified (1 – (minus) specificity is the false-positive fraction). The area under the ROC 

curve (AUC) is given for each study set. An AUC of 0.5 (indicated by the dashed line) would 

represent a test unable to discriminate cases from controls. Calibration plots are shown for 

the GWAS (C), and replication set (D). Points represent ten equally sized groups of 

individuals divided by predicted risk. Observed: the proportion of cases in each group. 

Expected: the average (mean) of the predicted probabilities generated from the genetic 

risk score logistic regression model. The 95% confidence intervals are shown for each 

group. Orange lines are spike plots indicating the distribution of IE cases (1) and controls 

(0). The dashed reference line indicates perfect genetic risk score calibration where 

predicted risk matches the observed proportion of affected dogs within each group. 

Locally weighted scatterplot smoothing (LOWESS) is displayed in green. 

 

6.6.4 Analysis of GWAS SNPs in the independent case-control set 

The most significantly associated GWAS SNP on each chromosome failed to either show 

evidence of replication when 175 controls were analysed along with GWAS sets, or, for 

those that did, to demonstrate predictiveness or association with IE in the independent 

case-control set when combined in a genetic risk score. The focus was therefore 

expanded to include all SNPs showing suggestive association from the GWAS meta-

analysis (P < 1 x 10-5) (excluding chromosomes 33 and 38) to examine whether differences 

in LD between the study sets could be the cause. Array genotype data were obtained for a 

replication set of 18 cases and 18 controls (a subset of Set 3). After imputation, genotype 

data were extracted for these 48 SNPs and a combined analysis conducted using meta-

analysis (Appendix v.ix). None of the 48 SNPs were statistically associated with IE in Set 3 

independently, although 14 showed a stronger association in the meta-analysis after 

inclusion of Set 3 (Appendix v.ix). The statistical significance of the most significantly 

associated GWAS SNPs on chromosomes 2, 8, 24, 25, and 33 did not increase after the 

addition of Set 3 to the meta-analysis; two other SNPs on chromosome 2 in a different 

genomic region did demonstrate a stronger association but not surpassing that of the top 

GWAS SNP (Appendix v.ix). 
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6.7 Discussion 

In the present study we used GWAS meta-analysis of 52 cases and 51 controls to identify 

regions of the genome associated with IE in the Italian Spinone breed of dog. Genotyping 

a set of 175 additional controls identified five SNPs for use in a genetic risk score for IE. 

However, genotyping and testing the genetic risk score in an independent validation set 

of 23 cases and 23 controls failed to replicate the strong predictiveness seen in the GWAS 

set. The findings suggest that IE in the Italian Spinone breed is not monogenic autosomal 

recessive or dominant, and that the mode of inheritance is multigenic and/or complex. 

One potential explanation for the observed lack of replication is the differences in year of 

birth between the four sets of individuals studied meaning that the dogs could be 

multiple generations apart, potentially allowing genetic drift and selection by dog 

breeders to affect allele frequencies and changes in LD. The Italian Spinone breed is not 

numerically large in the UK, with 350-526 (mean 453.9) Kennel Club registrations a year 

between 2012 and 2021 [420] (https://www.thekennelclub.org.uk/media-centre/breed-

registration-statistics/, accessed 06/01/2023), and only a relatively small subset of these 

registered dogs is likely to be part of the breeding population. Changes in breeding 

strategies amongst dog breeders, for example avoiding dogs related to epilepsy cases, 

could therefore have the potential to quickly impact allele frequencies within the UK 

population. The requirement for controls to be a minimum of seven years old meant that 

there was only moderate overlap in year of birth between cases and controls for some 

study sets, Set 2 being the most extreme example of this. This sampling bias meant that 

cases and controls could be multiple generations apart, again suggesting that allele 

frequencies could have changed, with the potential of generating false positive results. 

The selection of ‘super controls’ with ages greater than the higher end of the range of the 

reported age of onset, as opposed to age-matched controls which could include dogs that 

would go on to have IE later in life, was a methodology chosen to increase study power 

and compensate in part for the small number of cases available [49]. The above factors 

were, however, likely still exacerbated by the small sample numbers used; the sample size 

was limited by the small numeric size of the breed which, along with the reportedly 

severe clinical course and high mortality rate [251], limits the number of IE cases present 

in the population at any given time. Small sample size would have reduced the study’s 

power to find associations with IE [49]. The set used for validation (Set 3) may have lacked 

https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/
https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/
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sufficient power to replicate any true statistical associations with IE that were identified 

in the discovery GWAS due to the ‘winners curse’ phenomenon [49, 421]. MDS analysis 

did not show any clear stratification between the three array-genotyped sample sets, or 

cases and controls within each set, which would have provided evidence of sampling bias. 

The findings demonstrate the importance of replicating associations identified through 

GWAS in an independent validation set. Two of the regions identified in the GWAS (on 

CanFam3.1 chromosome 2 and chromosome 8) passed the Bonferroni-adjusted threshold 

for statistical significance, accounting for multiple testing, and the region on chromosome 

2 implicated a gene with compelling candidacy for epilepsy (MAST4). Both regions failed 

to replicate. It is important when intending to develop DNA-based breeding tools that 

they are based on robust evidence. This study is not the first to identify loci 

demonstrating a statistically significant association with canine IE in a discovery set that 

have not replicated in independent study sets. A locus on chromosome 14 demonstrated 

statistically significant association with IE in Belgian Shepherd dogs in a GWAS of 20 cases 

and 45 controls after correcting for multiple testing [292]. Subsequent investigation in 

larger independent case-control sets have failed to replicate the statistically significant 

association observed in the discovery set [303, 304]. In comparison, a locus on 

chromosome 37 demonstrates replicable association with IE in the Belgian Shepherd dog 

and other breeds [275, 276, 291, 292]. 

The SNP identified in the GWAS with the strongest statistical association, on chromosome 

2, that passed the Bonferroni-corrected threshold for statistical significance is located 

within the MAST4 gene, which encodes a microtubule associated serine/threonine kinase 

[422]. MAST4, which has been shown to be expressed in the rat brain and to be 

upregulated in response to electroshock-evoked maximal seizures [422], is a compelling 

candidate gene that has been associated with epilepsy in humans [423, 424]. In addition 

to its association with epilepsy, MAST4 is a convincing candidate gene for neurological 

development and diseases; MAST4 was associated with hippocampal volume in a GWAS 

that included 26,814 individuals [425], and has been observed to be differentially 

expressed in patients with atypical frontotemporal lobar degeneration. Despite the strong 

candidacy of this gene, the association failed to replicate. It is possible that this locus 

represents a higher effect, familial, variant that is present in a small number of dogs 

which has since been bred out of the population through the avoidance of breeding dogs 

closely related to cases. The risk allele frequencies suggest that the association observed 
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in the GWAS meta-analysis was largely driven by Set 2 (Table 6.1); however, the 

validation set (Set 3) showed not only a reduction in risk allele frequency in cases but also 

an increase in risk allele frequency in controls. WGS analysis of the discovery set dogs, 

and related individuals, could be used in future work to further examine this hypothesis. 

The GWAS approach could not identify very common or fixed (i.e. present in all 

individuals) variants contributing to the breed’s overall increased risk of IE; or rare or de 

novo high-impact variants that may cause IE in an individual dog. The use of large WGS 

datasets could be used to identify these variant types, complementing the existing GWAS 

data. This GWAS failed to identify replicable associations with IE, most likely because of 

small sample sizes, demonstrating that large sample sizes will be required in future work 

to elucidate the underlying genetic aetiology of IE in this breed. An across-breed analysis, 

most likely using WGS approaches but also potentially GWAS, could help overcome this 

limitation by searching for loci, genes, and pathways that are important for IE risk in 

multiple breeds. 

In conclusion, GWAS meta-analysis and replication analysis could not identify genomic 

loci with replicable association with IE in the Italian Spinone, independently or in a genetic 

risk score. However, this is the first reported study attempting to elucidate the underlying 

genetics of IE in this breed and will support future work aiming to gain an understanding 

of the aetiology of IE in the Italian Spinone and other breeds. 
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7.3 Abstract 

Border Collies are reported to have an increased prevalence of idiopathic epilepsy (IE) 

which is particularly severe and has a considerable impact on quality of life.  To identify 

genetic factors that may underly the development of IE, we conducted a genome-wide 

association study meta-analysis at both array and whole genome level using data from up 

to 123 cases and 186 controls from three datasets. We subsequently utilised a replication 
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set of up to 271 cases and 307 controls from four independent studies, identifying three 

variants that demonstrated evidence of replicable association with IE. When tested as 

part of a genotypic risk score, these three SNPs show potential for predicting IE status in 

the Border Collie breed and implicate two genes with previous evidence of roles in the 

central nervous system or involvement in human neurological disease (KLF4 and CSMD1) 

and a third gene for which a neurological role has not previously been reported 

(TMEM268). Future studies based on whole genome sequencing will help identify 

additional risk loci and functional variants underlying these SNP associations and could 

aid the development of a DNA-based tool for identifying Border Collies that may have a 

greater genetic risk of developing IE. 

7.4 Introduction 

Idiopathic epilepsy (IE) is defined by the International Veterinary Epilepsy Task Force 

(IVETF) as epilepsy with a known or suspected genetic cause, or with an unknown cause 

and without any identified, or suspected, structural cerebral pathology [240]. Epilepsy, 

which is relatively common in dogs, has an estimated prevalence of 0.62% - 0.75% in the 

general dog population [203, 274] and a much higher prevalence has been reported for 

specific breeds [251, 252, 256, 410, 411]. The increased prevalence within certain breeds, 

and the evidence for underlying genetic causes for the common epilepsies in humans 

[217, 221, 222], suggest that there are genetic variants that confer risk of IE in dogs. 

Probable genetic causes have been elucidated for canine monogenic neurodegenerative 

and structural epilepsies, such as Lafora disease putatively caused by repeat expansions in 

NHLRC1 in multiple dog breeds [243, 244, 246, 247], and severe early-onset 

neurodegenerative epileptic encephalopathy with mitochondrial respiratory deficiency 

putatively caused by a deletion in PITRM1 in the Parson Russell Terrier [248]. 

Although the genetics of canine IE is still mostly unknown, genome-wide association 

studies (GWAS) have had some success both for rare monogenic epilepsies and, to a 

lesser extent, for more common IE. A SNP in LGI2 putatively causes remitting benign 

familial juvenile epilepsy in the Lagotto Romagnolo dog breed [266, 294], and generalised 

myoclonic epilepsy in Rhodesian Ridgeback dogs is putatively caused by a 4 bp deletion in 

DIRAS1 [268]. A common risk haplotype within the ADAM23 gene is reproducibly 

associated with IE in the Belgian Shepherd dog and other breeds [276, 290, 291], and in 

the Belgian Shepherd dog a potential additional associated locus has been found [292, 
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303, 304]. GWAS have also identified a locus associated with IE in the Irish Wolfhound 

[80], and a locus showing suggestive association with IE in the Petit Basset Griffon 

Vendeen [293]. However, the latter three epilepsy-associated regions have not yet been 

confirmed in additional independent sample sets. 

GWAS findings and pedigree studies suggest that for most canine IE a multigenic, or 

complex, mode of inheritance is likely [80, 236, 290-293], as is hypothesised for the 

common epilepsies in humans [222, 232]. A small pedigree study of 43 Border Collies with 

IE in Germany suggested a strong genetic component for IE inheritance [254], and studies 

have indicated that the Border Collie breed has an increased prevalence of IE and that 

Border Collie IE cases may have a poorer prognosis than those of other breeds [203, 265, 

271, 273, 426]. 

Two studies have described the phenotype and clinical characteristics of epilepsy in the 

Border Collie breed: a study of 49 Border Collies diagnosed with IE in Germany [254], and 

a more recent study of 116 Border Collie IE cases primarily from the Netherlands but 

including dogs from Germany and Belgium [255]. The most common seizure type 

reported for Border Collies is generalised (typically tonic-clonic seizures, although those 

with a focal onset have also been reported) [254, 255]. Cluster seizures are common in 

Border Collie cases; 94% had cluster seizures in the earlier study and 59% in the larger, 

more recent, study [254, 255]. Border Collies have also been found to have an increased 

probability of cluster seizures when compared to the Labrador Retriever breed [259]. 

Status epilepticus has been reported to occur in 29% - 53% of cases [254, 255]. The 

median age of onset observed in the two key Border Collie studies were 2.37 and 2.79 

years, but age of onset is variable, and dogs with an earlier onset were reported to have a 

more severe clinical course [254, 255]. IE can have a considerable impact on quality of life 

in cases, as reported by owners, and cluster seizures and status epilepticus are associated 

with a poorer quality of life [255]. Most Border Collies diagnosed with idiopathic epilepsy 

are administered antiepileptic medication (AEM) treatment continually [254], and more 

dogs are treated with two or more AEMs than just one [254, 255]. Dogs treated with two 

or more AEMs are frequently resistant to treatment [254], and owners often report that 

treatment has adverse effects [254, 255]. Studies have investigated the genetics of 

refractory epilepsy in Border Collies and other breeds [309, 310, 312], however, evidence 

for replicable associations with refractoriness is limited. 
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Polygenic risk scores (PRS) encompassing a combined risk allele count, weighted by 

measured effect, of many variants, or genetic risk scores comprised of smaller numbers of 

variants, have been used for estimating overall genetic risk for common human diseases 

with a polygenic mode of inheritance [412, 413]. Subsequent to GWAS and replication 

studies, risk scores have been used to identify individuals at highest risk of a complex 

disease to help inform decisions regarding preventative treatment and/or lifestyle 

adjustments [412, 413]. 

The present study sought to identify genetic variants that are reproducibly associated 

with IE in the Border Collie dog breed and to assess their utility as a predictive tool in a 

genetic risk score in an independent set of Border Collies. GWAS meta-analyses, utilising 

data imputed to both high-density array and whole genome sequence (WGS) SNP density, 

were performed to identify regions associated with IE. Replication and genetic risk score 

testing were carried out for the IE-associated GWAS SNPs in a large independent set of 

cases and controls; three SNPs demonstrated replicable association with IE and 

performed well as a genetic risk score in this set of dogs. 

7.5 Methods 

7.5.1 Sample collection and definition of cases and controls 

Three GWAS case-control sets were utilised; two collected by the Kennel Club Genetics 

Centre (KCGC), UK, and the third by the University of Helsinki (UH), Finland. In addition, 

four independent sample sets were employed for replication of GWAS findings. The 

replication sets were collected by the KCGC; the University of Manchester (UM), UK; the 

Royal Veterinary College (RVC), UK; and the University of Utrecht (UU), Netherlands. 

Additional details regarding the sample sets are given in Appendix vi.i. The details of case 

definition varied between sample sets, but for all except the UM set cases were defined 

based on IVETF criteria and/or were confirmed by a board-certified veterinary 

neurologist. UM cases were dogs undergoing treatment with phenobarbital for epilepsy. 

Controls were dogs never reported by their owner to have had a seizure, over the age of 

eight in the KCGC sets but age at sample recruitment varied between the other sample 

sets (Appendix vi.i). 

KCGC GWAS and replication set samples were collected as buccal swabs or residual whole 

blood from routine clinical tests (Animal Health Trust Clinical Research Ethics Committee 
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Project No. 73-2016, University of Cambridge Department of Veterinary Medicine Ethics 

and Welfare Committee No. CR512). The UH GWAS samples were collected as EDTA 

blood from privately owned pet dogs (approved by the Animal Ethics Committee of State 

Provincial Office of Southern Finland, ESAVI/25696/2020). RVC cases were recruited 

through the RVC’s Big Brainy Border Collie study (BBBCS) and the Idiopathic Epilepsy and 

Anxiety Study (IDEAS), and the controls were recruited through the BBBCS. These samples 

were collected in the form of buccal swabs (RVC Clinical Research Ethical Review Board: 

URN 2017 1743-2 (IDEAS) and URN 2018 1799-2 (BBBCS)). UU samples were collected in 

the form of whole blood samples and the DNA extracted as part of a study published 

previously that characterised the phenotype of IE in the Border Collie [255]. Dog owners 

gave informed consent, and the study was approved by the departmental board. The UM 

DNA samples were part of the UK DNA Archive for Companion Animals held at the 

University of Manchester [427]. All dogs in this set were cases, residual EDTA whole blood 

samples were received from a UK-based diagnostic company providing routine screening 

of serum phenobarbital concentrations in dogs with epilepsy undergoing treatment [273]. 

All samples were collected with full informed owner consent. 

DNA was extracted from buccal swabs for the KCGC GWAS sets, the KCGC replication set, 

and the RVC samples, using a QIAamp DNA Blood Midi Kit (Qiagen). DNA from KCGC 

whole blood samples was extracted using a standard chloroform protocol or extracted 

with the UM residual EDTA blood samples by the service provider used for genotyping the 

replication set (LGC Genomics Ltd., UK). 

7.5.2 Array genotyping 

KCGC GWAS Sets 1 and 2, and the UH GWAS set, were genotyped using the Illumina 

CanineHD BeadChip (173,662 SNPs). Genotype data (individual call rate > 90%) were 

obtained for 162 dogs (73 cases, 89 controls) in KCGC GWAS Set 1 and 93 dogs (29 cases, 

64 controls) in KCGC GWAS Set 2. Data for 55 dogs (21 cases, 34 controls) were utilised 

from the UH GWAS set. 

Axiom Canine HD array genotype data (729,642 SNPs/variants) was acquired for 47 dogs. 

These were dogs originally genotyped on the Illumina CanineHD BeadChip and part of 

KCGC GWAS Sets 1 and 2 (33 dogs from KCGC GWAS Set 1, 19 cases and 14 controls; 14 

from KCGC GWAS Set 2, 5 cases and 9 controls). These were genotyped at the higher 

density to be used as part of a reference panel for imputation, or to be used for 
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calculations of imputation accuracy for KCGC GWAS Sets 1 and 2, as described previously 

[370] (see chapter 4). 

7.5.3 Genotype imputation to higher density array and whole genome sequence 

level 

Genotype imputation was performed twice for each GWAS dataset; to increase SNP 

density to array and WGS level. The imputation of KCGC GWAS Set 1 and Set 2 to Axiom 

Canine HD array density using a multi-breed reference panel, SHAPEIT (v2, r904) [363], 

and IMPUTE2 (IMPUTE v2.3.2) [72, 73], has been described previously [370] (see chapter 

4). When imputing the two KCGC GWAS sets up to the array density, dogs overlapping 

with the reference panel were excluded from the study sets as described previously. The 

same imputation methodology was used for the UH GWAS set, except for the inclusion of 

10 additional Border Collies (89 total, up from 79) in the reference panel. 

The three GWAS datasets were imputed to WGS-level using a higher density reference 

panel that included all SNPs (that passed quality control filtering) present in the WGS 

data. The WGS data used for imputation included the same in-house WGS and publicly 

available WGS from the Dog Biomedical Variant Database Consortium (DBVDC) that was 

used for the multibreed component of the Axiom Canine HD array-level imputation [370] 

(see chapter 4) [67]. Additional in-house WGS acquired since the construction of the 

reference panel for the array-level imputation, enabled inclusion of up to 33 additional 

dogs and representation of a greater number of breeds (Appendix vi.ii). A separate 

reference panel was produced for each chromosome independently due to the size of the 

datasets. As described previously [370] (see chapter 4), SNPs were filtered to keep only 

biallelic SNPs with a quality score > 20, genotyped in > 97% of the WGS dogs, and with 

minor allele frequency (MAF) > 1%. SNPs for which the strand was ambiguous (i.e., those 

between complementary bases, A to T and C to G) were excluded. Individuals lacking data 

for > 10% of SNPs on a chromosome were excluded from the reference panel for that 

chromosome. The reference panels were produced using a pool of individuals, with 

different numbers for each chromosome due to missingness filtering; however, all 

chromosome-specific reference panels for each study set included the same Border 

Collies. The same chromosome-specific reference panels were used for both KCGC GWAS 

sets. The total number of SNPs across all chromosomes, and the number of individuals 

included, for each reference panel are shown in Appendix vi.iii. The KCGC and UH GWAS 
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reference panels included dogs of 160 breeds, 15 mixed breed dogs, 28 Chinese 

indigenous dogs, and 8 wolves. 

Haplotype phasing of study sets and reference panels for both array and WGS SNP density 

was carried out using SHAPEIT, and imputation was carried out using IMPUTE2, utilising a 

publicly available canine genetic map [38, 370] (see chapter 4). A window size of 2 Mb 

was employed for haplotype phasing of the study sets and the array-density reference 

panels, whereas 0.5 Mb windows were used for those with WGS SNP-density [76]. The 

effective population size was set at 200 for both phasing and imputation [76]. 

The accuracy of the array-density imputation for KCGC GWAS Sets 1 and 2 was assessed 

previously [370] (see chapter 4). IMPUTE2 provides an estimation of imputation accuracy 

by masking known genotypes before imputing them, then comparing the imputed 

genotypes to the original data and producing a concordance statistic. For the array-

density imputed UH GWAS dataset the mean estimated concordance across 

chromosomes was 98.1% (range 97.2% to 98.7% per chromosome). A summary of the 

IMPUTE2 concordance statistics for the WGS-density imputation is given in Appendix 

vi.iv.  

7.5.4 GWAS meta-analyses 

GWAS analysis with a linear mixed model to correct for population stratification was 

conducted independently for each dataset using GEMMA [54]. SNPs were filtered to 

remove those with a Hardy-Weinberg P-value < 5 x 10-5, those with a SNP call rate < 97%, 

or with a minor allele frequency (MAF) < 5%. SNPs were also filtered to exclude those 

with an IMPUTE2 ‘Info’ statistic (imputation certainty) < 0.5 [72, 73]. A summary of the 

dogs and SNPs remaining in each dataset after filtering is provided in Appendix vi.v. Sex 

was included in the analyses as a covariate to adjust for an observed bias towards male 

cases. 

A fixed-effects meta-analysis was carried out using the statistical software package Stata 

(Stata 15. College Station, TX, USA), for the SNPs common to the three GWAS sets, using 

the summary statistics produced by GEMMA. Heterogeneity was assessed using the Q 

statistic. The array SNP density meta-analysis included 104 cases, 167 controls, and 

291,450 SNPs; the WGS SNP density meta-analysis included 123 cases, 186 controls, and 

5,993,069 SNPs. 
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To identify any independent associations, genome-wide association analysis at array 

density as described above was repeated, conditioning on the 16 SNPs identified in the 

initial analysis, with these SNPs included as covariates. The meta-analysis was then 

repeated with the summary statistics generated. 

7.5.5 Validation of GWAS associations in independent replication sets 

SNPs identified in the GWAS meta-analyses were genotyped in the independent 

replication sets by LGC Genomics Ltd., UK using competitive allele-specific PCR (KASP) 

[428]. Quality control and analyses were carried out using Stata (Stata 15. College Station, 

TX, USA). Genotype clusters were examined for SNPs with a Hardy-Weinberg P-value < 

0.05 to confirm assay quality. Logistic regression analysis was carried out for each SNP, for 

the GWAS (to obtain a P-value not corrected for population effects for direct comparison) 

and replication sets independently. Imputed genotype probabilities for the GWAS dogs 

were converted to hard genotype calls using PLINK (v1.90) [368] and genotype calls with 

uncertainty > 0.1 were treated as missing. Logistic regression analysis of the replication 

set was adjusted for study as a categorical variable to account for any between-study 

variability, with the UM cases as part of the KCGC replication set. 

7.5.6 Generating a three-SNP risk score and testing it in the replication set 

Weighted three-SNP risk scores were calculated for each dog in the replication set as 

follows: 

3 ×
𝛽1 × 𝑆𝑁𝑃1 +  𝛽2 × 𝑆𝑁𝑃2 + 𝛽3 × 𝑆𝑁𝑃3

𝛽1 +  𝛽2 + 𝛽3
 

‘β’ represents the beta-coefficient from the meta-analysis, ‘SNP’ the number of copies of 

the risk-conferring allele, for each SNP. If the beta-coefficient was negative (calculated for 

the non-risk allele) a positive beta-coefficient coded for the risk allele was calculated (× -

1). 

To assess risk score performance in the replication set the receiver operating 

characteristic (ROC) analysis was performed as described previously (see chapter 6). 
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7.6 Results 

7.6.1 GWAS meta-analyses 

None of the SNPs in the array-density, or the secondary WGS-density, IE GWAS meta-

analyses passed the Bonferroni-corrected threshold for statistical significance (Array-

density P < 1.7 x 10-7, WGS-density P < 8.3 x 10-9) (Figure 7.1 and Figure 7.2). As this could 

be due to a lack of statistical power, thresholds of P < 1 x 10-4 and P < 1 x 10-5 were used 

for the array-density and WGS-density imputed meta-analyses respectively, to select 

SNPs for follow-up. The array-density analysis identified at least 16 genomic regions, each 

on a different chromosome, with SNPs passing the threshold (Figure 7.1). The most 

significantly associated SNPs from each of these 16 regions was included as a covariate in 

a second, conditional, analysis at array density to identify any independent associations 

on these 16 chromosomes. An additional SNP independently associated with IE was 

identified on each of chromosomes 1, 8, 11, and 37 (Appendix vi.vi). An additional 12 

associated SNPs passing the empirical threshold were identified in the WGS-density meta-

analysis (Figure 7.2). In total, 32 SNPs from the GWAS meta-analyses were considered to 

be taken forward for genotyping in the replication sets (Appendix vi.vii). The SNP on 

chromosome 6 was excluded from further analysis due to high heterogeneity across study 

sets (P < 0.01). 
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Figure 7.1. Array SNP density imputed genome-wide association meta-analysis of 104 Border Collie IE cases and 167 controls (291,450 SNPs). Plot of 

negative log (base 10) transformed P-values. X-axis is SNP location by chromosome (left to right, autosomes 1 to 38). Solid circles indicate array genotyped 

SNPs, hollow triangles denote SNPs that were imputed for any of the three datasets. Green (upper) line shows Bonferroni corrected threshold for statistical 

significance (1.7 x 10-7). Orange (lower) line indicates the empirical threshold for suggestive association (1 x 10-4). 
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Figure 7.2. WGS SNP density imputed genome-wide association meta-analysis of 123 Border Collie IE cases and 186 controls (5,993,069 SNPs). Plot of 

negative log (base 10) transformed P-values. X-axis is SNP location by chromosome (left to right, autosomes 1 to 38). Solid circles indicate array genotyped 

SNPs, hollow triangles denote SNPs that were imputed for any of the three datasets. Green (upper) line shows Bonferroni corrected threshold for statistical 

significance (8.3 x 10-9). Orange (lower) line indicates the empirical threshold for suggestive association (1 x 10-5).
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7.6.2 Three SNPs show reproducible association with IE risk in independent sample 

sets 

Genotype data were obtained for 27 SNPs, across 16 chromosomes, in the replication set. 

The second most associated SNP on chromosome 4 (CanFam3.1 4:28195881), which is 

5,970 bp upstream and in linkage disequilibrium (LD) (R2 = 0.93) with the top SNP, was 

genotyped as a proxy for CanFam3.1 4:28189911. Three SNPs were excluded from 

analysis because they failed genotyping or an assay could not be developed successfully; 

CanFam3.1 8:41418371, CanFam3.1 16:54266694, and CanFam3.1 27:32560742. The 

most strongly associated SNP on chromosome 17 (CanFam3.1 17:45586797) is yet to be 

genotyped. 

While none of the SNPs showed an association with IE in the replication set as strong as in 

the GWAS; four SNPs showed directional consistency; were close to statistical association 

in the replication set (P-value < 0.1); and their odds ratio point estimates were not 

outside the confidence intervals of the discovery set (which would indicate high 

heterogeneity) (Appendix vi.viii and Table 7.1). Two of these SNPs (CanFam3.1 

11:68783067 and 11:68785445) were located within the same gene on chromosome 11 

(TMEM268, also referred to as C9orf91); 2,378 bp apart, and in LD (R2 = 0.98). The SNP 

identified through the array-density analysis, CanFam3.1 11:68785445, was selected for 

the subsequent risk score analysis due to the slightly stronger statistical association with 

IE in the replication set.  
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Table 7.1. Results of the Border Collie IE replication study for the four SNPs that showed 

evidence of replication. 

 
Three GWAS sets Replication sets 

Genomic 

pos. a 

ca/co b 

(n) 

Odds Ratio 

(95% CI) 

P-value ca/co b 

(n) 

Odds Ratio 

(95% CI) 

P-value 

11:62873725* 102/160 1.74 (1.19-2.54) 3.7 x 10-3 268/304 1.25 (0.97-1.61) 0.09 

11:68783067 94/132 1.79 (1.23-2.62) 2.1 x 10-3 270/306 1.28 (0.99-1.66) 0.05 

11:68785445* 104/164 1.86 (1.28-2.71) 9.1 x 10-4 271/306 1.29 (1.00-1.67) 0.05 

16:55920429* 104/167 1.97 (1.32-2.94) 8.1 x 10-4 271/306 1.39 (1.04-1.84) 0.02 

Results from logistic regression analysis of the three GWAS sets and the replication sets. a The 

CanFam3.1 genomic location of the SNP in the format chromosome: bp position. b case/control. * 

SNPs taken forward to be tested as a weighted risk score. CI: confidence interval. 

7.6.3 A three-SNP risk score is predictive of IE status in replication sets 

Three SNPs that showed evidence of replication (Table 7.1), and that represented 

independent genomic regions, were included in a three-SNP weighted risk score for IE. 

The risk score was tested in the replication set (268 cases and 302 controls) to investigate 

the feasibility of developing a genetic tool predictive of the risk of a dog developing IE. 

Analysis using a ROC curve and calibration plot suggested potential utility for the SNPs as 

a risk score for predicting IE risk. The ROC AUC of 0.71 (95% CI: 0.67-0.75) indicates that 

the risk score could discriminate cases from controls in the replication set. On the 

calibration plot, the points for groups and the locally weighted scatterplot smoothing 

(LOWESS) line closely followed the reference line, suggesting that the predicted risk 

reflected the observed proportion of affected dogs within each group (Figure 7.3). The 

risk score had a stronger association with IE than each SNP independently in the 

replication set (odds ratio: 1.31; 95% CI: 1.12-1.54; P = 5.3 x 10-4). The unweighted count 

of risk alleles was also tested for predictiveness and association with IE and gave similar 

results (AUC = 0.72, 95% CI: 0.67 - 0.76; odds ratio 1.31; 95% CI: 1.12-1.54; P = 5.7 x 10-4) 

(Appendix vi.ix). The risk allele frequencies in each set of cases and controls, and in the 

GWAS and replication sets independently and combined, are shown in Table 7.2. 
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Figure 7.3. Receiver operating characteristic (ROC) curve and calibration plot for a three-

SNP risk score for idiopathic epilepsy in Border Collie replication sets. Plot A is a ROC curve; 

points represent each potential risk score cut off for defining cases, from the highest (0,0) 

to the lowest (1,1). Sensitivity: fraction of cases correctly classified. Specificity: fraction of 

controls correctly classified (1 – (minus) specificity is the false-positive fraction). The area 

under the ROC curve (AUC) is given below the plot. An AUC of 0.5 (indicated by the dashed 

line) would represent a test unable to discriminate cases from controls. On the calibration 

plot (B) points represent ten equally sized groups of individuals divided by predicted risk. 

Observed: the proportion of cases in each group. Expected: the average (mean) of the 

predicted probabilities generated from the risk score logistic regression model. The 95% 

confidence intervals are shown for each group. The dashed reference line indicates perfect 

risk score calibration where predicted risk matches the observed proportion of affected 

dogs within each group. Locally weighted scatterplot smoothing (LOWESS) is displayed in 

green. The orange lines at the base of the graph are a spike plot indicating the distribution 

of IE cases (1) and controls (0). 
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Table 7.2. Risk allele frequency for three risk score SNPs in cases and controls across the sample sets used for GWAS and replication 

 
11:68785445 11:62873725 16:55920429 

Study ca/co (n) Risk allele freq. (ca/co) ca/co (n) Risk allele freq. (ca/co) ca/co (n) Risk allele freq. (ca/co) 

KCGC GWAS Set 1 57/72 0.77/0.61 56/71 0.71/0.56 57/73 0.30/0.21 

KCGC GWAS Set 2 26/60 0.73/0.66 25/57 0.68/0.60 26/60 0.48/0.20 

UH GWAS 21/32 0.79/0.63 21/32 0.79/0.69 21/34 0.26/0.25 

Combined GWAS 104/164 0.76/0.63 102/160 0.72/0.60 104/167 0.34/0.21 

KCGC and UM Replication 155/267 0.75/0.67 153/265 0.70/0.62 155/266 0.32/0.25 

RVC 37/24 0.72/0.63 36/24 0.63/0.65 37/25 0.27/0.24 

UU 79/15 0.70/0.90 79/15 0.62/0.70 79/15 0.28/0.20 

Combined Replication 271/306 0.73/0.67 268/304 0.67/0.63 271/306 0.30/0.25 

Combined GWAS and Replication 375/470 0.74/0.66 370/464 0.68/0.62 375/473 0.31/0.24 
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7.6.4 Genomic regions in LD with risk score SNPs implicate multiple genes with 

potential involvement in conferring IE risk 

Regions of LD around the three SNPs included in the risk score were identified using the 

WGS SNP density datasets (Figure 7.4). The regions were defined by identifying SNPs 

‘tagging’ the target SNPs (i.e. those with an R2 ≥ 0.8). A 165.1 kb region of LD was found 

for CanFam3.1 11:62873725 (CanFam3.1 11:62,830,376-62,995,472). The region includes 

the KLF4 gene, U6 spliceosomal RNA gene, and a gene annotated with only an ENSCAF ID 

(Figure 7.4A). Two genes were annotated for the 27.9 kb LD region (CanFam3.1 

11:68,777,648-68,805,534) for the second chromosome 11 SNP, CanFam3.1 11:68785445, 

TMEM268 (also referred to as C9orf91) and TEX48 (Figure 7.4B). Most tagging SNPs were 

located within TMEM268. An 82.2 kb region within an intron of the CSMD1 gene 

(CanFam3.1 16:55,916,800-55,998,962) was found to be in LD with CanFam3.1 

16:55920429 (Figure 7.4C). 
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Figure 7.4. Regional plots of three loci that show evidence of reproducible association with 

IE in the Border Collie. Plots A, B, and C depict the SNPs in the genomic regions of SNPs 

CanFam3.1 11:62873725, CanFam3.1 11:68785445, and CanFam3.1 16:55920429, 

respectively (represented by orange diamonds). Each point represents a SNP, with the size 
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an additional indictor of the extent of linkage disequilibrium with the target SNP (largest 

circles R2 = 1; then successive sizes for R2 ≥ 0.8, 0.6 ≤ R2 < 0.8, and R2 < 0.6). R2 statistics 

were calculated within the WGS SNP density imputed datasets using PLINK, and plots 

include only those SNPs with an R2 ≥ 0.2 that were present in all three study sets and that 

were included in the meta-analysis. LD regions were defined by the lowest and highest 

base pair (bp) position of SNPs with an R2 ≥ 0.8 in relation to the target SNP (limited to 

SNPs within 250 kilobase (kb)). The genes shown below the regional R2 plots are the 

CanFam3.1 gene annotations for the region, plotted against the genomic bp position. 

Exons are indicated by wider lines. Genes labelled with ‘>’ are encoded on the positive/ 

forward strand, those with ‘<’ are on the negative/ reverse strand. The gene annotations 

and regional plot of LD share an X-axis. 

7.7 Discussion 

Through GWAS meta-analysis and replication in an independent sample set, this 

investigation has identified three SNPs, representing three genomic regions across two 

chromosomes, that exhibit evidence of a reproducible association with IE in the Border 

Collie. When grouped together in a genotypic risk score the SNPs demonstrate potential 

utility as a predictive tool for IE in the breed. To validate the risk score’s ability to predict 

IE risk it will be necessary to conduct testing in an independent set of cases and controls 

using a weighted risk score generated from effect estimates of the replication set. In the 

current analysis the weighted risk score is comprised of effect estimates from the 

discovery set and is therefore susceptible to the ‘winners curse’ phenomenon [421]. 

However, a non-weighted analysis based on genotypic counts for the three SNPs was not 

materially different to a weighted score, suggesting that the findings are robust. 

Two SNP associations identified have regions of LD containing compelling candidate genes 

for involvement in idiopathic epilepsy. Chromosome 11 SNP CanFam3.1 11:62873725 is 

located less than 8 kb away from the Krüppel-like factor 4 (KLF4) gene. This zinc finger-

containing transcription factor is involved in the regulation of a diverse range of genes 

and cellular processes [429, 430], and has been of considerable scientific interest due to 

its use in the induction of pluripotency in cells [431-433]. Studies have demonstrated 

functions for KLF4 in the central nervous system (CNS) where it has been shown to 

repress axon growth [434], and to have roles in pathways that regulate neurogenesis (the 

generation of neurons from neural progenitor cells) and synaptogenesis (the formation of 



208 
 

synapses) [435-437]. KLF4 has also been suggested to have a role in the regulation of 

neuroinflammation [438, 439], and to be involved in the pathways behind sedation [440]. 

The downregulation of KLF4 has also been implicated in epileptogenesis in a mouse 

model of epilepsy, and its overexpression demonstrated to suppress seizures and synaptic 

plasticity in the model [441]. A U6 spliceosomal RNA gene is also annotated within the LD 

region found for CanFam3.1 11:62873725. U6 is an important component of the 

spliceosome which is a ribonucleoprotein complex that facilitates gene splicing, the 

process of removing introns, and ligating exons, in precursor messenger RNA [442]. 

Mammalian genomes contain many copies of the U6 gene [443], the majority of which 

are thought to be pseudogenes [444]. 

The second SNP association that is a compelling candidate for involvement in idiopathic 

epilepsy is chromosome 16 SNP CanFam3.1 16:55920429. This SNP, and the 82.2 kb 

region of LD identified, is located within an intron of the CSMD1 gene. CUB and Sushi 

multiple domains 1 (CSMD1) is highly expressed in epithelial tissues and the CNS during 

development, most notably in the nerve growth cone (which is the leading edge of the 

growing neuron), and is expressed in the adult brain including the cerebral cortex, 

cerebellum, and white matter [445, 446]. CSMD1 inhibits the complement pathway, a 

part of the innate immune system which promotes inflammation and can have both 

beneficial and damaging effects on the CNS including neuropsychiatric and neurological 

diseases [445-447]. Neuroinflammation has been linked to epilepsy and epileptogenesis 

[447], and a difference in plasma complement biomarkers between epilepsy patients and 

controls, and patients with controlled or uncontrolled seizures, has been observed [448]. 

Variants within the CSMD1 gene have been implicated in neurodevelopmental and 

neuropsychiatric disorders, and neurological disease; including schizophrenia [449], 

bipolar disorder [450], autism spectrum disorder [451], familial Parkinson disease [452], 

ataxia with cerebellar hypoplasia [453], and cerebellar agenesis [454]. Studies that 

identified a translocation interrupting the coding sequence of CSMD1 [455], and an 18.5 

kb deletion in the region containing CSMD1 [456], have linked the gene to epilepsy in 

humans, further strengthening its candidacy as a gene with involvement in canine IE.  

Chromosome 11 SNP CanFam3.1 11:68785445, and most tagging SNPs in the LD analysis, 

are located within C9orf91; in recent years identified in humans to be the transmembrane 

protein 268 (TMEM268) gene [457]. There is a scarcity of publications regarding the gene, 

reflecting its relatively recent characterisation. TMEM268 has been found to be mostly 
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present at the endoplasmic reticulum and plasma membrane, interacts with integrin 

subunit β4 (ITGB4), and is thought to have a role in cell growth and cell adhesion [457]. 

The SNPs associated with IE risk identified here are array-based SNPs and are unlikely to 

be the variants that confer disease risk themselves. Instead, it is likely that they are in LD 

with, or ‘tag’, the genomic variants that cause individual Border Collies to have an 

increased risk of developing IE. The three genomic regions implicated in IE risk by the 

SNPs identified in this study will be interrogated in future WGS-based studies to identify 

potential functional variants using in-silico approaches. The statistical association of the 

individual SNPs that we identified from the replication study was weak, not surviving 

correction for multiple testing. One potential explanation for this is that the risk allele 

frequencies were high in controls, particularly for the two SNPs located on chromosome 

11, indicating that risk alleles are common in the general population. In addition, the 

GWAS approach used in this study is unable to identify variants that are very common or 

fixed (i.e. present in all individuals) in the breed and which therefore contribute to the 

breed’s overall increased risk of IE; or rare or de novo high-impact variants that may cause 

IE in an individual dog. Future work utilising WGS approaches and large comparative 

datasets could be used to overcome this limitation, and this will be facilitated by the 

gathering of larger WGS-based datasets to complement existing case-control studies. 

In conclusion, through GWAS meta-analysis and replication in a large independent set of 

cases and controls, the present study identified three variants that demonstrate evidence 

of reproducible association with IE in the Border Collie and are predictive of IE status 

when included in a genotypic risk score. The implicated genomic regions include genes 

which represent provocative candidates for IE risk. These findings represent a foundation 

on which to build a better understanding of the underlying genetics of IE in the Border 

Collie dog breed. 
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8 General discussion 

This PhD aimed to identify genetic factors contributing to the risk of developing IE and 

movement disorders in the dog, using methodology tailored to the hypothesised modes 

of inheritance to investigate these distinctive but sometimes phenotypically overlapping 

neurological disorders. The PhD utilised a broad range of genetic, molecular, and 

computational approaches to meet this aim; exploring and implementing methodology 

that was novel to the research group and developing tools that will have utility for future 

research. 

The PhD met all its objectives: 

1. To whole genome sequence two Norwegian Buhund siblings affected by 

cerebellar ataxia and perform analyses to identify and characterise potentially 

causal variants. 

2. To validate and implement genome-wide genotype imputation to impute 

Illumina CanineHD datasets for the Border Collie and Italian Spinone up to the 

genotype density possible through the Axiom Canine HD array, assessing the 

effect of breed and reference panel size on imputation accuracy. 

3. To carry out a GWAS of PxD in the Norwich Terrier and to investigate any 

disease-associated loci in a large population-based dataset. 

4. To carry out a GWAS of IE in the Italian Spinone and to investigate any disease-

associated loci in independent sample sets. 

5. To carry out a GWAS and meta-analysis of IE in the Border Collie and to 

investigate any disease-associated loci in a large independent case-control set. 

Whole genome sequencing of two Norwegian Buhund siblings affected by cerebellar 

ataxia successfully identified a variant associated with the disease in a gene not 

previously associated with ataxia in any species (chapter 3). Emerging publicly available 

WGS variant datasets were essential to limit the number of candidate genetic variants to 

a number practical for follow up, without filtering by candidacy, to allow the variant 

within the novel ataxia gene to be identified. A combination of molecular and in silico 

approaches were used to support the findings. 

Genome-wide genotype imputation of Illumina CanineHD datasets to the genotype 

density of the Axiom Canine HD array was validated (chapter 4). This approach was first 
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implemented for the Border Collie and Italian Spinone, and the effect of breed and 

reference panel size on accuracy was assessed. Imputation accuracy was found to be 

high, and imputation was found to be an effective tool for canine genetic research, 

allowing meta-analysis of genotype data generated using different arrays. Within this PhD 

project, the array density imputed data was subsequently used for IE GWAS in the Italian 

Spinone and Border Collie (chapters 6 and 7); imputation to array density was also utilised 

for the Norwich Terrier (chapter 5), and imputation to WGS SNP density was carried out 

for the Border Collie (chapter 7). 

This PhD project used a GWAS approach to investigate neurological diseases in three 

breeds: PxD in the Norwich Terrier (chapter 5), and IE in the Italian Spinone and Border 

Collie (chapters 6 and 7). The GWAS of PxD in the Norwich Terrier, including 24 cases and 

24 controls, identified disease-associated loci which were then investigated in a 

population-based dataset of 232 Norwich Terriers (including 10 known cases and 45 

confirmed controls), implicating five genomic regions for future investigation. A GWAS 

meta-analysis of IE in the Italian Spinone (52 cases and 51 controls) identified disease-

associated loci; however, investigation in independent sample sets was unable to identify 

variants with replicable association with the disease. GWAS meta-analysis of IE in the 

Border Collie (up to 123 cases and 186 controls) and investigation of disease-associated 

loci in a large independent case-control set (up to 271 cases and 307 controls) identified 

three SNPs demonstrating evidence of replicable association with IE and potential for 

predicting IE status when included in a weighted risk score. 

In the remainder of this chapter the wider implications of this PhD research will be 

discussed. The strengths and limitations of the methodology that was used will be 

considered, along with the potential impact of the findings on the genetics of canine and 

human neurological disease, and what the results suggest should be taken into 

consideration for future research. 

8.1 KCNIP4: new evidence suggests a role for the gene in human neurological 

disease 

Since publication of this PhD project’s findings proposing KCNIP4 as a candidate gene in 

cerebellar ataxia in dogs and other species, the gene has been implicated in a movement 

disorder in humans [458]. WGS of patients with unexplained developmental and epileptic 

encephalopathies found that a patient with a previously reported rare pathogenic variant 
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in KCNA2 also had a de novo nonsense variant in KCNIP4. The patient had early onset 

seizures, intellectual disability, dystonia, and ataxia. The variant within KCNIP4 was 

suggested to underly the more severe intellectual disability and ataxia seen in this patient 

in comparison to patients with only a variant within KCNA2 [458]. This validates KCNIP4 as 

a candidate gene for cerebellar ataxia and demonstrates the wider relevance of 

movement disorders in the dog as a naturally occurring disease model. Two other recent 

studies have associated KCNIP4 with epilepsy [459, 460]. 

The evidence supporting a role for KCNIP4 and voltage-gated potassium channels in 

canine and human neurological diseases raises the possibility of therapeutic implications 

in both species [326, 458-461]. Compounds that target voltage-gated potassium channels 

and KCNIP proteins and modulate A-type potassium currents have been demonstrated 

[462, 463], suggesting that these proteins could be pharmacological targets for canine 

and human cerebellar ataxia and other neurological diseases in which KCNIP4 has been 

implicated. 

8.2 DNA-based tools for dog breeders and potential for future clinical use 

One of the key goals for most research investigating the genetics of canine inherited 

diseases is that it will eventually lead to DNA-based breeding tools that will help reduce 

disease incidence. This is the most straightforward in the case of fully penetrant 

monogenic disorders, particularly those which are autosomal recessive or dominant, 

where the objective of DNA-testing is to allow dog breeders to make informed breeding 

decisions to avoid producing affected dogs and to reduce the disease-causing allele 

frequency within the population [26, 33]. 

Between the launch of the DNA test for cerebellar ataxia in the Norwegian Buhund on 4th 

December 2017, and the closure of the Animal Health Trust in July 2020, the Animal 

Health Trust DNA testing service tested only 29 Norwegian Buhunds for the KCNIP4 

variant. The Norwegian Buhund is a numerically small breed (7-45 UK Kennel Club 

registrations a year 2012-2021, median 20.5) [316] 

(https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/, accessed 

16/01/2023), and other DNA testing providers were available. Two of the 29 dogs tested 

were heterozygous for the variant; the remaining 27 were all homozygous for the 

reference allele. The results suggested that although the variant was still present in the 

UK Buhund population at the time, it was not common. As of June 2022 our collaborators 

https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/
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at Wisdom Health had tested 1,731,985 DNA samples, mostly from mixed breed dogs and 

dogs of other breeds but including six from Norwegian Buhunds, and none of the dogs 

had any copies of the variant (Oliver Forman, personal correspondence, June 2022). This 

suggests that the putatively disease-causing allele is rare and most likely specific to the 

Norwegian Buhund breed, supporting the findings of the study that is part of this PhD. 

Despite the huge number of dogs that have now been tested, the only dogs to have ever 

been found to be homozygous for the ataxia-associated allele are the four cerebellar 

ataxia cases. The availability of the DNA test, the apparent low frequency of the putative 

disease-causing allele, and the absence of the mutation from other breeds, means that 

the disease could feasibly be quickly excluded from the population through the avoidance 

of breeding carriers. 

The findings from this PhD project’s research focusing on PxD and IE indicate that, in the 

breeds investigated, these disorders are unlikely to be monogenic. Five potentially PxD-

associated genomic regions were identified for the Norwich Terrier for future 

investigation, and three SNPs in distinct genomic regions show evidence of replicable 

association with IE in the Border Collie. So far, attempts to identify variants reproducibly 

associated with IE in the Italian Spinone have been unsuccessful; however, this provides 

evidence that IE is unlikely to be a single gene autosomal recessive or dominant disease in 

the breed, for which the study was expected to have had sufficient power to detect 

associated variants. One potential DNA-test based methodology for providing breeding 

advice to dog breeders for oligogenic or polygenic inherited canine disorders could be the 

use of weighted risk scores. Dogs with an increased risk allele load, above a threshold 

which would need to be determined through research, could be either avoided when 

making breeding decisions or only mated with dogs with a risk allele load below a 

predetermined threshold. Such an approach could be used to reduce risk allele frequency 

within a population over time. 

The risk alleles for two of the three IE-associated SNPs identified for the Border Collie 

were observed to be common in controls as well as cases (chapter 7). The risk allele 

frequencies for CanFam3.1 11:68785445 (G) and 11:62873725 (T) were 0.66 and 0.62 

respectively in the combined sets of controls included in the study. This represents a 

challenge for any future attempts to reduce allele frequency within the breed through 

DNA-testing. A cautious approach using a weighted risk score, as outlined above, that 

slowly worked to reduce risk-allele frequencies over time might be most effective. 
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However, dog breeders are much more familiar with DNA test results for autosomal 

recessive diseases and are accustomed to receiving the advice to avoid mating two dogs 

which both carry a disease-causing variant. Such an approach should obviously be 

avoided for the risk-conferring variants underlying the SNPs identified in the Border Collie 

study; if it was applied, a large proportion of the breeding population would be excluded, 

this added selection likely having an undesirable impact on genetic diversity [11]. The 

resultant loss of genetic diversity could have adverse consequences, such as those 

discussed elsewhere in this thesis regarding the effect of genetic bottlenecks and 

selection including extensive homozygosity and the increased frequency of other disease 

conferring variants. The Border Collie breed is not small numerically (1679-2144 

registrations a year 2012-2021, median 2070.5) [316] 

(https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/, accessed 

16/01/2023), although the effective population size (i.e. the breeding population) of 

breeds is not necessarily proportional to registration numbers [11]. Increased inbreeding 

through drastic selection away from common risk conferring variants would still be a 

matter of concern, and if it occurred in a numerically small breed such as the Italian 

Spinone the introduction of dogs from a different population may be required to improve 

genetic variation [11]. Breeding advice would therefore need to be cautious and efforts 

made to educate dog breeders and breed clubs so that they can make informed breeding 

decisions. 

The three-SNP risk score tested for Border Collie IE showed evidence of ability to predict 

disease status (chapter 7). Such a test could be used to identify dogs with a higher risk of 

developing IE and could be an additional diagnostic test to assist veterinary neurologists 

with diagnosis which is currently typically a process of elimination by excluding other 

potential causes of seizures. A study of IE in the Belgian Shepherd dog found that a two-

loci model combining associated SNPs on canine chromosomes 14 and 37 showed 

evidence of being predictive of IE risk [292]. However, subsequent studies have been 

unable to replicate the association of chromosome 14 [303, 304]. A patented risk score 

comprising 17 variants reported to be associated with canine hip dysplasia in German 

Shepherd dogs did not demonstrate predictiveness in a study that evaluated it 

independently [464]. To the authors knowledge, there have been no previous 

publications describing the use of a combined, weighted, genetic risk score for canine 

inherited disease for which evidence of predictiveness has been demonstrated using ROC 

https://www.thekennelclub.org.uk/media-centre/breed-registration-statistics/
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analysis. The three-SNP risk score for IE in the Border Collie is therefore likely to be the 

first canine genetic risk score to have been found to have evidence of predictiveness in a 

large replication set. Genetic risk scores based on relatively small numbers of SNPs 

associated with disease [416], and PRS that incorporate up to many thousands of array 

SNPs based on data from GWAS, often using the combination of SNPs yielding the best 

predictive model [465], have been developed for complex human diseases to help 

identify individuals at increased risk of disease who could benefit from clinical and/or 

lifestyle interventions [412, 413]. The largest human GWAS meta-analysis of common 

epilepsies to date identified 16 associated loci [231], and has enabled studies to use PRS 

to investigate the underlying heritability of epilepsy [466-469]. However, more research is 

required, using larger study cohorts to investigate the PRS accuracy relating to epilepsy 

subtypes and individuals of non-European ancestry, before epilepsy PRS can be used to 

make clinical decisions. PRS have also been investigated for various psychological 

disorders [470], and shared heritability has been found across disorders [471]. A PRS for 

type 2 diabetes has been assessed using data derived from meta-analysis of GWAS [472], 

and may be able to identify individuals at increased risk. Genetic risk scores based on 13 

[414], 27 [415], and 50 [416] SNPs derived from GWAS have been demonstrated to be 

capable of identifying individuals at an increased risk of coronary heart disease. 

Preventative treatment of coronary heart disease using statin therapy, and guidance for 

healthy lifestyle decisions, can be informed by genetic risk scores [412, 415]. Genetic risk 

scores have also been developed for colorectal cancer (27 SNPs) [417], prostate cancer 

(54 SNPs) [418], and breast cancer (92 SNPs) [419], and have the potential to inform the 

decision to undergo screening for the respective diseases or to advise healthy lifestyle 

choices in those at high risk. 

A genetic risk score for IE in the Border Collie would need further validation and 

optimisation to establish that it is robust, before it could be implemented as a clinical 

tool, or as a tool for dog breeders. Increasing the number of SNPs included in the genetic 

risk score has been shown to improve prediction of coronary heart disease risk [416], and 

would likely have the same affect for canine genetic risk scores. Additional variants 

discovered in future GWAS or WGS analysis could be added to the three SNPs that have 

been included so far, potentially improving predictiveness. The use of multi-ethnic 

association data when developing PRS has been suggested to improve prediction accuracy 

for disorders such as type 2 diabetes and inflammatory bowel disease in humans [473, 
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474]. Performing across-breed GWAS or WGS analysis to identify loci or variants 

associated with risk common to multiple breeds, and inclusion of these within a genetic 

risk score could improve accuracy and utility, potentially allowing development of a risk 

score applicable across breeds. It will also be important to ensure that analyses include 

subpopulations within breeds, such as ‘working’ and ‘show’ dogs, and dogs in different 

geographical regions or countries. A human PRS for generalized and focal epilepsy derived 

from a European-ancestry GWAS showed poor predictiveness in Japanese-ancestry 

individuals [466], demonstrating the importance of including individuals from a wide 

range of populations within discovery analyses, or else limiting the application of a risk 

score to the population of the discovery set. For this reason it is potentially advantageous 

that the Border Collie study included the UH GWAS (Finland) and UU replication 

(Netherlands) study sets from outside of the UK. 

8.3 The importance of replication 

The findings of this PhD project, and the Italian Spinone IE study in particular, 

demonstrate the importance of using an independent validation cohort to attempt to 

replicate any GWAS findings when developing breeding tools. Two SNPs passed the 

threshold for genome-wide significance in the Italian Spinone study, but later failed to 

replicate in a validation set (chapter 6). The threshold for significance used was the 

Bonferroni-adjusted P-value, correcting for multiple testing. This threshold is sometimes 

considered over stringent for canine genetic research because the extensive LD of the 

canine genome causes the true number of independent tests to be considerably lower 

than the number of SNPs included in a GWAS. Despite this, the two loci identified appear 

to be false positives or potentially specific to the subpopulation tested as a result of 

sampling bias or generational effects. In the Border Collie study, the SNP with the 

strongest association with IE in the GWAS, on canine chromosome 1, did not replicate in 

the independent validation set. However, three other SNPs on other chromosomes 

demonstrated evidence of replicable association with IE. This again demonstrates the 

importance of replication. The reported association on canine chromosome 14 for IE in 

the Belgian Shepherd dog, also discussed elsewhere in this thesis, is another example of 

an IE GWAS finding for which subsequent replication studies have reported negative 

results [292, 303, 304]. The role of variants within the ABCB1 gene, also known as MDR1, 

in refractory epilepsy in Border Collies and other breeds is unclear as the initial findings 
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have so far not replicated in independent sets, although sample sizes have been small 

[309, 310, 312]. In comparison, a common risk haplotype within the ADAM23 gene has 

been demonstrated to have a replicable association with IE in the Belgian Shepherd dog 

and other breeds [276, 290, 291]. The importance of replication is not limited to GWAS, 

complex diseases, or canine genetic research; for example, variants within the canine 

cyclooxgenase-2 gene promoter associated with renal dysplasia in dogs identified through 

candidate gene sequencing [475, 476], and an intronic variant in TNNT2 linked with feline 

cardiomyopathy identified through WGS [477, 478], both failed to replicate in 

independent studies. 

It is not unusual for GWAS results to be published without first validating the findings in 

an independent set. For example, the GWAS study including 34 cases and 168 controls 

that identified a risk haplotype for IE in the Irish Wolfhound did not attempt to replicate 

the association or narrow the haplotype [80]. The study included 4,224 dogs from 150 

breeds, mixed breed, and village dogs and investigated 12 different phenotypes including 

complex disease and morphology. The authors aimed to demonstrate the power of such 

an approach to map complex traits, reporting loci to which each phenotype was mapped 

without exploring further. It is important that researchers bear the need for replication in 

mind when drawing conclusions and attempt to replicate findings before proceeding with 

further research with hypotheses based on GWAS findings. This is likely to be of particular 

importance for canine complex disease research in which risk conferring variants will 

have lower effect than those of Mendelian disorders, causing GWAS, and validation sets, 

to be potentially underpowered [49]. For this reason, it is also necessary to consider if a 

sample set for validation is of sufficient size to replicate the discovery study’s findings 

before dismissing an associated region based on a small replication study. 

When a replication study utilises a sample set from a population distinct from that of the 

discovery set, lack of replication does not necessarily indicate that the initial study’s 

findings were false-positive. An illustrative example of this is that different genetic risk 

factors that have been identified for mast cell tumours in European and US Golden 

Retrievers [366, 367]. In numerically small breeds in particular, heterogeneity in genetic 

risk factors between different sample sets could confound GWAS and impede replication. 

However, the identification of genetic variants within particular genes and pathways 

conferring disease could allow inferences about disease aetiology in the wider breed 

population and dogs in general. 
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8.4 Approaches used 

This section will discuss the approaches used, the rationale for their use and their 

effectiveness, and the limitations of the studies in this PhD project. 

8.4.1 GWAS 

This PhD used the GWAS approach to investigate PxD in the Norwich Terrier and IE in the 

Italian Spinone and Border Collie breeds (chapters 5, 6, and 7). 

The Norwich Terrier PxD GWAS did not identify any SNPs approaching, or surpassing, 

(Bonferroni-corrected) genome-wide statistical significance. This study is preliminary, and 

the GWAS design, including only 24 cases and 24 controls, reflects the unknown mode of 

inheritance for PxD in the Norwich Terrier breed at the time of study conception. Analysis 

of pedigrees had been inconclusive [120], examples of PxD with autosomal recessive or 

dominant inheritance have been described [189-193], and GWAS of comparable size or 

smaller have been used to successfully identify loci containing candidate causal variants 

[189, 190, 193]. The lack of genome-wide significant findings suggest the PxD in the 

Norwich Terrier is not single-gene autosomal recessive or dominant and may be 

oligogenic or multigenic. The mode of inheritance in the Norwich Terrier could be similar 

to that of Border Terrier PxD, for which a much larger GWAS was unable to identify 

genome-wide significant associations [121]. In the Norwich Terrier PxD GWAS, where 

possible, at least one control dog related to each case was included to reduce population 

stratification that was observed in a previous, unpublished, GWAS conducted in our 

laboratory. It is possible that the low study power that was a result of the small sample 

size was exacerbated by the use of closely related controls. After setting a much lower 

threshold to select SNPs for follow up, analysis with 10 cases and 45 controls from a large 

independent dataset of 232 Norwich Terriers identified five genomic regions associated 

with PxD. This suggests that the use of a larger GWAS, with controls not selected for close 

relatedness to the cases, may have sufficient power to find regions associated with PxD in 

this breed. PxD in the Norwich Terrier may therefore have underlying genetic risk factors 

with a higher effect than those that cause increased risk in the Border Terrier, or the 

GWAS in the Border Terrier could have been hampered by phenotyping of insufficient 

stringency causing multiple conditions with similar clinical signs to be included within the 

case definition. 
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The Italian Spinone IE study used a large independent set of 175 controls as an initial 

semi-replication set to identify GWAS SNPs with evidence of replicable association with 

disease. The five SNPs that were identified using this approach in the Italian Spinone IE 

study failed to replicate when genotyped in a case-control set. The case-control set used 

was small and may have had insufficient power to detect the small to moderate effect 

sizes indicated by the GWAS. However, the lack of replicable association for the SNPs 

identified in this manner in the Italian Spinone study suggests that caution is necessary 

when drawing conclusions about loci implicated using this method. Future research 

should use validation sets which include both cases and controls; the findings here 

indicate that including only controls is insufficient to determine the reproducibility of an 

association found through GWAS. 

As for the Norwich Terrier, the Italian Spinone GWAS included only moderate numbers of 

cases and controls; the mode of inheritance was unknown and studies have found 

monogenic forms of idiopathic epilepsy in the dog [268, 294]. The GWAS that identified 

the locus on canine chromosome 37 associated with IE with genome-wide significance in 

the Belgian Shepherd dog breed included 40 cases and 44 controls [276], sample numbers 

smaller than the Italian Spinone GWAS meta-analysis. This suggested that such an 

approach could be fruitful for the Italian Spinone breed; the high prevalence of IE (5.3%) 

and severe clinical course led us to hypothesise that the risk conferring variants were not 

rare and would be of moderate to high effect [251]. The Italian Spinone GWAS meta-

analysis did find two SNPs surpassing the threshold for genome-wide significance, 

however they did not replicate in the subsequent validation set, as previously discussed. 

No SNPs reached genome-wide significance in a smaller GWAS of IE in the Petit Basset 

Griffon Vendeen that included 23 cases and 30 controls [293]. A larger sample could be 

used to increase study power, although as discussed in chapter 6, sample numbers are 

mostly limited by the numerically small population size for the Italian Spinone breed. 

Expanding the study to include more dogs from outside the UK could compensate for this, 

although caution would be needed to avoid population stratification and a validation set 

of sufficient size would also be necessary. The study used the meta-analysis approach to 

do a combined analysis of Set 1 and Set 2. Set 2 was genotyped four years after Set 1, 

once DNA samples became available for additional cases and controls following a drive 

for study recruitment. The decision to perform a meta-analysis of summary statistics from 

GWAS, as opposed to a mega-analysis pooling the genotype data into a single GWAS, was 
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to compensate for any population stratification caused by sampling bias and, primarily, to 

allow the use of a higher density genotyping array and genotype imputation to improve 

the resolution of the GWAS. Meta-analyses can however have reduced power when 

compared to mega-analyses [479], and the mega-analysis approach was the chosen 

methodology for the largest GWAS performed so far for epilepsy in humans that 

successfully identified 16 genome-wide significant loci [231]. 

The Border Collie GWAS meta-analysis is by far the largest of the three GWAS in this PhD 

research. There has not previously been any published GWAS or other study investigating 

the underlying genetic aetiology of IE in the Border Collie, with the exception of those 

looking at the ABCB1 gene and refractory epilepsy. However, an unpublished GWAS for IE 

in the Border Collie was conducted as part of the LUPA consortium [3], and was unable to 

identify any loci associated with IE. Although the results have not been published, the lack 

of findings from the LUPA GWAS suggested that the disease was unlikely to be monogenic 

in the Border Collie. The study carried out as part of this PhD aimed to use large, well 

phenotyped, study sets to identify SNPs associated with IE in the Border Collie, and to 

utilise a validation set of sufficient size and power to find loci with evidence of replicable 

association with IE. Although no SNPs reached genome-wide significance in the meta-

analysis, analysis of the most strongly associated SNPs in the independent validation sets 

did replicate the association of three loci. This study demonstrated the importance of 

sufficient sample size in GWAS of IE in the dog, and provides further evidence that the 

GWAS approach does have utility for research into this disease. Based on this, and the 

results of the other two GWAS in this PhD project, it is advisable that future research 

intending to use the GWAS approach to investigate canine complex diseases such as IE 

ensures that samples of sufficient size can be obtained. Other methodology, such as 

across-breed GWAS or WGS as described in more detail below in study limitations and 

future work, may be advisable for numerically small breeds for which the number of 

incident cases are likely to be smaller than the required sample size for both GWAS and 

validation. 

8.4.2 Genotype imputation 

Genome-wide genotype imputation was utilised for all three of the GWAS-based studies 

described here. This approach is discussed in detail in chapter 4 [370]. The research 

outlined in chapter 4 built on our understanding of the optimal number of breed specific 
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individuals in a reference panel for imputation of canine genotype, indicating that a 

moderate number is required for high accuracy (e.g. greater than 20 for the Border Collie 

breed). The resulting publication was also of particular value for the field because it 

described the methodology in detail to encourage use of the technique [370], building on 

previous work which typically included a briefer description of the preparation of data for 

genotype imputation [76-78]. The focus on imputation up to array density as opposed to 

WGS variant density is also likely to be valuable as a cost-effective alternative to 

generating the required number of breed-specific WGS for a reference panel. 

The Norwich Terrier PxD GWAS utilised Axiom array genotyped data, and genotype 

imputation allowed the most strongly associated SNPs to be assessed in the genotype 

dataset of 232 Norwich Terriers which had been genotyped for an unrelated study using 

the lower density Illumina array. Imputation allowed the lower density Illumina CanineHD 

array genotyped GWAS data to be meta-analysed with Axiom Canine HD array data in the 

Italian Spinone study, and also allowed analysis of Axiom array SNPs in the validation set 

which was genotyped on the lower-density array. All three sets in the Border Collie GWAS 

meta-analysis were initially genotyped on the lower density array, and imputation 

allowed analysis at the higher density without re-genotyping all individuals. The Border 

Collie data was also imputed to the density of WGS SNPs, allowing yet more variants to be 

investigated. This was possible for this breed because of the availability of 40 Border 

Collie WGS that were part of in-house and publicly available WGS variant datasets, 

allowing imputation to be of a high accuracy. The investigations as part of this PhD 

project (chapter 4) [370], and other published research [76, 78], have demonstrated that 

including sufficient numbers of breed specific individuals within a reference panel are 

necessary to achieve high imputation accuracy. Imputation accuracy is likely to be 

particularly important when investigating complex canine diseases where error could 

potentially reduce a study’s power to identify associations where allele differences are 

relatively small between cases and controls. For this reason, imputation up to WGS SNP 

level was not carried out for the Italian Spinone or Norwich Terrier Studies, for which 

breeds only low numbers (n ≤ 5) of WGS were available. These studies therefore further 

demonstrate the utility of imputation in canine genetic research, and the approach is now 

becoming widely used in the field [79, 480-483]. 
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8.4.3 Whole genome sequencing 

WGS of two siblings proved an effective methodology when investigating the rare, 

autosomal recessive, cerebellar ataxia in the Norwegian Buhund breed (chapter 3) [461]. 

This is demonstrative of the drastically smaller sample numbers required in comparison 

to common and multigenic or complex neurological diseases such as PxD in the Norwich 

Terrier and IE in the Italian Spinone and Border Collie breeds. Such studies do however 

still require a sample set for validation of the findings, but pedigree information can 

facilitate the use of smaller numbers of cases. Cerebellar ataxia is rare in the breed, the 

breed is numerically small, and DNA from only four cases were available for this study; 

this made the use of pedigree information to identify obligate carriers extremely valuable. 

The biobank of > 40,000 canine DNA samples at Kennel Club Genetic Centre is an 

important resource for canine genetic research, and allowed the validation set of 

Norwegian Buhunds to be supplemented with a large multi-breed panel (359 dogs, 122 

breeds). 

The Norwegian Buhund study identified a novel gene for cerebellar ataxia. WGS could be 

used to identify a novel gene for cerebellar ataxia in the Norwegian Buhund because of 

the large number of ‘control’ genomes that could be used for variant filtering, and the 

availability of tissue from the affected dogs. The rarity of the disease, and the likely-causal 

variant’s low frequency within the dog population and apparent breed-specificity, meant 

that filtering using publicly available and in-house WGS datasets reduced the number of 

potential variants identified to a number manageable for follow up genotyping without 

filtering by gene candidacy, as was previously typically necessary for studies utilising WGS 

of small numbers of cases [65, 66]. Variants in genes that are novel for a disease require 

robust evidence that they are causal. The availability of tissue samples from the cases 

allowed the use of RT-qPCR, Western blot, and immunohistochemistry to support the 

findings, along with in silico tools that can be used in the absence of tissue. The absence 

of tissue samples for many inherited canine diseases that are manageable through 

treatment, are not life threatening, or do not cause a quality of life concern that leads to 

euthanasia, will limit the ability of studies to provide strong evidence that a variant is 

causal when it affects a novel gene. The lack of availability of healthy control tissue is also 

often a limitation. However, projects such as the dog genome annotation project (DoGA), 

which aims to improve functional annotation of regulatory elements of the canine 

genome, and is collecting a tissue biobank and gene expression profile data of different 
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regions of the canine brain, will be extremely valuable [484, 485] 

(www.doggenomeannotation.org, accessed 22/01/2023). 

The large publicly available WGS variant dataset that facilitated the Norwegian Buhund 

study was also essential for building a multi-breed reference panel for accurate genotype 

imputation. The number of publicly available canine WGS is growing all the time, and is 

expected to grow more quickly as a result of genome-sequencing consortia such as the 

DBVDC and Dog10K [67-69]. This is another exciting emerging resource for canine 

genetics, and will be of great use to future research. As the cost of NGS continues to 

decrease, it is also likely that even smaller research groups will be able to generate their 

own in-house genome banks which can also be made publicly available for use by the 

field in general. The collaborative nature of the canine genetics international community, 

and the willingness of researchers to share data, contributes greatly to its success and is a 

key benefit to conducting research in the field. 

8.5 Study limitations and future work 

8.5.1 Copy number and structural variants 

A limitation of the WGS analysis pipeline utilised to investigate cerebellar ataxia in the 

Norwegian Buhund is that it was unable to detect structural variants (SVs) or insertions 

and deletions larger than approximately 75 bp. Tools have been developed and used for 

detecting SVs in human genetic research and clinical sequencing [486, 487], and include 

Pindel [488], SVMerge [489], DELLY [490], Lumpy [491], and Manta [492]. SVs are 

detected by identifying read pairs mapping in an unexpected orientation or distance, split 

reads (where a read shows broken alignment, with the single read aligning to two 

regions), and increases or decreases in read depth [486, 487, 493]. SVs can also be 

detected through long-read sequence assembly [487, 493]. SV detection remains 

challenging, however, due to the short reads used for most NGS, the variable coverage of 

WGS data, and the localisation of SVs at difficult to sequence repetitive or duplicated 

regions [486, 487, 493]. 

SVs have been associated with canine inherited diseases and other phenotypes [494-497]. 

The detection of SVs in the dog has often relied on manual inspection of the sequence in 

a gene of interest using software such as the Integrative Genomics Viewer (IGV) [498], 

such as was carried out to identify the complex structural variant in KRT71 in curly-coated 

http://www.doggenomeannotation.org/
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dogs [496], the 2.46 KB deletion in GP9 putatively causing Bernard-Soulier syndrome in 

Cocker Spaniels [497], and the > 5 MB deletion on the canine X chromosome that 

putatively causes dystrophin-deficient muscular dystrophy in Miniature Poodles [495]. 

This approach relies on a GWAS or candidate gene approach to be used first to identify a 

region of a practical size for manual inspection. Once a region of interest has been 

identified, SV discovery tools can also be used to find SVs which can then be compared 

between cases to controls. This approach, utilising DELLY [490], was used to identify the 

complex structural variant associated with non-syndromic canine retinal degeneration 

(with incomplete penetrance) in Miniature Schnauzers [494]. 

Copy number variation (CNV) is another type of SV that is of interest, and which can also 

be challenging to detect. CNVs may have roles in canine complex disease; for example, a 

CNV showed evidence of association with risk for canine squamous cell carcinoma in 

Standard Poodles [499]. Read depth differences can be used to detect CNVs in WGS data, 

and sophisticated custom-made pipelines have been used to detect canine CNVs using 

WGS read depth, including a CNV GWAS of breed-specific morphology and phenotypes 

[500]. 

The above examples demonstrate that structural variants do have roles in canine 

inherited disease. As WGS of small numbers of cases is increasingly common practice for 

investigating canine autosomal recessive inherited diseases [65, 66, 461] (chapter 3), in a 

manner not entirely unlike clinical sequencing in humans [486], it becomes increasingly 

important that SVs are not overlooked. SVs may also have a role in canine IE; the 

Genomics England PanelApp genetic epilepsy syndromes gene panel (version: 3.0) 

includes 15 CNVs that have a diagnostic level of supporting evidence for disease 

association in humans [223, 224].  To date, most genetic studies in the dog have focused 

on analysis of SNPs and smaller insertions and deletions [67, 500]. The development of 

genome analysis pipelines that can perform genome-wide analysis of SVs will be 

important to allow investigation of the full extent of genetic variation in dogs and how 

this relates to disease. 

8.5.2 Common or fixed variants 

Case-control GWAS including only individuals from the same breed, such as those carried 

out in this PhD project, are unable to identify associations for risk-conferring variants 

which are extremely common or fixed (i.e. present in all dogs) within a breed population. 
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This is because the variants will be as frequent, or nearly as frequent, within the controls 

as they are in the cases. In the Border Collie IE GWAS, risk allele frequencies for 

CanFam3.1 11:68785445 (G) and 11:62873725 (T) were 0.63 and 0.60 respectively in 

GWAS meta-analysis controls, with meta-analysis odds ratio point estimates of 1.86 and 

1.74 indicating modest effect (chapter 7). Neither association reached Bonferroni-

adjusted genome-wide statistical significance but they did demonstrate evidence of 

replication in a validation set approximately twice the size of the discovery set, suggesting 

that these allele frequencies and effect sizes are close to the limit of the study’s power to 

detect. 

It is possible that the genetic bottlenecks and selection pressures that were part of breed 

formation and a result of selection to meet breed standards have led to variants that 

increase risk being very common or fixed in the breed. Risk-conferring variants that are 

fixed would contribute to the overall increased risk of a disease in the breed, with other 

less common variants and environmental factors causing the higher risk seen in some 

individuals. Selection for a desirable trait, for example herding behaviour in the Border 

Collie and other shepherding breeds where IE is prevalent, could have increased the 

frequency of the genetic variants that underly the desired trait but which also cause 

increased risk of a disease such as IE. This process is hypothesised to have occurred with 

selection for a copy of a FGF4 retro-gene that is associated with Hansen’s type I 

intervertebral disk disease [15, 16], and variants within ADAMTS17 associated with 

primary open angle glaucoma [17, 18], both of which have also been associated with 

short stature which can be considered a desirable trait in some breeds [15, 16, 19]. The 

genetic bottlenecks that are a result of relatively recent breed formation and closed stud 

books have led to extensive LD in dogs, and this, along with widespread inbreeding, have 

resulted in long runs of homozygosity [5]. Selection for variants that underly a trait can 

therefore lead not just to that variant becoming fixed or common, but also a wide 

genomic region around it (a selective sweep) which can contain variants conferring 

disease risk [21, 22]. 

A potential approach to find very common or fixed variants underlying IE could be WGS of 

IE cases, and variant filtering using control dogs of other breeds that are not known to 

have a high prevalence of IE. An across breeds GWAS could also have utility for identifying 

regions of the genome that have been under selective pressure in a breed. Both 

approaches are potentially likely to lead to identification of variants that underly other 
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breed-specific traits not associated with IE. However, pathway and gene ontology 

database analysis may enable variants to be prioritised for further evaluation based on 

candidacy. 

As discussed previously, identifying fixed or very common variants underlying risk of 

disease would represent challenges for dog breeders because they could not be bred out 

of the population without introducing dogs from outside the breed into the breeding 

population. However, findings could lead to an understanding of the biology that 

underlies IE and potentially inform treatments. 

8.5.3 Rare or de novo variants 

The GWAS approaches used in the studies described in this PhD thesis would have also 

been unable to identify regions containing very rare variants conferring risk of disease 

[49]. The GWAS would have lacked power to identify very rare variants, and standard 

practice was to filter out SNPs with a MAF lower than 5% for this reason. Numerous rare 

moderate effect variants could be contributing to disease risk within a breed [49, 412], 

but GWAS would not be able to identify the regions in which they are located. Many 

human epileptic encephalopathies can be caused by de novo mutations [222, 228-230]. 

De novo mutations, if they are involved in canine epilepsy or PxD, would by their nature 

be individually extremely rare (potentially found in only a single dog), and would 

therefore also not be found via GWAS. Rare and de novo variants would have limited use 

within a genetic risk score or a breeding tool because such a tool would need to be 

applicable to the whole breed population. However, understanding the underlying 

aetiology and the genes and pathways involved in canine complex diseases could lead to 

improved treatment. Building a list of genes implicated in a canine complex disease such 

as IE may facilitate clinical sequencing, such as is carried out for human disease [223, 224, 

486], and to support diagnosis. 

The approach likely to have the most success identifying rare variants of moderate effect 

is WGS of cases and filtering variants using control dogs of multiple breeds not known to 

have high risk of the disease being studied. De novo variants can be identified by WGS of 

parent and affected offspring trios [229, 230], filtering for variants present in the affected 

offspring but not in either parent. These approaches are likely to produce large numbers 

of potential variants. Variants could be prioritised by predicted consequence using tools 

such as SIFT and PolyPhen-2 [319, 501]. However, the rare variants underlying risk of a 



228 
 

complex disease may not be high-effect variants that directly affect a protein-coding 

sequence or disrupt a transcript. Variant filtering will therefore need to be more inclusive 

than would be used to investigate an autosomal recessive (or dominant) disease such as 

in the Norwegian Buhund cerebellar ataxia study (chapter 3) [461]. Improved annotation 

of regulatory elements in the canine genome would allow discovery of risk variants that 

affect gene expression [484, 485] (www.doggenomeannotation.org, accessed 

22/01/2023), and allow the variants to be filtered based on the functional information. 

The filtered variants could then be interrogated using gene ontology databases to identify 

those most likely to confer risk, and functional relationships between the implicated 

genes could be investigated to identify pathways that are important for disease risk. Large 

numbers of WGS may be necessary to gain a good understanding of the rare variants, or 

de novo variants, underlying IE. Low pass sequencing and imputation would allow 

generation of large datasets [79], but low imputation accuracy for rare variants, or their 

absence from reference panels, would make such an approach unsuitable (chapter 4) 

[370]. 

8.5.4 Investigating potential PxD-associated regions in the Norwich Terrier  

Five potentially PxD-associated regions were identified in the Norwich Terrier GWAS and 

replication analysis (chapter 5). The regions include genes with good candidacy for PxD. 

However, only 10 cases were available for replication analysis, and these were not as well 

defined as for the GWAS. Future work should include a large replication set including a 

larger number of well-defined cases and controls than were included in the GWAS. If the 

subsequent analysis confirms that any of the regions have replicable association with PxD, 

WGS could be utilised to search the identified genomic regions for variants conferring risk 

of PxD. 

8.5.5 Future investigations of IE in the Italian Spinone 

The Italian Spinone GWAS identified regions passing the threshold for statistical 

significance that did not replicate in an independent set of cases and controls (chapter 6). 

One of the associations implicated MAST4, a compelling candidate for epilepsy. This could 

represent a rare variant associated with IE in a small subset of cases. Future work could 

WGS dogs within the subset of individuals in which this association was strongest, and 

related dogs, to identify potentially causal or risk conferring variants within and in the 

region of this gene and determine if the association represents a rare familial epilepsy 

http://www.doggenomeannotation.org/
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within the breed. The GWAS would have been unable to identify rare or very common 

variants, and WGS analysis as described above should be used to explore the potential 

involvement of these variants in risk for IE in this breed. It is notable that the replication 

set used to follow up the GWAS associations included fewer individuals than the GWAS, 

and therefore had reduced power to detect associations with disease. Investigation of the 

GWAS associated regions in a new independent replication set, which should include 

more individuals than the GWAS, could be used to confirm the study’s findings. However, 

as outlined above, study size is limited by the small population and the limited availability 

of well-defined cases. 

8.5.6 Investigating Border Collie IE-associated regions 

GWAS meta-analysis of IE in the Border Collie and genotyping a large independent case-

control set identified three SNPs demonstrating evidence of replicable association with IE 

and potential for predicting IE status when included in a weighted risk score (chapter 7). 

The array SNPs are unlikely to be the variants conferring IE risk but instead will be in LD 

with the genomic variants that are affecting risk of disease. Future work will look for risk-

conferring variants by generating WGS data for Border Collies with the identified risk 

alleles for the array SNPs and comparing with dogs with the alternate (non-risk) allele. 

The variants in the regions will be prioritised based on gene candidacy and predicted 

effect on protein coding sequences or gene regulation and expression and genotyped in 

sets of dogs to test if they are more predictive of IE status than the array SNPs. 

8.6 Conclusions 

Canine neurological diseases are fascinating naturally occurring models of human disease, 

and are major welfare concerns for dog breeds. This PhD project has led to the 

identification of the novel gene KCNIP4 as cerebellar ataxia-associated, with subsequent 

research indicating potential relevance to human disease. The identification of the 

putative causal variant for cerebellar ataxia in the Norwegian Buhund has also allowed 

the development of a DNA test to allow dog breeders to avoid producing affected dogs. 

The studies of canine complex neurological diseases identified genomic regions with 

evidence of replicable association with PxD in the Norwich Terrier, and IE in the Border 

Collie. This PhD has built evidence indicating the involvement of both rare variants with 

higher effect and common lower effect variants in these canine neurological diseases, 

expanding our understanding of the underlying genetics of these diseases in dogs. A 
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three-SNP genetic risk score for IE was tested in the Border Collie breed and 

demonstrated that future refinement of this risk score may have utility for predicting 

disease status. This PhD project utilised a range of approaches to investigate the 

underlying genetics of canine neurological disease, including implementing methodology 

novel to the research group leading to the development of valuable tools. The studies are 

demonstrative of the strengths and weaknesses of the various approaches used, and will 

inform the choice of methodology for future studies. 
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10 Appendices 

i. Power calculations 

Appendix i.i. Border Collie IE study power calculations 

A power calculation was performed for the Border Collie IE study using Quanto [502] to 

determine the number of cases required, with controls outnumbering cases at a ratio of 

1.5:1, to detect associations (desired study statistical power: 0.8) for a range of risk allele 

frequencies and moderate to high effect sizes. Calculations were based on a significance 

threshold of 0.05, a log-additive mode of inheritance, and a disease prevalence of 0.85% 

based on published data [203]. The power calculations suggested that a study including 

100 cases and 150 controls would have sufficient power to detect associations of variants 

with risk allele frequency 0.15 – 0.45 and odds ratio ≥ 2(Appendix i.ii). 

A second power calculation was performed using the online genetic association study 

(GAS) power calculator [503], which is based on the power calculator for two stage 

association studies (CaTS) [504]. This power calculation was used to examine the power 

of a study of 100 cases and 150 controls to detect associations with a range of risk allele 

frequencies and effect sizes. Calculations were based on an additive disease model, a 

significance threshold of 0.05, and a disease prevalence of 0.85% [203]. The power 

calculation confirmed that a study of 100 cases and 150 controls should have sufficient 

power to detect associations with odds ratios > 3 and low to high risk allele frequencies 

(Appendix i.iii). The results suggested that such a study would also be expected to detect 

variants with a moderate effect (odds ratio ~2) and risk allele frequencies between 0.2 

and 0.5. 
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Appendix i.ii. Border Collie idiopathic epilepsy power calculation indicating case numbers 

required to detect variants with moderate to high effect on risk and a range of risk allele 

frequencies. Based on a control to case ratio of 1.5:1. Dashed line indicates a study of 100 

cases and 150 controls. 

 

Appendix i.iii. Border Collie idiopathic epilepsy power calculation indicating the statistical 

power of a study of 100 cases and 150 controls to detect associations with a moderate to 

high effect on risk and a range of risk allele frequencies. Dashed line indicates the desired 

statistical power (0.8). 
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ii. Manuscript 1 appendices 

 

Appendix ii.i. Figure demonstrating the process used for filtering whole genome sequence (WGS) variants. The number of variants remaining after each step 

are shown in each box. The number and predicted effect of variants excluded using in silico tools and by genotyping controls are given. The Ensembl Variant 

Effect Predictor (VEP) sequence ontology terms used to identify variants with a predicted “high effect” are shown. Created with BioRender.com. 
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Appendix ii.ii. Pedigree of affected dogs with obligate carriers and related dogs used for genotyping highlighted. 
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Appendix ii.iii. Summary of the genotypes of 14 Buhunds for nine candidate variants.

      Obligate Carriers Unaffected Dogs   

Chromosome Position Gene Homozygous 

Reference 

Heterozygous Homozygous 

Variant 

Homozygous 

Reference 

Heterozygous Homozygous 

Variant 

Total 

3 88890674 KCNIP4 0 2 0 8 4 0 14 

12 3016408 ITPR3 0 0 1 0 3 9 13 

12 1357280 ZBTB12 0 0 2 0 3 9 14 

15 16999815 ENSCAFG00000030728 2 0 0 8 3 1 14 

15 19175300 ENSCAFG00000030891 2 0 0 8 2 1 13 

17 61194104 ENSCAFG00000030938 1 0 1 0 4 8 14 

18 39244371 ENSCAFG00000031871 0 0 2 0 3 9 14 

20 1178402 PLXNA1 0 2 0 2 5 5 14 

32 37511942 PRSS12 1 1 0 3 7 2 14 

For two of the variants (ITPR3 and ENSCAFG00000030891) one dog failed genotyping. 

 



267 
 

Appendix ii.iv. Genotypes of multi-breed panel by breed. 

Breed Total T/T T/C C/C 

Affenpinscher 3 3 0 0 

Afghan Hound 3 3 0 0 

Airedale Terrier 3 3 0 0 

Alaskan Malamute 3 3 0 0 

American Bulldog 3 3 0 0 

American Cocker Spaniel 3 3 0 0 

Australian Cattle Dog 3 3 0 0 

Australian Kelpie 3 3 0 0 

Australian Shepherd 3 3 0 0 

Basset Fauve De Bretagne 3 3 0 0 

Basset Hound 3 3 0 0 

Beagle 3 3 0 0 

Bearded collie 3 3 0 0 

Belgian Shepherd Dog (Groenendael) 1 1 0 0 

Belgian Shepherd Dog (Tervueren) 2 2 0 0 

Berger Picard 3 3 0 0 

Bloodhound 3 3 0 0 

Border Collie 3 3 0 0 

Border Terrier 3 3 0 0 

Borzoi 3 3 0 0 

Boston Terrier 3 3 0 0 

Boxer 3 3 0 0 

Brittany Spaniel 3 3 0 0 

Bull Terrier 3 3 0 0 

Bulldog 3 3 0 0 

Catalan Sheepdog 3 3 0 0 

Cavalier King Charles Spaniel 3 3 0 0 

Cesky Terrier 2 2 0 0 

Chesapeake Bay Retriever 3 3 0 0 

Chow Chow 2 2 0 0 

Cocker Spaniel 3 3 0 0 

Curly Coated Retriever 3 3 0 0 

Dalmatian 3 3 0 0 

Dandie Dinmont 3 3 0 0 

Doberman 3 3 0 0 

English Setter 3 3 0 0 

English Springer Spaniel 3 3 0 0 

Field Spaniel 3 3 0 0 

Finnish Lapphund 3 3 0 0 

Flat Coated Retriever 3 3 0 0 

French Bull Dog 3 3 0 0 

German Pinscher  3 3 0 0 

German Shepherd Dog 3 3 0 0 

German Spitz (Klein) 2 2 0 0 

German Wire-haired Pointer 3 3 0 0 

Giant Schnauzer 3 3 0 0 

Glen of Imaal Terrier 3 3 0 0 
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Breed Total T/T T/C C/C 

Golden Retriever 3 3 0 0 

Gordon Setter 3 3 0 0 

Grand Basset Griffon Vendeen 3 3 0 0 

Great Dane 3 3 0 0 

Greater Swiss Mountain Dog 3 3 0 0 

Greyhound 3 3 0 0 

Havanese 3 3 0 0 

Hovawart 3 3 0 0 

Icelandic Sheepdog 3 3 0 0 

Irish Red and White Setter 3 3 0 0 

Irish Setter 3 3 0 0 

Irish Water Spaniel 3 3 0 0 

Italian Greyhound 3 3 0 0 

Italian Spinone 3 3 0 0 

Jack Russell Terrier 3 3 0 0 

Japanese Akita 3 3 0 0 

Japanese Shiba Inu 3 3 0 0 

Keeshond 3 3 0 0 

Labrador Retriever 3 3 0 0 

Lagotto Romagnolo 3 3 0 0 

Lakeland Terrier 3 3 0 0 

Lancashire Heeler 3 3 0 0 

Large Münsterländer 3 3 0 0 

Leonberger 3 3 0 0 

Lhasa Apso 3 3 0 0 

Long-Haired Dachshund (Standard) 3 3 0 0 

Manchester Terrier 3 3 0 0 

Miniature Smooth Haired Dachshund 3 3 0 0 

Miniature Bull Terrier 3 3 0 0 

Miniature Long-haired Dachshund 3 3 0 0 

Miniature Schnauzer 3 3 0 0 

Miniature Wire Haired Dachshund 3 3 0 0 

Norfolk Terrier 3 3 0 0 

Northern Inuit 3 3 0 0 

Norwegian Elkhound 3 3 0 0 

Norwich terrier 3 3 0 0 

Nova Scotia Duck Tolling Retrievers 3 3 0 0 

Old English Mastiff 3 3 0 0 

Old English Sheepdog 3 3 0 0 

Otterhound 3 3 0 0 

Parson Russell Terrier 3 3 0 0 

Pembroke Welsh Corgi 3 3 0 0 

Petit Basset Griffon Vendeen 3 3 0 0 

Pharaoh Hound 3 3 0 0 

Polish Lowland Sheepdog 3 3 0 0 

Pug 2 2 0 0 

Rhodesian Ridgeback 3 3 0 0 

Rough Collie 3 3 0 0 

Saint Bernard 3 3 0 0 
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Breed Total T/T T/C C/C 

Saluki 3 3 0 0 

Samoyed 3 3 0 0 

Scottish Deerhounds 3 3 0 0 

Scottish Terrier 3 3 0 0 

Shar Pei 3 3 0 0 

Shetland Sheepdogs 3 3 0 0 

Shih Tzu 3 3 0 0 

Siberian Husky 3 3 0 0 

Skye Terrier 3 3 0 0 

Smooth Haired Dachshund (Standard) 3 3 0 0 

Soft-coated Wheaten Terrier 3 3 0 0 

Staffordshire Bull Terrier 3 3 0 0 

Standard Poodle 3 3 0 0 

Standard Schnauzer 3 3 0 0 

Swedish Vallhund 3 3 0 0 

Tibetan Spaniel 3 3 0 0 

Tibetan Terrier 3 3 0 0 

Utonagan 3 3 0 0 

Vizsla (smooth coat) 3 3 0 0 

Vizsla (Wire-haired) 3 3 0 0 

Weimaraner 3 3 0 0 

Welsh Springer Spaniel 3 3 0 0 

West Highland White Terrier 3 3 0 0 

Whippet 3 3 0 0 

Wire-haired Dachshund 3 3 0 0 

Working Sheepdog 3 3 0 0 
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Appendix ii.v. The number of individuals for each breed represented in the 802 whole 

genome sequences used. 

Breed Number 

Affenpinscher 2 

Airedale Terrier 5 

Alaskan Husky 2 

Alaskan Malamute 4 

Alpine Dachsbracke 2 

American Bulldog 2 

American Cocker Spaniel 1 

American Staffordshire Terrier 2 

Australian Cattle Dog 5 

Australian Shepherd 3 

Australian Terrier 1 

Basenji 7 

Grand Basset Griffon Vendeen 1 

Basset Hound 9 

Bavarian Hound 1 

Beagle 8 

Bearded Collie 13 

Bedlington Terrier 1 

Berger Blanc Suisse 1 

Berger Picard 2 

Bichon Frise 6 

Black Russian Terrier 1 

Bloodhound 1 

Border Collie 44 

Border Collie Cross 1 

Border Terrier 9 

Boston Terrier 1 

Boxer 2 

Briard 2 

Brussels Griffon 3 

Bull Terrier 3 

Bulldog 3 

Bullmastiff 2 

Cairn Terrier 4 

Cane Corso 5 

Cardigan Welsh Corgi 1 

Cavalier King Charles Spaniel 6 

Central Asian Shepherd dog 1 

Cesky Terrier 1 

Chesapeake Bay Retriever 1 

Chihuahua 6 

Chinese Crested Dog 3 

Chinese Indigenous Dog 28 

Chow Chow 2 

Cocker Spaniel 1 

Collie 1 



271 
 

Breed Number 

Cross Breed 4 

Curly Coated Retriever 5 

Dachshund 6 

Dalmatian 4 

Dandie Dinmont Terrier 5 

Doberman Pinscher 5 

Dogue de Bordeaux 6 

Dutch Shepherd 1 

Elo 1 

English Bulldog 1 

English Cocker Spaniel 3 

English Mastiff 2 

English Setter 1 

English Springer Spaniel 3 

Entlebucher Sennenhund 8 

Eurasier 2 

Field Spaniel 1 

Finnish Lapphund 2 

Flat Coated Retriever 4 

French Bulldog 7 

Friesian Stabyhoun 2 

German Shepherd Dog 20 

German Wirehaired 1 

Giant Schnauzer 5 

Glen of Imaal Terrier 1 

Golden Retriever 13 

Gordon Setter 1 

Great Dane 2 

Great Pyrenees 1 

Greater Swiss Mountain Dog 6 

Greyhound 7 

Griffon Bruxellois 1 

Havanese 3 

Heideterrier 1 

Hovawart 3 

Irish Red and White Setter 4 

Irish Setter 2 

Irish Soft Coated Wheaten Terrier 1 

Irish Terrier 3 

Irish Water Spaniel 1 

Irish Wolfhound 8 

Italian Greyhound 1 

Italian Spinone 2 

Jack Russell Terrier 8 

Jagdterrier 2 

Japanese Akita 1 

Japanese Chin 1 

Karelian Bear dog 1 

Keeshond 3 



272 
 

Breed Number 

Kerry Blue Terrier 2 

Kromfohrlander 1 

Kunming Dog 10 

Labrador Retriever 14 

Lagotto Romagnolo 10 

Lakeland Terrier 1 

Lancashire Heeler 2 

Landseer 2 

Large Munsterlander 1 

Leonberger 55 

Lhasa Apso 1 

Malinois 7 

Maltese 1 

Miniature Bull terrier 2 

Miniature Long Haired Dachshund 2 

Miniature Poodle 2 

Miniature Schnauzer 25 

Miniature Wire Haired Dachshund 1 

Mixed Breed 8 

Newfoundland 3 

Northern Inuit 2 

Norwegian Buhund 3 

Norwich Terrier 5 

Nova Scotia Duck Tolling Retriever 2 

Old English Sheepdog 2 

Otterhound 2 

Papillon 4 

Pembroke Welsh Corgi 4 

Perro de Agua Espanol 1 

Petit Basset Griffon Vendeen 5 

Pomeranian 4 

Poodle 19 

Portuguese Podengo 1 

Portuguese Water Dog 3 

Pug 22 

Rhodesian Ridgeback 4 

Rottweiler 4 

Rough Collie 1 

Saluki 2 

Scottish Deerhound 3 

Scottish Terrier 6 

Shar Pei 2 

Shetland Sheepdog 4 

Shih Tzu 5 

Siberian Husky 5 

Skye Terrier 2 

Sloughi 3 

Smooth Collie 1 

Soft Coated Wheaten Terrier 2 
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Breed Number 

Spitz (Grossspitz) 1 

St. Bernard 2 

Staffordshire Bull Terrier 1 

Standard Poodle 2 

Standard Schnauzer 1 

Swedish Vallhund 3 

Tibetan Mastiff 10 

Tibetan Spaniel 1 

Tibetan Terrier 4 

Vizsla (smooth coat) 4 

Vizsla (wire-haired) 1 

Weimaraner 3 

Welsh Springer Spaniel 9 

West Highland White Terrier 20 

Whippet 3 

White Shepherd 1 

Wolf 8 

Yorkshire Terrier 69 

Total 802 
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Appendix ii.vi. UCSC Multiz Alignments of 100 Vertebrates Human GRCh38/hg38 Assembly 

4:20,734,676-20,734,678. There are no alignment data for this region in the Gorilla. 

Species Sequence 

Human CCA 

Chimp CCA 

Orangutan CCA 

Gibbon CCA 

Rhesus CCA 

Crab-eating macaque CCA 

Baboon CCA 

Green monkey CCA 

Marmoset CCA 

Squirrel monkey CCA 

Bushbaby CCA 

Chinese tree shrew CCA 

Squirrel CCA 

Lesser Egyptian jerboa CCA 

Prairie vole CCA 

Chinese hamster CCA 

Golden hamster CCA 

Mouse CCA 

Rat CCA 

Naked mole-rat CCA 

Guinea pig CCA 

Chinchilla CCA 

Brush-tailed rat CCA 

Rabbit CCA 

Pika CCA 

Pig CCA 

Alpaca CCA 

Bactrian camel CCA 

Dolphin CCA 

Killer whale CCA 

Tibetan antelope CCA 

Cow CCA 

Sheep CCA 

Domestic goat CCA 

Horse CCA 

White rhinoceros CCA 

Cat CCA 

Dog CCA 

Ferret CCA 

Panda CCA 

Pacific walrus CCA 

Weddell seal CCA 

Black flying-fox CCA 

Megabat CCA 

Big brown bat CCA 

David's myotis (bat) CCA 
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Species Sequence 

Microbat CCA 

Hedgehog CCA 

Shrew CCA 

Star-nosed mole CCA 

Elephant CCA 

Cape elephant shrew CCA 

Manatee CCA 

Cape golden mole CCA 

Tenrec CCA 

Aardvark CCA 

Armadillo CCA 

Opossum CCA 

Tasmanian devil CCA 

Wallaby CCA 

Platypus CCA 

Rock pigeon CCA 

Saker falcon CCA 

Peregrine falcon CCA 

Collared flycatcher CCA 

White-throated sparrow CCA 

Medium ground finch CCA 

Zebra finch CCA 

Tibetan ground jay CCA 

Budgerigar CCA 

Parrot CCA 

Scarlet macaw CCA 

Mallard duck CCA 

Chicken CCA 

Turkey CCA 

American alligator CCA 

Green seaturtle CCA 

Painted turtle CCA 

Chinese softshell turtle CCA 

Spiny softshell turtle CCA 

Lizard CCA 

X. tropicalis CCA 

Coelacanth CCA 

Tetraodon CCA 

Fugu CCA 

Yellowbelly pufferfish CCA 

Nile tilapia CCA 

Princess of Burundi CCA 

Burton's mouthbreeder CCA 

Zebra mbuna CCA 

Pundamilia nyererei CCA 

Medaka CCA 

Southern platyfish CCA 

Stickleback CCA 

Atlantic cod CCA 
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Species Sequence 

Zebrafish CCA 

Mexican tetra (cavefish) CCA 

Spotted gar CCA 

Lamprey CCA 

Gorilla === 
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Appendix ii.vii. UCSC Multiz Alignments of 20 species of mammal (17 primates) Human GRCh38/hg38 Assembly 4: 20,734,628-20,734,726.  The amino acid at 

the location of the mutation is boxed, and the 16 flanking amino acids in each direction are shown. There are no alignment data for the Gorilla in this region. 
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Appendix ii.viii. Canine KCNIP4 transcripts and protein isoform annotations, and the details of those demonstrated to be expressed in canine cerebellum. 

Split into three parts (A, B, and C) to fit on page. Original Excel file available at: https://doi.org/10.1371/journal.pgen.1008527 (‘S5 Table’) 

Appendix ii.viii (A) 

Canine RefSeq Transcript Canine Ensembl Transcript CanFam3.1 Genomic Position (Annotated) Canine Protein RefSeq Confirmed in Canine 

Cerebellum 

Length 

(aa) 

N/A ENSCAFT00000090603.1 

(Partial) 

3: 87,771,875-88,894,884 (Ensembl) N/A Yes 250 

N/A ENSCAFT00000090861.1 

(Partial) 

3: 87,771,875-88,894,884 (Ensembl) N/A Yes 216 

XM_014112663.2 ENSCAFT00000060142.1 3: 88,013,563-88,894,884 (Ensembl) XP_013968138.1 Yes 225 

XM_003434400.4 ENSCAFT00000083618.1 3: 88,370,168-88,894,884 (Ensembl) XP_003434448.1 Yes 229 

XM_005618660.3 N/A 3: 88,665,414-88,896,093 (RefSeq) XP_005618717.1 Yes 233 

XM_536275.6 N/A 3: 88,754,085..88,894,884 (RefSeq) XP_536275.4 No 213 

N/A ENSCAFT00000026195.4 3: 88,665,407-88,894,884 (Ensembl) N/A No 267 

N/A ENSCAFT00000079461.1 3: 88,665,407-88,894,884 (Ensembl) N/A No 280 

N/A ENSCAFT00000061238.1 3: 88,754,036-88,894,884 (Ensembl) N/A No 297 

https://doi.org/10.1371/journal.pgen.1008527
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Appendix ii.viii (B) 

Canine RefSeq Transcript Canine Ensembl Transcript Pruunsild et al (2005) Human Ensembl 

Transcript ID 

Human UniProt Identifier Mass (Da) 

N/A ENSCAFT00000090603.1 

(Partial) 

KCNIP4-1a ENST00000382152.7 Q6PIL6-1 28,729 

N/A ENSCAFT00000090861.1 

(Partial) 

KCNIP4-1aΔ2 ENST00000447367.6 Q6PIL6-2 25,008 

XM_014112663.2 ENSCAFT00000060142.1 KCNIP4-1bΔ2 ENST00000382148.7 Q6PIL6-5 26,267 

XM_003434400.4 ENSCAFT00000083618.1 KCNIP4-1dΔ2 ENST00000382150.8 Q6PIL6-4 26,502 

XM_005618660.3 N/A KCNIP4-1eΔ2 ENST00000382149.9 Q3YAB7 26,929 

XM_536275.6 N/A N/A N/A N/A N/A 

N/A ENSCAFT00000026195.4 N/A N/A N/A N/A 

N/A ENSCAFT00000079461.1 N/A N/A N/A N/A 

N/A ENSCAFT00000061238.1 N/A N/A N/A N/A 
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Appendix ii.viii (C) 

Canine RefSeq Transcript Canine Ensembl Transcript Confirmed Canine First Exon Coordinates (translated 

region)(CanFam 3.1) 

Confirmed Canine Second Exon Coordinates 

(CanFam 3.1) 

N/A ENSCAFT00000090603.1 (Partial) 3:87771818-87771878 (Gap in genome until 

87,771,874) 

3:88754097-88754198 

N/A ENSCAFT00000090861.1 (Partial) 3:87771818-87771878 (Gap in genome until 

87,771,874) 

3:88780584-88780708 

XM_014112663.2 ENSCAFT00000060142.1 3:88013563-88013650 3:88780584-88780708 

XM_003434400.4 ENSCAFT00000083618.1 3:88370168-88370267 3:88780584-88780708 

XM_005618660.3 N/A 3:88665441-88665552 3:88780584-88780708 

XM_536275.6 N/A N/A N/A 

N/A ENSCAFT00000026195.4 N/A N/A 

N/A ENSCAFT00000079461.1 N/A N/A 

N/A ENSCAFT00000061238.1 N/A N/A 
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Appendix ii.ix. Simplified illustration of the cellular localisation of KCNIP4 in its suggested 

role in granule cell dendrites. Informed by Kise et all (2021) [505]. Created with 

BioRender.com. 
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Appendix ii.x. Candidate causal variants identified from whole genome sequencing, and primer sequences used for Sanger sequencing and fragment length 

analysis. 

Variant 

Location 
Variant cDNA Variant Protein Gene Forward Primer Sequence [Tail] Reverse Primer Sequence 

3:88890674 c.538T>C p.Trp180Arg KCNIP4 AAATCCAGAGGGCTGTAACC TTGTGTGGGTGATGGTGAG 

18:39244371 c.410G>A p. Asp137Asn ENSCAFG00000031871 TCCAATGTGAATGTGTTACTGG CCTTTGCTGGCTGTGTATGT 

20:1178402 c.4697G>A p.Arg1566His PLXNA1 CCTTGTCACTCCCTTGTGCT ATGTGTGCCCTGTCATCCA 

12:3016408 c.1021C>T p.Arg341Tryp ITPR3 CAGCAGGAATGGTGAGGAC GAGACAAGGGACAGGACAGC 

17:61194104 c.7088G>A p.Arg2363Lys 
FLG2 

(ENSCAFG00000030938) 
CCTGAGCCAAAGCCATGT CTGGACAGAACGAATCTGGA 

32:37511942 c.2023G>T p.Glu675* PRSS12 TTGGAGGTGGTTTTCTGTGG TAGGACTGAGGGTGGTGAGG 

12:1357280 c.899_922del 
p.Val300_ 

Ala307del 
ZBTB12 

[TGACCGGCAGCAAAATTG] 

GAGGTTGCTGCTGTGGTTG 
GGGAGGGTTTGCTGTTGAT 

15:16999815 c.274C>G p.Pro92Ala ENSCAFG00000030728 CGAGGTAACAGGGAACAGGA GCTGGCGTGGGACATAATAA 

15:19175300 c.226C>T p.Ala76Val ENSCAFG00000030891 CCCCAATCGCCTTAGAAACA CTGGAGGAGGTCCCTGGAG 
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Appendix ii.xi. Primer sequences used for allelic discrimination assay of KCNIP4 variant. 

Primer / Probe Primer / Probe Sequence 

KCNIP4 Forward  CATCAAGGGTCTTTCCATT 

KCNIP4 Reverse  TGGTGAGGCATTTCTTACTT 

KCNIP4 HEX (Variant Probe) AACTCAACTGGGCATTTAACTTGTAT 

KCNIP4 FAM (Reference Probe) AACTCAACCGGGCATTTAACTT 

 

Appendix ii.xii. Transcript-specific primers for KCNIP4. 

Transcript Forward Primer Expected PCR Product Size (bp) 

KCNIP4-1a CCACAGGCGGTTTCCTCTAC 678 

KCNIP4-1aΔ2 GAGCTCCACAGGCGACAG 581 

KCNIP4-1bΔ2 TCATACAGACAGCGTGGAAGA 575 

KCNIP4-1dΔ2 TTGAAGCAGGTTTAGAAGACAGC 585 

KCNIP4-1eΔ2 TCGACTTCTCGGAAGACAGC 582 

Shared reverse primer: GCATGGAGCGCATTATGTTT 
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iii. Manuscript 2 appendices 

Appendix iii.i. Affiliations and funding information for DBVDC members 

Dog Biomedical Variant Database Consortium (DBVDC) Members: 

Gustavo Aguirre 

Department of Clinical Sciences & Advanced Medicine, School of Veterinary Medicine, 

University of Pennsylvania, Philadelphia, United States of America  

Catherine André 

University of Rennes, CNRS, IGDR – UMR 6290, France  

Danika Bannasch 

School of Veterinary Medicine, University of California, Davis, United States of America  

Doreen Becker 

Institute of Genome Biology, Leibniz Institute for Farm Animal Biology (FBN), 

Dummerstorf, Germany  

Brian Davis 

College of Veterinary Medicine and Biomedical Sciences, Texas A&M University, United 

States of America  

Cord Drögemüller 

Institute of Genetics, Vetsuisse Faculty, University of Bern, Switzerland  

Kari Ekenstedt 

Department of Basic Medical Sciences, College of Veterinary Medicine, Purdue University, 

West Lafayette, Indiana, United States of America 

Kiterie Faller 

Royal (Dick) School of Veterinary Studies, University of Edinburgh, United Kingdom  

Oliver Forman 

Wisdom Health, Waltham Centre for Pet Nutrition, Leicestershire, United Kingdom  
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Steven Friedenberg 

Department of Veterinary Clinical Sciences, College of Veterinary Medicine, University of 

Minnesota, St. Paul, United States of America  

Eva Furrow 
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Appendix iii.ii. The number of individuals for each of the 93 breeds, and mixed breeds, 

included in the dataset of 186 in-house WGS. 

Breed Count 

Affenpinscher 1 

Airedale Terrier 2 

Alaskan Malamute 1 

American Cocker Spaniel 1 

Australian Shepherd 1 

Basset Hound 4 

Beagle 3 

Bearded collie 2 

Bedlington terrier 1 

Berger Picard (Picardy sheepdog) 1 

Bloodhound 1 

Border Collie 7 

Border Terrier 9 

Boxer 1 

Briard 2 

Bull Terrier 1 

Bulldog 3 

Cairn Terrier 1 

Cavalier King Charles Spaniel 3 

Cesky Terrier 1 

Chesapeake Bay Retriever 1 

Chihuahua 1 

Chinese Crested 2 

Chow Chow 1 

Corgi 1 

Mixed Breed 5 

Dalmatian 1 

Dandie Dinmont 4 

Dobermann 2 

English Setter 1 

English Springer Spaniel 2 

Field Spaniel 1 

Finnish Lapphund 1 

Flat Coated Retriever 4 

French Bull Dog 4 

German Shepherd Dog 1 

Giant Schnauzer 5 

Glen of Imaal Terrier 1 

Golden Retriever 2 

Gordon Setter 1 

Grand Basset Griffon Vendeen 1 

Great Dane 1 

Greyhound 2 

Griffon Bruxellois 1 
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Breed Count 

Irish Red and White Setter 4 

Irish Setter 2 

Irish Terrier 1 

Irish Water Spaniel 1 

Irish Wolfhound 6 

Italian Spinone 2 

Japanese Akita 1 

Keeshond 3 

Labrador Retriever 3 

Lagotto Romagnolo 1 

Lakeland Terrier 1 

Lancashire Heeler 2 

Large Munsterlander 1 

Leonberger 2 

Lhasa Apso 1 

Maltese 1 

Miniature Long-haired Dachshund 2 

Miniature Poodle 1 

Miniature Schnauzer 2 

Miniature Wire Haired Dachshund 1 

Newfoundland 1 

Northern Inuit 2 

Norwegian Buhund 3 

Norwich terrier 1 

Nova Scotia Duck Tolling Retriever 1 

Old English Sheepdog 1 

Otterhound 2 

Papillon 1 

Petit Basset Griffon Vendeen 2 

Pug 3 

Rottweiler 1 

Rough Collie 1 

Scottish Terrier 5 

Shar Pei 2 

Shetland Sheepdog 1 

Shih Tzu 1 

Siberian Husky 3 

Skye Terrier 2 

Smooth Collie 1 

Soft-coated Wheaten Terrier 2 

Staffordshire Bull Terrier 1 

Swedish Vallhund 1 

Tibetan Spaniel 1 

Tibetan Terrier 2 

Vizsla (smooth coat) 4 

Vizsla (Wire-haired) 1 

Weimaraner 1 
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Breed Count 

Welsh Springer Spaniel 7 

West Highland White Terrier 1 

Whippet 1 
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Appendix iii.iii. Multidimensional scaling (MDS) plot of 39 Axiom genotyped Border Collies, 

five in-house WGS Border Collies, 35 DBVDC WGS Border Collies, and 130 Border Collie Set 

1 individuals genotyped using the Illumina array.  MDS data are based on 100,535 SNPs 

and were generated using PLINK (v1.90). Triangles indicate individuals that were included 

in the ’22 Border Collie Reference Panel’. 
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Appendix iii.iv. Comparison of the expected frequency of the allele coded as ‘1‘ (provided by IMPUTE2) for imputed SNPs across grouped Info scores for the 

three datasets. 

 Border Collie Set 1 Border Collie Set 2 Italian Spinone 

Info group 
Mean expected 
allele frequency 

Standard 
deviation SNPs (n) 

Mean expected 
allele frequency 

Standard 
deviation SNPs (n) 

Mean expected 
allele frequency 

Standard 
deviation SNPs (n) 

0-0.1 0.0006 0.02 27,743 0.0015 0.04 34,608 0.0031 0.06 66,315 

>0.1-0.2 0.0031 0.04 2,424 0.0070 0.07 2,337 0.0050 0.05 2,522 

>0.2-0.3 0.0053 0.05 1,665 0.0056 0.05 1,548 0.0087 0.07 1,644 

>0.3-0.4 0.0065 0.05 1,480 0.0105 0.08 1,251 0.0074 0.04 1,267 

>0.4-0.5 0.0131 0.08 1,524 0.0154 0.09 1,172 0.0149 0.08 1,173 

>0.5-0.6 0.0275 0.12 1,575 0.0290 0.12 1,173 0.0237 0.10 1,167 

>0.6-0.7 0.0466 0.15 2,524 0.0534 0.17 2,023 0.0317 0.11 1,533 

>0.7-0.8 0.0598 0.17 5,225 0.0744 0.19 3,960 0.0571 0.16 2,603 

>0.8-0.9 0.0877 0.20 13,238 0.1078 0.23 10,855 0.1098 0.22 6,882 

>0.9-1 0.3228 0.28 268,393 0.3257 0.27 261,962 0.3539 0.28 286,775 
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Appendix iii.v. Comparison of the number of imputed SNPs with an expected frequency of the allele coded as ‘1‘ (provided by IMPUTE2) lower than 0.05 

across grouped Info scores for the three datasets.  The percentage of the total number of imputed SNPs with an expected allele frequency lower than 0.05 

that are within each Info group is shown. 

 Border Collie Set 1 Border Collie Set 2 Italian Spinone 

Info group 

SNPs with expected 
allele frequency 
<0.05 (n) 

Percent of all SNPs 
with expected allele 
frequency <0.05 (%) 

SNPs with expected 
allele frequency 
<0.05 (n) 

Percent of all SNPs 
with expected allele 
frequency <0.05 (%) 

SNPs with expected 
allele frequency 
<0.05 (n) 

Percent of all SNPs 
with expected allele 
frequency <0.05 (%) 

0-0.1 27,727 27.16 34,558 34.45 66,111 53.54 

>0.1-0.2 2,420 2.37 2,325 2.32 2,515 2.04 

>0.2-0.3 1,660 1.63 1,544 1.54 1,635 1.32 

>0.3-0.4 1,474 1.44 1,241 1.24 1,262 1.02 

>0.4-0.5 1,502 1.47 1,151 1.15 1,149 0.93 

>0.5-0.6 1,512 1.48 1,123 1.12 1,121 0.91 

>0.6-0.7 2,314 2.27 1,841 1.84 1,412 1.14 

>0.7-0.8 4,603 4.51 3,342 3.33 2,168 1.76 

>0.8-0.9 10,008 9.8 7,539 7.52 4,622 3.74 

>0.9-1 48,855 47.86 45,648 45.51 41,496 33.6 
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iv. Manuscript 3 appendices 

Appendix iv.i. GWAS data and Chi-squared analysis of the 44 SNPs with a GEMMA-adjusted GWAS P-value < 1 x 10-3 

   GWAS (GEMMA-adjusted) Unadjusted Replication 

SNP ID Genomic 
Pos. a 

Nearest 
known gene 

ca/co b 
(n) 

P-value Alleles 
(risk/non-

risk) 

Risk allele 
freq. 

(ca/co b) 

Odds ratio 
(95% CI) 

χ2 P-value 
(GWAS dogs) 

Pop. set 
risk allele 

freq. c 

χ2 P-value d Additional 
ca/co b (n) 

Risk allele 
freq. 

(ca/co b) e 

AX-167241819 5:16414896 PFAH1B2 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.18 0.01 10/45 0.15/0.20 

AX-167180215 5:16428240 PFAH1B2 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.18 0.01 10/45 0.15/0.20 

AX-167198131 5:16498068 SIK3 24/24 8.5 x 10-4 C/T 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167217929 5:16524042 SIK3 24/24 8.5 x 10-4 C/T 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167216958 5:16547914 SIK3 24/24 8.5 x 10-4 T/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167401878 5:16564735 SIK3 23/24 7.9 x 10-4 A/G 0.59/0.27 1.48 
(1.21-1.82) 

3.5 x 10-3 0.16 3.6 x 10-4 10/45 0.15/0.13 

AX-167254147 5:16572747 SIK3 24/24 8.5 x 10-4 T/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.85/0.87 

AX-167763190 5:16581759 SIK3 24/24 8.5 x 10-4 A/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-168270348 5:16591140 SIK3 24/24 8.5 x 10-4 T/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167160608 5:16613986 SIK3 24/24 8.5 x 10-4 C/A 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167757392 5:16616413 SIK3 24/24 8.5 x 10-4 T/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-168258838 5:16625279 SIK3 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 
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   GWAS (GEMMA-adjusted) Unadjusted Replication 

SNP ID Genomic 
Pos. a 

Nearest 
known gene 

ca/co b 
(n) 

P-value Alleles 
(risk/non-

risk) 

Risk allele 
freq. 

(ca/co b) 

Odds ratio 
(95% CI) 

χ2 P-value 
(GWAS dogs) 

Pop. set 
risk allele 

freq. c 

χ2 P-value d Additional 
ca/co b (n) 

Risk allele 
freq. 

(ca/co b) e 
AX-167737405 5:16638591 SIK3 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 

(1.19-1.88) 
0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167894416 5:16647269 SIK3 24/24 8.5 x 10-4 G/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167197869 5:16654822 SIK3 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167164472 5:16667564 SIK3 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167231875 5:16677678 SIK3 24/24 8.5 x 10-4 C/T 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167822748 5:16692418 SIK3 24/24 8.5 x 10-4 G/A 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167198539 5:16729119 SIK3 24/24 8.5 x 10-4 T/C 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167562834 5:16729648 SIK3 24/24 8.5 x 10-4 A/G 0.54/0.27 1.50 
(1.19-1.88) 

0.01 0.16 1.1 x 10-3 10/45 0.15/0.13 

AX-167923327 10:54532815 ASB3 24/24 4.2 x 10-4 A/C 0.23/0.04 1.74 
(1.31 - 2.31) 

3.5 x 10-3 0.23 0.21 10/45 0.50/0.30 

AX-167671433 12:22674130 GFRAL 24/23 9.4 x 10-4 A/G 0.35/0.15 1.64 
(1.25 - 2.15) 

5.6 x 10-3 0.21 0.14 10/41 0.25/0.24 

AX-167677441 14:48725029 ELMO1 23/24 8.9 x 10-4 T/C 0.67/0.44 1.49 
(1.17 - 1.89) 

0.02 0.33 3.5 x 10-3 10/45 0.05/0.24 

AX-167244070 15:50013246 FBXW7 24/23 4.8 x 10-4 A/C 0.92/0.74 1.71 
(1.30-2.26) 

0.01 0.80 0.14 10/45 0.85/0.82 

AX-167162511 15:50036671 FBXW7 24/24 5.6 x 10-4 C/T 0.96/0.77 1.75 
(1.29-2.36) 

3.5 x 10-3 0.89 0.14 10/45 0.95/0.97 

AX-167885106 15:50109542 FBXW7 24/24 5.6 x 10-4 C/T 0.96/0.77 1.75 
(1.29-2.36) 

3.5 x 10-3 0.88 0.10 10/45 0.95/0.96 
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   GWAS (GEMMA-adjusted) Unadjusted Replication 

SNP ID Genomic 
Pos. a 

Nearest 
known gene 

ca/co b 
(n) 

P-value Alleles 
(risk/non-

risk) 

Risk allele 
freq. 

(ca/co b) 

Odds ratio 
(95% CI) 

χ2 P-value 
(GWAS dogs) 

Pop. set 
risk allele 

freq. c 

χ2 P-value d Additional 
ca/co b (n) 

Risk allele 
freq. 

(ca/co b) e 
AX-167791796 15:50165261 FBXW7 24/24 5.6 x 10-4 A/G 0.96/0.77 1.75 

(1.29-2.36) 
3.5 x 10-3 0.90 0.13 10/44 0.95/0.97 

AX-167578307 15:50168839 FBXW7 24/24 5.6 x 10-4 A/G 0.96/0.77 1.75 
(1.29-2.36) 

3.5 x 10-3 0.90 0.14 10/45 0.95/0.97 

AX-167631839 15:50180761 FBXW7 24/24 7.7 x 10-4 G/C 0.94/0.77 1.70 
(1.25-2.29) 

0.01 0.90 0.28 10/45 0.95/0.97 

AX-167169849 15:50444714 FBXW7 24/23 4.5 x 10-4 T/C 0.96/0.76 1.77 
(1.32-2.39) 

2.5 x 10-3 0.90 0.13 10/45 0.95/0.97 

AX-167780040 15:50486447 TMEM154 24/23 4.3 x 10-4 T/C 0.96/0.76 1.79 
(1.33 - 2.42) 

2.5 x 10-3 0.90 0.13 10/45 0.95/0.97 

AX-168017403 15:50494888 TMEM154 24/24 5.6 x 10-4 A/G 0.96/0.77 1.75 
(1.29-2.36) 

3.5 x 10-3 0.81 0.04 10/44 0.85/0.81 

AX-167233313 21:25108139 FCHSD2 24/24 9.5 x 10-4 C/G 0.31/0.06 1.72 
(1.33 - 2.24) 

3.5 x 10-4 0.007 5.8 x 10-7 10/45 0.00/0.00 

AX-167664915 32:5897058 RASGEF1B 23/24 6.3 x 10-4 G/T 0.76/0.52 1.56 
(1.22 – 1.99) 

0.02 0.64 0.06 10/45 0.65/0.60 

AX-168031858 32:6522283 TMEM150C 24/23 9.2 x 10-4 T/C 0.69/0.37 1.43 
(1.17 - 1.76) 

6.8 x 10-3 0.30 1.2 x 10-4 10/45 0.30/0.21 

AX-167541099 32:6531625 TMEM150C 24/24 9.7 x 10-4 G/A 0.69/0.40 1.46 
(1.18 - 1.81) 

6.8 x 10-3 0.32 3.2 x 10-4 8/39 0.31/0.24 

AX-167757670 32:6537118 TMEM150C 24/23 6.4 x 10-4 C/G 0.71/0.39 1.46 
(1.19-1.80) 

5.1 x 10-3 0.53 3.3 x 10-3 4/20 0.50/0.45 

AX-167854555 32:6572078 SCD5 24/24 7.6 x 10-4 A/G 0.73/0.50 1.54 
(1.20-1.98) 

0.02 0.69 0.17 10/43 0.65/0.64 

AX-167206452 32:6656290 SCD5 24/24 7.6 x 10-4 T/C 0.73/0.50 1.54 
(1.20-1.98) 

0.02 0.69 0.19 10/45 0.65/0.64 

AX-167858314 32:6753215 SCD5 24/24 7.6 x 10-4 T/C 0.73/0.50 1.54 
(1.20-1.98) 

0.02 0.69 0.19 10/45 0.65/0.64 
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   GWAS (GEMMA-adjusted) Unadjusted Replication 

SNP ID Genomic 
Pos. a 

Nearest 
known gene 

ca/co b 
(n) 

P-value Alleles 
(risk/non-

risk) 

Risk allele 
freq. 

(ca/co b) 

Odds ratio 
(95% CI) 

χ2 P-value 
(GWAS dogs) 

Pop. set 
risk allele 

freq. c 

χ2 P-value d Additional 
ca/co b (n) 

Risk allele 
freq. 

(ca/co b) e 
AX-167828838 32:6759073 SEC31A 24/23 6.1 x 10-4 T/C 0.73/0.50 1.56 

(1.22 – 2.00) 
0.02 0.69 0.20 10/45 0.65/0.64 

AX-167803841 37:2515946 TMEFF2 24/23 6.5 x 10-4 G/A 0.71/0.46 1.56 
(1.23-1.97) 

0.01 0.64 0.03 10/45 0.80/0.72 

AX-167666536 37:5073636 SLC39A10 24/23 9.2 x 10-4 T/C 0.46/0.17 1.55 
(1.25 - 1.93) 

4.9 x 10-3 0.18 1.4 x 10-3 10/44 0.15/0.13 

AX-167857485 37:5161255 SLC39A10 23/24 4.3 x 10-4 G/A 0.61/0.27 1.59 
(1.30 - 1.94) 

2.5 x 10-3 0.30 0.07 10/44 0.15/0.31 

The SNPs are ordered by chromosome and genomic position. a CanFam3.1 genomic location of the SNP in the format chromosome: bp position.  b ca/co = case/control. c 

The risk allele frequency in the full population dataset including up to 232 dogs. d χ2 P-value for a combined analysis of the dogs included in the GWAS and up to 10 cases 

and 45 controls. e Risk allele frequencies in the additional cases and controls from the population dataset. 

Appendix iv.ii. Chi-squared analysis of chromosome 32 top SNPs using only dogs with non-missing genotype data for all SNPs. 

    GWAS Dogs Replication Set 

SNP ID Genomic 

Pos. a 

Nearest 

gene 

Alleles 

(risk/non-risk) 

ca/co b 

(n) 

Risk allele 

freq. (ca/co b) 

χ2 P-value 

(GWAS dogs) 

Additional 

ca/co b (n) 

Risk allele freq. 

(ca/co b) c 

χ2 P-value 

AX-167828838 32:6759073 SEC31A T/C 24/22 0.73 / 0.48 9.3 x 10-3 8/39 0.25/0.32 0.15 

AX-168031858 32:6522283 TMEM150C T/C 24/22 0.69 / 0.34 2.4 x 10-3 8/39 0.31/0.24 9.8 x 10-5 

AX-167541099 32:6531625 TMEM150C G/A 24/22 0.69 / 0.36 2.7 x 10-3 8/39 0.31/0.24 1.2 x 10-4 

a The CanFam3.1 genomic location of the SNP in the format chromosome: bp position. b ca/co = case/control. c Risk allele frequencies in the additional cases and controls from the 

population dataset. 
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v. Manuscript 4 appendices 

Appendix v.i. Sample details including collection years, years of birth, country of origin, and method of case diagnosis 

  
Set 1 Set 2 Control Set Set 3 

Number of cases and controls 29 cases, 29 controls 23 cases, 22 controls 175 controls 23 cases, 23 controls 

Samples collected (year) 2007-2014 2014-2017 2007-2019 2007-2021 

Years of birth Cases 2002-2011 2006-2015 (1 unknown) - 2003-2019 (4 unknown) 

Controls 2001-2007 2001-2008 1995-2012 2002-2013 

Country of origin (n) UK (49), USA (7), 

Australia (2) 

UK (32), USA (12), 

Germany (1) 

UK (118), USA (54), Italy (4), 

Netherlands (2), Belgium (1), 

Denmark (1), Romania (1) 

UK (38), USA (4), Canada (2), Finland (2) 

Case diagnosis methodology Breed-wide survey. 

Animal Health Trust 

neurology unit. 

Owner reported 

questionnaire and 

veterinary records, where 

available. 

Animal Health Trust 

neurology unit, UK. 

- Owner reported questionnaire and 

veterinary records, where available. 

Animal Health Trust neurology unit, UK. 

Linnaeus referral veterinary hospitals, UK. 

Two samples from University of Helsinki, 

Finland 
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Appendix v.ii. Year of birth for cases and controls by study set. Grey: Controls. Blue: Cases. 

Boxes indicate the lower to upper quartiles, and the white lines the median. Whiskers 

extend to the first datum beyond 1.5 times the interquartile range from the lower and 

upper quartiles. Circles indicate outliers. The plots share an x-axis. 
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Appendix v.iii. Additional methodology and results: kinship calculations and selection of 

controls for Set 2 

Due to the selection criteria requiring control dogs be over the age of seven years, the 

cases and controls in Set 2 had only partially overlapping years of birth. Therefore, two 

separate random sample sets were used in the analysis of the Set 2 case-control set, one 

comprising n=21 dogs born between 2008 and 2016 mirroring the ‘cases’, and the other 

comprising 25 dogs born between 2001 and 2009 as per the controls. 

Relationships between each pair of dogs in a particular cohort were determined using 

kinship coefficients (the kinship between two individuals is equal to the inbreeding 

coefficient of their offspring). Ancestors of the dogs in each cohort were isolated from the 

Kennel Club pedigree, and ‘dummy’ progeny were created for each pair of individuals in 

the cohort. Inbreeding coefficients for the ‘dummy’ progeny (i.e. kinship coefficients of 

each pair) were calculated utilising the algorithm of Meuwissen and Luo (1992) [506] 

using a script written in MATLAB. 

The mean kinships among and between the ‘cases’ and ‘controls’ cohorts used in this 

study were representative of random samples of dogs from similar birth years (Appendix 

v.iv). 

Standard deviations of kinship coefficients among the cases were within but at the higher 

end of the 95% confidence intervals from the 1,000 random samples in each case: 0.0233 

– 0.0515 for samples representing ‘cases’, 0.0339 – 0.0593 in samples representing 

‘controls, and 0.0266 – 0.0486 between. A possible reason for this comparatively higher 

variance in pair-wise kinships among actual case and control cohorts is the close 

relationships between a small number of dogs therein (full-siblings and parent/progeny).
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Appendix v.iv. Mean kinship coefficients among cases, controls, and random samples of 

the Kennel Club registered population 

Mean kinship Actual 

cases 

Actual 

controls 

Random sample 

(‘cases’) 

Random sample 

(‘controls’) 

Actual cases 0.0490 - - - 

Actual controls 0.0464 0.0579 - - 

Random sample (‘cases’) 0.0404 - 0.0400 - 

Random sample (‘controls’) - 0.0569 0.0429 0.0548 

Mean kinship coefficients among and between dogs within actual case and control 

cohorts, and the mean of 1,000 average kinship coefficients among and between samples 

of n=21 (‘cases’) or n=25 (‘control’) randomly selected dogs, and between these samples 

and actual case and control cohorts. 
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Appendix v.v.  MDS plot of the three Italian Spinone IE study sets. 
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Appendix v.vi. Allelic discrimination assay primer and reporter probe sequences used to genotype the 10 SNPs identified from the GWAS meta-analysis of IE 

Genomic position* Forward Primer Reverse Primer Reporter 1 (VIC) Reporter 2 (FAM) 

1:93123836 AGCACAAAGGAACAAGCTAAACCT TGCAATGCTAGTGACACTGTGT CAGAGGCTTTAGACGTGCT CAGAGGCTTTAAACGTGCT 

2:52390106 CTCACCTTACCCATTTGCTTTTGTG GGGAGCCATAGTTAAATGAAATGTGATCT CAAACTTATCCTGTTCTTTGAGAT AACTTATCCTGTTCCTTGAGAT 

3:84100359 TGTAGTACTGTAGCAGATGTATCATGAGTTATAA CCAAGGCTGGGAGATAAATACCAAT CTGGGAACAGTCAGTTTA TGGGAACAGTCACTTTA 

5:38884749 GCTGCGCGTTCACTTTGG TCCAGGCTGATTCATCATTGTTACC CCAAATTTACAGATAACAATAT AAATTTACAGATGACAATAT 

6:18142628 GCTCAGCAATGCCAGAGACATAAA ACTAGCAGCAGATAAGCTCTGTCT TTAGATTACACGACAGATTT ATTACACGGCAGATTT 

8:70681185 TCCATAGAGTTAGGACCCCTTGTG CAGCTTCTGTCCATATGTGAAGTCAA TGCTTTTCTACAAGCGTTTG TGCTTTTCTACAATCGTTTG 

11:17811231 TGATACATAAAGTAAGCAAGGGAGATCCA ACCACACCCTTTTTCATTGCAAAAT CAAAGTGTGTCTTTTAACCAG AAGTGTGTCTTCTAACCAG 

20:30846012 CGATTGTGTCCAAAGAAGGAATGTC GACCAAGATCTGTCCTTGAAAATGTC CAACTTATGGTTTGCTTTAA ACTTATGGTTCGCTTTAA 

24:29341230 AATTGGGTGTCATTTATTTATTTATTTTTGCTAAA GTCTGGCTCCCTCTAGTATGGA CATCAACGGTCTGACCC TCAACGGCCTGACCC 

25:22038367 CAAGGCACACTAAGCAGACCAT GGATCCCTCATAGTCCATAATAGAAAAGT TAGCCTCACTTTATGGTTC TAGCCTCACTTTTTGGTTC 

*CanFam3.1 in the format: chromosome: base pair 
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Appendix v.vii. Forest plot showing the consistency of associations between study sets for 

the 12 most significantly associated SNPs from the meta-analysis. The forest plot was 

generated using Stata’s ‘metan’ command. SNP IDs are the CanFam3.1 genomic position in 

the format chromosome: base pair. Black diamonds are the odds ratio point estimates for 

each study. Grey box size indicates study weighting. Whiskers indicate lower and upper 

95% confidence intervals of the odds ratio. ‘Subtotal’ green diamonds represent the odds 

ratio point estimate (centre) and the lower and upper 95% confidence intervals of the 

odds ratio (left and right points respectively) for the meta-analysis. 
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Appendix v.viii. Results from analysis of the five-SNP genetic risk score SNPs individually and combined as a genetic risk score, and risk allele frequencies in 

cases and controls.
 

Set 1 Set 2 GWAS Set 3 

Genomic Pos. a ca/co b Risk Allele 
Freq. (ca/co b) 

ca/co b Risk Allele 
Freq. (ca/co b) 

OR (95% CI) P-value OR (95% CI) P-value ca/co b Risk Allele 
Freq. (ca/co b) 

1:93123836 29/29 0.84/0.47 22/22 0.68/0.43 4.61 
(2.28 - 9.32) 

1.5 x 10-6 1.45 
(0.62 - 3.42) 

0.39 23/23 0.59/0.50 

2:52390106 29/29 0.50/0.34 22/22 0.70/0.16 3.38 
(1.86 - 6.16) 

1.3 x 10-5 1.00 
(0.45 - 2.24) 

1.00 23/23 0.46/0.46 

11:17811231 29/29 0.84/0.62 22/22 0.91/0.61 5.64 
(2.47 - 12.86) 

5.3 x 10-6 1.59 
(0.61 - 4.17) 

0.34 23/23 0.78/0.70 

20:30846012 29/29 0.69/0.50 22/22 0.75/0.36 4.57 
(2.13 - 9.80) 

9.9 x 10-6 1.27 
(0.58 - 2.81) 

0.55 23/23 0.52/0.46 

25:22038367 29/29 0.10/0.05 22/22 0.20/0.00 6.72 
(1.80 - 25.05) 

1.2 x 10-3 0.45 
(0.07 - 2.76) 

0.38 23/23 0.04/0.09 

Five-SNP genetic 
risk score 

29/29 - 22/22 - 5.69 
(2.97 - 10.90) 

5.2 x 10-17 1.23 
(0.75 - 2.00) 

0.40 23/23 - 

a CanFam 3.1 genomic location of the SNP in the format chromosome: bp position. Genomic positions shown in bold indicate the most significantly associated SNPs in 

the GWAS meta-analysis. b case / control. Only individuals with genotype data for all five SNPs were included in the analysis. 
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Appendix v.ix. Results of the meta-analysis with and without inclusion of a subset of 18 cases and 18 controls of the replication subset (Set 3), and 

association analysis statistics of the Set 3 subset alone.
 

GWAS Sets 1 and 2 GWAS Sets 1, 2, and Replication Set 3 Set 3 only 

Genomic pos. * Odds ratio 

(95% CI) 

P-value P-value 

for het. 

Odds ratio 

(95% CI) 

P-value P-value for 

het. 

Odds ratio 

(95% CI) 

P-value 

1:93092920 1.34 (1.18-1.52) 7.2 x 10-6 0.08 1.29 (1.15-1.44) 1.9 x 10-5 0.08 1.07 (0.82-1.41) 0.46 

1:93123836 1.40 (1.24-1.59) 1.8 x 10-7 0.03 1.36 (1.21-1.52) 1.4 x 10-7 ** 0.06 1.19 (0.92-1.54) 0.18 

1:93134637 1.34 (1.18-1.53) 6.6 x 10-6 0.09 1.29 (1.15-1.45) 1.2 x 10-5 0.10 1.11 (0.85-1.44) 0.33 

1:93143512 1.35 (1.19-1.53) 4.6 x 10-6 0.10 1.30 (1.16-1.45) 8.5 x 10-6 0.11 1.11 (0.85-1.44) 0.33 

1:93151289 1.34 (1.19-1.52) 3.1 x 10-6 0.10 1.30 (1.16-1.45) 5.7 x 10-6 0.11 1.11 (0.85-1.44) 0.33 

1:93166693 1.34 (1.19-1.52) 3.1 x 10-6 0.10 1.30 (1.16-1.45) 5.7 x 10-6 0.11 1.11 (0.85-1.44) 0.33 

1:93168992 1.34 (1.19-1.52) 3.1 x 10-6 0.10 1.30 (1.16-1.45) 5.5 x 10-6 0.11 1.11 (0.86-1.44) 0.32 

1:93177398 1.34 (1.19-1.52) 3.1 x 10-6 0.10 1.30 (1.16-1.45) 5.7 x 10-6 0.11 1.11 (0.85-1.44) 0.33 

1:93179652 1.34 (1.19-1.52) 3.1 x 10-6 0.10 1.30 (1.16-1.45) 5.7 x 10-6 0.11 1.11 (0.85-1.44) 0.33 

1:93250465 1.37 (1.20-1.56) 3.2 x 10-6 0.22 1.31 (1.16-1.47) 6.9 x 10-6 0.17 1.11 (0.85-1.44) 0.43 

1:93262646 1.38 (1.21-1.57) 1.7 x 10-6 0.26 1.32(1.17-1.48) 3.7 x 10-6 0.18 1.11 (0.85-1.44) 0.43 

1:93269238 1.38 (1.21-1.57) 1.7 x 10-6 0.26 1.32(1.17-1.48) 3.7 x 10-6 0.18 1.11 (0.85-1.44) 0.43 

1:93395919 1.39 (1.22-1.58) 7.1 x 10-7 0.20 1.33 (1.19-1.49) 1.2 x 10-6 0.16 1.13 (0.88-1.46) 0.31 

2:45972651 1.40 (1.20-1.62) 9.1 x 10-6 0.24 1.25 (1.11-1.41) 2.0 x 10-4 0.03 1.02 (0.83-1.25) 0.94 

2:52390106 1.38 (1.23-1.54) 3.6 x 10-8 0.03 1.30 (1.17-1.44) 9.6 x 10-7 4.0 x 10-3 1.03 (0.81-1.32) 1.00 



307 
 

 
GWAS Sets 1 and 2 GWAS Sets 1, 2, and Replication Set 3 Set 3 only 

Genomic pos. * Odds ratio 

(95% CI) 

P-value P-value 

for het. 

Odds ratio 

(95% CI) 

P-value P-value for 

het. 

Odds ratio 

(95% CI) 

P-value 

2:52396456 1.36 (1.21-1.53) 1.6 x 10-7 0.04 1.28 (1.15-1.42) 3.4 x 10-6 5.9 x 10-3 1.03 (0.81-1.32) 1.00 

2:54074065 1.49 (1.25-1.77) 8.4 x 10-6 0.09 1.48 (1.26-1.74) 2.9 x 10-6 ** 0.24 1.42 (0.88-2.27) 0.21 

2:56417302 1.33 (1.17-1.51) 9.2 x 10-6 0.19 1.21 (1.09-1.35) 5.9 x 10-4 5.7 x 10-3 1.11 (0.88-1.38) 0.46 

2:56423516 1.32 (1.17-1.50) 9.2 x 10-6 0.21 1.21 (1.09-1.35) 5.7 x 10-4 6.2 x 10-3 1.11 (0.88-1.38) 0.46 

2:73837742 1.41 (1.21-1.64) 9.7 x 10-6 0.22 1.39 (1.21-1.58) 1.3 x 10-6 ** 0.43 1.32 (1.01-1.72) 0.15 

3:84100359 1.41 (1.22-1.63) 5.0 x 10-6 0.98 1.39 (1.22-1.59) 1.2 x 10-6 ** 0.94 1.32 (0.96-1.83) 0.10 

5:38871847 1.54 (1.29-1.85) 2.6 x 10-6 0.55 1.51 (1.28-1.77) 5.2 x 10-7 ** 0.73 1.39 (0.98-1.96) 0.12 

5:38878225 1.54 (1.29-1.85) 2.6 x 10-6 0.55 1.51 (1.28-1.77) 5.2 x 10-7 ** 0.73 1.39 (0.98-1.96) 0.12 

5:38884749 1.52 (1.29-1.79) 4.1 x 10-7 0.70 1.46 (1.26-1.68) 2.3 x 10-7 ** 0.51 1.26 (0.94-1.70) 0.13 

5:38900229 1.51 (1.28-1.77) 5.5 x 10-7 0.88 1.45 (1.26-1.67) 2.8 x 10-7 ** 0.58 1.26 (0.94-1.70) 0.13 

5:57150319 1.43 (1.24-1.66) 2.1 x 10-6 0.02 1.29 (1.13-1.47) 1.4 x 10-4 7.7 x 10-4 1.13 (0.85-1.50) 0.22 

6:18142628 1.41 (1.21-1.64) 9.4 x 10-6 0.36 1.35 (1.18-1.54) 7.7 x 10-6 ** 0.34 1.18 (0.92-1.53) 0.20 

8:70681185 1.42 (1.25-1.62) 6.9 x 10-8 0.56 1.36 (1.21-1.52) 1.6 x 10-7 0.23 1.13 (0.88-1.45) 0.39 

8:70685342 1.43 (1.25-1.62) 8.2 x 10-8 0.55 1.36 (1.21-1.52) 2.0 x 10-7 0.22 1.13 (0.88-1.45) 0.39 

8:70913880 1.38 (1.22-1.56) 2.8 x 10-7 0.74 1.31 (1.18-1.46) 8.1 x 10-7 0.23 1.11 (0.88-1.39) 0.46 

11:17811231 1.46 (1.26-1.70) 9.8 x 10-7 0.71 1.40 (1.23-1.60) 7.4 x 10-7 ** 0.46 1.21 (0.92-1.59) 0.13 

20:18573917 1.34 (1.18-1.52) 7.3 x 10-6 0.05 1.24 (1.11-1.39) 1.6 x 10-4 7.3 x 10-3 1.06 (0.83-1.37) 0.45 
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GWAS Sets 1 and 2 GWAS Sets 1, 2, and Replication Set 3 Set 3 only 

Genomic pos. * Odds ratio 

(95% CI) 

P-value P-value 

for het. 

Odds ratio 

(95% CI) 

P-value P-value for 

het. 

Odds ratio 

(95% CI) 

P-value 

20:18728616 1.34 (1.18-1.52) 5.4 x 10-6 0.03 1.24 (1.11-1.39) 1.8 x 10-4 2.8 x 10-3 1.10 (0.85-1.42) 0.28 

20:24952889 1.41 (1.22-1.62) 3.3 x 10-6 0.02 1.37 (1.21-1.56) 9.5 x 10-7 ** 0.06 1.26 (0.96-1.65) 0.20 

20:26103063 1.45 (1.24-1.69) 3.5 x 10-6 0.64 1.37 (1.19-1.58) 8.4 x 10-6 0.31 1.12 (0.82-1.52) 0.88 

20:28920317 1.39 (1.20-1.60) 9.95 x 10-6 1.00 1.36 (1.19-1.55) 4.1 x 10-6 ** 0.83 1.25 (0.92-1.69) 0.48 

20:30846012 1.39 (1.22-1.59) 1.6 x 10-6 0.19 1.34 (1.19-1.50) 1.2 x 10-6 ** 0.21 1.18 (0.94-1.49) 0.24 

24:29341230 1.55 (1.29-1.87) 3.2 x 10-6 0.04 1.36 (1.16-1.59) 1.0 x 10-4 4.7 x 10-3 1.00 (0.76-1.32) 0.56 

25:2967994 1.55 (1.29-1.86) 3.3 x 10-6 0.27 1.43 (1.22-1.69) 1.6 x 10-5 0.11 1.07 (0.74-1.54) 0.54 

25:2992154 1.58 (1.30-1.92) 3.7 x 10-6 0.36 1.45 (1.22-1.72) 2.1 x 10-5 0.11 1.07 (0.74-1.54) 0.54 

25:3084236 1.55 (1.29-1.86) 3.3 x 10-6 0.27 1.43 (1.22-1.69) 1.6 x 10-5 0.11 1.07 (0.74-1.54) 0.54 

25:3466059 1.55 (1.29-1.86) 3.3 x 10-6 0.27 1.43 (1.22-1.69) 1.6 x 10-5 0.11 1.07 (0.74-1.54) 0.54 

25:17906526 1.50 (1.26-1.80) 6.8 x 10-6 0.01 1.37 (1.16-1.61) 1.5 x 10-4 1.5 x 10-3 1.17 (0.79-1.75) 0.34 

25:21307564 1.77 (1.38-2.26) 5.2 x 10-6 0.09 1.48 (1.19-1.83) 3.6 x 10-4 2.9 x 10-3 1.22 (0.78-1.91) 0.32 

25:22038367 1.81 (1.41-2.31) 2.9 x 10-6 0.24 1.50 (1.21-1.86) 2.5 x 10-4 4.9 x 10-3 1.22 (0.78-1.91) 0.32 

25:24411272 1.70 (1.35-2.14) 5.5 x 10-6 0.05 1.46 (1.19-1.79) 2.7 x 10-4 2.3 x 10-3 1.22 (0.78-1.91) 0.32 

25:24411325 1.70 (1.35-2.14) 5.5 x 10-6 0.05 1.46 (1.19-1.79) 2.7 x 10-4 2.3 x 10-3 1.22 (0.78-1.91) 0.32 

25:33935066 1.64 (1.32-2.02) 5.4 x 10-6 1.4 x 10-3 1.46 (1.21-1.76) 6.4 x 10-5 5.6 x 10-4 1.01 (0.69-1.48) 0.59 

*  CanFam 3.1 genomic location of the SNP in the format chromosome: bp position. The SNPs are ordered by chromosome and GWAS P-value. Bold text indicates the 

most significantly associated SNPs in the GWAS meta-analysis. ** P-values lower after the addition of Set 3 to the meta-analysis. 
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vi. Manuscript 5 appendices 

Appendix vi.i. Countries of origin and case and control definitions for dogs included in seven sample sets. 
 

GWAS Replication  
UH GWAS KCGC GWAS 1 KCGC GWAS 2 KCGC UM RVC UU 

Countries 
of origin 

Germany (69.1%), 
Switzerland (27.3%), 
Netherlands 

UK (KCGC GWAS 1: 96.9%, 
KCGC GWAS 2: 89.2%), 
Australia, Czech Republic, 
Germany, Channel Islands, 
Netherlands, Norway, and 
USA 

UK (60.9%); Italy and USA; 
Australia, Canada, Channel 
Islands; and nine other 
European countries 
(Belgium, France, 
Germany, Luxembourg, 
Netherlands, Portugal, 
Sweden, and Switzerland). 

UK UK Predominantly from 
the Netherlands, but 
also dogs from 
neighbouring countries 
including Germany and 
Belgium  

Case 
definition 

Diagnosis confirmed 
by a board-certified 
veterinary 
neurologist 

Diagnosis in the Animal Health Trust Centre for Small 
Animal Studies neurology unit, Newmarket, UK; and 
Linnaeus referral veterinary hospitals in the UK; or 
assessment of owner reported questionnaires, veterinary 
records, and epileptic seizure video footage where 
available, by LDR (co-author). The diagnosis of IE was 
based on IVETF criteria.  

Dogs with epilepsy 
undergoing treatment 
and routine screening 
of serum 
phenobarbital 
concentrations 

Big Brainy Border Collie 
study (BBBCS) and the 
Idiopathic Epilepsy and 
Anxiety Study (IDEAS). 
Cases met, as a 
minimum, the IVETF Tier 
I criteria for IE diagnosis. 

IE-affected as part of a 
study characterising 
the phenotype of IE in 
the Border Collie 
(Santifort et al., 2022). 
A minimum of a IVETF 
Tier I diagnosis. 

Control 
definition 

Not reported to 
have ever had a 
seizure (55.9% over 
the age of seven 
years) 

Over the age of eight years not reported to have ever had 
a seizure. 

- BBBCS; owner reported 
free of epilepsy. Ages 
ranging from one to nine 
years (34.5% over the 
age of six years). 

Owner reported free 
from epilepsy over six 
years of age. 80% were 
over nine years of age. 

UH: University of Helsinki. KCGC: Kennel Club Genetics Centre. UM: University of Manchester. RVC: Royal Veterinary College. UU: University of Utrecht. IVETF: 

International Veterinary Epilepsy Task Force  
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Appendix vi.ii. The number of individuals for each of the 97 breeds, and mixed breeds, 

included in the dataset of 219 in-house WGS. 

Breed Count 

Affenpinscher 1 

Airedale Terrier 2 

Alaskan Malamute 1 

American Cocker Spaniel 1 

Australian Shepherd 1 

Basset Hound 19 

Bassett Griffon Vendeen 1 

Beagle 3 

Bearded Collie 2 

Bedlington terrier 1 

Berger Picard 1 

Bloodhound 1 

Border Collie 7 

Border Terrier 10 

Boxer 1 

Briard 2 

Bull Terrier 1 

Bulldog 3 

Cairn Terrier 1 

Cavalier King Charles Spaniel 3 

Cesky Terrier 1 

Chesapeake Bay Retriever 1 

Chihuahua 1 

Chinese Crested 2 

Chow Chow 1 

Cocker Spaniel 4 

Corgi 1 

Dalmatian 1 

Dandie Dinmont 4 

Dobermann 2 

English Setter 1 

English Springer Spaniel 2 

Field Spaniel 2 

Finnish Lapphund 1 

Flat Coated Retriever 4 

French Bull Dog 5 

German Shepherd 1 

German Wirehaired 1 

Giant Schnauzer 5 

Glen of Imaal Terrier 1 

Golden Retriever 2 

Gordon Setter 1 

Great Dane 1 

Greyhound 2 
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Breed Count 
Griffon bruxellois 1 

Irish Red and White Setter 4 

Irish Setter 2 

Irish Terrier 1 

Irish Water Spaniel 1 

Irish Wolfhound 6 

Italian Spinone 4 

Japanese Akita 1 

Keeshond 3 

Labrador Retriever 6 

Lagotto Romagnolo 1 

Lakeland Terrier 1 

Lancashire Heeler 2 

Large Munsterlander 1 

Leonberger 2 

Lhasa Apso 1 

Maltese 1 

Miniature Long-haired Dachshund 2 

Miniature Poodle 1 

Miniature Schnauzer 2 

Miniature Wire Haired Dachshund 1 

Mixed Breed 5 

Newfoundland 1 

Northern Inuit 2 

Norwegian Buhund 3 

Norwich Terrier 1 

Nova Scotia Duck Tolling Retriever 1 

Old English Sheepdog 1 

Otterhound 2 

Papillon 1 

Petit Basset Griffon Vendeen 2 

Pug 3 

Pyrenean Mountain dog 1 

Rottweiler 1 

Rough Collie 1 

Russian Black Terrier 1 

Scottish Terrier 5 

Shar Pei 3 

Shetland Sheepdog 1 

Shih Tzu 1 

Siberian Husky 3 

Skye Terrier 2 

Smooth Collie 1 

Soft-coated Wheaten Terrier 2 

Staffordshire Bull Terrier 1 

Swedish Vallhund 1 

Tibetan Spaniel 1 
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Breed Count 
Tibetan Terrier 3 

Vizsla (smooth coat) 4 

Vizsla (wire haired) 1 

Weimaraner 1 

Welsh Springer Spaniel 7 

West Highland White Terrier 1 

Whippet 2 

 

  



313 
 

Appendix vi.iii. The numbers of dogs and SNPs included in the WGS reference panels used 

to impute three study sets 

Study Set: KCGC GWAS 1 and 2 UH GWAS 

Total SNPs 12,110,068 12,114,126 

Pool of individuals (n) 818 817 

Minimum individuals (n) 786 785 

Maximum individuals (n) 817 816 

Border Collies (n) 40 39 
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Appendix vi.iv. Mean IMPUTE2 estimated concordance across chromosomes, and 

concordance estimates for the chromosomes with the highest and lowest concordance, 

for WGS-density imputed datasets. 

 
KCGC GWAS set 1 KCGC GWAS set 2 UH GWAS 

Mean estimated concordance (%) 96.5 96.6 96.6 

Lowest concordance (%) 95.0 95.3 95.0 

Highest concordance (%) 97.6 97.4 97.8 
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Appendix vi.v. The number of cases, controls, and SNPs in each study set after quality 

control filtering 

 
 Study set Cases (n) Controls (n) SNPs (n) 

Imputed to array SNP 

density 

KCGC GWAS set 1 57 73 310,596 

KCGC GWAS set 2 26 60 310,282 

UH GWAS 21 34 307,561 

Imputed to WGS SNP 

density 

KCGC GWAS set 1 73 89 6,498,131 

KCGC GWAS set 2 29 63 6,531,278 

UH GWAS 21 34 6,478,397 
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Appendix vi.vi. Array SNP density imputed genome-wide association study meta-analysis of 104 Border Collie idiopathic epilepsy cases and 167 controls with 

16 SNPs as covariates (291,431 SNPs). Plot of negative log (base 10) transformed P-values. X-axis is SNP location by chromosome (left to right, autosomes 1 

to 38). Solid circles indicate array genotyped SNPs, hollow triangles denote SNPs that were imputed for any of the three datasets. Green (upper) line shows 

Bonferroni corrected threshold for statistical significance (1.7 x 10-7). Orange (lower) line indicates the empirical threshold for suggestive association (1 x 10-

4).
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Appendix vi.vii. The SNPs identified in the GWAS meta-analyses, at array (with and without 16 SNPs as covariates) and WGS SNP level. 
 

Genomic Pos. a Odds ratio (95% CI) P-value Heterogeneity P-value Alleles (risk/non-risk) Nearest known gene b 

Top SNPs from 

array-density 

analysis 

1:87042337 1.21 (1.12 - 1.31) 1.2 x 10-6 0.30 C/T TRPM3 

5:15989786 1.20 (1.10 - 1.30) 2.2 x 10-5 0.78 G/A DSCAML1 

8:41418834 1.18 (1.09 - 1.28) 2.7 x 10-5 0.14 T/C TMEM229B / PLEK2 

9:51228405 1.32 (1.16 - 1.52) 5.1 x 10-5 0.23 A/T MRPS2 

11:68785445 1.19 (1.09 - 1.30) 9.6 x 10-5 0.62 G/A C9orf91 (TMEM268) 

12:60209578 1.29 (1.14 - 1.46) 7.7 x 10-5 0.15 T/C GRIK2 

14:28706441 1.28 (1.14 - 1.44) 4.3 x 10-5 0.24 T/A ETV1 

16:55920429 1.21 (1.11 - 1.32) 2.0 x 10-5 0.05 G/T CSMD1 

18:55320649 1.19 (1.10 - 1.30) 1.8 x 10-5 0.29 T/C CD6 

22:43948947 1.18 (1.09 - 1.28) 5.6 x 10-5 0.24 A/G GPC5 

25:19226599 1.18 (1.09 - 1.27) 6.0 x 10-5 0.32 G/A PALLD 

27:32560742 1.18 (1.09 - 1.28) 8.3 x 10-5 0.87 G/A NMDE2_CANFA (GRIN2B in humans) 

28:40887640 1.28 (1.15 - 1.43) 1.3 x 10-5 0.67 C/T ZNF511 

35:23042846 1.22 (1.11 - 1.33) 2.6 x 10-5 0.26 C/T FAM65B 

36:20271612 1.21 (1.12 - 1.30) 8.1 x 10-7 0.01 A/C MTX2 

37:8098533 1.30 (1.14 - 1.48) 7.6 x 10-5 0.08 C/T SATB2 



318 
 

 
Genomic Pos. a Odds ratio (95% CI) P-value Heterogeneity P-value Alleles (risk/non-risk) Nearest known gene b 

Array SNPs 

identified by 

conditional 

covariate analysis 

1:117532714 1.13 (1.06 - 1.20) 7.2 x 10-5 0.20 C/T GRAMD1A 

8:53942648 1.19 (1.10 - 1.28) 2.5 x 10-5 0.31 T/A SEL1L 

11:62873725 1.15 (1.07 - 1.23) 7.5 x 10-5 0.74 T/C KLF4 

37:30026463 1.18 (1.09 - 1.28) 8.5 x 10-5 0.53 T/C ERICH1 

Top SNPs from 

WGS SNP density 

analysis 

1:89337587 1.19 (1.11 - 1.28) 1.6 x 10-6 0.43 T/C DOCK8 

6:77085450 1.37 (1.19 - 1.57) 8.0 x 10-6 0.007 T/G WLS 

11:68783067 1.20 (1.11 - 1.30) 4.1 x 10-6 0.79 C/T C9orf91 (TMEM268) 

12:58476156 1.26 (1.14 - 1.40) 9.5 x 10-6 0.29 G/T SIM1 

16:54266694 1.29 (1.16 - 1.42) 7.9 x 10-7 0.06 C/T ARHGEF10 

17:45586797 1.20 (1.11 - 1.29) 7.8 x 10-6 0.50 A/G LRRTM4 

18:55240220 1.21 (1.12 - 1.30) 4.5 x 10-7 0.16 G/A CD5 

35:23052056 1.24 (1.14 - 1.35) 9.6 x 10-7 0.02 A/C FAM65B 

36:26774691 1.21 (1.11 - 1.31) 6.3 x 10-6 0.52 G/A STK19 

4:28189911* 1.26 (1.15 - 1.38) 7.7 x 10-7 0.54 C/T RPS24 

4:28195881* 1.26 (1.15 - 1.38) 8.3 x 10-7 0.61 G/T RPS24 

5:17717963 1.29 (1.17 - 1.43) 3.9 x 10-7 0.54 G/A CADM1 

8:41418371 1.20 (1.11 - 1.29) 1.3 x 10-6 0.19 G/C TMEM229B / PLEK2 

SNPs shown are those that were most significantly associated on each chromosome in each analysis that passed the thresholds for suggestive association (array density 

analyses: P < 1 x 10-4. WGS SNP density analysis: P < 1 x 10-5). * CanFam3.1 4:28195881 was in linkage disequilibrium (R2 = 0.93) with 4:28189911 and was genotyped as a 

proxy. a The CanFam3.1 genomic location of the SNP in the format chromosome: bp position. b Nearest known gene annotated on CanFam3.1. CI: confidence interval.   
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Appendix vi.viii. Results of the Border Collie IE replication study of the 27 SNPs identified 

through the GWAS meta-analyses. 
 

Three GWAS sets Replication sets 

Genomic 

pos. a 

ca/co b 

(n) 

Odds Ratio 

(95% CI) 

P-value ca/co b 

(n) 

Odds Ratio 

(95% CI) 

P-value 

1:87042337 96/155 2.18 (1.53-3.11) 1.2 x 10-5 270/306 1.23 (0.95-1.58) 0.12 

1:89337587 121/186 1.96 (1.42-2.69) 3.3 x 10-5 269/302 1.12 (0.86-1.46) 0.39 

1:117532714 97/161 1.89 (1.34-2.67) 2.4 x 10-4 269/299 0.86 (0.67-1.09) 0.21 

4:28195881 122/183 2.63 (1.75-3.95) 1.0 x 10-6 271/303 0.91 (0.67-1.23) 0.54 

5:15989786 103/167 2.09 (1.44-3.04) 8.9 x 10-5 270/303 0.90 (0.69-1.18) 0.45 

5:17717963 114/183 2.59 (1.62-4.13) 6.4 x 10-5 261/288 1.26 (0.92-1.74) 0.15 

8:41418834 100/164 1.99 (1.40-2.84) 9.4 x 10-5 269/307 0.93 (0.72-1.22) 0.61 

8:53942648 102/160 1.76 (1.12-2.78) 0.01 269/306 0.92 (0.68-1.25) 0.59 

9:51228405 93/156 3.42 (1.79-6.53) 2.2 x 10-4 267/301 1.33 (0.96-1.85) 0.09 

11:62873725* 102/160 1.74 (1.19-2.54) 3.7 x 10-3 268/304 1.25 (0.97-1.61) 0.09 

11:68783067 94/132 1.79 (1.23-2.62) 2.1 x 10-3 270/306 1.28 (0.99-1.66) 0.05 

11:68785445* 104/164 1.86 (1.28-2.71) 9.1 x 10-4 271/306 1.29 (1.00-1.67) 0.05 

12:58476156 118/181 2.61 (1.64-4.15) 5.7 x 10-5 268/306 1.09 (0.78-1.52) 0.60 

12:60209578 101/165 2.82 (1.57-5.08) 5.8 x 10-4 268/299 1.27 (0.82-1.96) 0.28 

14:28706441 104/167 2.68 (1.55-4.62) 4.1 x 10-4 269/306 0.72 (0.50-1.03) 0.07 

16:55920429* 104/167 1.97 (1.32-2.94) 8.1 x 10-4 271/306 1.39 (1.04-1.84) 0.02 

18:55240220 117/174 2.16 (1.55-3.03) 4.5 x 10-6 270/303 1.20 (0.94-1.53) 0.15 

18:55320649 94/155 2.07 (1.42-3.02) 1.1 x 10-4 269/307 1.11 (0.87-1.42) 0.40 

22:43948947 104/167 2.15 (1.49-3.10) 2.5 x 10-5 269/305 1.07 (0.83-1.38) 0.60 

25:19226599 104/166 1.98 (1.39-2.83) 1.4 x 10-4 260/290 1.08 (0.83-1.40) 0.56 

28:40887640 98/148 3.21 (1.90-5.43) 1.9 x 10-6 268/297 1.42 (1.01-2.01) 0.04 

35:23042846 95/153 2.26 (1.48-3.45) 1.7 x 10-4 269/306 1.20 (0.87-1.64) 0.27 

35:23052056 106/162 2.42 (1.62-3.62) 1.6 x 10-5 268/302 1.02 (0.76-1.36) 0.91 

36:20271612 99/159 2.34 (1.65-3.32) 7.6 x 10-7 271/304 1.01 (0.78-1.29) 0.96 

36:26774691 120/175 2.05 (1.42-2.95) 8.1 x 10-5 265/304 0.99 (0.75-1.30) 0.93 

37:8098533 102/163 2.66 (1.51-4.69) 7.0 x 10-4 270/306 1.06 (0.72-1.58) 0.76 

37:30026463 97/153 1.44 (0.89-2.33) 0.13 262/282 1.01 (0.73-1.41) 0.95 

Results from logistic regression analysis of the three GWAS sets and the replication sets. a The 

CanFam3.1 genomic location of the SNP in the format chromosome: bp position. b case/control. * 

SNPs taken forward to be tested as a weighted risk score. CI: confidence interval. 
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Appendix vi.ix. Receiver operating characteristic (ROC) curve and calibration plot for an 

unweighted three-SNP risk score for idiopathic epilepsy based on risk allele counts not 

weighted by effect in Border Collie replication sets. Plot A is a ROC curve; points represent 

each potential risk score cut off for defining cases, from the highest (0,0) to the lowest 

(1,1). Sensitivity: fraction of cases correctly classified. Specificity: fraction of controls 

correctly classified (1 – (minus) specificity is the false-positive fraction). The area under the 

ROC curve (AUC) is given below the plot. An AUC of 0.5 (indicated by the dashed line) 

would represent a test unable to discriminate cases from controls. On the calibration plot 

(B) points represent ten equally sized groups of individuals divided by predicted risk. 

Observed: the proportion of cases in each group. Expected: the average (mean) of the 

predicted probabilities generated from the risk score logistic regression model. The 95% 

confidence intervals are shown for each group. The dashed reference line indicates perfect 

risk score calibration where predicted risk matches the observed proportion of affected 

dogs within each group. Locally weighted scatterplot smoothing (LOWESS) is displayed in 

green. The orange lines at the base of the graph are a spike plot indicating the distribution 

of IE cases (1) and controls (0). 

 


