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Simple Summary: A significant percentage of Dutch partridge dogs suffers from epileptic seizures.
Previous studies indicated that this is likely the result of genetic idiopathic epilepsy, but to date, little
to no knowledge exists on the genetic cause. This study aimed to identify (a) causal variant(s) and/or
risk loci associated with the disease. A risk locus for idiopathic epilepsy was described for the first
time on chromosome 12. Furthermore, a variant in the CCDC85A gene was found to increase the risk
of disease in homozygous variant dogs. Further research should be conducted to determine whether
the chromosome 12 risk locus and CCDC85A variant can be used in breeding decisions.

Abstract: (1) Idiopathic epilepsy (IE) is thought to have a genetic cause in several dog breeds.
However, only two causal variants have been identified to date, and few risk loci are known. No
genetic studies have been conducted on IE in the Dutch partridge dog (DPD), and little has been
reported on the epileptic phenotype in this breed. (2) Owner-filled questionnaires and diagnostic
investigations were used to characterize IE in the DPD. A genome-wide association study (GWAS)
involving 16 cases and 43 controls was performed, followed by sequencing of the coding sequence
and splice site regions of a candidate gene within the associated region. Subsequent whole-exome
sequencing (WES) of one family (including one IE-affected dog, both parents, and an IE-free sibling)
was performed. (3) IE in the DPD has a broad range in terms of age at onset, frequency, and duration
of epileptic seizures. Most dogs showed focal epileptic seizures evolving into generalized seizures. A
new risk locus on chromosome 12 (BICF2G630119560; praw = 4.4 × 10−7; padj = 0.043) was identified
through GWAS. Sequencing of the GRIK2 candidate gene revealed no variants of interest. No
WES variants were located within the associated GWAS region. However, a variant in CCDC85A
(chromosome 10; XM_038680630.1: c.689C > T) was discovered, and dogs homozygous for the variant
(T/T) had an increased risk of developing IE (OR: 6.0; 95% CI: 1.6–22.6). This variant was identified
as likely pathogenic according to ACMG guidelines. (4) Further research is necessary before the risk
locus or CCDC85A variant can be used for breeding decisions.

Keywords: canine; genome-wide association study; whole-exome sequencing; GRIK2

1. Introduction

Epilepsy is one of the most common neurological diseases in dogs, with an estimated
prevalence of 0.62–0.82% in the general dog population [1–3]. It is caused by sudden, ex-
cessive neuronal activity in the brain, leading to epileptic seizures characterized by motor,
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autonomic, and/or behavioral signs. According to the current recommendations of the
International Veterinary Epilepsy Task Force (IVETF), canine epilepsy can be classified by
etiology as reactive, structural, or idiopathic [4]. Idiopathic epilepsy (IE) can be subclas-
sified into IE with a genetic cause, IE with a suspected genetic cause, and IE of unknown
cause. A high breed prevalence is indicative of a genetic cause and has been reported in
multiple predisposed breeds such as the Labrador retriever, petit basset griffon vendees,
Belgian shepherd, Irish wolfhound, pug, boxer, basset hound, border terrier, and border
collie [1,5–8].

Although a genetic cause is suspected in many breeds, only three causal variants of
epilepsy have been identified to date: a dodecamer repeat in the NHLRC1 gene that causes
progressive myoclonic epilepsy (Lafora disease) first reported in the wirehaired dachshund
(OMIA 000690-9615) [9], a nonsense variant in LGI2 that causes benign familial juvenile
epilepsy in the Lagotto Romagnolo (OMIA 001596-9615) [10], and a deletion in the DIRAS1
gene that is the causal variant for juvenile myoclonic epilepsy with photosensitivity in
the Rhodesian ridgeback (OMIA 002095-9615) [11]. Whereas the two latter diseases are
classified as idiopathic epilepsy, Lafora disease is not since it has a structurally metabolic
etiology [12]. A deletion in PITRM1 causes a neurodegenerative syndrome in the Parson
Russel terrier, with severe epileptic seizures as the main clinical sign (OMIA 002324-
9615) [13]. As with Lafora disease, these epileptic seizures have a metabolic etiology.

One of the many breeds without an identified causal variant for IE is the Dutch
partridge dog (DPD), a Dutch hunting breed. Epilepsy has been reported in this breed
since 1986, and several findings suggest a genetic component. A study published in 1986
demonstrated a familial predisposition to epilepsy [14]. Secondly, IE in the DPD has a
high prevalence; the 1986 study estimated a prevalence of at least 1.4% [14], and another
study reported an incidence of 2.2% between 2006 and 2011 [15]. Prevalences exceeding 2%
support a genetic basis according to the IVETF [16]. Finally, the study published in 1986
found a narrow sense heritability (h2) between 0.33 and 0.47 for IE [14].

No genomic studies have been conducted to date on IE in the DPD. Therefore, this
study aimed to identify IE risk loci and putative causal variants in this breed. First, IE was
phenotypically characterized through the use of owner-filled questionnaires and diagnostic
investigations performed by a veterinarian. Next, two parallel genomic methods were used.
First, a traditional genome-wide association study (GWAS) was performed to identify a
candidate region associated with IE in the DPD. Secondly, a heuristic approach was applied,
using whole-exome sequencing (WES) of a single family to identify family-specific variants.

2. Materials and Methods
2.1. Study Cohort

DPDs with and without epilepsy were recruited through a call to Belgian and Dutch
breeder organizations and a team of independent breeders. Blood was collected in EDTA-
laced tubes for all 292 dogs (between November 2015 and February 2018) and stored
at −20 ◦C. Signed informed consents were collected from the dogs’ owners, and the
sample collection was approved by the Ethics Committee of the Faculties of Veterinary
Medicine and Bioscience Engineering at Ghent University (EC2017-86). The approval date
is 5 February 2018.

2.1.1. Healthy Controls

Dogs were included as controls were at least 6 years old, healthy, and had never shown
signs of epileptic seizures during their life.

2.1.2. Epileptic Dogs

To assess whether dogs had IE, questionnaires were sent to the owners of 46 epileptic
dogs (translated questionnaire, Supplementary File S1), and telephone interviews were
conducted to clarify or supplement answers provided in the questionnaires. The question-
naires gathered information about the dogs’ signalment; characteristics of the ictal, pre-,
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and post-ictal phases; (epileptic) seizure frequency, duration, and severity; age of onset
of (epileptic) seizures; possible trigger factors; diagnostic investigations performed; and
antiseizure medication (ASM) that was being administered. When available, videos of the
seizures were evaluated by a trained neurologist.

Dogs were considered to suffer from IE (hereafter referred to as cases) when no
evidence of a reactive seizure or structural epilepsy was identified and when history, as
well as clinical and neurological signs, agreed with 6 inclusion criteria: (1) the presence
of muscle contractions (tonic and/or clinical, orofacial, or any other body part), (2) age
of onset between 6 months and 6 years, (3) at least 2 autonomous symptoms (salivation,
urination, defecation, or loss of consciousness), (4) presence of a post-ictal phase, (5) absence
of neurological symptoms in between epileptic seizures, and (6) absence of head trauma.

2.1.3. Statistical Analysis

A Fisher exact test was performed to look for a sex predisposition.

2.2. Genome-Wide Association Analysis

Samples of 200–500 µL EDTA blood of 16 cases and 43 controls (i.e., the samples
available at the time of the GWAS analysis) were sent to the GIGA-Genomics platform,
University of Liège. The samples were genotyped for 172115 SNVs using an Illumina
CanineHD BeadChip according to the manufacturer’s instructions (Illumina, Inc., San
Diego, CA, USA).

Raw genotype data were subjected to a 4-step quality control process using PLINK
v1.9 [17]. (1) SNVs with quality scores <70% were removed (based on the GenTrainScore
in GenomeStudio); (2) SNVs and individuals with levels of missingness exceeding 2%
were consecutively filtered out (–geno and –mind filters in PLINK); (3) SNVs with a
minor allele frequency below 5% were removed (–maf filter in PLINK); (4) SNVs with
a significant difference in missingness between cases and controls were removed (–test-
missing in PLINK).

GWAS analysis was performed with the remaining 99424 SNVs and samples using
Fisher’s exact testing for allelic association in PLINK. To evaluate population stratification,
a QQ plot was created in R v3.6.3 [18] using the qqman package [19]. To correct for the
observed population stratification, a principal component analysis (PCA) was performed
with a subset of 33779 genotyped SNVs. In order to retain the most informative SNVs, this
subset only contained SNVs with squared allele count correlations (r2) < 0.5 within a 200 kb
window using a sliding window approach (with 5 bp steps) (–indep-pairwise 200 kb 5 0.5
in PLINK). The first principal component was included in a univariate linear mixed model
association test using GEMMA software [20].

Bonferroni-adjusted p-values (i.e., p-value multiplied by the number of tests [21]) were
used to identify genome- and chromosome-wide significant SNVs. Odds ratios (ORs, see
Table S1, alleles for calculations) and 95% confidence intervals (95% CIs) were calculated
for significant SNVs. Manhattan plots were created using the qqman package [19].

2.3. GWAS Candidate Gene

The GRIK2 gene is an interesting candidate gene within a GWAS-established region;
its coding sequence (including splice sites) was further examined using Sanger sequencing
in six cases and one control sample. Genomic DNA was extracted from all samples as
previously described [22]. Primers flanking the coding exons of the gene were designed
with NCBI Primer-BLAST based on the latest canine reference assembly, ROS_Cfam_1.0
(Acc. No. GCF_014441545.1; GRIK2 location: NC_051816.1: g.59766364_60827294), taking
into account secondary structures (mFold [23]), known SNVs (employing SNV handling in
Primer-BLAST [24]), and repeat sequences (repeat filter set to automatic)). Subsequently, a
PCR reaction was performed for each primer pair, after which 2 µL of PCR product was
loaded on agarose gel electrophoresis, while the remaining 8 µL was used to perform Sanger
sequencing (using both primers), as previously described [25]. GRIK2 exon information can
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be viewed in Table S2, primer sequences and amplicon lengths are presented in Table S3,
and details of PCR/sequencing mixes and programs can be viewed in Table S4. Five known
SNVs and one new variant were detected in the cases.

2.4. Whole-Exome Sequencing

While GWAS was used to detect IE-associated regions and possible common genes,
we performed an additional WES on a nuclear family to screen for putative family-specific
variants as a parallel method. This family included a case, both seizure-free parents, and
a seizure-free sibling. In humans, generalized epilepsies have displayed a Mendelian
inheritance pattern in some cases, and several rare, family-specific deleterious variants
have been identified using whole-exome sequencing [26].

Blood was extracted from all four samples using a DNeasy blood and tissue kit
(Qiagen, Hilden, Germany) according to the spin column protocol (the elution step was
performed twice with 50 µL molecular-grade water instead of 200 µL buffer EA), and WES
was performed as described by Broeckx et al. [27]. Reads were aligned to the CanFam3.1
reference genome using BWA v0.7.17 [28], and duplicate reads were marked with Picard
v2.21.6. Variants were called using GATK’s HaplotypeCaller in GVCF mode according to
the GATK Best Practices (GATK v4.1.2.0) [29]. Subsequently, all 403562 variants were filtered
with GATK VariantFiltration according to the “hard filtering” described in the GATK Best
Practices. Using custom R scripts (R v3.6.3) [18], the remaining variants were only retained
if they were absent in the variant database of the Animal Genetics Lab (Sequence Read
Archive (SRA) accession number PRJNA891496) and followed an autosomal recessive mode
of inheritance (which is the inheritance pattern that was detected for this family). Based on
annotation according to the online variant effect predictor (VEP) tool [30], non-coding and
synonymous variants were removed.

For the 80 remaining variants, the function of the genes in which they were located was
inspected for a potential link to epilepsy. Using the R script provided by Broeckx et al. [31],
a threshold value (Tv) was calculated to filter out variants with a minor allele frequency
(MAF) > Tv in the European Variation Archive (EVA) database [32]. The disease prevalence
(Pd) was set to 0.8%, coverage was set to 0.95, data sampling was set to “a”, and an
autosomal recessive inheritance pattern was presumed. The database population size was
altered to correspond to the size for each variant. A total of 5 variants were retained.

2.5. Variant Analysis and ACMG Classification

Candidate variants identified in the GRIK2 gene and by WES were further examined
for their pathogenicity. The effects at the protein level of the newly discovered variants in
the GRIK2 gene (absent in the reference sequence (ROS_Cfam_1.0) and the control sample)
and of the remaining WES variants were evaluated with the PROVEAN online prediction
tool [33], PolyPhen-2 [34], and MutPred2 [35] (in case of indels, MutPred-Indel [36]). Only
variants for which at least one tool indicated a deleterious effect were considered for
further investigation.

The remaining potentially deleterious variants (in ENAH, CCDC85A, VPS54, SPAST,
and BRINP3) were subsequently genotyped in all 18 cases and 18 controls (individuals
other than the family members of the WES case). The ENAH variant was genotyped using
PCR followed by gel electrophoresis on a 3% agarose gel, while the other variants were
genotyped using Sanger sequencing, as described above for GRIK2 sequencing. Primer
sequences, amplicon lengths, and the primers used for sequencing are shown in Table S5.
The variant allele frequencies were compared between cases and controls, and ORs and 95%
CIs were calculated for each variant (calculations according to Table S1, alleles). Variants for
which an OR above 5 was found were further examined, in agreement with the standards
and guidelines for the interpretation of sequence variants by the American College of
Medical Genetics and Genomics (ACMG) [37].

The two remaining variants in the CCDC85A and SPAST genes were genotyped in all
dogs included in the study, and the variant allele frequency (Vt%) was calculated for the
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entire population, as well as for the selected cases and controls. The number of homozygous
variant (Vt/Vt) dogs was compared to the number of homozygous wild-type and heterozy-
gous dogs (Wt/Wt + Wt/Vt) between selected cases and controls with a Fisher exact test,
and the OR (calculations according to Table S1, genotypes) and 95% CI was calculated
again. The presence of a homologous variant was examined in human variant databases.
Variant classification was performed using the aforementioned ACMG guidelines.

3. Results
3.1. Study Cohort

A total of 292 DPDs entered this study, including 45 dogs displaying epileptic seizures
according to their owner and 247 healthy dogs. Most dogs were from the Netherlands
(201/292 = 69%) or Belgium (84/292 = 29%), and some were from Germany and Denmark
(4/292 and 3/292, respectively; both = 1%). The sample represents dogs from many
different families, with some closely related individuals. For 52 litters, two or more full
siblings were available, and for 18 of the dogs displaying epileptic seizures, a normal
littermate was available. The sire was available for 25 litters (14 sires in total), and the dam
was available for 32 litters (22 dams in total). In total, 135 dogs were male, and 149 were
female (sex was unknown for 8 dogs).

3.1.1. Healthy Controls

In total, 100 of the 247 seizure-free dogs were included as healthy controls, while the
147 remaining healthy dogs did not meet the age requirement. Of these 100 dogs, 82 were
over 10 years old, 9 were between 8 and 10 years old, and 9 were between 6 and 8 years old.
Several of the control dogs were included in the GWAS analysis (see below).

3.1.2. Diagnostic Examination

A blood examination was performed for 24 epileptic dogs, and results for 10 dogs were
available for inspection by the authors. The minimum database blood test (as recommended
by the IVETF [16]) was performed for seven of these dogs, while complete blood serum
biochemistry was missing for the three remaining dogs. Urinalysis was performed on
seven dogs and included sediment cytology, protein, glucose, and pH for five dogs. Specific
gravity was not determined in one dog, and for another dog, no details were available.
No significant abnormalities were detected in the blood or urine tests. Thirteen dogs were
examined neurologically by their veterinarian, with no abnormalities detected, except in
two dogs that were examined shortly after an epileptic seizure. A magnetic resonance
imaging (MRI) scan of the brain and cerebrospinal fluid (CSF) analysis was available for
one dog, and a CT of the brain was available for another dog; neither showed significant
abnormalities. In total, five dogs were diagnosed with IE at a tier I/II confidence level as
described by the IVETF [16].

3.1.3. Epileptic Cases

The questionnaire was completed for 42 out of 45 dogs suffering from epilepsy, and
additional video material was available for 7 of them. All videos were analyzed by a
veterinary neurologist (Dr. Sofie F.M. Bhatti), and one was included as a supplementary file
as an example (Video S1). Two dogs only displayed one epileptic seizure and were excluded
from further analysis. Seven more dogs were excluded because the age of onset of seizures
was too low (2 months for one dog) or too high (six dogs; age of onset up to 10 years old).
Fourteen dogs were not included because they did not display at least two autonomous
symptoms, and another dog was excluded because it had no muscle contractions. The
remaining 18 dogs met all inclusion criteria and were included as cases in this study.

No significant sex predispositions were found (p > 0.05). The mean age of onset of
epileptic seizures was 3.5 years old (s.d. = 1.4; ranging from 6 months to 5 years old).
Two-thirds of the dogs had focal epileptic seizures evolving into generalized epileptic
seizures, and the rest had generalized tonic–clonic epileptic seizures. Epileptic seizures
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could be predicted by the owner in 67% of the cases. A wide range of seizure frequency
was reported by the owners (from more than once per week to less than once per year),
and 39% of the dogs showed cluster seizures (two or more epileptic seizures within 24 h).
Epileptic seizures never lasted longer than 15 min, and most lasted between 2 and 5 min
(50%) or between 1 and 2 min (28%). Status epilepticus (an epileptic seizure longer than
5 min) was reported in three dogs (17%). Almost all dogs (83%) received ASM, and 80% of
this group received a combination of multiple drugs. In 11 dogs (73%), the owners noticed
an improvement in seizure frequency, severity, and/or duration after starting medical
treatment, with seizure freedom in 2 dogs. A complete overview of seizure characteristics
and medical treatment can be found in Table 1.

Table 1. Epileptic seizure characterization and medical treatment. Overview of the phenotypical
characterization and medical treatment for the selected cases included in this study.

Absolute %

Dogs Total number of dogs 18 -

Sex
Male 8 44%

Female 10 56%

Age of onset (years)

Mean ± s.d. 3.5 ± 1.4 -
Median 4 -

Maximum 5 -
Minimum 0.6 -

Epileptic
seizure

frequency

Dogs with a known epileptic seizure frequency 17 -
≤1 per year 3 18%
1–2 per year 2 12%
3–5 per year 2 12%
6–11 per year 2 12%
1–2 per month 4 24%
2–4 per month 3 18%
≥1 per week 1 6%

Clusters Occurrence of cluster seizures 7 39%

Prediction Owner can predict the epileptic seizure 12 67%

Triggers

Epileptic seizures can be provoked 6 33%
Stress 4 67%

Sounds 1 17%
Excitation 2 33%

Getting startled 1 17%
Meal 1 17%

Exercise 0 0%
Light (flashes/TV/sun) 0 0%

Epileptic seizure duration

<1 min 1 6%
1–2 min 5 28%
2–5 min 9 50%

5–10 min 2 11%
10–15 min 1 6%
>15 min 0 0%

Autonomous symptoms

Dog displays at least one autonomous symptom 18 100%
Salivating 17 94%
Urinating 13 72%
Defecation 3 17%

Loss of consciousness 9 50%
Loss of consciousness possible/unsure 6 33%



Animals 2023, 13, 810 7 of 17

Table 1. Cont.

Absolute %

Semiology

Cycling movements 16 89%
Generalized epileptic seizure evolved from focal 12 67%

Generalized epileptic seizure 6 33%
Focal epileptic seizure limited to legs/head 0 0%

Unknown epileptic seizure type 0 0%

Treatment

Dogs not receiving antiseizure medication 2 11%
Dogs receiving antiseizure medication 15 83%

Dogs responding to treatment 11 73%
Single drug 3 20%

Phenobarbital 3 100%
Imepitoin 0 0%

KBr 0 0%
Combination 12 80%

Phenobarbital, KBr 4 33%
Phenobarbital, imepitoin 1 8%

Phenobarbital, cannabidiol 2 17%
Imepitoin, KBr 1 8%

Phenobarbital, KBr, levetiracetam 1 8%
Phenobarbital, KBr, cannabidiol 3 25%

Phenobarbital, KBr, imepitoin, cannabidiol 0 0%

3.2. Genome-Wide Association Analysis

In total, 16 of the 18 cases and 43 of the 100 healthy controls (all more than 10 years
of age) were available at the time of the GWAS analysis. After quality control filtering,
all dogs and 99424 variants remained. Allelic association testing using a Fisher exact
test with Bonferroni correction revealed one genome-wide significantly associated SNV
(BICF2G630119560; praw = 2.6 × 10−7; padj = 0.026) on chromosome 12. To delimit a
region on this chromosome, chromosome-wide significance was inspected among the SNVs
on chromosome 12 using Bonferroni correction, revealing nine other SNVs that reached
chromosome-wide significance using this method. Manhattan and QQ plots are shown in
Figures S1 and S2A, respectively.

As the QQ plot with the p-values of the Fisher exact test did show a clear deviation
(Figure S2A), 33779 variants were used to perform a PCA (Figure S3). Association testing
was performed with a univariate linear mixed model, including the first principle com-
ponent as a covariate. After Bonferroni correction, the same SNV remained significant
genome-wide (BICF2G630119560; praw = 4.4 × 10−7; padj = 0.043). This time, only two other
SNVs reached chromosome-wide significance on chromosome 12, identifying a 0.5 Mb
candidate region. An overview of the associated SNVs on chromosome 12 with ORs and
95% CIs can be found in Table S6. Manhattan plots are displayed in Figure 1a,b, and the
QQ plot is shown in Figure S3B.

The 0.5 Mb associated region only includes one gene on the Ensembl 104 annotation
(Figure 1C), GRIK2 (NCBI Gene ID 481938), which is an interesting candidate gene. There-
fore, the coding and splice site regions of GRIK2 were sequenced in six cases and compared
to the latest reference genome (ROS_Cfam_1.0), as well as to a control dog. Five known
SNVs (rs851724710, rs8745274, rs8745273, rs850859789, and rs9151294) and one new variant
were identified in the cases. Of the known SNVs, three are synonymous variants, and
two are intronic variants. For both intronic variants, a high variant allele frequency is
reported in the EVA database (47% and 32% for rs8745274 and rs850859789, respectively).
Therefore, none of the known SNVs were investigated further. The new variant was absent
in the control sample (NC_051816.1 (XM_038684247.1): c.589C > T (p.(Leu197Phe))) and
therefore further examined (see below, variant analysis and ACMG classification) (Table 2).
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Table 2. Variants and predicted effects. The variant description is provided at the chromosomal
(Chromosome), coding sequence (CDS), and protein (Protein) levels. The rs number (rs) and minor
allele frequency in the EVA database (MAF) are provided when available. The outcomes of different
online prediction tools are displayed, and deleterious/damaging predictions are indicated in bold.

Variant no. Chromosome CDS Protein Gene Rs MAF PROVEAN PolyPhen-2 MutPred2/ Indel

1 * NC_006589.4:
g.38710992_38711006del XM_022421182.1: c.662_676del p.(Glu229_Arg233del) ENAH rs851038082 6.8% −4.714 / 0.271

2 NC_051814.1: g.57941870C > T XM_038680630.1: c.689C > T p.(Pro230Leu) CCDC85A rs852050632 0.5% −3.165 1 0.086

3 NC_051814.1: g.64662153A > T XM_038680741.1: c.51T > A p.(Asp17Glu) VPS54 / / −0.470 0.993 0.09

4 ** NC_051816.1: g.60469829C > T XM_038684247.1: c.589C > T p.(Leu197Phe) GRIK2 / / −1.308 0.201 0.292

5 NC_051821.1: g.25973635G > A XM_038691182.1: c.493G > A p.(Glu165Lys) SPAST rs850566951 1.6% −3.165 0.997 0.643

6 NC_051842.1: g.8412424G > C XM_038448399.1: c.578G > C p.(Arg193Pro) BRINP3 rs852865827 0.7% −4.929 0.999 0.813

* Variant cannot be mapped to ROS_Cfam_1.0 and is displayed here according to CanFam3.1. ** Variant found in
the GWAS region of interest.

3.3. Whole-Exome Sequencing

After WES of one case, both seizure-free parents, and a seizure-free sibling, 403562 vari-
ants (SNVs and indels) were called. Following hard filtering and only retaining variants
that were not present in the variant database of the Animal Genetics Lab (Ghent Univer-
sity, SRA PRJNA891496) and that followed an autosomal recessive mode of inheritance,
2592 variants remained. Of these, 80 were protein-coding and not synonymous. None of
these variants was located within the GWAS candidate region on chromosome 12.

For the variants located in genes with a function potentially linked to epilepsy, the
maximum expected allelic frequency in the variant database (i.e., “the Tv threshold”) was



Animals 2023, 13, 810 9 of 17

calculated to be 10% (lowest Tv = 10.1% and highest Tv = 10.3%). Five variants with an
MAF below this threshold in the EVA database were retained in this manner (Table 2).

3.4. Variant Analysis and ACMG Classification

Three prediction tools were used to estimate the effect of the GRIK2 variant and the
five remaining WES variants on the produced protein. Only the GRIK2 variant was not
predicted as deleterious by any of the prediction tools (Table 3).

Table 3. Genotyping results for the CCDC85A and SPAST variants. The number of homozygous
wild-type (Wt/Wt), heterozygous (Wt/Vt), and homozygous variant (Vt/Vt) dogs, as well as the
variant allele frequency (Vt%), is shown for the case group (Cases), the control group (Controls), and
the total population (Tot_pop).

CCDC85A SPAST

Wt/Wt Wt/Vt Vt/Vt Vt% Wt/Wt Wt/Vt Vt/Vt Vt%

Cases 11 2 5 33.3% 11 6 1 22.2%
Controls 67 27 6 19.5% 82 16 2 10.0%

Tot_pop 186 82 24 22.3% 242 47 3 9.1%

The 5 WES variants were genotyped in all 18 cases and in 18 controls (Table S7), and
a significant difference in variant allele frequency was found for the CCDC85A (NCBI
gene ID: 481377; OR: 8.5; 95% CI: 1.7–41.5) and SPAST (NCBI gene ID: 608582; OR: 7.1;
95% CI: 1.2–42.9) variants. According to the ACMG standards and guidelines, we endeav-
ored to classify these two variants as (likely) pathogenic, (likely) benign, or of uncertain
significance [37]. Subsequently, all 292 samples were genotyped for both variants. Un-
fortunately, it was not possible to gather enough family material to investigate variant
segregation in affected family members in favor of or against pathogenicity (PP1 or BS4,
respectively) for either variant in this study. Genotyping results for the case group, control
group, and total population, as well as Vt%, are displayed in Table 3.

A significant difference (p = 0.012) was found for the CCDC85A variant when compar-
ing the number of Vt/Vt dogs to the number of dogs that were either Wt/Wt or Wt/Vt
between cases and controls, with an OR of 6.0 (95% CI: 1.6–22.6), providing strong evidence
of pathogenicity (PS4). Additional moderate evidence (PM2) was provided by the very
low occurrence of the variant in population databases. The Vt% is 0.5% in dogs in the EVA
database. Since the same CCDC85A missense variant is described for humans in the dbSNP
database (rs1052182749), its allele frequency was verified in human populations. The Vt%
of the homologous variant in humans (rs1052182749) is much lower than in dogs (0.0016%
in gnomAD exomes, 0.0032% in gnomAD genomes, and 0.0026 in TopMed). Computational
evidence could not be used as supporting evidence (PP3/BP4) in the variant classifica-
tion, as two algorithms predicted a deleterious effect at the protein level, whereas one
other predicted a neutral effect (see Table 2). Little is also known about the potential role
of CCDC85A in epilepsy pathogenesis, and few functional studies have been conducted
(PS3/BS3). In summary, two relevant criteria were fulfilled (one strong (PS4) and one
moderate (PM2)), which is sufficient to classify this variant as likely pathogenic (Table 4).

No strong evidence of pathogenicity was found for the SPAST variant. Although a
significant difference (p = 0.049) was found when comparing the allele frequencies between
cases and controls, with an OR of 2.6 (95% CI: 1.0–6.4), the OR was below 5, which does
not fulfill the PS4 criterion. A homologous variant in SPAST is also described in humans
in the dbSNP database (rs1268625226), and low MAF values are reported in multiple
studies (0.0007% in gnomAD genomes, 0.0008% in TopMed, and not detected in NCBI
ALFA). These very low frequencies in human databases and the relatively low frequency
in the EVA database (Vt% = 1.6%) provided moderate evidence for pathogenicity (PM2).
As with CCDC85A, little is known about SPAST’s role in epilepsy pathogenesis, and the
PS3 criterion is not fulfilled. Supportive evidence is provided by the three algorithms,
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predicting a deleterious effect at the protein level (PP3), and by missense variants in SPAST
(including in the microtubule interacting and transport (MIT) domain), which is a common
mechanism for disease (PP2) [38]. Since only one moderate (PM2) and two supportive
criteria are met (PP2 and PP3), this variant is of uncertain significance according to the
ACMG guidelines.

Table 4. Variant classification of the XM_038680630.1: c.689C > T variant. Criterion numbers are
shown as provided by the American College of Medical Genetics. Results, remarks, and conclusions
for each criterion are listed.

Criterion Result Remarks Conclusion

Significant OR > 5 (PS4) OR: 6.0; 95% CI: 1.6–22.6 PS4 fulfilled

Low MAF in population
databases (PM2) 0.5% in EVA database

Homologous variant in humans
has an much lower frequency in

multiple population studies
PM2 fulfilled

Multiple lines of
computational evidence

(PP3/BP3)

2/4 programs predicted
a deleterious

effect, and 2/4 predicted a
neutral effect.

When in silico predictions
disagree, this evidence should

not be used to classify a variant
PP3/BP3 cannot be used

Variant segregation (PP1/BS4) N/A

Insufficient family material
available to investigate

cosegregation in multiple
affected family members

PP1/BS4 cannot be used

Functional studies show
deleterious (PS3) or no
deleterious (BS3) effect

Enhanced expression in the
brain; possible interaction

with neuron-specific catenin
p120-1, which probably plays

a critical role in synaptic
homeostasis and plasticity

Too few functional studies exist
to fulfill these criteria

PS3/PS3 not
fulfilled

4. Discussion

This study faced the standard complexity associated with epilepsy studies. The
intricate inheritance of epilepsy is well known in human genetics, and the genetic under-
standing of the disease is limited [26]. Genetic epilepsies range from simple monogenic
to complex polygenic with considerable interaction of environmental factors, leading to
a broad phenotypic spectrum [39]. Although dogs generally provide a good model for
GWAS because of the extensive occurrence of linkage disequilibrium (up to 100 times more
extensive than in humans) [40], genetic epilepsy studies deal with similar problems as seen
in human studies. While a genetic etiology is suspected in many dog breeds, very few
causal variants and risk loci have been identified for IE to date, probably because of the
genetic complexity of this disease [41]. Moreover, correct phenotyping of IE, the crucial step
in any genetic study [42] represents another hurdle. The diagnosis is exclusion-based, and
many diagnostic tests are required to differentiate epilepsy from other similar neurological
diseases and to rule out metabolic or structural causes of epilepsy. The aforementioned
difficulties make a final diagnosis of IE with a suspected genetic cause quite challenging.

The aim of this study was to find a causal variant for IE in the DPD, a breed in
which the prevalence of IE is high, with evidence pointing towards a genetic cause, and
to phenotypically characterize the disease. To attempt correct IE phenotyping following
the IVETF guidelines, information was gathered regarding phenotypical characteristics
and diagnostics. While phenotyping based on an owner-filled questionnaire is arguably
a limitation of this study, the questionnaire was very extensive to make the best possible
estimate of the patients’ phenotype. Moreover, any diagnostic information determined
by the dogs’ veterinarians was collected, and video material was collected for seven dogs.
This led to sufficient information to diagnose five dogs with IE at a tier I/II confidence
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level [16]. Strict inclusion criteria were used in this study, limiting the erroneous inclusion
of dogs as cases.

As a result of the questionnaires, the phenotype of IE in DPDs was described. Notably,
several dogs were excluded because the age of onset was too low or too old. One dog even
started showing epileptic seizures for the first time at 10 years of age. The fact that epilepsy
in this breed can develop at a later age than usual has been reported before [15]. While a
higher age limit to include dogs as cases could have been used in this study, we decided to
use a more stringent age of onset of between 6 months and 6 years old [16], as this improves
the likelihood of correct phenotyping, and a uniform phenotype is of great importance
in genetic studies [42]. In the epileptic dog population, status epilepticus was observed
in 21% of the dogs. Cluster seizures occurred in 23% of dogs, which greatly exceeds the
frequency of <10% reported by Mandigers (2017) [15]. However, that study reported the
occurrence of three or more seizures within one time unit, while an occurrence of two or
more was used here, as proposed by the IVETF [4], possibly explaining this difference. Very
similar to what was reported in that study, seizures occur more often in males than females
(58% male vs. 42% female). When only looking at the selected cases, the occurrence is
slightly higher in females (44% male vs. 56% female). However, contrary to the great Swiss
mountain dog (GSMD), in which males are more likely to be affected than females [43], no
significant sex predisposition was found for the DPD in the current study, nor the study by
Mandigers [15].

About two-thirds of the epileptic cases in this study displayed generalized seizures
evolving from focal seizures, similar to what was described for the GSMD [43], in contrast
to the border collie, in the vast majority of which have generalized seizures and only 4% of
which display a combination of both seizure types [44]. Similar to what is reported in the
border collie and GSMD [43,44], the majority of the dogs (83%) received medical treatment.
The number of DPDs receiving single and combination drug therapy is comparable to the
border collie, whereas the opposite is true for the GSMD.

The lack of identified causal variants and susceptibility loci point to complex inheri-
tance patterns of canine IE, as is also seen in human IE [45]. To date, only two studies have
identified a causal variant for IE in dogs [10,11], and one study identified a risk locus in
the ADAM23 gene for the Belgian shepherd [46]. Later, a common 28 kb risk haplotype in
the same gene was established in the Belgian shepherd, as well as the schipperke, Finnish
spitz, and beagle [47]. The same risk haplotype was subsequently found to be associated
with IE in four other breeds (Australian shepherd, Kromfohrländer, Labrador retriever,
and whippet), proposing ADAM23 as a common risk gene for epilepsy with low pene-
trance [48]. A recent study aimed to identify additional risk loci in the Belgian shepherd.
The authors found a significant association between IE and a locus on chromosome 14,
while a suggestive association was found adjacent to the previously described ADAM23
locus [49]. Yet another study in the Belgian shepherd again validated the chromosome 14
and 37 risk haplotypes and identified an insertion in the RAPGEF5 gene adjacent to the
chromosome 14 haplotype [50]. While some studies have been successful, the majority
have not.

Here, a new risk locus was identified on chromosome 12. A GWAS analysis of 16 cases,
43 controls, and 99424 SNVs using a univariate linear mixed model test and Bonferroni
correction revealed one SNV that was significantly associated with IE in the DPD genome-
wide (BICF2G630119560; praw = 4.4 × 10−7; padj = 0.043). An OR of 10.4 was calculated for
the associated allele (95% CI: 4.1–26.5). To the best of our knowledge, this is the first time
that this locus has been identified as a susceptibility locus for IE in dogs. A 0.5 Mb candidate
region was delineated through the location of two additional chromosome-wide associated
SNVs on the same chromosome. Inspection of that region identified an interesting candidate
gene, GRIK2, located 0.3 Mb upstream of BICF2G630119560.

The GRIK2 gene encodes the kainite receptor (KAR) subunit GluK2 (previously known
as GluR6). KARs are ionotropic glutamate receptors widely expressed in the central
nervous system [51] and are tetramers that can be formed from subunits GluK1-5 [52].
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They are key players in glutaminergic synaptic transmission in the hippocampus and
probably other brain structures. KARs can be activated by glutamate, after which gamma-
aminobutyric acid (GABA) release is depressed and the excitability of neuronal cells
is increased [51–53]. Epilepsies have been linked to KARs, including GluK2 [54], and
Grik2 knockout mice have reduced susceptibility to seizures induced by kainate, a high-
affinity KAR agonist [55]. Furthermore, overexpression of the Grik2 kainate receptor in the
hippocampus induces seizures in rats [56]. In humans, post-translational modifications
of GRIK2 were shown to cause/influence epileptic phenotypes, as was seen in mesial
and lateral temporal lobe epilepsy patients [52,57,58]. Furthermore, multiple variants
were linked to epilepsy susceptibility in a Chinese population and a cohort of Chinese
children [59,60], to a disorder including epilepsy [61], and to the presence of severe epilepsy
in patients with neurodevelopmental disorders [62].

In this study, one new variant, i.e., NC_051816.1 (XM_038684247.1): c.589C > T
(p.(Leu197Phe)), was found among the six cases for which the coding DNA of GRIK2
and the regions surrounding the coding exons were sequenced. All prediction tools es-
timated that this variant would have a neutral effect on protein function. Therefore, the
variant was not examined further. As we only sequenced the coding DNA and splice site
regions, the presence of a causal intronic variant cannot be excluded. Furthermore, no
brain tissue was available to investigate potential changes in GRIK2 expression in epileptic
dogs. In humans, a downregulation of GRIK2 has already been shown in patients with
epilepsy [63]. Such experiments could provide useful information in the future.

Since the candidate gene within the GWAS region revealed no interesting variants and
family-specific variants have been identified in human epilepsy [26], the study cohort was
inspected for nuclear families including a case, both seizure-free parents, and a seizure-free
sibling to perform WES. Samples were available for two such families, but the DNA con-
centration for some samples of one family was insufficient. Therefore, WES was performed
on the remaining nuclear family to search for family-specific variants in these dogs and as a
validation of the GWAS results. Unfortunately, the analysis revealed no variants within the
GWAS candidate region. The presence of structural variants was not investigated, as WES
is a poor tool to detect these kinds of variants. Future investigations might include high-
throughput whole-genome sequencing or long-read sequencing to search for structural
variants. Another explanation for the lack of variants in the GWAS candidate region might
be the family’s genotype for the risk allele. While the case and mother fit the expected
genotype (homozygous and heterozygous for the risk allele, respectively), the healthy
father (still seizure-free at 10 years old) and sibling (still seizure-free at 7 years old) were
also homozygous for the risk allele. This deviation from the expected phenotype could
explain why no variants were found in the candidate region for this family. Nonetheless,
WES could still be used as a parallel approach to reveal family-specific variants.

Variants of interest outside of the GWAS candidate region were selected based on
gene function, MAF in the EVA database (<10%), and an estimated deleterious effect by at
least one prediction tool. After preliminary genotyping of a limited number of samples,
the variants NC_051814.1 (XM_038680630.1): c.689C > T (p.(Pro230Leu)) in CCDC85A
(chromosome 10) and NC_051821.1 (XM_038691182.1): c.493G > A (p.(Glu165Lys)) in
SPAST (chromosome 17) appeared to be the most promising. According to the ACMG
standards and guidelines, these variants were classified as (likely) pathogenic, (likely)
benign, or of uncertain significance [37]. Amongst others, we looked at the MAF in
population databases. As IE follows a complex inheritance pattern, a (very) low MAF
can be expected in these databases. Indeed, the Vt% values were 0.5% and 1.6% for the
CCDC85A and SPAST variants in the EVA database, respectively. Therefore, we accepted
these relatively low frequencies as moderate evidence for pathogenicity (PM2).

While little is known about the potential roles of CCDC85A and SPAST in epilepsy
pathogenesis and few functional studies have been conducted, they remain interesting
candidate genes. CCDC85A’s expression is enhanced in the brain (Human Protein Atlas,
proteinatlas.org [64]). Furthermore, CCDC85A, B, and C are delta-interacting protein
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A (DIPA) family members and potentially participate in N-cadherin-mediated neuronal
development through interaction with p120-1, a neuron-specific catenin [65]. N-cadherin
regulates the presynaptic function at glutamatergic synapses and controls presynaptic
vesicle clustering. It probably has a critical role in maintaining synaptic homeostasis
and plasticity [66]. Additional functional studies of CCDC85A might further improve
the classification of the variant in this study. As for SPAST, there is some evidence that
it might have a role in the pathogenesis of epilepsy (PS3). This gene encodes spastin,
a microtubule-severing enzyme, and the variant is situated in the MT-interacting and
trafficking (MIT) domain. It has been established that variants in the MIT domain disrupt
lysosomal function [67]. Interestingly, a defective autophagy (in which lysosomes fulfill
a vital function) is often associated with neurodevelopmental disorders associated with
epilepsy [68]. Furthermore, variants in SPAST are generally known to cause autosomal
dominant spastic paraplegia 4 in humans, which is also increasingly associated with
additional neurological symptoms such as epilepsy [38]. However, the current knowledge
on spastin’s role in epilepsy pathogenesis is insufficient to fulfill ACMG’s PS3 criterion.

Two relevant criteria were fulfilled for the CCDC85A variant (one strong (PS4) and
one moderate (PM2)), which is sufficient to classify this variant as likely pathogenic.
Based on the ACMG guidelines, this variant can be used in human medicine in clinical
decision making when combined with other evidence of IE. However, as genetic diversity
in dogs tends to be low, we prefer to err on the safe side. Before including this variant,
we recommend (1) independent validation of this association, with emphasis on detailed
phenotyping, and (2) the collection of family material over multiple generations. Future,
additional evidence might change this classification, either in favor or against pathogenicity.

Since only one moderate (PM2) and two supportive criteria are met for the SPAST
variant (PP2 and PP3), this variant is of uncertain significance according to the ACMG
guidelines and should not be used for clinical decision making.

5. Conclusions

Although no clear causal variant was found for IE in the DPD, this study is the first to
report a new significantly associated SNV for IE on chromosome 12. Further investigations
of the GRIK2 gene or other genes near this locus might reveal more candidate genes for the
disease. Furthermore, WES revealed a potentially pathogenic variant in CCDC85A. Dogs
homozygous for this variant have an increased risk of developing epilepsy. However, we
do not recommend the use of either of these two variants as a tool to select against IE before
more evidence is gathered.
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GWAS analysis; Figure S2: Manhattan plots after Fisher exact testing; Figure S3: QQ plots of the
expected and observed -log(p) values.

Author Contributions: Conceptualization, E.B., L.P. and B.J.G.B.; methodology, E.B.; software, E.B.,
M.V.P. and F.F.; validation, E.B.; formal analysis, E.B. and M.V.P.; investigation, E.B.; resources, E.B.,
S.F.M.B., P.M. and L.V.H.; data curation, E.B. and F.V.N.; writing—original draft preparation, E.B.;
writing—review and editing, E.B., S.F.M.B., M.V.P., I.P., F.F., F.V.N., P.M., L.V.H., L.P. and B.J.G.B.;
visualization, E.B.; supervision, L.P. and B.J.G.B.; project administration, L.P. and B.J.G.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/ani13050810/s1
https://www.mdpi.com/article/10.3390/ani13050810/s1


Animals 2023, 13, 810 14 of 17

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Faculties of Veterinary Medicine and Bioscience Engineering at Ghent University
(EC2017-86). The approval date is 5 February 2018.

Informed Consent Statement: Informed consent was obtained from the owners of all subjects
involved in the study.

Data Availability Statement: The data generated during this study can be found within the published
article and its supporting information. The variant data for this study have been deposited in the
European Variation Archive (EVA) at EMBL-EBI under accession number PRJEB56315. The raw WES
data have been submitted to the Sequence Read Archive (SRA) under accession number PRJNA891496,
samples SAMN31329656—SAMN31329659.

Acknowledgments: We thank Linda Impe, Dominique Vander Donckt, Carolien Rogiers, and Ruben
Van Gansbeke for excellent technical assistance. We also thank the breeder associations, breeders,
and owners who collaborated on this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Erlen, A.; Potschka, H.; Volk, H.A.; Sauter-Louis, C.; O’Neill, D.G. Seizure occurrence in dogs under primary veterinary care in

the UK: Prevalence and risk factors. J. Vet. Intern. Med. 2018, 32, 1665–1676. [CrossRef] [PubMed]
2. Kearsley-Fleet, L.; O’Neill, D.G.; Volk, H.A.; Church, D.B.; Brodbelt, D.C. Prevalence and risk factors for canine epilepsy of

unknown origin in the UK. Vet. Rec. 2013, 172, 338. [CrossRef] [PubMed]
3. Heske, L.; Nødtvedt, A.; Jäderlund, K.H.; Berendt, M.; Egenvall, A. A cohort study of epilepsy among 665,000 insured dogs:

Incidence, mortality and survival after diagnosis. Vet. J. 2014, 202, 471–476. [CrossRef] [PubMed]
4. Berendt, M.; Farquhar, R.G.; Mandigers, P.J.J.; Pakozdy, A.; Bhatti, S.F.M.; De Risio, L.; Fischer, A.; Long, S.; Matiasek, K.;

Muñana, K.; et al. International veterinary epilepsy task force consensus report on epilepsy definition, classification and terminol-
ogy in companion animals. BMC Vet. Res. 2015, 11, 182. [CrossRef]

5. Berendt, M.; Gredal, H.; Pedersen, L.G.; Alban, L.; Alving, J. A Cross-Sectional Study of Epilepsy in Danish Labrador Retrievers:
Prevalence and Selected Risk Factors. J. Vet. Intern. Med. 2002, 16, 262–268. [CrossRef] [PubMed]

6. Gulløv, C.; Toft, N.; Baadsager, M.; Berendt, M. Epilepsy in the Petit Basset Griffon Vendeen: Prevalence, Semiology, and Clinical
Phenotype. J. Vet. Intern. Med. 2011, 25, 1372–1378. [CrossRef]

7. Berendt, M.; Gulløv, C.H.; Christensen, S.L.K.; Gudmundsdottir, H.; Gredal, H.; Fredholm, M.; Alban, L. Prevalence and
characteristics of epilepsy in the Belgian shepherd variants Groenendael and Tervueren born in Denmark 1995–2004. Acta Vet.
Scand. 2008, 50, 51. [CrossRef]

8. Casal, M.L.; Munuve, R.M.; Janis, M.A.; Werner, P.; Henthorn, P.S. Epilepsy in Irish Wolfhounds. J. Vet. Intern. Med. 2006,
20, 131–135. [CrossRef]

9. Lohi, H.; Young, E.J.; Fitzmaurice, S.N.; Rusbridge, C.; Chan, E.M.; Vervoort, M.; Turnbull, J.; Zhao, X.-C.; Ianzano, L.;
Paterson, A.D.; et al. Expanded Repeat in Canine Epilepsy. Science 2005, 307, 81. [CrossRef]

10. Seppälä, E.H.; Jokinen, T.S.; Fukata, M.; Fukata, Y.; Webster, M.T.; Karlsson, E.K.; Kilpinen, S.K.; Steffen, F.; Dietschi, E.;
Leeb, T.; et al. LGI2 Truncation Causes a Remitting Focal Epilepsy in Dogs. PLoS Genet. 2011, 7, e1002194. [CrossRef]

11. Wielaender, F.; Sarviaho, R.; James, F.; Hytönen, M.K.; Cortez, M.A.; Kluger, G.; Koskinen, L.L.E.; Arumilli, M.; Kornberg, M.;
Bathen-Noethen, A.; et al. Generalized myoclonic epilepsy with photosensitivity in juvenile dogs caused by a defective DIRAS
family GTPase 1. Proc. Natl. Acad. Sci. USA 2017, 114, 2669–2674. [CrossRef]

12. Webb, A.A.; McMillan, C.; Cullen, C.L.; Boston, S.E.; Turnbull, J.; Minassian, B.A. Lafora disease as a cause of visually exacerbated
myoclonic attacks in a dog. Can. Vet. J. 2009, 50, 963–967.

13. Hytönen, M.K.; Sarviaho, R.; Jackson, C.B.; Syrjä, P.; Jokinen, T.; Matiasek, K.; Rosati, M.; Dallabona, C.; Baruffini, E.;
Quintero, I.; et al. In-frame deletion in canine PITRM1 is associated with a severe early-onset epilepsy, mitochondrial dysfunction
and neurodegeneration. Hum. Genet. 2021, 140, 1593–1609. [CrossRef]

14. Bobbert, E.; Reekers, S. Epilepsie, Toeval of Erfelijk? Een Onderzoek bij de Drentse Patrijshond; Utrecht University: Utrecht, The
Netherlands, 1986.

15. Mandigers, P.J.J. Het voorkomen van epilepsie bij de Nederlandse hondenrassen. Tijdschr. Voor Diergeneeskd. 2017, 142, 28–31.
16. De Risio, L.; Bhatti, S.; Muñana, K.; Penderis, J.; Stein, V.; Tipold, A.; Berendt, M.; Farqhuar, R.; Fischer, A.; Long, S.; et al.

International veterinary epilepsy task force consensus proposal: Diagnostic approach to epilepsy in dogs. BMC Vet. Res. 2015,
11, 148. [CrossRef]

17. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.;
Daly, M.J.; et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum.
Genet. 2007, 81, 559–575. [CrossRef]

http://doi.org/10.1111/jvim.15290
http://www.ncbi.nlm.nih.gov/pubmed/30216557
http://doi.org/10.1136/vr.101133
http://www.ncbi.nlm.nih.gov/pubmed/23300065
http://doi.org/10.1016/j.tvjl.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25457266
http://doi.org/10.1186/s12917-015-0461-2
http://doi.org/10.1111/j.1939-1676.2002.tb02367.x
http://www.ncbi.nlm.nih.gov/pubmed/12041655
http://doi.org/10.1111/j.1939-1676.2011.00791.x
http://doi.org/10.1186/1751-0147-50-51
http://doi.org/10.1111/j.1939-1676.2006.tb02832.x
http://doi.org/10.1126/science.1102832
http://doi.org/10.1371/journal.pgen.1002194
http://doi.org/10.1073/pnas.1614478114
http://doi.org/10.1007/s00439-021-02279-y
http://doi.org/10.1186/s12917-015-0462-1
http://doi.org/10.1086/519795


Animals 2023, 13, 810 15 of 17

18. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020; Available online: https://www.r-project.org/ (accessed on 22 August 2022).

19. Turner, S.D. qqman: An R package for visualizing GWAS results using Q-Q and manhattan plots. J. Open Source Softw. 2018,
3, 731. [CrossRef]

20. Zhou, X.; Stephens, M. Genome-wide efficient mixed-model analysis for association studies. Nat. Genet. 2012, 44, 821–824.
[CrossRef]

21. Chen, Z.; Boehnke, M.; Wen, X.; Mukherjee, B. Revisiting the genome-wide significance threshold for common variant GWAS. G3
2021, 11, jkaa056. [CrossRef]

22. Van Poucke, M.; Vandesompele, J.; Mattheeuws, M.; Van Zeveren, A.; Peelman, L.J. A dual fluorescent multiprobe assay for prion
protein genotyping in sheep. BMC Infect. Dis. 2005, 5, 13. [CrossRef]

23. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003, 31, 3406–3415.
[CrossRef] [PubMed]

24. Ye, J.; Coulouris, G.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T.L. Primer-BLAST: A tool to design target-specific primers
for polymerase chain reaction. BMC Bioinform. 2012, 13, 134. [CrossRef] [PubMed]

25. Van Poucke, M.; Martlé, V.; Van Brantegem, L.; Ducatelle, R.; Van Ham, L.; Bhatti, S.; Peelman, L.J. A canine orthologue of
the human GFAP c.716G>A (p.Arg239His) variant causes Alexander disease in a Labrador retriever. Eur. J. Hum. Genet. 2015,
24, 852–856. [CrossRef] [PubMed]

26. Perucca, P.; Bahlo, M.; Berkovic, S.F. The Genetics of Epilepsy. Annu. Rev. Genom. Hum. Genet. 2020, 21, 205–230. [CrossRef]
27. Broeckx, B.J.; Hitte, C.; Coopman, F.; Verhoeven, G.E.; De Keulenaer, S.; De Meester, E.; Derrien, T.; Alfoldi, J.; Lindblad-Toh, K.;

Bosmans, T.; et al. Improved canine exome designs, featuring ncRNAs and increased coverage of protein coding genes. Sci. Rep.
2015, 5, 12810. [CrossRef]

28. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows—Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

29. Van Der Auwera, G.A.; Carneiro, M.O.; Hartl, C.; Poplin, R.; Del Angel, G.; Levy-Moonshine, A.; Jordan, T.; Shakir, K.; Roazen, D.;
Thibault, J.; et al. From FastQ Data to High-Confidence Variant Calls: The Genome Analysis Toolkit Best Practices Pipeline. Curr.
Protoc. Bioinform. 2013, 43, 11.10.1–11.10.33. [CrossRef]

30. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect
Predictor. Genome Biol. 2016, 17, 112. [CrossRef]

31. Broeckx, B.J.G.; Peelman, L.; Saunders, J.H.; Deforce, D.; Clement, L. Using variant databases for variant prioritization and to
detect erroneous genotype-phenotype associations. BMC Bioinform. 2017, 18, 535. [CrossRef]

32. Cezard, T.; Cunningham, F.; E Hunt, S.; Koylass, B.; Kumar, N.; Saunders, G.; Shen, A.; Silva, A.F.; Tsukanov, K.;
Venkataraman, S.; et al. The European Variation Archive: A FAIR resource of genomic variation for all species. Nucleic
Acids Res. 2021, 50, D1216–D1220. [CrossRef]

33. Choi, Y.; Sims, G.E.; Murphy, S.; Miller, J.R.; Chan, A.P. Predicting the Functional Effect of Amino Acid Substitutions and Indels.
PLoS ONE 2012, 7, e46688. [CrossRef] [PubMed]

34. Adzhubei, I.; Jordan, D.M.; Sunyaev, S.R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7–20. [CrossRef]

35. Pejaver, V.; Urresti, J.; Lugo-Martinez, J.; Pagel, K.A.; Lin, G.N.; Nam, H.-J.; Mort, M.; Cooper, D.N.; Sebat, J.; Iakoucheva, L.M.; et al.
Inferring the molecular and phenotypic impact of amino acid variants with MutPred2. Nat. Commun. 2020, 11, 5918. [CrossRef]

36. Pagel, K.A.; Antaki, D.; Lian, A.; Mort, M.; Cooper, D.N.; Sebat, J.; Iakoucheva, L.M.; Mooney, S.D.; Radivojac, P. Pathogenicity and
functional impact of non-frameshifting insertion/deletion variation in the human genome. PLoS Comput. Biol. 2019, 15, e1007112.
[CrossRef]

37. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Anesth. Analg. 2015, 17, 405–424. [CrossRef]

38. Akaba, Y.; Takeguchi, R.; Tanaka, R.; Takahashi, S. A Complex Phenotype of a Patient with Spastic Paraplegia Type 4 Caused by a
Novel Pathogenic Variant in the SPAST Gene. Case Rep. Neurol. 2021, 13, 763–771. [CrossRef]

39. Dhiman, V. Molecular Genetics of Epilepsy: A Clinician’s Perspective. Ann. Indian Acad. Neurol. 2017, 20, 96–102. [CrossRef]
40. Sutter, N.B.; Eberle, M.A.; Parker, H.G.; Pullar, B.J.; Kirkness, E.F.; Kruglyak, L.; Ostrander, E.A. Extensive and breed-specific

linkage disequilibrium in Canis familiaris. Genome Res. 2004, 14, 2388–2396. [CrossRef]
41. Hülsmeyer, V.-I.; Fischer, A.; Mandigers, P.J.; DeRisio, L.; Berendt, M.; Rusbridge, C.; Bhatti, S.F.; Pakozdy, A.; Patterson, E.E.;

Platt, S.; et al. International Veterinary Epilepsy Task Force’s current understanding of idiopathic epilepsy of genetic or suspected
genetic origin in purebred dogs. BMC Vet. Res. 2015, 11, 175. [CrossRef]

42. Schulze, T.G.; McMahon, F.J. Defining the Phenotype in Human Genetic Studies: Forward Genetics and Reverse Phenotyping.
Hum. Hered. 2004, 58, 131–138. [CrossRef]

43. Ostermann, T.E.; Nessler, J.N.; Urankar, H.; Bachmann, N.; Fechler, C.; Bathen-Nöthen, A.; Tipold, A. Phenotype of Idiopathic
Epilepsy in Great Swiss Mountain Dogs in Germany—A Retrospective Study. Front. Vet. Sci. 2022, 9, h921134. [CrossRef]
[PubMed]

https://www.r-project.org/
http://doi.org/10.21105/joss.00731
http://doi.org/10.1038/ng.2310
http://doi.org/10.1093/g3journal/jkaa056
http://doi.org/10.1186/1471-2334-5-13
http://doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
http://doi.org/10.1186/1471-2105-13-134
http://www.ncbi.nlm.nih.gov/pubmed/22708584
http://doi.org/10.1038/ejhg.2015.223
http://www.ncbi.nlm.nih.gov/pubmed/26486469
http://doi.org/10.1146/annurev-genom-120219-074937
http://doi.org/10.1038/srep12810
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1002/0471250953.bi1110s43
http://doi.org/10.1186/s13059-016-0974-4
http://doi.org/10.1186/s12859-017-1951-y
http://doi.org/10.1093/nar/gkab960
http://doi.org/10.1371/journal.pone.0046688
http://www.ncbi.nlm.nih.gov/pubmed/23056405
http://doi.org/10.1002/0471142905.hg0720s76
http://doi.org/10.1038/s41467-020-19669-x
http://doi.org/10.1371/journal.pcbi.1007112
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1159/000520433
http://doi.org/10.4103/aian.AIAN_447_16
http://doi.org/10.1101/gr.3147604
http://doi.org/10.1186/s12917-015-0463-0
http://doi.org/10.1159/000083539
http://doi.org/10.3389/fvets.2022.921134
http://www.ncbi.nlm.nih.gov/pubmed/35903129


Animals 2023, 13, 810 16 of 17

44. Santifort, K.M.; Bertijn, E.; Bhatti, S.F.M.; Leegwater, P.; Fischer, A.; Mandigers, P.J.J. Phenotypic Characterization of Idiopathic
Epilepsy in Border Collies. Front. Vet. Sci. 2022, 9, 880318. [CrossRef] [PubMed]

45. Thakran, S.; Guin, D.; Singh, P.; Singh, P.; Kukal, S.; Rawat, C.; Yadav, S.; Kushwaha, S.; Srivastava, A.; Hasija, Y.; et al. Genetic
Landscape of Common Epilepsies: Advancing towards Precision in Treatment. Int. J. Mol. Sci. 2020, 21, 7784. [CrossRef]
[PubMed]

46. Seppälä, E.H.; Koskinen, L.L.E.; Gulløv, C.H.; Jokinen, P.; Karlskov-Mortensen, P.; Bergamasco, L.; Körberg, I.B.; Cizinauskas, S.;
Oberbauer, A.M.; Berendt, M.; et al. Identification of a Novel Idiopathic Epilepsy Locus in Belgian Shepherd Dogs. PLoS ONE
2012, 7, e33549. [CrossRef] [PubMed]

47. Koskinen, L.L.E.; Seppälä, E.H.; Belanger, J.M.; Arumilli, M.; Hakosalo, O.; Jokinen, P.; Nevalainen, E.M.; Viitmaa, R.; Jokinen,
T.S.; Oberbauer, A.M.; et al. Identification of a common risk haplotype for canine idiopathic epilepsy in the ADAM23 gene. BMC
Genom. 2015, 16, 465. [CrossRef] [PubMed]

48. Koskinen, L.L.E.; Seppälä, E.H.; Weissl, J.; Jokinen, T.S.; Viitmaa, R.; Hänninen, R.L.; Quignon, P.; Fischer, A.; André, C.; Lohi, H.
ADAM23 is a common risk gene for canine idiopathic epilepsy. BMC Genet. 2017, 18, 8. [CrossRef] [PubMed]

49. Belanger, J.M.; Famula, T.R.; Gershony, L.C.; Palij, M.K.; Oberbauer, A.M. Genome-wide association analysis of idiopathic epilepsy
in the Belgian shepherd. Canine Med. Genet. 2020, 7, 12. [CrossRef]

50. Belanger, J.M.; Heinonen, T.; Famula, T.R.; Mandigers, P.J.J.; Leegwater, P.A.; Hytönen, M.K.; Lohi, H.; Oberbauer, A.M. Validation
of a Chromosome 14 Risk Haplotype for Idiopathic Epilepsy in the Belgian Shepherd Dog Found to Be Associated with an
Insertion in the RAPGEF5 Gene. Genes 2022, 13, 1124. [CrossRef]

51. Matute, C. Therapeutic Potential of Kainate Receptors. CNS Neurosci. Ther. 2010, 17, 661–669. [CrossRef]
52. Epsztein, J.; Represa, A.; Crépel, V. Role of Kainate Receptors in Glutamatergic Synaptic Transmission: Implications for Acute

and Chronic Seizure Generation. In Reference Module in Neuroscience and Biobehavioral Psychology; Elsevier: Amsterdam, The
Netherlands, 2017; pp. 449–456. [CrossRef]

53. Sears, S.M.; Hewett, S.J. Influence of glutamate and GABA transport on brain excitatory/inhibitory balance. Exp. Biol. Med. 2021,
246, 1069–1083. [CrossRef]

54. Falcón-Moya, R.; Sihra, T.S.; Rodriguez-Moreno, A. Kainate Receptors: Role in Epilepsy. Front. Mol. Neurosci. 2018, 11, 217.
[CrossRef]

55. Mulle, C.; Sailer, A.; Pérez-Otaño, I.; Dickinson-Anson, H.; Castillo, P.E.; Bureau, I.; Maron, C.; Gage, F.H.; Mann, J.R.;
Bettler, B.; et al. Altered synaptic physiology and reduced susceptibility to kainate-induced seizures in GluR6-deficient mice.
Nature 1998, 392, 601–605. [CrossRef]

56. Telfeian, A.E.; Federoff, H.J.; Leone, P.; During, M.J.; Williamson, A. Overexpression of GluR6 in Rat Hippocampus Produces
Seizures and Spontaneous Nonsynaptic Bursting in Vitro. Neurobiol. Dis. 2000, 7, 362–374. [CrossRef]

57. Heinzen, E.L.; Yoon, W.; Weale, M.E.; Sen, A.; Wood, N.W.; Burke, J.R.; Welsh-Bohmer, K.A.; Hulette, C.M.; Sisodiya, S.M.;
Goldstein, D.B. Alternative ion channel splicing in mesial temporal lobe epilepsy and Alzheimer’s disease. Genome Biol. 2007,
8, R32. [CrossRef] [PubMed]

58. Kortenbruck, G.; Berger, E.; Speckmann, E.-J.; Musshoff, U. RNA Editing at the Q/R Site for the Glutamate Receptor Subunits
GLUR2, GLUR5, and GLUR6 in Hippocampus and Temporal Cortex from Epileptic Patients. Neurobiol. Dis. 2001, 8, 459–468.
[CrossRef] [PubMed]

59. Guo, Y.; Baum, L.W.; Sham, P.C.; Wong, V.; Ng, P.W.; Lui, C.H.T.; Sin, N.C.; Tsoi, T.H.; Tang, C.S.; Kwan, J.S.; et al. Two-stage
genome-wide association study identifies variants in CAMSAP1L1 as susceptibility loci for epilepsy in Chinese. Hum. Mol. Genet.
2011, 21, 1184–1189. [CrossRef] [PubMed]

60. Xiong, S.; Wang, Y.; Li, H.; Zhang, X. Interaction among GRIK2 gene on epilepsy susceptibility in Chinese children. Acta Neurol.
Scand. 2019, 139, 540–545. [CrossRef] [PubMed]

61. Córdoba, M.; Rodriguez, S.; Morón, D.G.; Medina, N.; Kauffman, M. Expanding the spectrum of Grik2 mutations: Intellectual
disability, behavioural disorder, epilepsy and dystonia. Clin. Genet. 2014, 87, 293–295. [CrossRef] [PubMed]

62. Stolz, J.R.; Foote, K.M.; Veenstra-Knol, H.E.; Pfundt, R.; Broeke, S.W.T.; de Leeuw, N.; Roht, L.; Pajusalu, S.; Part, R.; Rebane, I.; et al.
Clustered mutations in the GRIK2 kainate receptor subunit gene underlie diverse neurodevelopmental disorders. Am. J. Hum.
Genet. 2021, 108, 1692–1709. [CrossRef] [PubMed]

63. Pfisterer, U.; Petukhov, V.; Demharter, S.; Meichsner, J.; Thompson, J.J.; Batiuk, M.Y.; Asenjo-Martinez, A.; Vasistha, N.A.; Thakur,
A.; Mikkelsen, J.; et al. Identification of epilepsy-associated neuronal subtypes and gene expression underlying epileptogenesis.
Nat. Commun. 2020, 11, 5038. [CrossRef]

64. Sjöstedt, E.; Zhong, W.; Fagerberg, L.; Karlsson, M.; Mitsios, N.; Adori, C.; Oksvold, P.; Edfors, F.; Limiszewska, A.; Hikmet, F.; et al.
An atlas of the protein-coding genes in the human, pig, and mouse brain. Science 2020, 367, eaay5947. [CrossRef] [PubMed]

65. Markham, N.O.; Doll, C.A.; Dohn, M.R.; Miller, R.K.; Yu, H.; Coffey, R.J.; McCrea, P.D.; Gamse, J.T.; Reynolds, A.B. DIPA-
family coiled-coils bind conserved isoform-specific head domain of p120-catenin family: Potential roles in hydrocephalus and
heterotopia. Mol. Biol. Cell 2014, 25, 2592–2603. [CrossRef] [PubMed]

http://doi.org/10.3389/fvets.2022.880318
http://www.ncbi.nlm.nih.gov/pubmed/35647099
http://doi.org/10.3390/ijms21207784
http://www.ncbi.nlm.nih.gov/pubmed/33096746
http://doi.org/10.1371/journal.pone.0033549
http://www.ncbi.nlm.nih.gov/pubmed/22457775
http://doi.org/10.1186/s12864-015-1651-9
http://www.ncbi.nlm.nih.gov/pubmed/26084559
http://doi.org/10.1186/s12863-017-0478-6
http://www.ncbi.nlm.nih.gov/pubmed/28143391
http://doi.org/10.1186/s40575-020-00091-x
http://doi.org/10.3390/genes13071124
http://doi.org/10.1111/j.1755-5949.2010.00204.x
http://doi.org/10.1016/B978-0-12-809324-5.00077-8
http://doi.org/10.1177/1535370221989263
http://doi.org/10.3389/fnmol.2018.00217
http://doi.org/10.1038/33408
http://doi.org/10.1006/nbdi.2000.0294
http://doi.org/10.1186/gb-2007-8-3-r32
http://www.ncbi.nlm.nih.gov/pubmed/17343748
http://doi.org/10.1006/nbdi.2001.0394
http://www.ncbi.nlm.nih.gov/pubmed/11442354
http://doi.org/10.1093/hmg/ddr550
http://www.ncbi.nlm.nih.gov/pubmed/22116939
http://doi.org/10.1111/ane.13089
http://www.ncbi.nlm.nih.gov/pubmed/30908586
http://doi.org/10.1111/cge.12423
http://www.ncbi.nlm.nih.gov/pubmed/25039795
http://doi.org/10.1016/j.ajhg.2021.07.007
http://www.ncbi.nlm.nih.gov/pubmed/34375587
http://doi.org/10.1038/s41467-020-18752-7
http://doi.org/10.1126/science.aay5947
http://www.ncbi.nlm.nih.gov/pubmed/32139519
http://doi.org/10.1091/mbc.e13-08-0492
http://www.ncbi.nlm.nih.gov/pubmed/25009281


Animals 2023, 13, 810 17 of 17

66. Accogli, A.; Calabretta, S.; St-Onge, J.; Boudrahem-Addour, N.; Dionne-Laporte, A.; Joset, P.; Azzarello-Burri, S.; Rauch, A.;
Krier, J.; Fieg, E.; et al. De Novo Pathogenic Variants in N-cadherin Cause a Syndromic Neurodevelopmental Disorder with
Corpus Callosum, Axon, Cardiac, Ocular, and Genital Defects. Am. J. Hum. Genet. 2019, 105, 854–868. [CrossRef] [PubMed]

67. Allison, R.; Edgar, J.R.; Reid, E. Spastin MIT Domain Disease-Associated Mutations Disrupt Lysosomal Function. Front. Neurosci.
2019, 13, 1179. [CrossRef]

68. Fassio, A.; Falace, A.; Esposito, A.; Aprile, D.; Guerrini, R.; Benfenati, F. Emerging Role of the Autophagy/Lysosomal Degradative
Pathway in Neurodevelopmental Disorders with Epilepsy. Front. Cell. Neurosci. 2020, 14, 39. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ajhg.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/31585109
http://doi.org/10.3389/fnins.2019.01179
http://doi.org/10.3389/fncel.2020.00039

	Introduction 
	Materials and Methods 
	Study Cohort 
	Healthy Controls 
	Epileptic Dogs 
	Statistical Analysis 

	Genome-Wide Association Analysis 
	GWAS Candidate Gene 
	Whole-Exome Sequencing 
	Variant Analysis and ACMG Classification 

	Results 
	Study Cohort 
	Healthy Controls 
	Diagnostic Examination 
	Epileptic Cases 

	Genome-Wide Association Analysis 
	Whole-Exome Sequencing 
	Variant Analysis and ACMG Classification 

	Discussion 
	Conclusions 
	References

