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Abstract

Abstract

Over the past ten years huge advances have been made in the field of genetics and
genomics. Genetic mapping has evolved from laborious linkage and homozygosity based
approaches to high-throughput genome-wide association studies using whole genome
SNP array technology. Through massively parallel sequencing technology, gigabases of
sequencing data can now be produced in a single experiment. The domestic dog has
been increasingly recognised as a model for human disease and mapping of inherited
disease in the domestic dog is facilitated by fixed and genetically isolated populations.

The aims of this thesis were to demonstrate advances in mapping and sequencing
techniques by investigating the genetics of five inherited disorders, representing
significant welfare issues in the purebred dog. An additional aim was to develop
diagnostic DNA tests to identify affected individuals and asymptomatic carriers.

A parallel mapping approach was used to map two autosomal recessive conditions in the
Cavalier King Charles Spaniel. The use of a single common set of controls for two
independent genome-wide association studies was demonstrated as an efficient mapping
strategy when studying two conditions affecting a single breed. Newly available target
enrichment and massively parallel sequencing methodology was used to simultaneously
sequence both disease-associated loci, with one condition acting as a control for the
other.

A genome-wide homozygosity mapping approach using microsatellite markers was used
to investigate spinocerebellar ataxia in the Italian Spinone. The disorder was successfully
mapped to a single chromosome using six cases and six controls, and fine mapped with
additional microsatellite markers. Subsequently, a progression of sequencing techniques
were used to identify the disease-associated mutation, with the study highlighting the
potential difficulties of using massively parallel sequencing technologies.

Spinocerebellar ataxia (or late onset ataxia) in the Parson Russell Terrier was investigated
using a genome-wide association study followed by a target enriched massively parallel
sequencing approach. Further sequencing was performed to reduce the large number of
potential causal variants, with the entire workflow achieved in-house.

The final experimental chapter describes the use of a genome-wide mRNA sequencing
(mRNA-seq) approach as a method of candidate gene sequencing of a single case of
neonatal cerebellar cortical degeneration in a Beagle dog. The mRNA-seq approach
demonstrates a simple, fast and cost effective method of targeted resequencing of
expressed genes when a suitable tissue resource is available.

For all five disorders under investigation, disease-associated mutations were identified
leading to the development of diagnostic tests. Three of the mutations were in genes not
previously associated with similar conditions in humans or other model organisms.
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Chapter

B Investigation of two disorders in the Cavalier King Charles Spaniel
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3. Disorders in the Cavalier

3.1. Background

The Cavalier King Charles Spaniel (CKCS) originated from the King Charles Spaniel in
the early part of the 20" century, with a dedicated breed club forming in 1928. The
popularity of the CKCS gradually increased and the breed was granted separate Kennel
Club registration from the King Charles Spaniel in 1945 (Cunliffe, 2004). Today the CKCS
is one of the UK’s most popular breeds with 5,970 Kennel Club registrations in 2012 (The
Kennel Club 2013).

In common with many other purebred dog populations, the CKCS suffers from a high
incidence of inherited disease. Diseases affecting the CKCS are well documented in the
scientific literature and breed health websites, with a notable focus on neurological
disorders (Rusbridge, 2005) and mitral valve disease (Beardow and Buchanan, 1993)
(http://www.cavalierhealth.org/, http://www.aboutcavalierhealth.com/). The health of the

breed was brought to the attention of the public through two BBC documentaries entitled
Pedigree Dogs Exposed, which were broadcast in August 2008 and February 2012
highlighting the painful neurological disorder syringomyelia.

This chapter describes the genetic investigation into two CKCS specific conditions,
episodic falling (EF) and congenital keratoconjunctivitis sicca and ichthyosiform
dermatosis (CKCSID).

3.1.1. Episodic falling

Episodic falling in the CKCS, also known as sudden collapse, muscle hypertonicity and
hyperekplexia, is an exercise, excitement or stress induced syndrome caused by an
increase in muscle tone and a temporary inability to relax the muscles. The condition was
first reported in 1983, although had been observed in the breed since at least the early
1960’s (Herrtage and Palmer, 1983). The onset age is usually between 3 and 7 months
and inheritance is consistent with an autosomal recessive mode. The clinical signs are
often variable between cases. Episodes can vary in severity and last from a few seconds
to several minutes. Episodes often start with an increase in muscle tone, with bunny
hopping movements (Herrtage and Palmer, 1983, Rusbridge, 2005) and/or presence of a
deer stalker gait (Wright et al., 1986). The back may become arched and the head held
close to the ground leading to collapse, either to the side or forwards. Legs may be held
out in a rigid, extended fashion, although in some cases the dog may return to its feet
within seconds of a collapse. In severe cases forelegs or hindlegs may become protracted
until they are positioned over the top of the dog’s head as shown in Figure 3.1 (Herrtage
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and Palmer, 1983, Shelton, 2004). Dogs appear to remain fully conscious during an
episode (Herrtage and Palmer, 1983).

Figure 3.1 Episodic falling in a ten month old Cavalier King Charles Spaniel

Severe muscle hypertonicity in a case of EF. The dog displays an arched back and forelimbs are protracted
over the head. Still image from a video provided by Dr Boaz Levitin DVM, DACVIM (Neurology).

Therapeutic agents are often used to treat EF cases, with dogs often responding well to
Clonazepam (benzodiazepine) treatment. Reports in the veterinary literature describe
severe cases with a high episode frequency becoming almost clinically normal after
administration of the drug (Garosi et al., 2002, Shelton and Engvall, 2002).

Episodic falling shares similarities to human disorders, including hyperekplexia, Brody’s
myopathy and myotonia. Hyperekplexia is a disease of exaggerated startle response and
increased muscle stiffness and rigidity, which shows a particularly close resemblance to
EF in terms of the positive response to the drug Clonazepam. Clonazepam is thought to
alleviate clinical signs by improving neurotransmission in gamma-aminobutyric acid
(GABA) pathways (Tijssen et al., 1997). Mutations in several genes have been associated
with hyperekplexia in humans (Table 2.2). Brody’s myopathy is a disease of exercise
induced muscle cramping with the inability to relax muscles (Brody, 1969). Mutations in
the ATP2A1 (ATPase, Ca++ transporting, cardiac muscle, fast twitch 1) gene have been
associated with Brody’s myopathy (Odermatt et al., 1996). Myotonia is described as a
disease with delayed skeletal muscle relaxation after sudden and often exaggerated
contraction, and exists in both autosomal recessive (Becker's disease) and dominant
forms (Thomsen’s disease) (Becker, 1977, Thomsen, 1876). Mutations in the CLCN1
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(chloride channel, voltage-sensitive 1) gene have been associated with both autosomal
recessive and dominant forms of the disease in humans, in the myotonic “fainting” goat,
and myotonia in the Miniature Schnauzer and the Australian Cattle Dog (Beck et al., 1996,
Finnigan et al., 2007, George et al., 1993, Koch et al., 1992, Rhodes et al., 1999).
Characterisation of many diseases which are closely related to EF at the molecular level
presents the opportunity to investigate the disease using a candidate gene approach.

3.1.2. Congenital keratoconjunctivitis sicca and ichthyosiform dermatosis

Congenital keratoconjunctivitis sicca and ichthyosiform dermatosis (CKCSID), commonly
known as dry eye and curly coat syndrome, was first reported in the scientific literature in
2006 (Barnett, 2006). Clinical signs are recognisable at birth, with affected puppies having
a coat that is rough or “crimped” in appearance (Figure 3.2). Affected puppies are often
reported to be smaller than unaffected littermates.

-

Figure 3.2 Two week old puppy with CKCSID

Two week old CKCS puppy displaying clinical signs consistent with CKCSID. Note the rough appearance of
the coat. (Hartley et al 2011.)

Clinical signs of keratoconjunctivitis sicca (dry eye) are apparent from eyelid opening at
approximately ten days, with a reduced production of aqueous tears which can result in a
discharge of tacky mucus and in severe cases ulceration of the cornea. As CKCSID
affected dogs progress to adulthood, the skin can become hyperkeratinised and
hyperpigmented across the ventral abdominal region. The coat is harsh and frizzy, with
scaling and partial alopecia along the dorsum and flanks, which may cause the dog to
scratch. Footpads also become hyperkeratinised with abnormal growth of nails and
intermittent sloughing, causing lameness (Figure 3.3).
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Prognosis for affected individuals is poor and the condition cannot be resolved through
treatment. Many owners elect to euthanise affected dogs due to difficulties in disease
management, although life expectancy is not obviously affected by the condition (Hartley
et al., 2011).

Figure 3.3 Nail and footpad abnormalities in a case of CKCSID

Abnormal growth of a nail and thickening of the footpad. Images provided by Claudia Hartley.

Ichthyosis (thickened, dry and often scaled skin) has been described in other breeds of
dog including the Norfolk Terrier (Credille et al., 2005), Jack Russell Terrier (Credille et al.,
2009), and Golden Retriever (Grall et al., 2012), with disease-associated mutations
identified for all three breeds. No syndromes reported in the human literature describe
clinical signs that are entirely comparable with those seen in cases of CKCSID, although
individually both keratoconjunctivitis sicca and ichthyosiform dermatosis are widely
reported. Keratitis-ichthyosis-deafness (KID) syndrome, caused by mutations in the GJB2
(gap junction protein, beta 2) gene encoding connexin-26, shows some clinical similarities
to CKCSID (Richard et al., 2002, Skinner et al., 1981). A disease of woolly hair, premature
tooth loss, nail dystrophy, acral hyperkeratosis and facial abnormalities has also been
described in a human kindred, but unlike CKCSID no ocular clinical signs were described
(van Steensel et al., 2001).

The clinical signs and progression of CKCSID in the Cavalier have been described in
detail by C. Hartley and colleagues, through the diagnosis and follow up of 25 cases
(Hartley et al., 2011). DNA samples were also collected and used for a subsequent
candidate gene study, in which microsatellite markers were analysed for association
between CKCSID and 28 canine orthologues of human disease-associated genes
(Hartley et al., 2012). No association was found between CKCSID and any of the genes
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investigated thus ruling out any obvious candidate genes; the study therefore progressed
to a GWAS, which is described in this chapter.

3.1.3. Aims

The aims of this investigation were to identify the mutations responsible for EF and
CKCSID in the CKCS. As both conditions afflict the same breed, this presented the
opportunity to map both conditions in parallel using a set of cases for each disease and a
single set of clinically unaffected controls. Association loci from the independent GWAS
would be followed up using sequencing techniques in order to identify disease-associated

mutations, allowing diagnostic assays to be developed.
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3.2. Results

3.2.1. EF candidate gene study

A sample cohort of 12 EF cases and 10 controls was selected for investigation by
Professor Jacques Penderis (veterinary neurologist). Canine orthologues of genes
causing a similar condition to EF in humans were selected as candidate genes (see Table
2.1). For each candidate gene, two flanking microsatellite markers were identified and
genotyped across the sample cohort. At least one microsatellite was required to be
informative with a minor allele frequency greater than 0.1 to exclude the gene. The
genotyping dataset is shown in Table 3.1 (major alleles are highlighted). For microsatellite
markers segregating with EF, cases were expected to be homozygous for a single allele
and controls either homozygous or heterozygous for any allele. Upon visual inspection
marker GLRA1_C4_60.68 showed a pattern suggesting segregation with EF, with 9/12
cases homozygous for allele 200 and only 3/10 controls with a homozygous genotype for
allele 200. The gene locus could be excluded however, by the second microsatellite
marker (GLRA1_C4_60.64). No markers surrounding the other candidate genes showed a
pattern of linkage disequilibrium with EF based on visual inspection. All three
microsatellites genotyped around SLC5A9 were monomorphic, so the gene could not be
formally excluded. The lack of variation across the region may be suggestive of a
selective sweep in the CKCS breed.
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3.2.2, Genome-wide association study

3.2.2.1. lllumina CanineHD SNP array genotyping data

The 96 DNA samples sent for processing on the lllumina CanineHD SNP array genotyped
successfully achieving call rates of >99%. Raw genotyping data were imported into
Genome Studio for viewing and manual processing to increase the overall genotyping call
rate and remove poor quality SNPs. Overall call rate was initially improved by re-clustering
the SNP calls (Figure 3.4).
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Figure 3.4 Improving call rates using the "cluster all SNPs" command

An example of data improved by the “cluster all SNPs” command in Genome Studio. Each dot on the plots
represents a single SNP. The areas shaded in red, purple and blue represent the boundaries for calling alleles
AA, AB and BB respectively. (A) Clustering using the predefined cluster file. (B) Clustering after the “cluster all
SNPs” command has been executed. The call rate for the SNP has improved from 93% to 100%.

It was noted that SNP calls for four individuals (one Golden Retriever, two IS and one
CKCS control) often clustered separately for many otherwise monomorphic SNPs. This
caused reclustering errors because of the absence of a heterozygous calls cluster (Figure
3.5A). Call rates were subsequently improved by excluding the four individuals and
repeating the SNP re-clustering command. The individuals were then re-included with the
new cluster positions in place (Figure 3.5B). Separate clustering was expected for the
non-CKCS individuals, but the CKCS control individual appeared to be an outlier and was
therefore excluded from further analysis.
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Figure 3.5 SNP clustering problems due to the absence of a heterozygous group

(A) Four individuals often formed a separate homozygous cluster in SNP genotyping data, resulting in calling
errors. (B) The clustering problem was resolved by removal of the four individuals before repeating the “cluster
all SNPs” command, to improve the average call rate for the entire dataset from 99.48% to 99.84%.

Re-clustered data were exported from Genome Studio into Progeny, for case-control
cohort selection.

3.2.2.2. Allelic association analysis

Genotyping data for case-control cohorts were exported from Progeny for allelic
association analysis. The sample set for genotyping consisted of 31 EF cases, 19
CKCSID cases, and a common set of 38 controls. SNPs with a minor allele frequency
<0.05 and a genotyping call rate <0.95 were excluded from analysis. After filtering 91,427
SNPs remained for EF and 88,384 for CKCSID.

Allelic association analysis was performed using the statistical package PLINK. Strong
statistical signals were seen on chromosome 7 for EF (P, = 1.9 x 10 and chromosome
13 for CKCSID (Praw = 1.2x107"7). Allelic association plots for EF and CKCSID are shown
in Figures 3.6 and 3.7 respectively. The top 100 SNPs in both studies were located on
single chromosomes, producing single distinctive peaks on the association plots.
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Figure 3.6 Allelic association analysis plot for EF

Allelic association analysis plot for 31 EF cases and 38 controls. Each dot represents a single SNP, with -
log10 (p) values on the y-axis plotted against genome position (split into chromosomes) on the x-axis. The
strongest statistical signal is on chromosome 7 (Praw = 1.9 x 10™%).
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Figure 3.7 Allelic association analysis plot of CKCSID

Allelic association analysis plot for 19 CKCSID cases and 38 controls. Each dot represents a single SNP, with
-log10(p) values on the y-axis plotted against genome position (split into chromosomes) on the x-axis. The
strongest statistical signal is on chromosome 13 (Praw = 1.2x107").
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3.2.2.3. Correction for multiple testing

Max(T) permutations analysis (100,000 permutations) was performed using PLINK to
correct for multiple testing. For EF and CKCSID single statistical signals remained on
chromosomes 7 and 13 respectively, which surpassed genome-wide significance at the
5% level (Figures 3.8 and 3.9). The SNPs displaying the strongest statistical signal for EF
and CKCSID after permutations testing both had a P value of 1.0 X 107> (Pgenome)-
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Figure 3.8 EF association analysis including max(T) permutations

Plot of P-values for the EF association study after 100,000 max(T) permutations. Pgenome = 1.0 x 10™°. SNPs
above the red dashed line are genome-wide significant at the 5% level.
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Figure 3.9 CKCSID association analysis including max(T) permutations

Plot of p-values for the CKCSID association study after 100,000 max(T) permutations. Pgenome = 1.0 x 10™°.
SNPs above the red dashed line are genome-wide significant at the 5% level.
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3.2.3. Population stratification

Genomic inflation values based on the median chi-squared were 1.57 and 1.62 for the EF
and CKCSID association analyses respectively, and were suggestive of population
stratification in both datasets. Quantile-quantile (QQ) plots of observed versus expected
chi-squared values were plotted as a graphical display of genomic inflation (Figure 3.10).
The expected pattern for QQ plots in a dataset with no stratification is for the observed
chi-squared values to match the expected chi-squared values, and closely track the line
y=x. If there is a true signal in the dataset observed chi-squared values will elevate above
expected values only for the highest chi-squared values. If genomic inflation is present,
the observed versus expected datapoints may be consistently elevated along the line y=x.
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Figure 3.10 QQ plot for the EF and CKCSID SNP genotyping datasets.

QQ plots of observed (y-axis) versus expected (x-axis) chi-squared values for (A) EF and (B) CKCSID. The
blue dots represent individual SNPs. The green lines have the equation y=x (ie observed chi-squared =
expected chi-squared). The genomic inflation values for EF and CKCSID were 1.57 and 1.62 respectively.

Observed versus expected chi-squared coordinates for both EF and CKCSID datasets,
track above the y=x line, and is further evidence of genomic inflation. Multi-dimensional
scaling (MDS) plots were generated to assess the relatedness of cases and controls in
the EF and CKCSID studies (Figure 3.11). Related individuals cluster closely together on
MDS plots. The plots show some separately clustering cases and controls for both EF and
CKCSID, which may account for the high genomic inflation values. Clustering of controls
away from cases is probably due to a shared set of controls being selected for both EF
and CKCSID, rather than tailoring the control set to a particular cohort of cases.
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A MDS plot for EF cases and controls B MDS plot CKCSID cases and controls
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Figure 3.11 MDS plots

MDS plots for (A) EF and (B) CKCSID. Red dots represent cases and blue dots represent controls.
Coordinates for the plots were calculated using pairwise identity-by-state (IBS) distance.

3.24. Adjusting for genomic inflation
The fast mixed model (FMM) was implemented to adjust for genomic inflation. The two top

association signals remained statistically associated at 4.1x107'° and 1.5x107"" for the EF
and CKCSID respectively (Figure 3.12).
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Figure 3.12 FMM corrected allelic association analysis plots

FMM adjusted allelic association plots for (A) EF and (B) CKCSID. Strong statistical signals remained on
chromosomes 7 and 13 for EF and CKCSID respectively.

QQ plots are displayed for the FMM adjusted data in Figure 3.13. The genomic inflation
value for the EF data after FMM correction was 0.98. Interestingly the genomic inflation
value for the CKCSID data after FMM correction remained high at 1.83. The QQ plot for
FMM corrected data of observed versus expected chi-squared values does however show
the datapoints to more closely follow the line y=x, indicating that the values have been
adjusted.
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Figure 3.13 QQ plots of FMM adjusted data

QQ plots of observed (y axis) versus expected (x axis) chi-squared values for (A) EF and (B) CKCSID after
adjusting for genomic inflation using the fast mixed model. The green lines track the x=y coordinates.

3.2.5. Investigation of strong statistical signals at the chromosome level

Strong statistical signals were first investigated at the chromosome level by plotting raw
SNP p-values across chromosome 7 and 13 for EF and CKCSID respectively. For EF the
focal point of the strong statistical region was between 40 Mb and 48 Mb on chromosome
7 (Figure 3.14). For CKCSID the statistical signal was spread over a slightly larger region
of 32 Mb to 46 Mb on chromosome 13 (Figure 3.15).
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Figure 3.14 Chromosome 7 allelic association plots for the EF study

(A) Allelic association plot for EF across chromosome 7. (B) Focal point of the strong statistical signal. The
signal is interrupted by a region of approximately 1 Mb containing no SNPs due to the minor allele frequency
filtering parameters defined in the analysis.
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Figure 3.15 Chromosome 13 allelic association plot for the CKCSID study

(A) Allelic association plot for CKCSID across chromosome 13. (B) The focal point of the strong statistical
signal.

Regions of strong association were further investigated by visualising raw SNP
genotyping data across the disease-associated regions. For EF two individuals defined
the shared disease-associated haplotype or “critical region” as CFA7:44,093,554-
46,905,272, by a loss of shared homozygosity in cases due to recombination events
(Figure 3.16). Six individuals suspected to be affected on the basis of phenotype did not
share the disease-associated haplotype, and are marked with an asterisk in Figure 3.16.
One of these cases was subsequently reclassified as an epilepsy case in an independent
neurological work-up. The other cases could not be resolved because the dogs were
deceased or owners could not be contacted. The critical region contained a 1.2 Mb
haplotype that was homozygous across 67 of 69 cases and controls, which could be
suggestive of a selective sweep in the CKCS breed. Two cases were critical in defining
the EF disease-associated region, and it was therefore imperative that the diagnosis of
these cases was correct. The case defining the upper boundary (15943) was a typical but
severe case of EF, with the owner describing clinical signs during an episode of a arched
back, trembling, collapse, stiff paralysed hind legs, extension of the forelimbs above the
head and jaw locking. Episodes reportedly lasted from two minutes to up to an hour. A
video clip was also provided with the dog presenting an episode at 4 months of age, with
clinical signs consistent with EF. The sample defining the lower boundary of the region
was 16867 (JP1049). Only a single episode was reported and little further information was
available for this case. Owner and veterinarian details were unavailable. Sample 16155
could define the lower boundary at a slightly lower position of 47,048,914 on canine
chromosome 7. This case had an initial episode at 6 months of age, presenting with
collapse and hyperextension of limbs. The case was treated with and responded to
Rivotril. Video footage provided with the case showed clinical signs consistent with EF.
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This case therefore provided a more assured definition of the 3’ boundary. The EF critical

region contained 114 genes and was syntenic with human chromosome 1 (Appendix 6).

Approx SNP 31 EF Cases 38 Controls
Position A A
- —
{Chr7) %

43.5 Mb

45.0 Mb

45.5 Mb

46.0 Mb

47.5 Mb

4+

Marker Name Position
TIGRP2P97213_rs9174219 47431672
BICF2P1099028 47442776
BICF252297708 47454092
BICF2P97859 47467337
TIGRP2P97216_rs8924563 47475994
BICF2P1428273 - 47491868
BICF2P495833 47502052
BICF2523154417 47509133
BICF2P661213 47522152
BICF2P377594 47540348
BICF2P828120 47547318
BICF2S23645666 47560914
BICF2P21139 47564061

Figure 3.16 EF critical region raw genotyping data

Individual ID number

> SNP genotype scores

Raw genotyping data across the EF disease-associated critical region. Each column represents an individual
and SNP markers are listed in rows. Cases are listed on the left, controls on the right. Major alleles are
coloured in blue, minor alleles in red. Two individuals showed a loss of homozygosity due to recombination
events, highlighted by a white border, defining the disease-associated haplotype as CFA7:44,093,554-
46,905,272 (boundary marked by black dashed lines). Six cases appear to be apparent outliers that were not
homozygous for the disease-associated haplotype (columns marked with an asterisk)
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For CKCSID recombination events in two individuals defined the disease-associated
haplotype as CFA13:39,648,169-42,481,707, which was shared between all cases (Figure
3.17). Diagnosis of cases was checked and confirmed in consultation with Claudia Hartley
(veterinary ophthalmologist). The CKCSID critical region contained 85 genes, and was
syntenic to regions of human chromosomes 4, 8 and 15 (Appendix 6).
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Figure 3.17 CKCSID disease-associated critical haplotype

Raw genotyping data across the CKCSID disease-associated critical region. Each column represents an
individual and SNP markers are listed in rows. Cases are listed on the left, controls on the right. Major alleles
are coloured in blue, minor alleles in red. Two individuals showed a loss of homozygosity due to
recombination events, highlighted by a white border, defining the disease-associated haplotype as
CFA13:39,648,169-42,481,707 (boundaries marked by black dashed lines).

Using the Ensembl genome browser both regions were interrogated for genes that could
be potential candidates for the respective disorders. The EF critical region contained no
genes that were associated with similar conditions in humans. The gene SLURP1 was
identified in the CKCSID critical region. Mutations in SLURP1 have been associated with
Mal de Meleda, an autosomal recessive skin disorder in humans, with clinical signs of
transgressive palmoplantar keratoderma, keratotic skin lesions, perioral erythema,
brachydactyly and nail abnormalities (Fischer et al., 2001), and was considered a good
candidate gene for CKCSID that had not previously been investigated.

82



3. Disorders in the Cavalier

3.2.6. SLURP1 sequencing

Because of the similarities between Mal de Meleda and CKCSID, the gene was exon re-
sequenced in two CKCSID cases and two control individuals. No polymorphisms were
identified and the gene was ruled out as being potentially causal.

3.2.7. SureSelect target enrichment and massively parallel sequencing

3.2.7.1. Probe design
Probes (RNA baits) were designed for the SureSelect solution based target enrichment
system using the online tool e-array (https:/earray.chem.agilent.com/earray/). Design

parameters were set to capture both EF and CKCSID critical regions with 2x bait tiling (ie
each base was covered by at least two RNA baits where possible) and repeat masking
was applied (ie no probes were placed across known repeat regions). A total of 57,676
baits were designed across a combined region of 5,788,900 bp; 29,429 baits for the EF
region and 28,247 baits for the CKCSID region, achieving a base coverage of 3,749,814
(64.8%). Bait locations were uploaded to the UCSC genome browser to assess bait
coverage across exonic regions. Coverage of exons appeared to be nearly complete,
although isolated examples of exons with no bait coverage were occasionally seen, often
due to exons being in close proximity to repetitive elements (Figure 3.18).
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Figure 3.18 Visualisation of baits on the UCSC genome browser

Positioning of baits across a section of the EF region and displayed by the UCSC genome browser. An exon
with zero bait coverage is indicated by the red arrow.

3.2.7.2. Investigation of fragmentation methods

A key stage of library preparation for next generation sequencing is fragmentation of the
nucleic acid. At the time of investigation the recommended method of fragmentation for
lllumina sequencing was nebulisation. To help fulfil the aim of completing bench work in-
house, three methods of DNA fragmentation were tested.
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3.2.7.2.1 Sonication
The results of sonication for 10, 20 and 30 cycles of 20 seconds on / 20 seconds off at full
power using a cup horn sonicator are shown in Figure 3.19. Fragmentation of DNA with a

size range of between 100 bp and 1,000 bp was achieved.

1 2 3 4

10 kb

500 bp
400 bp
300 bp
200 bp
100 bp

Figure 3.19 DNA sonication results

Results of sonication of high molecular weight genomic DNA (1.5% agarose gel). Lane 1 contains 200 ng non-
treated high molecular weight genomic DNA. Lanes 2, 3 and 4 contain 200 ng genomic DNA sonicated for 10,
20 and 30 cycles of sonication respectively (20 seconds on / 20 seconds off at full power).

3.2.7.2.2 Nebulisation

Nebulisation using a pressure of 24 psi and 50% glycerol buffer produced fragments in the
150-1000 bp range (Figure 3.20A). On agarose the fragments appeared most abundant
in the 400—600 bp range. Only 350 pl of the 750 pl starting material could be recovered
after nebulisation, indicating that half the material is lost during the shearing process,
through vaporisation.

3.2.7.23 Double stranded DNA Fragmentase

Genomic DNA was digested for 30 minutes using NEB dsDNA Fragmentase. The process
yielded fragments of 100-1,000 bp. The highest concentration of fragments was in the
100-600 bp size range (Figure 3.20B).
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Figure 3.20 Nebulised and fragmentase treated genomic DNA

(A) Genomic DNA treated by nebulisation. Lane 1 - 200 ng high molecular weight genomic DNA. Lane 2 - 200

ng nebulised genomic DNA. (B) Genomic DNA before (lane 3) and after (lane 4) treatment with NEB dsDNA
Fragmentase.

3.2.7.3. Trial library preparation and clone sequencing

Trial libraries were prepared to test in-house library preparation using the NEBnext kit. To
reduce costs, primer and adapter sequences for use in the library preparation were
synthesised by an oligonucleotide manufacturer, rather than being purchased from
lllumina. Trial library preparation would also test the effectiveness of these custom made
oligonucleotides. Three libraries were made in the trial. Libraries 1 and 2 were made using
nebulised DNA. Library 3 was created from DNA treated with dsDNA Fragmentase.
Libraries were agarose gel size selected after adapter ligation and amplified with Phusion
polymerase using the indexing method. Library fragments were checked for correct
adapter sequences by molecular cloning. Results are shown in Table 3.2.

Overall 52% of sequenced cloned fragments had perfect adapter sequences at both ends.
The percentage of correctly adapted fragments was higher for Fragmentase treated DNA
(77%) compared with nebulised DNA (42%). Fragmentase treatment was chosen for use

in SureSelect experiments based on cloning results and the high proportion of fragments
produced in the desired 100-300 bp range.
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Table 3.2 Summary of the clone sequencing results.

LIBRARY No  CLONE No PCR SEQUENCE AD%PKT,_}ERS INSERT SIZE

1 1 3 products NO - -

1 2 oK YES YES 319
1 3 oK YES NO 250
1 4 OK YES NO 113
1 5 oK YES YES 273
1 6 OK NO - -

1 7 oK NO - -

1 8 OK YES NO 201
2 1 OK YES NO 212
2 2 OK YES YES 171
2 3 OK YES YES 225
2 4 Faint NO -
2 5 OK YES NO 236
2 6 oK YES NO 251
2 7 OK YES YES 225
2 8 OK YES NO 201
3 1 No product NO - -
3 2 oK YES YES 286
3 3 oK YES YES 275
3 4 OK YES YES 275
3 5 Two products NO -

3 6 OK YES NO 248
3 7 oK YES YES 249
3 8 OK YES NO 258
3 9 Unexpected size NO - -
3 10 oK YES YES 207
3 11 OK YES YES 274
3 12 oK YES NO 280
3 13 OK YES YES 255
3 14 oK YES YES 293
3 15 oK YES YES 322
3 16 OK YES YES 265

3.2.7.4. Sample selection for target enrichment

Two EF cases, two CKCSID cases and three controls were selected for potential use in
the first attempt at target enrichment (Table 3.3). Cases were selected that were
homozygous for the defined disease-associated haplotypes with clinical diagnosis
confirmed by Jacques Penderis or Claudia Hartley. Controls were selected based on
haplotype structure across the two disease-associated regions. A control with
chromosome 7 and 13 haplotypes identical to disease-associated regions, but clinically
unaffected with respect to EF and CKCSID was selected in an attempt to reduce the

number of potential causal variants.

Table 3.3 Individuals selected for target enrichment

WTH - wild-type haplotype; DAH - disease-associated haplotype. Note control sample 16874, although
clinically normal, is homozygous for the chromosome 7 and chromosome 13 disease-associated haplotypes.

Sample ID Clinical status CKCSID region EF region

6823 Control Heterozygous Homozygous WTH
6975 CKCSID case Homozygous DAH Homozygous WTH
9916 CKCSID case Homozygous DAH Heterozygous
15943 EF case Homozygous WTH Homozygous DAH
16823 EF case Homozygous WTH Homozygous DAH
16874 Control Homozygous DAH Homozygous DAH
16878 Control Homozygous WTH Heterozygous

86



3. Disorders in the Cavalier

3.2.7.5. Library preparation including pre-capture amplification

Libraries were fragmented to the 100-600 bp range using dsDNA Fragmentase, and
prepared using the NEBnext kit. Fragments in the 200-300 bp range were selected after
adapter ligation. Nine cycles of pre-capture amplification were required to increase the
concentration of the libraries to 147 ng/ul for the hybridisation stage, which was slightly
higher than the 4-6 cycles recommended by the SureSelect protocol. The increased
number of cycles was due to a change in methodologies recommended by SureSelect. In
the SureSelect lllumina single-end protocol v2.0 (December 2009) the recommended
fragmentation method was nebulisation and included a size selection stage. In the
SureSelect lllumina paired-end protocol for multiplexed sequencing v1.0 (May 2010) the
recommended fragmentation methodology had been changed to Covaris shearing with no
size selection, allowing a reduction in the number of PCR cycles required. As no Covaris
service was available at the time of the experiment and to keep the library preparation in-
house a size selection stage was adopted. Results of the pre-capture amplification are
shown in Figure 3.21.

A 1 2 3 4 5 6 7 B
| COVARIS
- SIZE 5
~— N
o SELECTED 4| ™

300bp | I~
200bp J L
100bp | | — S—

15 50 100 150 200 300 400 S0 700 | 1500 be]

Figure 3.21 Precapture libraries

(A) Precapture libraries (147 ng) on a 2% agarose gel. Lanes 1 to 7 correspond to samples 6823, 6975, 9916,
15943, 16823, 16874 and 16878 respectively. (B) Pre-capture library 9916 was subjected to analysis on a
Bioanalyser DNA 12000 chip. The size range of fragments falls inside of those seen for library preparation
after Covaris shearing.

3.2.7.6. SureSelect hybridisation and post-capture amplification

Five libraries were taken forward to the enrichment stage consisting of two EF cases, two
CKCSID cases and a single control which was homozygous for both the chromosome 7
and chromosome 13 disease-associated haplotypes. The hybridisation stage was
followed by 13 cycles of post capture amplification to produce the final sequencing
libraries, which were quantified using KAPA library quantification gqPCR results in
conjunction with results of accurate library sizing on the Bioanalyser. Libraries were
pooled in equal amounts to 10 nM. Blunt end cloning of pooled library fragments was
carried out to check end sequences and to estimate capture efficiency before libraries
were sent for sequencing. A total of 23 colonies were selected for PCR and sequencing.
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Results indicated a capture efficiency of 78% and an average insert size of 194 bp (Table
3.4).

Table 3.4 Summary of blunt end cloning results to estimate capture efficiency

Clone sequences not hitting target regions after BLAST searching are highlighted in yellow.

Clone No. Index No Chromosome Position (Mb) Insert size (bp) Ends ok?
1 2 13 41.86 221 Y
2 2 13 41.85 160 Y
3 2 44.85 134 Y
4 4 45.59 231 Y
5 4 13 42.12 214 Y
6 4 7 46.08 176 Y
7 4 1 68.79 256 Y
8 4 7 45.97 148 Y
9 4 13 40.27 172 N
10 5 13 41.49 210 Y
11 5 7 45.09 166 Y
12 5 13 42.10 196 Y
13 5 7 83.59 163 N
14 5 7 44.96 221 Y
15 5 7 45.86 190 N
16 5 1 52.85 244 Y
17 6 7 46.27 189 Y
18 6 7 44.85 158 N
19 6 16 51.72 255 N
20 6 7 44.53 140 Y
21 6 13 40.27 172 Y
22 7 13 42.07 228 Y
23 7 26 16.22 213 Y

3.2.8. lllumina raw sequencing results

lllumina sequencing on the GAllx generated a 3.47 Gb dataset consisting of 68 million
reads of 51 bp in length. As expected from cloning experiments the mean insert size was
~200 bp and read share was evenly distributed amongst the chosen indices (Figure 3.22).

B

0-25 T T T T T T 1_0 T T T T T T
0.20 08} ]
5 0.15 206} |
4 73]
: ;
£0.10 Soaf ]
0.05 02} ]
0.00 . L .
0 2 4 6 8 10 12 0.00—Too 200 300 400

Multiplex label

Figure 3.22 Summary histograms of CKCS lllumina sequencing

(A) Proportion of reads allocated to each index. Index 2, 4, 5, 6 and 7 were used in library preparations of
samples 6975, 9916, 15943, 16823 and 16874 respectively. Label 0 represents reads that could not be
demultiplexed from the raw data. (B) Insert size histogram.
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3.2.9. Development of a data analysis pipeline

lllumina sequencing data for the CKCS was available as raw unaligned FASTQ files only.
An example of a single read in FASTQ format is shown below.

@SEQUENCE_ID
TACGATCGATGCTAGCATGCATGCTTGACTGGGGACTGATCGTAGCTAGGATCGTGCAGT
+

PUTR ((((**R4)) $5%+H+) (33%%) . 1¥*k—gx 1 1)) ¥*55CCF>>>>>>CCCCCCCE5

The @ symbol which acts as a marker is followed by an identifier tag on the first line. The
second line details the read sequence. The third line has a + symbol marker and the
fourth line shows the per base quality score for the sequence in line two.

The two key requirements for analysis of massively parallel sequencing data are the
ability to align reads to a reference genome and to call variants. A huge number of
freeware programs are available online for handling and manipulating data generated by
next generation sequencing platforms. Most are operated from the Linux command
prompt and long strings of complex commands are often required for their operation.
Additionally each program has different input requirements, and files often have to be
manipulated by associated programs before they can be used to perform the desired task.
This means that a long chain of complex commands have to be executed individually to
achieve the desired results. To simplify the process a Perl script called “NGS analysis”,
which could be run from the Linux command line, was written to sequentially process the
string of required commands, after the user had been prompted to enter simplified details
for the analysis. The initial user interface is shown in Figure 3.23.

3.2.9.1. Features of the NGS analysis pipeline

The NGS pipeline can handle paired-end or single-end lllumina data in FASTQ format and
single end 454 data in ssq format. Reads are aligned to a reference genome using the
program BWA. The best practice is to align data to a whole genome, but data can be
aligned to an individual chromosome to reduce computational requirements. Datasets can
also be reduced for easier handling. For instance if a target enrichment is performed
across two genomic regions, alignment files can be created for each region separately to
reduce file size and subsequent processing time. The pipeline will create SNP and indel
calls, and there is an option to run the Ensembl Variant Effects Predictor to annotate calls

with genomic information, such as consequence for variants positioned within exons.
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Figure 3.23 NGS analysis Perl script user interface

Screenshot of the user interface displayed at the start of the NGS analysis Perl script. The script was written
to enable users to enter file names and analysis parameters, before automatic and sequential implementation
of commands in the script to generate results files.

Other modules in the pipeline include removal of PCR duplicates, an option to run the
structural variant analysis program Pindel, an option to run an early next generation
sequencing analysis package called Maq and tools to produce alignment summary, GC
bias and insert size histograms. Key files are transferred to a new results folder that is
created at the end of the pipeline. A log is created during the running of the pipeline that
details the analysis settings selected. If an error appears in the log file the script will
automatically terminate and send the user an email notification. Email notification is also
given to users on completion of the analysis, which may take several hours depending on
the size of the dataset. A summary of results files is listed in Appendix 7. This list is also
presented in a readme.txt file created at the end of the analysis pipeline. A workflow of
options available to users of the NGS analysis pipeline is shown in Appendix 8 and a
video demonstrating use of the NGS pipeline is available on the supplementary CD.
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3.2.10. Sequence data analysis

The paired sequencing data files for each sample were passed through the sequence
analysis pipeline. A summary table of the processed data is shown in Table 3.5.

Table 3.5 Summary statistics for sequencing data

.. No. of Dataset Target Percent bases PCR
Individual . . L .
D reads size enrichment achieving 10x duplicates
(Million) (Mb) efficiency (%) Coverage (%)
6975 13.1 673 84.8 77.9 14.9
9916 14.6 746 85.0 79.2 9.5
15943 12.3 627 85.1 78.7 11.2
16823 14.2 723 85.7 79.0 13.8
16874 13.7 701 85.7 80.2 18.5

SNP calls across all samples were combined into a single file format using The NGS SNP
Handler, an Excel macro tool written by Dr Mike Boursnell. Across the five samples a total
of 13,301 SNPs were identified. The NGS SNP Handler was adapted to accept indel files
after completion of the CKCS investigation. Re-analysis of the data showed that 1,149
indels were identified across the five datasets.

Compiled SNP calls from the pipeline were initially filtered by expected segregation
pattern (ie homozygous in cases and either heterozygous or homozygous wild-type in
controls). The positions of these candidate SNPs were used to create a Browser
Extensible Data (BED) file for uploading to the Integrative Genome Viewer (IGV). The five
indel files that were created by the NGS analysis pipeline were in BED format and could
be loaded directly into IGV. Ensembl gene predictions were uploaded to IGV to annotate
the target regions which were then scanned visually for candidate variants occurring in
exonic regions. This method of analysis revealed no variants for the EF region that could
be considered as potentially causal. In the CKCSID region one indel was identified in an
exonic region of FAM83H (family with sequence similarity 83, member H) which fully
segregated with the disorder. To verify the indel, the sequence alignment files (.BAM files)
were uploaded to IGV and the sequence reads were viewed across the candidate locus
(Figure 3.24). The two CKCSID cases were homozygous for the indel at the locus and the
two EF cases and the control were wild-type homozygous.
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Gene: FAM83H 1 bp deletion - chr13:40,358,512 - canFam?2

Figure 3.24 Reads from a CKCSID case aligned across the FAM83H candidate locus

View in IGV of reads aligned across the FAM83H candidate locus for a single CKCSID case, enabling the
indel call to be validated. Grey bars represent individual reads. The indel is represented by a solid black
horizontal line in reads.

As no potential causal SNP or indel calls had been identified for EF, the five read
alignment files were loaded into IGV and the EF target region manually scanned for other
potential causal variants. Three large deletions of ~6 kb, ~10 kb and ~16 kb were
identified, although only the latter was situated across a coding region. The genomic
positions of the three deletions within the disease-associated interval and a schematic
overview of normal gene structure are shown in Appendix 6. The 16 kb deletion spanned
the first three exons of the gene brevican (BCAN) and was potentially a full gene knock-
out (Figure 3.25).
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Figure 3.25 The 16 kb brevican deletion

View in IGV across the brevican deletion region. Grey bars represent individual reads. Grey bars with a red
perimeter indicate reads that have not been mapped in a pair. Blue bars show read pairs with a greater than
expected insert size based on selected fragment size, indicative of a large deletion.

The two EF cases were homozygous for the deletion, one CKCSID case (ID 9916) was
heterozygous, and the other CKCSID case was homozygous wild-type (ID 6975). The
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clinically unaffected control however was homozygous for the deletion, which was not
consistent with the expected segregation pattern. In the absence of any further strong
candidate mutations, the deletion was considered to be a strong potential causal variant.
In order to find other potentially causal variants with a similar segregation pattern to the
16 kb deletion a second scan across the chromosome 7 target region was performed,
omitting the control sample from consideration. One additional variant was identified which
was predicted to cause a coding change. This was a SNP in the gene DENND4B
(DENN/MADD domain containing 4B) which caused an arginine to a histidine amino acid
substitution, which followed the same segregation pattern as the BCAN deletion.

3.2.11. Investigation of candidate variants

Candidate variants were assessed by genotyping the GWAS sample cohort. As the
DENND4B mutation was identified in the Golden Retriever included as a genotyping array
control and the two Italian Spinoni included for the cerebellar ataxia project (described in
Chapter 4), it was considered to be a common polymorphism. The DENND4B SNP also
showed a weaker statistical signal across a 30 EF case and 38 control cohort than the
BCAN deletion and was ruled out as potentially causal (DENND4B P, = 6.81 x 10™";
BCAN P, = 5.36 x 10™). The number of cases was reduced from 31 to 30 as a
DENND4B genotyping result was not obtained for one EF case, and the number of
successful genotypes needed to be the same for both BCAN and DENND4B to make the
comparison valid. Over the sample cohort of 31 EF cases and 38 controls the P, value
for the BCAN genotyping dataset was identical to the top statistical signal from the EF
GWAS. Interestingly the BCAN deletion is positioned inside the region that was
suggestive of a selective sweep because of the high levels of homozygosity seen in the
SNP genotyping data. The FAM83H mutation fully segregated with CKCSID status in the
cohort of 19 cases and 38 controls, producing a P, value of 2.98 x 10, which exceeded
the top statistical signal from the CKCSID GWAS of Py, = 1.2x107"".

To further validate the associations between the BCAN and FAM83H deletions and EF
and CKCSID respectively, a panel of 308 CKCS was genotyped for both variants. This
panel included the 31 EF cases, 19 CKCSID cases and 38 controls used in the GWAS
analyses, and an additional 17 EF cases, 5 CKCSID cases and 198 controls. Results are
shown in Table 3.6.
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Table 3.6 BCAN and FAM83H genotyping results across an extended CKCS cohort

BCAN Genotype
(-/-) (-/wt) (wt/wt)
EF cases 39 3 6
EF controls 17 62 181

FAM83H Genotype

(-/-) (-/wt) (wt/wt)

CKCSID cases 24 0 0

CKCSID controls 0 38 246

In addition a panel of 341 dogs from 34 other breeds (with at least 2 dogs per breed) were
assayed for both the FAM83H and BCAN mutations. All 341 dogs were homozygous wild-
type for both polymorphisms. From the panel of 308 CKCS genotyped for
the BCAN or FAM83H mutations, individuals that were not clinically affected, unrelated at
the parent level and not related to cases at the parent level were used to estimate the
mutation frequencies in the UK. From these 122 individuals, the allele frequency of both
variants was estimated to be 0.08.

3.2.12. Validating mutation consequence

To validate the consequence of the two mutations, brain (cerebellum) and buccal epithelia
cDNA sequencing confirmed the exon boundaries of the BCAN and FAMS83H genes
respectively (Genbank accession numbers JN968466—JN968467). The sequencing reads
in the BCAN deletion region were exported and de novo assembled to define the exact
deletion breakpoints (Figure 3.26). Assembly revealed the deletion to be 15,724 bp with a
small insertion of 5 bp spanning the deletion breakpoints. The FAM83H single base
deletion is in exon 5, and is predicted to truncate the peptide from 1,151 to 582 amino
acids, with 257 aberrant amino acids at the C terminal.
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Figure 3.26 De novo assembly of reads across the BCAN deletion

Sequence reads mapping to the deletion breakpoints were exported and de novo assembled to define the
deletion breakpoints.

3.2.13. Expression analysis

Quantitative reverse transcription PCR (qRT-PCR) was used to assess FAM83H and
BCAN expression levels in canine skin and brain (cerebellum) tissues, using ACTB (beta
actin) as a control gene. BCAN, FAM83H and ACTB reaction efficiencies were estimated
at 97.5%, 95.7% and 94.3% respectively, with standard curve r? values all > 0.99. BCAN
expression was confirmed in the brain, but was not detected in the skin. A similar level of
FAM83H expression was detected in both skin and brain (Figure 3.27). FAM83H
expression was also detected in footpad and buccal epithelia by RT-PCR.
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Figure 3.27 qRT-PCR assessment of FAM83H and BCAN levels
Limited expression analysis of FAM83H and BCAN using qRT-PCR, with ACTB as a control gene. (S = Skin;
B = Brain).
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3.2.14. Diagnostic DNA testing

A diagnostic DNA test to assay for both the FAM83H and BCAN mutations simultaneously
was launched in April 2011, offered by the AHT Genetics Services department
(www.ahtdnatesting.co.uk/). In the first year of testing, 2,457 samples were tested for
CKCSID and 2,469 for EF (some owners requested individual disease testing). Dogs with
two copies of the disease-associated allele were defined as affected, with one copy of the
disease-associated allele as carriers, and with no copies of the disease-associated allele
as normal. Four affected and 196 carrier individuals were identified for CKCSID and 96
affected and 539 carriers were identified for EF. Samples originated from 26 countries

worldwide. A summary of testing is shown in Figure 3.28.
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Figure 3.28 First year results of EF and CKCSID DNA testing

Ten countries submitting the most samples for EF and CKCSID testing.
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3.3. Comments and conclusions

3.3.1. EF candidate gene study

Although no EF associated genes were identified, the investigation successfully ruled out
many genes previously associated with hypertonicity disorders. When many strong
candidate genes are available, a candidate gene study is often a logical first step to take
before undertaking an expensive GWAS approach. The absence of an association with a
candidate gene, may suggest that the disorder is caused by a previously unassociated
gene.

3.3.2. Parallel mapping of EF and CKCSID by GWAS

The fact that EF and CKCSID were CKCS specific presented the opportunity to map both
conditions in parallel using a single set of controls. This approach helped to reduce cost
and decreased the overall timeframe for the studies as all DNA samples could be sent for
processing on the CanineHD SNP array in a single batch. The disadvantage of the
approach was that controls could not be tailored to the individual case sets. For this
reason a largely unrelated set of controls was chosen, which may have contributed to the
high genomic inflation values seen for both studies, indicating population stratification.
Association analysis results for both studies however revealed strong statistical signals on
single chromosomes, which remained after corrective analysis, indicating that the results
were not largely affected by the genomic inflation, and confirmed the involvement of
single, large effect, high penetrance genes, suggesting autosomal recessive inheritance.
The same level of genomic inflation in the study of complex disease may have had a more
significant impact on the results, where association signals on several chromosomes can

be seen, and confidence in the results is crucial.

On analysis of the raw genotyping data there were clear homozygous disease-associated
haplotypes for EF and for CKCSID, defined by single recombination events in two
individuals, resulting in a loss of shared homozygosity. Amongst the dogs originally
defined as EF cases, based on their clinical signs, there were six outliers that were not
homozygous for the BCAN deletion, highlighting that diagnosis of the condition is not
simple and that other conditions, such as epilepsy, exist in the breed which may show a

similar clinical presentation.

3.3.3. Target enrichment and massively parallel sequencing

In the absence of any strong candidate genes in the EF critical region and after exclusion
of SLURP1, a candidate gene in the CKCSID critical region, it was decided that the fastest
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and most cost effective method of exploring the two gene rich critical regions would be to
use a newly available solution based target enrichment system (SureSelect) and a
massively parallel sequencing approach (lllumina/Solexa). The solution based target
enrichment system could be performed in-house, negating the need to outsource the

work.

The first stage of library preparation is the DNA fragmentation. Out of the three methods
that were trialled an enzymatic method was chosen. This method appeared to give the
most fragments in the desired range after processing, which is critically important
especially as loss of fragments at the size selection stage may lead to additional PCR
cycles being required. Any duplicates in sequencing data as a result of PCR are omitted
during analysis, reducing the dataset size and eventual read depth. Enzymatic
fragmentation also allowed several DNA samples to be processed in parallel, which was
more time effective and ensured all samples were subjected to identical treatment.

The entire library preparation was performed in-house. Accurate sizing of libraries on an
Agilent Bioanalyser was outsourced due to unavailability of resources. Average library
fragment size could have been assessed by agarose gel electrophoresis, but more
precise sizing can be calculated using the Bioanalyser, which is important for determining
final library concentration, especially when pooling libraries for multiplexed sequencing.

Data were analysed in-house using a Perl script to run a pipeline to manipulate sequence
files, align reads to the genome and make variant calls. The sequencing experiment was
successful and a high level of target enrichment was achieved, with low levels of PCR
duplicates. Bait coverage of target regions was limited to 65% because of the high levels
of repetitive elements, particularly SINEs (short interspersed nuclear elements), present in
the dog genome. The number of bases achieving at least 10x coverage was 79%

however, and near complete exonic coverage of the critical region was achieved.

By browsing through read alignments to target regions in IGV, which was annotated with
filtered SNP and indel positions, deletions in BCAN and FAM83H were identified as strong
candidate mutations for EF and CKCSID respectively. The dataset was the first large-
scale target enriched sequencing project to be processed by the NGS analysis pipeline,
and highlighted areas of the analysis tool that could be improved. As both candidate
mutations were identified by manual browsing, measures were subsequently made to
make data processing more automated. Firstly the variant effects predictor module was
added to the NGS analysis pipeline for annotation of SNP and indel calls with gene
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information. Running indel calls through the predictor would have flagged the 1 bp
FAMB83H deletion as a frameshift mutation, warranting further investigation. Additionally a
copy number variation (CNV) analysis Perl script was written to compare the number of
aligned reads between two samples across overlapping genomic windows, and would
have detected the 16 kb BCAN deletion without manual browsing of the sequence

alignments.

3.34. Candidate mutations and phenotype concordance

EF has a variable phenotype in the CKCS and 17 out of 56 dogs that were homozygous
for the BCAN deletion were reportedly not affected by EF, which suggests that the
disorder may be influenced by variation in environmental stimuli and potential variants in
modifier genes. As EF is an exercise-induced condition, differences in levels of activity
among affected dogs may account for some of the phenotypic variation. One dog in the
study that was homozygous for the BCAN mutation but did not display clinical signs
consistent with EF was reported by its owner to be “docile and unexcitable”, suggesting,
for this dog at least, insufficient environmental stimuli were provided to trigger the
condition. In addition, nine out of 48 EF cases were not homozygous for the BCAN
mutation. An extensive neurological assessment would be required to mitigate against
misclassification of these cases, but this is typically not possible for the majority of canine
patients due to expense or lack of owner consent. The CKCS breed is also affected by
idiopathic epilepsy, and the EF episodes may often be difficult to distinguish from epileptic
seizures, as a definitive diagnostic test is not available for either condition (Rusbridge,
2005). It is therefore possible that for some cases epilepsy or other neurological
conditions have wrongly been diagnosed as EF, although it is formally possible that there
may be a second, genetically distinct form of EF in the CKCS. The EF disease-associated
region was not completely resequenced due to the repetitive nature of around 35% of the
sequence, and although unsequenced regions were largely non-coding, potential causal
mutations could be situated within these regions and therefore would not have been
identified in the current study.

Results for FAM83H genotyping were fully concordant with CKCSID disease status across
the extended sample cohort, showing that the CKCSID cases can be precisely diagnosed
and that the condition has a simple autosomal recessive mode of inheritance, with no

modifiers.

No mutant BCAN or FAM83H alleles were detected among 341 dogs from 34 other
breeds. This suggests that the two mutations are limited to the CKCS breed, although only
a small selection of dogs was tested from just a subset of all dog breed populations.
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Additional dogs would need to be screened to formally conclude that the mutation is not
present in any other breeds.

3.3.5. BCAN

The EF-associated gene BCAN encodes brevican, which is one of the central nervous
system specific members of the hyaluronan-binding chondroitin sulphate proteoglycan
family (Yamada et al., 1994). Brevican is important in the organisation of the nodes of
Ranvier in myelinated large diameter axons (Bekku et al., 2009) and disruption of this
region results in a delay in axonal conduction (Bekku et al., 2010). Interestingly the gene
HAPLNZ2 (hyaluronan and proteoglycan link protein 2) is tandemly arranged upstream of
BCAN. HAPLNZ2 encodes Bral1, a brain specific hyaluronan and protoglycan link protein
and is co-localised with brevican and versican V2 to form complexes at the nodes of
Ranvier (Bekku et al., 2010). The BCAN deletion moves the 3' UTR of HAPLNZ to within 2
kb of exon 4 of BCAN. Expression analysis would be required to fully establish whether
the ~16 kb deletion causes a complete knock-out of the BCAN gene and to investigate
any potential effects on HAPLNZ expression.

Mutations in BCAN have not previously been associated with a disease phenotype and
brevican-deficient mice are viable, fertile, physiologically normal, display normal behaviour
and have a normal life expectancy (Brakebusch et al., 2002). However, the absence of
any apparent abnormalities in brevican-deficient mice may relate to an absence of
episode triggers within the environment the mice were maintained in. In dogs, episodes
are induced by exercise or excitement and it is highly likely that mice will not exercise at a
sufficiently high intensity within their routine laboratory environment.

EF is a condition that becomes self-limiting and can self-rectify in some cases, with some
dogs becoming clinically normal after a period of months to years of being clinically
affected. It is interesting to speculate that this might be due to compensatory effects of
other chondroitin sulphate proteoglycans in the brain, in particular versican V2 (Bekku et
al., 2009) taking over the role of brevican, although the effect could also be due to
modified owner and/or dog behaviour in response to the episodes, such as a change in
exercise levels or the avoidance of trigger events once these have been identified.

An identical mutation in BCAN has recently been associated with EF in the CKCS, by an

independent research group (Gill et al., 2011). This independent investigation helps to
further validate the association of BCAN with EF.
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3.3.6. FAM83H

Several mutations in the CKCSID-associated gene FAM83H have been associated with
autosomal-dominant hypocalcification amelogenesis imperfecta (ADHAI) in humans,
which is a disease of faulty tooth enamel formation (Kim et al., 2008). To date the
mutations associated with ADHAI have all been found in exon 5 of FAM83H and are either
nonsense or frameshift mutations leading to a premature stop codon after a sequence of
aberrant amino acids. Further to this, mutations in the 5' region of exon 5 appear to result
in a generalised phenotype, affecting all teeth, compared to mutations occurring in the 3’
region, which appear to give a localised phenotype, with just a subset of teeth being
affected (Urzua et al., 2011). The canine mutation is at a position within the gene that
would predict a more generalised phenotype. Anecdotal evidence suggests that CKCSID
cases do show clinical signs of tooth disease, although this is a post-hoc observation and
would require further investigation to determine the exact nature of the dental problems.

The CKCSID phenotype suggests that FAM83H has an important role in skin
development and regulation, in addition to enamel formation, at least in the dog. Limited
expression analysis has revealed that FAM83H is expressed in canine skin, and also in
the brain (cerebellum), footpad and buccal epithelia, in concordance with previous reports
that FAM83H may be ubiquitously expressed (Kim et al., 2008). Species-specific
differences in gene expression and function have not currently been investigated and no
significant skin or nail phenotypes have been associated with ADHAI in human patients. In
humans all FAM83H mutations reported to date have been dominant, and no human
patients with homozygous FAMS83H mutations have been reported. In contrast the canine
mutation is recessive and heterozygous dogs do not have a discernable phenotype, so it
is interesting to speculate that the gene is playing a different role in enamel formation
between the two species and that human patients may present additional phenotypes,
similar to CKCSID, if a deleterious homozygous FAM83H mutation was identified.

3.3.7. Summary

Mutations in BCAN and FAM83H have been identified which strongly associate with EF
and CKCSID respectively, using an efficient parallel mapping and simultaneous
sequencing approach. Neither of the two genes had been previously associated with
similar disease phenotypes in other species. The discovery of these mutations may
suggest potential novel biological functions for FAM83H and BCAN, although formal proof
of this would require further functional data to confirm the causality of the two mutations
with respect to their associated disease phenotypes. The study illustrates how two
disease phenotypes in a single dog breed can be investigated using a very modest
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sample set to successfully identify disease-associated mutations, using resources
available in-house where possible to maximise cost effectiveness and efficiency.
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Appendix 6 CKCS critical regions, features and human synteny

EF disease-associated interval

Deletion positions are indicated by the blue arrows, with genes in close proximity highlighted with a blue box.
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CKCSID disease-associated interval
FAMB83H is highlighted with a blue box.
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