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ABSTRACT

The Australian Kelpie was generated from three pairs of working Scottish Collie
dogs in 1870. The new breed was developed in an effort to ease the growing working
demand faced by sheep farming. Like most dog breeds, inbreeding has been common
within the Kelpie breed and persistent breeding of champion dogs (popular sire effect)
has resulted in the spread of autosomal recessive conditions. One of these, Cerebellar
Abiotrophy (CA) results in ataxia, characterized by a head tremor, poor body
coordination and high stepping gait. Whole genome association and homozygosity
analysis have mapped the CA locus to a 5 Mb region on chromosome 3 and identified a
common SNP haplotype shared between all affecteds and some unaffected controls.
This region was sequenced on a 454 platform in two affected and one control dogs. A
total of 2019 differences were identified homozygous in the two affecteds compared to
the control, 17 of which were synonymous substitutions in coding exons and
substitutions in the untranslated regions of mRNA. On top of this, a total of 22
differences in introns and intergenic regions with high sequence conservation between
other mammals and dogs were identified and investigated as possible causative
mutations for CA in Kelpies. PCR and Sanger sequencing were employed to fill in 454
sequencing gaps for a total of 40 coding, non-coding exons and upstream regions of
different genes within the candidate region. One intergenic (31674050) deletion
conserved between other mammals and dogs was homozygous in the affecteds
compared to controls and was predicted to disrupt a HSF2 transcription factor binding
site for regulation of neighbouring genes. In addition, sequencing of the DMGDH gene
in affected and unaffected control dogs identified a 223 bp insertion upstream of the last
exon. This insertion may produce aberrant mRNA splicing and protein truncation, and

may be a causative factor in the CA phenotype.
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1 INTRODUCTION

1.1 Introduction

1.1.1 Origin of the Australian Kelpie

The Australian Kelpie is a breed of highly intelligent working dogs generated
from three pairs of imported Scottish Collie dogs in 1870 (Parsons 1992). The breed
was created to work and live under extreme weather conditions in all parts of Australia
and to ease the work of sheep farmers. The Australian Kelpie was originally selected for
its excellent natural working ability on the farm, however some breeders in recent years
have selected for physical characteristics such as coat colour. This has given rise to two

Kelpie strains: Working Kelpies and Show Kelpies (Parsons 1992).

The Australian Kelpie is a medium sized dog (Figure 1-1) with an average adult
height between 43 and 51 cm and adult weight between 11 and 20 kg. The most
common coat colour of Australian Kelpie is black, with some coat colour variations

including black and tan, red, and blue (Parsons 1992).

Figure 1-1: A typical Australian Kelpie with red coloured coat.



Introduction

1.1.2 Dog disease as a model for studying human genetic diseases
There are over 400 breeds of dogs with each breed having its own unique
morphological and behaviour traits (Vila et al. 1997). The level of genetic diversity
within a breed is small with little genetic variation between dogs of the same breed
(Parker and Ostrander 2005). This is largely due to the extensive use of champion dogs
with desirable characteristics as founder dogs for subsequent breeding programs over
many generations. The inbreeding resulting from this practice has reduced the size of
the gene pool and has increased the incidence of genetic disease due to the over-
representation of deleterious alleles from founder dogs (Asher ef al. 2009; Chase et al.
2009). This has led to a rapid spread of recessive and dominant disease alleles with

incomplete penetrance or late onset in dogs (Higgins and Nicholas 2008).

The dog has a unique population structure that makes it useful for mapping of
simple genetic disorders. As a consequence of inbreeding, dogs have larger haplotype
blocks compared to humans (Lindblad-Toh et al. 2005). Large haplotype blocks with a
strong linkage disequilibrium allows mapping of disease genes in dogs to be carried out
with relatively few genetic markers in genome wide association studies (GWAS)
compared to human studies (Lindblad-Toh et al. 2005). 50,000 SNPs are sufficient for
mapping most simple genetic defects in dogs using GWAS while up to ten times of that
number are needed to map a simple genetic disease in humans (Lindblad-Toh et al.
2005). In dogs, GWAS are routinely used to map the genes involved in simple genetic
disorders involving one or few genes and a minimal environmental component

(Karlsson et al. 2007; Sutter et al. 2004).

Dogs make a useful animal model for the study of genetic diseases in humans.

Dogs and humans share over 360 naturally-occurring genetic diseases including heart
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disease, neurological disease, immune disorders, blindness, epilepsy, hip dysplasia,
deafness and cancers (Ostrander et al. 2000; Patterson et al. 1982; Patterson et al.
1988; Patterson 2000). More than 250 genetic diseases in dogs and humans are caused
by mutations in the same gene or by malfunction of a similar biochemical pathway
(Ostrander et al. 2000; Parker and Ostrander 2005). Hence disease genes identified in
dogs may indicate the genetic basis of similar diseases in humans (Lindblad-Toh et al.
2005). Conversely, disease genes identified in human may also be used to study the
genetic cause of similar diseases in dogs. For example, the CLN5 gene that is
responsible for the late infantile form of NCL in humans was also the gene associated

with NCL in the Border collie dogs (Melville et al. 2005).

1.1.3 Overview of Cerebellar abiotrophy in Australian Kelpies

Cerebellar abiotrophy (CA) is a neurodegenerative disease that has been reported
in a number of species including dogs, horse, cattle, cats, rabbits and chickens (Berry
and Blas-Machado 2003; Bildfell et al. 1995; Blanco et al. 2006; Brault et al. 2011;
Gandini et al. 2005; Jokinen et al. 2007; Kemp et al. 1995; Mitchell et al. 1993;
Negrin et al. 2006; Nibe et al. 2007; Olby et al. 2004; Sandy et al. 2002; Sato et al.
2011; Smyth et al. 1985; Tatalick et al. 1993; Thomas and Robertson 1989;
Willoughby and Kelly 2002; Yasuba et al. 1988). It is a relatively common inherited
disease in dogs where it has been identified in a number of different breeds including
Border Collies (Sandy et al. 2002), miniature schnauzer (Berry and Blas-Machado
2003), Lagotto Romagnolo (Jokinen et al. 2007), Labrador retriever (Bildfell et al.
1995), American Staffordshire terriers (Olby et al. 2004), Brittany Spaniels (Tatalick et
al. 1993), Beagles (Yasuba et al. 1988), Papillons (Nibe et al. 2007), English Bulldogs

(Gandini et al. 2005) and Australian Kelpies (Thomas and Robertson 1989). The genetic
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basis of CA in these species and breeds is likely to vary and is poorly understood (Brault

et al. 2011).

In Australian Kelpies, CA is a slowly progressing autosomal recessive disease
affecting less than one percent of dogs (Thomas and Robertson 1989). Since CA 1is
inherited as a recessive disease in Kelpies, the parents of affected dogs are obligate
carriers (if unaffected) and unaffected siblings have a 1 in 2 chance of being a carrier for
the disease gene. Affected dogs experience ataxia as the main symptom, which includes
poor body coordination, head tremors and a high-stepping gait (Shearman ez al. 2008;
Thomas and Robertson 1989). CA symptoms may become apparent at five to seven
weeks in severely affected Kelpies, but may not be obvious in mildly affected dogs until

twelve weeks of age (Thomas and Robertson 1989).

CA 1in Australian Kelpies was first reported in 1989 when three puppies were
reported to show variable severity of symptoms early in life (but no progression in
symptom severity over time) (Thomas and Robertson 1989). Histological reports on
these three CA affected Kelpie dogs revealed a loss of Purkinje cells and granular cells
in the cerebellum (Figure 1-2) (Thomas and Robertson 1989). This histopathological
observation is consistent with previous reported cases of CA in Kerry Blue Terrier dogs,
in which affected dogs showed a loss of Purkinje cells and progressive degeneration of
other brain regions (Thomas and Robertson 1989). However in a recent histopathology
study performed by Shearman et al. (Shearman et al. 2011) on four cerebellum tissue
samples from affected dogs, there was a reduction in granular and molecular cell layers
with only a secondary loss of Purkinje cells in severely affected individuals (Shearman
et al. 2011). Histopathological changes in cerebellum tissues from affecteds can be used

to differentiate between different possible causes of ataxia where ataxia caused by CA
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displayed a unique pattern of loss of Purkinje cells, granular and molecular cells in

cerebellum of affected individuals (Blanco et al. 2006).

Figure 1-2: A micrograph of the cerebellar cortex showing three different neuron

cell layers (Deltagen).

Purkinje cells are some of the largest neuron cells located in the cerebellar cortex of the
brain between the granular and molecular layer (Dean et al. 2010). Purkinje cells play an
important role in coordinate motor movement and body coordination in the cerebellar
cortex by sending signals to cerebellar nuclei upon received a response from other
neuron cells in the brain (Abrams and Zhang 2011; Loewenstein et al. 2006). Death of
Purkinje cells shortly after birth would result in CA with ataxia as the main symptom

(Berry and Blas-Machado 2003; Shearman et al. 2011; Yasuba et al. 1988).

There is no effective treatment available for Kelpies affected with CA. While
CA is not always fatal and may not reduce expected lifespan the quality of life for

affected dogs is often poor and many are euthanized.

1.1.4 Rationale for identifying the cause of CA in Kelpies

1.1.4.1 Costs of CA in Kelpies to breeders

The costs of an affected Kelpie dog to breeders and owners can be significant
both financially and emotionally. The affected Kelpie is lost to breeding and may need
to be euthanized. Since there is no way of identifying which animals are carriers of CA,
relatives of the affected dog must also be excluded from breeding. This means a loss of

income for breeders. Emotionally, a good and loyal companion is lost for the owner.
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1.1.4.2 Benefits of identifying the genetic basis of CA in Kelpies

The identification of CA-causing mutation(s) would result in the development
of a reliable genetic test that would allow breeders to identify carriers of CA and hence
avoid the production of affected pups. Carriers could still be bred but only by mating
with a healthy homozygous normal dog. Such a test and breeding program would help to
eventually eliminate the disease allele from the Kelpie breed over a number of
generations (Bell 2011). In addition, the gene responsible for CA in Kelpies could also
be used as a likely candidate for studying the genetic basis of similar diseases in

humans.

1.1.5 Approaches for identification of causative mutation(s)

There are three main approaches to disease gene identification: the functional
candidate gene approach (Kwon and Goate 2000; Zhu and Zhao 2007), the whole
genome association approach and homozygosity analysis (Jiang et al. 2009; John et al.
2004; Knapp and Becker 2003; Liu et al. 2009), and linkage analysis using
microsatellites (Yue et al. 2005) (Table 1-1). A combination of one or more of these

approaches is commonly adopted to identify the causative mutation in genetic disorders.
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Table 1-1: Features, benefits, and limitations of three main approaches commonly

used for disease gene identification.

Approaches Features
Functional candidate gene e Candidate gene is identified based on gene function,
expression level in the target tissue or because it causes
(FCG) a similar disease in other mammals (Zhu and Zhao
2007).

® Benefits: A quick and easy method to identify the
likely disease gene if the gene is well characterized in
terms of function, expression and biochemical
interactions with other genes.

e Limitations: Can be impractical, expensive and time
consuming if there are a large number of candidate
genes known to cause a similar disease, since each
gene must individually studied and eliminated.

Whole genome association e Involves the use of large numbers of genetic markers
such as SNPs or microsatellites, evenly spaced across

& homozygosity analysis the genome, and genotyped in affecteds and controls to
identify alleles associated with disease (John et al.
2004).

® Benefits: Does not require prior knowledge of
candidate genes. Rapidly identifies the target region
which can be looked at more closely.

e Limitations: Can be resource-intensive as the entire
genome needs to be searched for any association with
the disease. Often identifies a large region with many
genes that can only be narrowed down and eliminated
using the FCG approach.

Linkage analysis e Based on the co-segregation of alleles and the disease
within families. Can be applied to single known
candidate genes or used to identify candidate regions.

®  PBenefits: Can combine data across families. The LOD
score can be used to confirm linkage between marker
loci and the disease locus, or eliminate the disease gene
from a region of the genome.

e Limitations: Requires identification and genotyping of
families segregating for the disease, and large number
of individuals are needed.
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1.1.6 Mapping the genetic basis of inherited disease using canine SNP arrays

A canine Affymetrix SNP array with 127,000 SNPs has been widely used to
localise the candidate region associated with a disease trait in a specific dog breed, by
genotyping both affecteds and unaffecteds with SNPs on the array (Lindblad-Toh et al.
2005). This array was recently superseded by the Illumina high-density 172K array for
performing GWAS in affecteds and healthy controls. This newly developed canine SNP
array contains a selection of existing and new SNPs that have been identified by re-
sequencing the entire dog genome including the X chromosome (Lequarre et al. 2011).
The Illumina high-density 172K array contains 45,000 more SNPs than the Affymetrix
SNP array which allows disease gene to be mapped to a more precise region in the dog

genome and also increases power of the GWAS (Lequarre ef al. 2011).

The Illumina high-density 172K array was used by Abitbol et al. (Abitbol et al.
2010) to fine-map the genetic cause of neuronal ceroid lipofuscinosis (NCL) in
American Staffordshire terriers to a 1039 kb candidate region (containing 9 genes) on
chromosome 9. NCL is a lysosomal storage disorder disease that can cause oxidative
stress on neuron cells and leads to apoptosis of neurons (Bellettato and Scarpa 2010).
The causative mutation was mapped to exon 2 of the arylsulphatase G (ARSG) gene by
the case-control association and gene expression studies (Abitbol et al. 2010). The
[Numina high-density 172K array is currently being used for fine-mapping the genetic
basis of a number of complex genetic diseases including dilated cardiomyopathy,
myxomatous mitral valve disease and intervertebral disc disease in a variety of different

dog breeds (Madsen et al. 2011; Mausberg et al. 2011; Mogensen et al. 2011).
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1.1.7 Previous research findings

The functional candidate gene approach involves identifying candidate gene
based on gene function or a similar disease in other mammals (Zhu and Zhao 2007).
Using this approach, Shearman (Shearman ez al. 2008) tested three candidate genes that
were known to cause CA with mild non-progressive ataxia in humans: SETX on
chromosome 9, ATCAY on chromosome 20 and SYNE! on chromosome 1. Since all
affected dogs can be traced back to a small number of common ancestors within eight
generations, it is hypothesised that all CA affected dogs would have been homozygous
for the same causative mutation(s) (i.e. homozygous identical by descent) (Shearman et
al. 2008). These genes were eliminated as the cause of CA in Australian Kelpies
because affecteds were not homozygous in the region of the genes (Shearman et al.

2008).

Whole genome association and homozygosity analysis have been used to
identify regions of homozygosity common to all individuals affected with CA
(Shearman et al. 2011). The candidate region for the gene causing CA was mapped to a
5 Mb (28 Mb to 33 Mb) region on chromosome 3 where all CA affected dogs shared the
common CA SNP haplotype (NCBI Dog build 2.1) (Shearman et al. 2011). There are 44
genes in the candidate region (Figure 1-3). The identification of a common haplotype
containing the CA mutation using the Affymetrix canine SNP chip v2 allowed
preliminary testing of suspected affected Kelpie dogs for the presence of CA and to

identify phenocopies of suspected CA cases.

There was no statistically significant association between SNPs in the region and
disease as would usually be expected (Shearman et al. 2011). The reason proposed for
the common SNP haplotype (CA haplotype) observed in all affecteds and in some of the

9
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controls was that the mutation responsible for CA has occurred on a common haplotype
and that only some copies of the haplotype have the CA mutation (Shearman et al.
2011). This is presented as the ‘common haplotype hypothesis’, which assumes that the
causative mutation is only present in CA affected Kelpies and is absent in unaffected
control dogs with the CA haplotype. This hypothesis was tested by genotyping 4 CA
affected families with 5 microsatellites of long repeat lengths and high mutation rates
(Shearman et al. 2011). A linkage analysis was performed on the microsatellite data of
these four CA affected families. The positive LOD score of 2.37 (Figure 3-8) indicates a
linkage between marker loci and the disease locus (Shearman er al. 2011). However
since the LOD score is below the significant threshold value of +3, a LOD score of 2.37

would not normally be considered significant evidence of linkage.

In an effort to identify the causative mutation, Nimblegen sequence capture array
and 454 sequencing were used to obtain the sequences for all 44 genes (Figure 1-3,
Table 1-2) within the candidate region in two affecteds and one unaffected control
(Shearman 2011). When compared, there were 2017 differences between affecteds and
the control of which 550 differences were considered to be known differences among
other dog breeds and were removed from the study (Shearman 2011). There were eight
non-synonymous substitutions among the remaining 1577 differences which were
checked in 96 Kelpies and eliminated as causing CA in Kelpies by Sanger sequencing
and association studies (Shearman 2011). This left a large number of differences to be
investigated further including 17 synonymous substitutions in coding exons and
substitutions in the untranslated regions (UTRs) of mRNA (Table 2-2) (Shearman

2011).

10
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1.1.8 Influence on gene function by DNA sequence variations in exons and non-

coding DNA

The most common form of genetic variation in a DNA sequence is single base
changes in protein-coding and non-coding regions of genes. Those single base changes
are known as single nucleotide polymorphism (SNPs), occurring at a frequency of one
in every 900 base pairs between breeds throughout the dog genome (Lindblad-Toh ez al.
2005). Over 50% of these SNPs are located in regions that do not encode any protein,
while the remainder is in protein-coding regions. The SNPs in protein-coding regions
may have direct functional implications for disease susceptibility if they are non-
synonymous substitutions (resulting in a change in amino acid sequence) or nonsense
mutations (resulting in stop codon insertion and protein truncation). Both of these
mutations can have a large effect on phenotype by changing protein structure and
function (Knight 2003). In contrast, synonymous substitutions do not change the amino
acid sequence of the translated protein and so are unlikely to affect protein function or

phenotype (Knight 2003).

A SNP, insertion or deletion at an exon-intron boundary may also disrupt RNA
splicing signals and lead to aberrant splicing of the mRNA transcript. This may result in
exon skipping or intron retention or a shift in reading frame. The protein produced from
the aberrantly-spliced mRNA may be truncated and/or may have a reduced function
when compared to the original protein (Solis et al. 2008; Wang and Burge 2008). Many
diseases are caused by this mechanism. For example, muscular dystrophy is an X-linked
recessive disease in humans caused by mutation at a natural splice site of the dystrophin
gene. This mutation causes a frame shift and internal deletion in the mRNA transcript

and leads to the absence and/or under-expression of functional dystrophin protein,

12
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which is required for maintaining the strength and movement of the skeletal muscle

(Solis et al. 2008).

SNPs in coding regions can have obvious effects on protein structure and
function, but it is often difficult to predict the functional effects of SNPs and other
sequence variations in non-coding DNA because these variations often affect gene
expression rather than protein structure (Knight 2003). Variations in non-coding regions
can be found in the promoter region upstream of genes, in introns and between genes. A
single base change in the promoter regions of genes may affect gene expression by
affecting the binding of the RNA polymerase to the promoter and hence the initiation of
transcription (Orphanides and Reinberg 2002; Tournamille et al. 1995; Udalova et al.
2000). Such mutations may cause disease by resulting in the production of a non-
functional protein or a low level of functional protein (Orphanides and Reinberg 2002;
Tournamille et al. 1995; Udalova et al. 2000). For example, a single nucleotide
polymorphism located within intron 4 of the human growth hormone 1 (GHI) gene has
been associated with lowered expression of the GHI protein and reduced secretion of
human growth hormone which may increase the risk of osteoporosis while decreasing
the risk of colorectal cancer (Dennison et al. 2004; Le Marchand et al. 2002; Millar et

al. 2010).

13
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1.1.9 Regulation of gene expression without alteration in DNA sequence

(epigenetics)

Epigenetics is the study of heritable changes in gene expression that are caused
by DNA methylation and post-translational changes to histone proteins, and are not
caused by alternations in DNA sequence (Holliday 1987). DNA methylation generally
acts to negatively-regulate gene expression (transcription repression), and involves the
covalent addition of a methyl group to the 5 position of cytosines inside the CpG
islands (short CpG dinucleotide regions) of promoters and first exons of genes (Brenet
et al. 2011; Jorda and Peinado 2010). These CpG dinucleotides are often unmethylated
but may become methylated through tightly-controlled processes that regulate gene
transcription, including genomic imprinting and X-chromosome inactivation (Bird
1986). In contrast, CpG dinucleotides located outside CpG islands (for example, in
repetitive DNA) can be methylated without affecting gene expression (Bird 2002;
Brenet et al. 2011). An example of a disease influenced by DNA methylation is Rett
syndrome, an X-linked neurodegenerative disease caused by disruption of MeCP2

protein binding to methylated DNA (Amir ef al. 1999).

Although transcriptional silencing is linked with promoter methylation, a recent
study has found that DNA methylation surrounding the transcription start site (TSS) in
the first exon played a more significant role in repressing transcription (Brenet et al.
2011). DNA methylation of coding regions may prevent initiation of gene transcription
and results in production of a non-functional protein or a low level of functional gene

product (Brenet et al. 2011).
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1.1.10 Regulation of gene expression by transposable SINE elements
Short interspersed nuclear elements (SINEs) are retrotransposons that are
distributed evenly throughout the dog genome, with a frequency 10-100 fold higher than
in humans (Kirkness er al. 2003; Wang and Kirkness 2005). A significant number of
SINE elements in the dog genome are inserted in locations where they can influence
gene expression and cause disease or alter non-disease phenotypes (Cordaux and Batzer
2006; Wang and Kirkness 2005). The insertion of a SINE element upstream of a gene
or exon can cause disease by disrupting open reading frames (ORFs), alternative
splicing of mRNA transcripts and/or the level of gene expression (Cordaux and Batzer

2006).

Conversely, the insertion of SINE elements into an intron does not affect protein
function but may have an effect on the expression level of the adjacent gene by causing
aberrant splicing of mRNA transcripts (Cordaux and Batzer 2006). For example, the
insertion of a SINE element in the PTPLA gene leads to multiple splicing defects
resulting in centronuclear myopathy in the Labrador Retriever (Pele et al. 2005) while
the insertion of a SINE element into intron 3 of the hypocretin receptor gene leads to
narcolepsy in the Doberman Pinscher (Lin ef al. 1999). A recent study show the
insertion of a SINE element in the SILV gene is responsible for the merle phenotype

(coat colour) in the Shetland Sheepdog and in other dog breeds (Clark et al. 2006).

1.1.11 Candidate genes

In this study, the 44 candidate genes (Section 1.1.7) were prioritised using
BioGPS with gene ontology and expression profiles in the human, mouse and rat
brain/cerebellum (Wu et al. 2009). There are six different pathogenetic mechanisms that
are known to cause autosomal recessive cerebellar ataxias (ARCASs) in humans when

15
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any of these mechanism malfunction due to mutation (Vermeer et al. 2011). These
processes are mitochondrial oxidative stress, DNA repair maintenance, protein quality
control and recycling, mislocalisation of synaptic myonuclei, altered function of
calcium-activated chloride channels, and altered vesicular trafficking (Vermeer et al.
2011). Candidate genes were classified into three groups according to molecular
functions and expression level in brain tissues (as measured in microarray analyses)
(Table 1-2). Genes with molecular processes that are known to cause ARCAs in humans
were chosen for further examination. Of these genes, three genes (discussed in Sections
1.1.11.1 to 1.1.11.3) were identified as preferred candidates for their previous links with
cerebellar ataxia in mice, dogs and horses. Seventeen more genes were also chosen as
candidates for this study based on their high expression level in brain tissues and their

molecular functions (Table 2-6 to Table 2-7).

1.1.11.1 Autophagy related 10 homolog (ATG10)

Autophagy is the protein degradation pathways that recycled intracellular
proteins by engulfed cytoplasm into a double-membrane vesicles, known as the
autophagosome (Komatsu et al. 2006; Phillips et al. 2008). In mice, a loss of ATG7 in
the central nervous system of affected mice can lead to neurodegeneration with neuron
cell death in the cerebellum cortex of brain. Hence functional ATG7 protein is essential
for autophagy and maintaining survival of neuron cells in the brain (Komatsu et al.
2006). In order for a mutation in ATGI0 to be causing CA in Kelpies, it would
presumably need to be a down-regulated mutation that causes ATG10 protein to be
deficient in brain tissues and thus make neuron cells more susceptible to accumulation

of aggregates in cells and early cell apoptosis.
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1.1.11.2 Arylsulfatase B precursor (ARSB)

ARSB and ARSG are both sulfatase that catalyse the hydrolysis of sulphate esters
in the presence of different substrates (Sardiello er al. 2005). A non-synonymous
substitution in exon 2 of the ARSG gene leads to a 75% reduction in sulfatase activity
and causes neuronal ceroid lipofuscinoses (NCLs) in American Staffordshire Terrier
(ASTs) (Abitbol et al. 2010). ARSG protein is necessary for the long term survival of
neuron cells (Abitbol ef al. 2010). ASTs affected with NCLs usually experience ataxia
as the main symptom, with severe loss of Purkinje cells in the cerebellum (Abitbol et al.
2010). The onset age of NCLs in ASTs is between 3 and 5 years with a variable disease
penetrance (Abitbol et al. 2010). In order for a mutation in ARSB to be causing CA in
Kelpies, it would presumably need to be a down-regulated mutation that causes ARSB
protein to be deficient in brain tissues and thus make neuron cells more susceptible to
accumulation of aggregates in cells and early cell apoptosis. Mutations in ARSB cause
mucopolysaccharidosis type VI, an autosomal recessive lysosomal storage disease
characterised by an accumulation of intracellular dermatan sulphate. Clinical symptoms
for mucopolysaccharidosis type VI include abnormal growth, short stature, stiff joints

and skeletal malformations (Matalon et al. 1974; O'Brien et al. 1974).

1.1.11.3 mutS homolog 3 (MSH3)

MUTYH and MSH3 are both DNA repair genes that can recognise and repair
single base pair mismatches in response to oxidative damage in nuclear and
mitochondrial DNA (Brault et al. 2011; Charbonneau et al. 2009; Gu et al. 2002;
Marra et al. 1998; Sampson et al. 2005; Sixma 2001). A regulatory SNP located 1200
bp upstream of the MUTYH gene causes Cerebellar Abiotrophy in Arabian horses
(Brault ef al. 2011). The MSH3 gene interacts with another DNA mismatch repair gene,

MSH?2, to form a complex that repairs base mismatches and small/ large insertion-
17
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deletion loops (IDLs) (Charbonneau et al. 2009; Marra et al. 1998; Sixma 2001).
Mutations in hAMSH3 are currently associated with sporadic colon cancer and
microsatellite instability in humans (Orimo et al. 2000). However, there is a possibility
that mutations in MSH3 could lead to apoptosis of Purkinje cells by preventing

formation of the MSH2/MSH3 DNA repair complex (Charbonneau ef al. 2009).
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Table 1-2: Genes in the Kelpie cerebellar abiotrophy candidate region showing

location and known gene ontology/gene expression profile in brain and cerebellum.

Canine gene Gene Gene name Gene Gene ontology Gene
position symbol expression
(Mb on (Human) level
CFA3) =
= =
g |3
- o
8
LOC610097 | 28.052- Vacuolar ATP ATP6API | ATP 7/4 5/0
28.067 synthase subunit hydrolysis, 20/8 | 5/0
S1 precursor proton 5/3 1/1
transport
LOC479159 | 28.092- Ribosomal protein | RPS23 Translation, 1/2 1/0
28.093 S23 elongation and | 2/3 0/1
termination - -
LOC610103 | 28.107- APG10 autophagy | ATGI0 Autophagy, 5/3 1/1
28.307 10-like protein 4/4 0/1
transport 3/4 0/0
LOC479160 | 28.499- Single-stranded SSBP2 Transcription 8/3 4/1
28.783 DNA-binding regulation 21/12 | 2/4
protein 2 4/5 0/0
LOC488925 | 28.811- Cytosolic acetyl- | ACOTI2 ATP binding 2/1 0/1
28.854 CoA hydrolase 0/5 0/1
LOC479161 | 28.856- Zinc finger, ZCCHC9 | Zinc ion and 1/1 1/0
28.864 CCHC domain metal ion 1/6 0/1
containing 9 binding 4/4 0/0
LOC479163 | 28.894- Creatine kinase, CKMT?2 ATP binding. 2/4 0/4
28.909 sarcomeric Cellular 512 1 1/5
mitochondrial mechanism
precursor i} i}
LOC610203 | 28.925- Ras protein- RASGRF?2 | Apoptosis, 772 2/2
29.170 specific guanine protein binding 18/15 1 0/5
nucleotide-
releasing factor 2 } -
LOC479164 | 29.219- mutS homolog 3 MSH3 DNA repair 5/4 1/2
29.404 9/12 | 1/0
2/2 0/0
LOC479165 | 29.404- Dihydrofolate DHFR NADP binding | 6/3 2/2
29.430 reductase 7/15 | 1/1
LOC488927 | 29.483- Ankyrin repeat ANKRD34 | Unknown - -
29.485 domain 34B B 3/2 3/0
5/5 0/0
LOC479166 | 29.499- AASA9217 AASA9217 | Unknown - -
29.527 - -
LOC479167 | 29.547- Zinc finger, ZFYVEI6 | Protein 8/0 2/0
29.582 FYVE QOmain bindipg, 8/11 | 0/4
containing 16 protein
(KTAA0305) transporter 3/3 )
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LOC488928 | 29.632- Likely ortholog of | SPZI DNA binding 2/0 1/0
29.634 mouse o /4 0/1
spermatogenic Zip
1 - -
LOC479168 | 29.671- Developmentally | SERINC5 | Lipid 3/0 3/0
29.773 regulated protein metabolic 9/5 1/1
TPO1 process - -
LOC488929 | 29.816- Similar to WW ssWBPI11 | fRNA/mRNA | 5/5 1/2
29.819 domain binding processing, 17/13 | 0/2
protein 11 RNA splicing 8/6 1/0
LOC488930 | 29.827- Thrombospondin | THBS4 Calcium ion 5/3 0/3
29.887 4 precursor binding 9/13 | 0/5
2/2 0/1
LOC488931 | 29.887- Metaxin 3 MTX3 Protein 2/1 0/1
29.916 (hypothetical transport 0/2 0/0
protein) - -
LOC479170 | 30.364- Myospryn protein | CMYAS Protein binding | 1/2 0/2
30.119 5/7 3/0
LOC607764 | 30.156- PAP associated PAPD4 mRNA 2/1 1/1
30.218 domain containing processing - -
4 3/3 0/0
LOC488933 | 30.283- Homer protein HOMERI | Calcium ion 8/4 31
30.406 homolog 1 transport,
skeletal muscle | 24/14 | 1/4
fiber B B
development
LOC610323 | 30.434- Junction- JMY Transcription, | 2/2 0/0
30.529 mediating and DNA repair 10/8 | 1/2
regulatory protein - -
LOC479171 | 30.616- Betaine BHMT Zinc ion 2/3 1/2
30.635 homocysteine binding, - -
methyl transferase protein 5/6 0/1
methylation
LOC488934 | 30.659- Betaine BHMT?2 Metal ion 2/5 0/3
30.672 homocysteine binding, 412 10/3
methyl transferase methyltransfera
2 se activity } )
LOC488935 | 30.673- Dimethylglycine DMGDH | Electron carrier | 1/2 0/1
30.739 dehydrogenase, activity, folic
mitochondrial acid binding, 3/8 071
precursor aminomethyltra 33 0/0
nsferase
activity
LOC610364 | 30.753- Arylsulfatase B ARSB Autophagy, 4/6 1/2
30.916 precursor metal ion 8/7 1/2
binding 716 0/1
LOC610372 | 30.986- Copine-1 CPNE] Calcium 172 1711
30.988 dependent 9/12 | 3/1
phospholipid
binding ) )
LOC610427 | 31.146- Lipoma HMGIC LHFPL?2 Unknown 3/4 0/4
31.163 fusion partner-like 13/11 | 5/0
2 5/7 1/0
LOC479172 | 31.187- Secretory carrier SCAMPI Protein 8/3 31
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31.305 membrane protein binding, 22/11 | 3/2
1 protein 10/8 | 1/1
transport
AP3BI 31.370- Adaptor-related AP3BI Protein 5/4 372
31.636 protein complex binding, 15/16 | 0/5
AP3 beta 1 protein
subunit targeting to 17 0/0
lysosome,
protein
transport
LOC479173 | 31.880- Tubulin binding TBCA Protein 1/0 1/0
31.913 cofactor A metabolism 11/13 | 0/2
LOC488938 | 31.952- Orthopedia oTP Sequence 2/2 0/1
31.959 specific DNA
binding, 4/8 01
transcription B 3
factor activity
LOC610498 | 32.129- WD repeat WDRA41 Unknown 6/3 0/2
32.174 domain 41 5/4 01
LOC488939 | 32.179- 3,5 cyclic PDESB Transcription 9/6 1/4
32.331 nucleotide regulation 13/9 | 1/1
phosphodiesterase
3B 3/3 0/0
LOC479175 | 32.466- Hypothetical ZBED3 DNA and metal | 4/2 0/2
32.472 ion binding 6/11 | 0/0
4/4 0/0
LOC479176 | 32.535- Angiogenic factor | AGGFI Protein 9/4 1/2
32.570 VG5Q binding, RNA | 5/3 1/0
processing - -
LOC610584 | 32.614- Corticotrophin CRHBP Signal 5/1 01
32.649 releasing hormone transduction 8/7 0/2
binding protein 12/11 | 0/2
LOC610592 | 32.661- S100 calcium S100Z Calcium ion 1/0 0/0
32.688 binding protein, binding - -
zeta - -
LOC488940 | 32.688- Proteinase F2RLI Receptor 3/7 1/4
32.697 activated receptor activity 6/13 | 1/3
2 precursor 2/1 0/0
LOC488941 | 32.719- Eukaryotic EEFIAI Translation 172 0/2
32.734 translat?on elongation, 0/1 0/0
elongation factor protein
1 alpha 1 binding, gene ) )
expression
LOC488942 | 32.760- Coagulation factor | F2R Positive 2/7 0/6
32.777 II receptor, regulation of
precursor transcription, 14720 | 3/4
negative
regulation of 5/6 0/1
neuron
apoptosis
LOC479177 | 32.782- Ras GTPase- IQGAP2 Protein 1/4 0/2
33.063 activating-like binding, signal | 13/16 | 0/4
protein IQGAP2 transduction, - -
actin binding
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LOC607963 | 32.855- Proteinase F2RL2 Protein 1/4 0/2
32.862 activated receptor binding, blood | 4/6 0/0
3 precursor coagulation 1/1 0/0
LOC488943 | 33.120- Synaptic vesicle Sv2C Neurotransmitt | 12/3 | 1/1
33.274 glycoprotein 2C er transport, 776 0/2
trans-

membrane 6/7 0/0

transport

All gene names (except AP3BI) are listed as “similar to” in the dog reference genome

(NCBI canine Build 2.0), but has been omitted in the gene name here. Remainder of the

genes were identified based on sequence homology in the DNA sequences in human and

have not been confirmed by experimental studies.

Gene expression microarray data in the human, mouse and rat (in rows) brain/cerebellum

tissues (in columns) respectively were collected from the BioGPS database where

available. Number before the (/) mark indicates the number of over-expressed cases, with

number after the (/) mark represents the number of under-expressed cases. Missing

microarray data is represented as a dash.
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1.1.12 Aims
The main objective of this project is to identify the mutation(s) that cause CA in

Australian Kelpies.

1.1.12.1 Specific aims

e identify likely candidate genes by the functional candidate gene
approach;

e study synonymous, regulatory, and conserved differences identified by
the sequencing of multiple affected and unaffected dogs, and look for any
association with the CA trait;

¢ identify new variants within exons and upstream of candidate genes by
PCR and Sanger sequencing;

® increase the power of previous linkage analysis studies (Shearman et al.

2011) by typing further affected and unaffected individuals

1.1.12.2 Potential outcomes

Identification of the genetic basis of CA in Kelpies will provide a foundation for
the development of a reliable genetic test for this disorder. The genetic test would allow
breeders to identify carriers of CA and hence avoid the production of affected pups. The
gene responsible for CA in Kelpies could also be used as a likely candidate for studying

the genetic basis of similar diseases in humans.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Collection of samples

Blood samples of CA affected Australian Kelpie dogs and relatives, and
unaffected Australian Kelpie dogs were collected with the kind assistance of breeders
and owners, and handled in accordance with the protocols set out by the Animal and
Ethics Committee of the University of New South Wales. Each blood sample received
was assigned an identification number in the order in which samples were received, and
added to an in-house database of Australian Kelpie samples. The samples collected in
previous studies consisted of 21 ataxia affected dogs (categorised based on clinical
diagnosis), 26 obligate carriers, 25 unaffected controls and 172 relatives of affecteds
with unknown status (Shearman et al. 2011). The samples collected during the current
study included 9 ataxia affected dogs, 9 obligate carriers and 5 relatives of affecteds
with unknown status. Parents and siblings of affecteds were collected where possible.
Samples collected included three affecteds from one earlier study by Thomas and
Robertson (Thomas and Robertson 1989). Pedigree information was also collected from

breeders and dog owners when available (Figure 2-1).

Forty samples from informative pedigrees, comprising ataxia affecteds, siblings
of affecteds, and carriers were genotyped for microsatellite loci for linkage analysis. In
this study, a total of 49 samples were tested for synonymous and UTR differences
(Table 2-1, column 4), 10 samples were tested for non-coding evolutionarily-conserved
sequence variants (Table 2-1, column 5) and 13 affected samples were typed for the 10
variants previously linked with the disease haplotype (Table 2-1, column 6) (Shearman

et al. 2011), and 9 samples comprising two affecteds (WK6025, WK6065), four
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controls (WK6059, WK6074, WK6078, WK6088), two carriers (WK6061, WK6142)
and one unknown status (WK6058) were used for sequencing of exons and DNA
upstream of genes. The 10 SNPs previously linked with the disease haplotype were only
typed in a small number of CA affected dogs because the samples for these individuals
were received after the publication of Shearman ez al. (2011), and it was necessary to
ensure that they shared the same SNP haplotype as the CA affected individuals

described in that study.
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Table 2-1: Samples used for SNP typing.

Materials and Methods

Dog ID Affection Possessed | Synonymous | Differences Selected SNPs on
number status the CA and UTR conserved canine SNPs
haplotype | differences between array v2.0
mammals

WK6001 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6003 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6022 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6025 | Affected Yes Tested Tested Typed (Shearman
etal. 2011)

WK6044 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6050 | Affected Yes Tested Not tested Typed (Shearman
etal. 2011)

WK6054 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6065 | Affected Yes Tested Tested Typed (Shearman
etal 2011)

WK6066 | Affected Yes Tested Not tested Typed (Shearman
etal 2011)

WK6067 | Affected Yes Tested Not tested Typed (Shearman
etal. 2011)

WK6124 | Affected Yes Tested Not tested Typed (Shearman
etal. 2011)

WK6149 | Affected Yes Tested Tested Typed (Shearman
etal. 2011)

WK6181 | Affected Yes Tested Not tested Typed in this
study

WK6182 | Affected Yes Tested Not tested Typed in this
study

WK6183 | Affected Yes Tested Not tested Typed in this
study

WK6184 | Affected Yes Tested Not tested Typed in this
study

WK6195 | Affected Yes Tested Not tested Typed in this
study

WK6203 | Affected Yes Tested Tested Typed in this
study

WK6204 | Affected Yes Tested Not tested Typed in this
study

WK6212 | Affected Yes Tested Not tested Typed in this
study

WK6222 | Affected Yes Tested Not tested Typed in this
study

WK6253 | Affected Yes Tested Not tested Typed in this
study

WK6254 | Suspected No Tested Not tested Typed in this

affected study

WK6263 | Affected Yes Tested Not tested Typed in this
study

WK6266 | Affected Yes Tested Not tested Typed in this
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study
WK6018 | Unaffected | Yes Tested Tested Typed (Shearman
control etal 2011)
WK6043 | Unaffected | No Tested Not tested Typed (Shearman
control etal 2011)
WK6047 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6059 | Unaffected | Yes Tested Tested Typed (Shearman
control etal 2011)
WK6062 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6064 | Unaffected | Yes Tested Tested Typed (Shearman
control etal. 2011)
WK6072 | Unaffected | No Tested Not tested Typed (Shearman
control et al. 2011)
WK6073 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6074 | Unaffected | No Tested Tested Typed (Shearman
control etal. 2011)
WK6077 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6078 | Unaffected | No Tested Tested Typed (Shearman
control etal. 2011)
WK6079 | Unaffected | No Tested Tested Typed (Shearman
control etal. 2011)
WKG6082 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6088 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6091 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6099 | Unaffected | No Tested Not tested Typed (Shearman
control etal. 2011)
WK6102 | Unaffected | Yes Tested Not tested Typed (Shearman
control etal. 2011)
WK6052 | Obligate No Tested Not tested Typed (Shearman
carrier etal. 2011)
WK6053 | Obligate No Tested Not tested Typed (Shearman
carrier etal. 2011)
WKG6145 | Unaffected | Yes Tested Not tested Typed (Shearman
sibling etal 2011)
WKG6147 | Unaffected | Yes Tested Not tested Typed (Shearman
sibling etal 2011)
WK6148 | Unaffected | Yes Tested Not tested Typed (Shearman
sibling etal 2011)
WK6196 | Unaffected | Yes Tested Not tested Not typed
sibling
WK6267 | Unaffected | Yes Tested Not tested Not typed
sibling
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Figure 2-1: Pedigree of all samples used for SNPs genotyping and linkage analysis

with microsatellites as genetic markers (full pedigree fold-out).

Affected dogs are shaded, dogs with the 4 digits identification number represents
received samples. Pedigree dogs (no DNA samples received) were given a 2 digits
identification number. Relationship is shown where known. Full pedigree information is

missing for samples in the top right corner.
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Materials and Methods

2.2 Methods

2.2.1 DNA extraction from blood

DNA was extracted from blood samples by the standard salting out method
(Miller et al. 1988). Up to 10 mL of frozen blood was thawed on ice and poured into
one 50 mL universal tube containing 40 mL of cold red blood cell lysis buffer (0.32 M
sucrose, 10 mM Tris-HCI pH 7.5, 5 mM MgCl,, 1% Triton X-100). The tube was mixed
by gentle semi-inversion and centrifuged at 4300 g for 20 min at 4°C. The supernatant
was discarded and the pellet was resuspended in 1 mL of cold TE washing buffer (20
mM Tris, 5 mM EDTA pH 8.0). The tube was then filled with 45 mL of cold TE
washing buffer, and the tube was vortexed briefly before centrifugation at 1900 g for 10
min at 4°C. The TE wash step was repeated once or twice until a pure white pellet was
obtained. The pellet was next resuspended in 5 mL of cold TE washing buffer using a
Pasteur pipette, before 150 pL of Proteinase K solution (10 mg/mL) and 150 pL of 10%
SDS solution were added to the tube. The tube was mixed by gentle inversion and

incubated in a 55°C water bath overnight.

After the overnight incubation, a further 100 pL of Proteinase K (10 mg/mL)
was added and mixed and incubation was continued for another hour at 55°C to ensure
complete digestion of any proteins present in the mixture. Saturated 5 M NaCl (2 mL)
and 7 mL of chloroform:isoamyl alcohol (24:1) were then added and the contents of the
tube were mixed by inversion several times. The tube was centrifuged at 1900 g for 15
min at room temperature to separate the chloroform, protein and aqueous phases into 3
different layers. The aqueous phase (containing DNA) was carefully removed from the
tube and transferred to a new 50 mL universal tube. The DNA was precipitated from the

solution by adding two volumes of 96% and mixing by gentle inversion. The
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precipitated DNA was spooled onto a Pasteur pipette with sealed end, and washed in
70% ethanol followed by a brief wash in 96% ethanol. The DNA pellet was then air-
dried and dissolved in 500 puL of TE buffer (10 mM Tris-HCI pH 7.6, 1 mM EDTA) at
room temperature for two days. The stock DNA samples were stored at -20°C until

further use.

2.2.2 DNA extraction from dried blood spots

Where eluted DNA was not available for genotyping, DNA was extracted from
samples dried onto Whatman FTA cards’ using the manufacturer’s protocol. A 1.2 mm
sample disc was punched from the blood soaked FTA card using a coring device, and
washed in 200 pL of FTA Purification Reagent (Whatman) for 5 min at room
temperature. The reagent was then removed and discarded. The FTA wash step was
repeated two more times. The sample punch was then incubated in 200 puL of TE buffer
(10 mM Tris-HCI pH 7.6, 1 mM EDTA) for 5 min at room temperature. The buffer was
then removed and discarded. The TE wash step was repeated once more. The sample
disc was then air-dried overnight at room temperature, and was used directly in the PCR

reaction.

2.2.3 DNA quantification
DNA concentration and purity was measured using a NanoDrop

Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). An aliquot of each

" FTA card is an index-sized card that can be used to collect and store nucleic acids contained in
blood. Each card contains chemicals that can denature proteins and protect DNA from nucleases and

oxidative damage.
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undiluted stock DNA sample was diluted with MilliQ water to a final concentration of

50 ng/uL and stored at -20°C until further use.

2.2.4 Primer design

Primers were designed to amplify 17 synonymous or UTR substitutions
identified previously (Table 2-3) (Shearman 2011), 10 selected SNPs within the
candidate region from the canine SNP array v2 (Table 2-4) (Karlsson et al. 2007;
Shearman et al. 2011), an additional 22 non-coding sequence variants (SNPs and indels)
that are evolutionarily conserved between mammals including in dogs (Table 2-5), 37
exons from 18 genes with poor 454 sequence coverage (Table 2-6), and non-coding
regulatory sequences upstream of the 12 selected candidate genes (Table 2-7). Primers
were designed using Primer 3 (Rozen and Skaletsky 2000), with the dog reference
sequence Build v2.1 (Genbank. NC_006585.2). RepeatMasker was used to remove all
the known repeats in the target sequence (Smit 1996-2010). The optimum primer length
was set to 20 bp, with GC content between 45 and 70%, and melting temperature at the
optimum of 60°C. Primers were checked against the dog genome to ensure they were
specific to candidate region using BLAST (NCBI) (Altschul ez al. 1990; Mount 2007).
Primers were ordered from GeneWorks, Sigma Australia, or Integrated DNA

Technologies.

2.2.5 DNA amplification by the polymerase chain reaction

Distinct PCR reaction mixes and cycling conditions were used to amplify SNPs,
exons, and microsatellites. A ‘step down” PCR program (Multi 55) was adopted for the
amplification of most SNPs and non GC-rich exons. This program consisted of 95°C for
10 min; 4 cycles of 95°C for 15 sec, 68°C for 2 min; 5 cycles of 95°C for 15 sec, 64°C

for 1 min 15 sec, 68°C for 2 min; 10 cycles of 95°C for 15 sec, 58°C for 1 min 15 sec,
31



Materials and Methods
68°C for 2 min; 9 cycles of 95°C for 15 sec, 55°C for 1 min 15 sec, 68°C for 2 min; 10
cycles of 89°C for 15 sec, 55°C for 1 min 15 sec, 68°C for 2 min; a final extension at
68°C for 10 min; and hold at 4°C. These multiple annealing temperatures allow several
primer pairs (in distinct PCR reaction mixes) with slightly different annealing
temperatures to be amplified simultaneously using one PCR condition, while ensuring
primer specificity at the same time. This ‘step down’ PCR was performed in a 20 pL.
reaction containing 2 uL of 10X PCR buffer (Applied Biosystems), 2 uL of MgCl, (25
mM) solution (Applied Biosystems), 3 uL of forward primer (5 uM), 3 uL of reverse
primer (5 uM), 0.16 pL of dNTPs (25 mM), 0.2 pL of AmpliTaq Gold DNA
Polymerase (5 U/uL) (Applied Biosystems) and 2 pL of eluted genomic DNA template

(50ng/uL).

Another ‘step down’ PCR program (Multi 52) was used for the amplification of
some GC rich exons. This program consisted of 98°C for 2 min; 95°C for 10 min; 4
cycles of 95°C for 15 sec, 64°C for 1 min 15 sec; 5 cycles of 95°C for 15 sec, 58°C for 1
min 15 sec, 68°C for 1 min 5 sec; 10 cycles of 95°C for 15 sec, 55°C for 1 min 15 sec,
68°C for 1 min; 9 cycles of 95°C for 15 sec, 52°C for 1 min 15 sec, 68°C for 1 min; 10
cycles of 89°C for 15 sec, 52°C for 1 min 15 sec, 68°C for 1 min; a final extension at
68°C for 10 min; and hold at 4°C. This ‘step down” PCR was performed in a 20 pL
reaction containing 2 puL of 10X PCR buffer (Applied Biosystems), 2 uL of MgCl, (25
mM) solution (Applied Biosystems), 2.7 uLL of GC rich solution (Applied Biosystems),
3 uL of forward primer (5 uM), 3 uL of reverse primer (5 uM), 0.16 uL. of dNTPs (25
mM), 0.2 uL of AmpliTaq Gold DNA Polymerase (5 U/uL) (Applied Biosystems) and 2

uL of eluted genomic DNA template (50ng/uL).

32



Materials and Methods

Some GC rich sequences were also amplified by the above ‘step down’ PCR
program (Multi 55) except with the initial denaturation condition at 94°C for 2 min
since a hot start Taq was not being used. The PCR reaction mix for amplification of GC
rich sequences contained 2 pL of 10X Mg2+—free DyNAzyme™ EXT Buffer
(Finnzymes), 1 uL of MgCl, (50 mM) solution (Finnzymes), 1 pL DMSO (Finnzymes),
2 uL of forward primer (5 uM), 2 uL of reverse primer (5 uM), 0.16 pL of dANTPs (25
mM), 0.4 uL of DyNAzyme™ EXT DNA Polymerase (1 U/uL) (Finnzymes), and 2 pL.

of eluted genomic DNA template (50ng/uL), in a 20 pL reaction.

A range of different cycling conditions and distinct PCR reaction mixes (detailed

in Table 2-2) were used to amplify other GC rich sequences that failed to give a PCR

product with the ‘step-down’ PCR programs described above.
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Table 2-2: PCR protocols for amplification of GC rich DNA.

PCR program for GC rich
amplification

PCR components and cycling conditions

Touchdown at 55°C

1 puL of 10X Mg**-free DyNAzyme™ EXT Buffer
(Finnzymes), 0.5 pL DMSO (Finnzymes), 1 pL of
forward primer (5 pM), 1 puL of reverse primer (5 uM),
0.08 uL of dNTPs (25 mM), 0.2 pL of DyNAzyme™
EXT DNA Polymerase (1 U/uL) (Finnzymes), and 2 pL.
of eluted genomic DNA template (50ng/uL), in a 10 pL.
reaction.

Initial denaturation at 94°C for 1.5 min; 20 cycles of
94°C for 30 sec, 65°C for 30 sec (-0.5°C/cycle), 72°C for
1 min; 20 cycles of 94°C for 30 sec, 55°C for 30 sec,
72°C for 1 min; a final extension at 72°C for 10 min; and
hold at 4°C.

FastStart PCR at 60°C
or 63°C, for 30/35
cycles

3 pL of GC-rich Solution (Roche Applied Science), 1.5
uL of forward primer (5 uM), 1.5 pL of reverse primer (5
uM), 0.12 puL. of dNTPs (25 mM), 2 upL of eluted
genomic DNA template (50ng/uL), and one of the
following MgCl,/Taq enzyme mix, in a 15 pL reaction.

Mix 1: 2 mM MgCl, with 1 U/uL enzyme: 1.5 uL of
10X PCR Buffer with MgCl, (Roche Applied
Science), 0.06 uL of FastStart Taq DNA Polymerase
(5 U/uL) (Roche Applied Science)

Mix 2: 1 mM MgCl, with 2 U/uL enzyme: 1.5 uL of
10X PCR Buffer without MgCl, (Roche Applied
Science), 0.6 uL of MgCl, solution (25 mM) (Roche
Applied Science), 0.12 puL. of FastStart Taq DNA
Polymerase (5 U/uL) (Roche Applied Science)

Mix 3: 2 mM MgCl, with 2 U/uL enzyme: 1.5 uL of
10X PCR Buffer with MgCl, (Roche Applied
Science), 0.12 uL of FastStart Taq DNA Polymerase
(5 U/uL) (Roche Applied Science)

Initial denaturation at 95°C for 6 min; 15 cycles of 95°C
for 30 sec, 60/63°C for 30 sec, 72°C for 1 min; 15/20
cycles of 95°C for 30 sec, 60/63°C for 30 sec, 72°C for 1
min (+5sec/cycle); a final extension at 72°C for 7 min;
and hold at 4°C.

34




Materials and Methods

2.2.6 PCR optimisation
PCR reactions that failed to produce a product of the expected size under
standard PCR conditions were optimised for variables including annealing temperatures,
Taq DNA polymerase concentrations, initial denaturation time, extension time, number
of cycles, primer concentrations and MgCl, concentrations. PCRs for amplification of
GC-rich sequences were optimised with PCR additives such as the 5% DMSO or GC
rich buffer (Roche Applied Science) in the PCR reaction mix. Annealing temperatures
were optimised by performing temperature gradient PCR with temperature between
50°C and 62°C, while the magnesium concentrations were optimised by testing several
MgCl, concentrations between 1 mM and 2.5 mM in the PCR reaction. Primer
concentrations were optimised by trying several primer concentrations between 0.5 uM
and 0.75 puM per PCR reaction. Other variables such as the Taq DNA polymerase
concentrations, initial denaturation time, extension time, and cycle number were

optimised accordingly with respect to the gel electrophoresis results.
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Materials and Methods

2.2.7 Gel electrophoresis of PCR products

PCR products were separated on a 2% (w/v) agarose gel (containing 0.03%
ethidium bromide) by electrophoresis at 180V, in 1X Sodium Boric Acid Buffer (10
mM NaOH, adjusted to pH 8 with Boric Acid). For each sample, 4 uL of PCR product
was mixed with 2 uL of 1X gel loading dye (New England BioLabs) and loaded into the
corresponding well in the gel. 0.5 uL of the 100 bp size standard (New England
BioLabs) was also mixed with 2 pL of 1X gel loading dye (New England BioLabs) and
loaded into a separate well. The gel was then visualised using a GelDoc (Bio-Rad) UV

transilluminator system and photographed.

2.2.8 Sequencing

Single PCR products were purified using ExoSAP-IT (Affymetrix). 5 or 10 uL.
of PCR product was added to 2 or 4 uL of ExoSAP-IT enzyme, in a total volume of
either 7 or 14 uL respectively. The ExoSAP-IT reaction was incubated at 37°C for 30

min, followed by 80°C for 15 min, and held at 10°C when the reaction was completed.

The purified PCR product (7 puL) was combined with 1 puL of either the forward
or reverse primer (5 uM), 1 uL of ABI BigDye terminator v3.1 (Applied Biosystems), 2
uL of 5X sequencing buffer (Applied Biosystems), and 9 uL of MilliQ water, making a
total of 20 pL per sequencing reaction. Sequencing was performed using a standard
cycling protocol consisted of 96°C for 5 sec; 25 cycles of 96°C for 10 sec, 50°C for 5

sec, 60°C for 4 min; and were then held at 11°C.

PCR product was precipitated in 60 uL. of 95% ethanol and 5 pL of 125 mM
EDTA. The tube was then vortexed briefly and incubated at room temperature for 15

min before centrifugation at 20,000 g for 20 min. The supernatant was removed and
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Materials and Methods
discarded. The pellet was then washed in 70% ethanol (150 pL) to remove any
remaining salt in the solution. The tube was then vortexed briefly and centrifuged at
20,000 g for 10 min at 4°C. The supernatant was removed and discarded as before.
DNA pellet was either air-dried or dried by spinning in a DNA110 Speed Vac® (Sevant)

at medium speed for 7 min.

Samples were processed on an ABI3730 Capillary Sequencer (Applied

Biosystems) at The Ramaciotti Centre for Gene Function Analysis, UNSW.

2.2.9 Sequence alignments

Sequence data were aligned to the dog reference sequence Build v2.1 (Genbank.
NC_006585.2) using the SeqScape software (Applied Biosystems). Sequences from
affecteds, unaffected siblings of affecteds, obligate carriers, and unaffected controls

were compared and any differences were noted.

2.2.10 Pedigrees

Three additional pedigree families of 17 Kelpies that included 3 affected
Kelpies, 1 suspected affected Kelpie and 5 unaffected siblings to affecteds were
collected for use in locating the CA disease gene in Australian Kelpies (Figure 2-2 to
Figure 2-4). All affected Kelpies displayed clinical symptoms as described in Section
1.3. Many of the affected animals can be traced back to common ancestors (Figure 2-1).
These three new pedigree families, together with the initial 4 pedigree families

(Shearman et al. 2011) were included for the linkage analysis (Section 2.2.12).
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6251

6249 6243

6238

b223 6253 b254

Figure 2-2: Australian Kelpie CA pedigree 1.

The following symbols are used: square (males), circles (females), filled (affected),
unfilled (unaffected), grey shaded (suspected affected). The sample numbers are shown
below individuals involved in the study where samples were collected. Obligate carriers

in this pedigree are 6249 and 6238.

Figure 2-3: Australian Kelpie CA pedigree 2.

The following symbols are used: square (males), circles (females), filled (affected),
unfilled (unaffected), grey shaded (suspected affected). The sample numbers are shown
below individuals involved in the study where samples were collected. The obligate

carrier in this pedigree is 6029.
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6268 6265

6266 6267

Figure 2-4: Australian Kelpie CA pedigree 3.

The following symbols are used: square (males), circles (females), filled (affected),
unfilled (unaffected). The sample numbers are shown below the individual. Obligate

carriers in this pedigree are 6265 and 6268.
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2.2.11 Autozygosity analysis and linkage analysis by microsatellites

DNA of CA affecteds and their families were typed for both the short (20-30 di-
nucleotide repeats, low variation rate) and long (>30 tetra-nucleotide repeats, high
mutation rate) microsatellites using a standard PCR reaction. The 10 pL reaction
consisted of 1 uLL of 10X PCR buffer (Applied Biosystems), 1 uL (or 0.8 uL) of 25 mM
MgCl, solution (Applied Biosystems), 0.4 uL of forward primer (2 uM), 0.4 pL of
reverse primer (20 uM), 0.4 pL of fluorescent labelled forward M13 tag (20 uM), 0.08
uL of dNTPs (100 mM), 0.1 pL of AmpliTaqg Gold DNA Polymerase (5 U/uL)
(Applied Biosystems) and 2 pL of genomic DNA template (50 ng/uL). PCR products
were fluorescently labelled for fragment analysis using the universal priming method
(Neilan et al. 1997). PCR was performed using primers previously designed by
Shearman (Shearman 2011). The PCR conditions and the type of fluorescent labelled
M13 tag used for the amplification of each of the 6 short microsatellites and 5 long

microsatellites are shown in Table 2-8 and Table 2-9 below.

Table 2-8: Annealing temperature, MgCl, concentration, and M13 labelled tags

used for the amplification of short microsatellites.

Microsatellite M13 labelled Group Annealing Magnesium
name * tag number temperature concentration
() (mM)
C3.2805 6-FAM 1 61 2.5
C3.2856 NED 2 52 2.5
C3.2869 6-FAM 2 55 2.5
(C3.2984 VIC 2 55 2.5
C3.3228 VIC 1 50 2.5
C3.3265 NED 1 50.3 2.5
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Table 2-9: Annealing temperature, MgCl, concentration, and M13 labelled tags

used for the amplification of long microsatellites.

Microsatellite M13 labelled Group Annealing Magnesium
name* tag number temperature concentration
(®) (mM)
C3.2871 6-FAM 3 55 2
C3.2997 6-FAM 3 55 2
C3.3193 VIC 3 60 2.5
C3.3274 NED 3 61 2
C3.3301 VIC 3 55 2

¥ Microsatellites were named based on chromosome number and genomic position in
the 10s of kb (i.e. C3.2805 is on chromosome 3 at 28.05Mb).

The PCR program used for the amplification of short and long microsatellites
consisted of 95°C for 10 min; 31 cycles of 95°C for 15 sec, the indicated annealing
temperature for 20 sec, 72°C for 60 sec; a final extension at 72°C for 5 min; and held at

11°C.

PCR products were amplified in separate PCR reactions and then pooled by
adding 1 pL of each PCR product into the same tube as per the group number. PCR
product of similar sizes were labelled with one of the three M13 fluorescent tags (6-
FAM, VIC, NED) and assigned with a group number. The grouping system allows PCR
product of similar sizes to be combined and analysed in single fragment analysis
reaction (Neilan er al. 1997). Each sample from 3 pools was run on the ABI3730

Capillary Sequencer at The Ramaciotti Centre for Gene Function Analysis, UNSW.

Fragment analysis results were analysed using the GeneMapper software

(Applied Biosystems) to determine the size of PCR products.
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2.2.12 Linkage analysis
Linkage analysis was performed using GENEHUNTER-IMPRINTING (Strauch
et al. 2000), with 7 pedigrees of CA affected dogs. Due to the lack of accurate data on
the incidence of CA in Australian Kelpies, linkage analysis was performed assuming the
frequency of the disease allele was 2%, with complete penetrance. Frequencies of
microsatellite alleles in the population were estimated from 131 Australian Kelpie dogs

consisting of CA affecteds, relatives of CA affecteds, and unaffected controls.

2.2.13 Prediction of alternative splice site
The Alternative Splice Site Predictor (ASSP) software, described by Wang and

Marin (2006) and available at http://es.embnet.org/~mwang/assp.html, was used to

locate the potential splice sites which flank synonymous and UTR substitutions,
conserved differences between mammals and dogs and insertion or deletion at the exon-

intron boundary of genes (Wang and Marin 2006).

2.2.14 Prediction of transcription factor binding sites
The TFSEARCH v1.3 software, described by Heinemeyer et al. (1998) and

available at http://molsunl.cbrc.aist.go.jp/research/db/TESEARCH.html, was used to

predict possible transcription factor binding sites that flank synonymous and UTR
substitutions and conserved differences between mammals and dogs (Heinemeyer et al.

1998).
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Materials and Methods
2.2.15 Identification of CpG islands

The EMBOSS CpGPlot software, described by Rice ef al. (2000) and available

at http://www.ebi.ac.uk/Tools/emboss/cpgplot/, was used to identify and plot CpG rich
areas within regulatory region of genes that are prone to DNA methylation (Rice et al.

2000).

2.2.16 Prediction of protein structure and identification of conserved amino acids
The Protein Homology/analog Y Recognition Engine v2.0 (Phyre2) software,
described by Kelley  and Sternberg (2009) and available at

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index, was used to predict the

secondary and tertiary structures of wild form and mutated form of the DMGDH protein
based on protein structure homology (Kelley and Sternberg 2009). The PyMOL
software, developed by Schrodinger (2010) and available for download at

http://www.pymol.org/, was used to generate a 3D tertiary structure model of wild type

and mutated type of the DMGDH protein using PDB files generated by the Phyre2

software (Schrodinger 2010).

The PRALINE multiple sequence alignment software (PRALINE), described by

Simossis et al. (2005) and available at http://www.ibi.vu.nl/programs/pralinewww/, was

used to align and identify evolutionally conserved amino acid residues between
mammals and worm (C. elegans), for the DMGDH protein (Simossis et al. 2005).
Protein sequences (dog, human, chimpanzee, cattle, mouse, rat and worm) were

downloaded from the NCBI database.

50


http://www.ebi.ac.uk/Tools/emboss/cpgplot/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.pymol.org/
http://www.ibi.vu.nl/programs/pralinewww/

Materials and Methods
2.2.17 Prediction of secondary structure of RNA

The RNAfold software, described by Gruber er al. (2008) and available at

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi, was used to predict the minimum free
energy (MFE) secondary structure of single-stranded RNA sequences using the

algorithm proposed by Zuker and Stiegler (Zuker and Stiegler 1981).
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3 RESULTS

3.1 Results

3.1.1 Sequencing of synonymous and UTR substitutions

A total of 17 synonymous and UTR substitutions were investigated as a possible
cause of CA in Kelpies. Eleven of these were synonymous substitutions in the coding
region of eight different genes and six were single nucleotide substitutions in the 5’ and
3> UTRs of genes (Table 3-1). 16 differences were assessed by sequencing 23 CA
affecteds, 17 unaffected controls (4 of which possessed the CA haplotype2 found in
affecteds) and 4 unaffected siblings of CA affecteds. The last synonymous substitution
in the CKMT2 gene, was sequenced in 10 CA affecteds, 11 unaffected controls (1 of
which possessed a CA haplotype) and 4 unaffected siblings of CA affecteds. 14 of the
17 differences were eliminated by comparison with sequences obtained from 14
unaffected controls not carrying the CA haplotype, 3 obligate carriers and 3 Border
Collie samples (Table 3-1). In detail, these polymorphisms were mostly segregated with
the CA trait and were present in unaffected dogs with CA haplotype and in unaffected
siblings (Figure 3-1). This suggests that these differences do not cause CA in Kelpies, if

the disease penetrance is complete.

The missing SNP calls indicated in Figure 3-1 were the result of unsuccessful
PCR reactions and could be due to two different causes: disruption of primer binding

sites by recombination events and/or poor DNA quality.

> CA haplotype referred to the 5 Mb common SNP haplotype (identified by homozygosity

analysis using SNPs on the Affymetrix SNP array v2 (Table 1-1)) shared between all CA affected Kelpies.
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The remaining 3 differences were present in all CA affected dogs and in all 4
unaffected controls carrying the CA haplotype. All three of them (30616120 bp,
30616525 bp, 30616716 bp) are all located in the 3° UTR of BHMT (Table 3-1). These
differences may influence BHMT transcription by disrupting transcription factor or
miRNA binding sites. However the sequences upstream of these differences does not
match any known transcription factor binding sites (Heinemeyer ef al. 1998) and may
not influence the expression of genes directly downstream. These three differences also
do not disrupt recognition sites for any of the reported conserved miRNAs since there
are no known miRNA target sequences located in the CA region of dog chromosome 3

or in the human homologous region (Lewis et al. 2005).
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Table 3-1: Synonymous and UTR substitutions identified by gene sequencing and

used for CA case-control association study.

Gene Location (bp) Type Sequence preceding the | Present outside
name SNP the CA
haplotype
ATP6API | 28056759 Synonymous 5é/$?TCAGCAGC 37 Yes
RPS23 28092993 Synonymous 5[(';/CC§TGCGTCCGG 37 Yes
CKMT2 28903436 Synonymous 5[;/CC§L]ATGGCCCGT 37 Yes
ZFYVEI6 | 29567856 Synonymous S[é/%]ATTTTGCTC 37 Yes
SPZ1 29632686 3’ UTR éé/?—iACTGTAAC 37 Yes
WBPI1 29818867 5’ UTR S[A:A/ g]TAGAAGAGA 37 Yes
THBS4 29837088 Synonymous 5[é /?}AAAACAT TC 37 Yes
PAPD4 30173203 Synonymous 5[;/ (T;éAAGC TCCA 3’ Yes
BHMT 30616120 3> UTR é(’}/i]TAAGTATCG 37 No
BHMT 30616445 3> UTR S[A/E}ATGAGACAA 37 Yes
BHMT 30616525 3> UTR éé/g]TGGCCAGGG 37 No
BHMT 30616716 3> UTR éé/i]TTCAAAGTG 37 No
DMGDH | 30691196 Synonymous 5[;/ g(]?AGGACTCA 37 Yes
DMGDH | 30704150 Synonymous 5[é /Z;(]STAGGGGTC 37 Yes
DMGDH | 30738644 Synonymous é;/géTGGCGTTT 37 Yes
DMGDH | 30738713 Synonymous 5[é ) %]AGAAAT TAC 3’ Yes
ARSB 30917504 Synonymous 5[’ C]TGGGGCCCA 37 Yes

[A/G]
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3.1.2 Sequencing of additional affected dogs with selected SNPs on the canine 2.0
SNP array
Ten SNPs located across the candidate region were analysed by sequencing in 13
CA affected Kelpie dogs that had not been previously genotyped. These SNPs were
considered to be informative markers for checking the presence of SNP haplotype in CA
affected dogs since only some unaffected control dogs were homozygous for these 10
SNPs based on previous genotyping results (Shearman et al. 2011). The purpose of this
was to see if these CA affected individuals shared a common SNP haplotype with 12
other CA affected dogs previously processed on the Affymetrix canine SNP array v2
(Shearman et al. 2011). Affected individuals with a different SNP haplotype could be
phenocopies (i.e. dogs with a disease other than CA but with CA-like symptoms). Of the
13 affected dogs genotyped for these 10 selected SNPs, 12 dogs shared the same SNP
haplotype as previously identified CA haplotype (Figure 3-2). One affected dog
(WK6254) was heterozygous at several markers across the region segregating a different

haplotype.
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Affected Kelpies typed on canine 2.0 SNP array New Affected Kelpie Samples
SNP Name {6001 6003 6022 6025 6044 6050 6054 6065 6066 6067 6124 6149) 6181 6182 6183 6184 6195 6203 6204 6212 6222 6253 6254 6263 6266
chr3.28354775
chr3.29949728
chr3.30059175
chr3.30364362
chr3.30597963

chr3.30684786
chr3.30782110
chr3.31163217
chr3.32292529
chr3.33061677

Figure 3-2: SNP genotypes of 25 affected dogs for 10 selected SNPs on the canine
2.0 SNP array.

Alleles are colour coded with green (0) and blue (2) represent homozygotes at alternate
alleles and red (1) represents heterozygotes. Missing SNP calls are shaded in grey.
Samples across the figure are divided into old affecteds and new affecteds, with SNP

names (genomic position) going down the figure.

3.1.3 Sequencing of differences conserved between mammals and dogs

A total of 22 differences between affecteds and unaffecteds in evolutionally
conserved introns and intergenic regions were investigated as a possible cause of CA in
Kelpies (Table 3-2). The conservation of these regions between the dog genome and
other mammalian genomes suggests that mutations in these regions may have functional
implications for gene regulation (Boffelli et al. 2004; Dermitzakis et al. 2005).
Previous studies have demonstrated that mutations in non-coding conserved sequences
may influence gene transcription by disrupting transcription factor binding sites
(Bejerano et al. 2004). These differences were genotyped by sequencing in 4 CA
affecteds and up to 6 unaffected controls (3 of which possessed the CA haplotype found
in affecteds). These polymorphisms were homozygous in all 4 CA affecteds and in 3
unaffected controls with the CA haplotype (Figure 3-3). This suggests that these
differences do not cause CA in Kelpies, if the disease penetrance is complete. 12 of the

22 differences were eliminated by comparison with sequences obtained from 3
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unaffected controls not possessed the CA haplotype (Table 3-2). This left 10 sequence
variants that were present in all CA affected dogs and in all 3 unaffected controls that

possessed the CA haplotype.

These 10 differences (Table 3-3) were analysed for their potential to disrupt or
create new transcription factor binding sites (Heinemeyer ef al. 1998), while variants
located within introns of genes were analysed for the presence of alternative splice sites
(Wang and Marin 2006). No alternative splice sites were predicted for all four mutations
located in introns of genes. A 2 nucleotide deletion (CT = -) located at 31674050 bp in
the intergenic region was predicted to disrupt an HSF2 transcription factor binding site
(Heinemeyer et al. 1998). The function of HSF2 transcription factor is to regulate and
facilitate protein folding, protein degradation, protein-protein interactions and protein
localisation in cells in the presence of heat stress (Richter et al. 2010). Conversely an
indel (AA - G) located in an intron of ATGI0 and a SNP (G - A) located at
32500348 bp in the intergenic region between ZBED3 and AGGFI genes were not
predicted to disrupt transcription factor binding sites (Table 3-3) (Heinemeyer et al.

1998).
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Table 3-2: Differences highly conserved between dogs and other mammals,

identified by gene sequencing and used for CA case-control association study.

Gene Location Source Sequence preceding the SNP | Present outside the
name (bp) CA haplotype

ATGI0 28273654 | Intron 5’ TATAAAAAAA 3’ No
[AA/G].

- 29828219 | Intergenic | 5’ TTTCATTTAC 3’ No
[C/G]

MTX3 29957695 | Intron 57 /GAGGGGACCT 37 Yes
[-/C]

- 29984289 | Intergenic | 5’ AGCTATTICTT 3’ No
[CTT/G]

CMYAS 30085423 | Intron 57 /CCTGGCTGAQ 37 No
[C/T]

DMGDH | 30705732 | Intron 57 /AAGTGTCTG% 37 No
[A/G]

DMGDH | 30727425 | Intron 57 /TGAGGACCTI 37 No
[T/C]

ARSB 30829090 | Intron 5’ ACTTTTATCA 3’ Yes
[A/G]

ARSB 30829251 | Intron 57 TTTTATTITIG 3’ Yes
[G/A]

ARSB 30901375 | Intron 5’ CACAGGCACG 37 Yes
[G/A]

- 30917959 | Intergenic | 5’ TAATGGTICT 3’ Yes
[T/C]

- 30917967 | Intergenic | 5’ CTGCTGGCCG 3 Yes
[G/A]

- 30949002 | Intergenic | 5’ ACTCTTICTT 3’ Yes
[TCTT/-]

- 31075908 | Intergenic | 5’ AATGGAGATT 3’ No
[T/C]

- 31358376 | Intergenic | 5’ ATTTAAAATT 3’ Yes
[T/A].

- 31674050 | Intergenic | 9’ éGAACACTC_T 37 No
[CT/-].

- 31723991 | Intergenic | 5’ AGTGTCAATG 3’ Yes
[G/A]

- 31752468 | Intergenic | 5" ATTTTGTCAC 3’ Yes
[C/T]

- 31758102 | Intergenic | 5" TTGCTTGCTT 3’ Yes
[T/C]

- 31960132 | Intergenic | 5" AGGCTGTGTIC 3’ No
[C/A]

- 32500348 | Intergenic | 5’ CTATTAAACG 3’ No
[G/A].

IQGAP2 33001932 | Intron 5’ GGCATAAATA 3’ Yes

[A/C].
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Affected Kelpies Control Kelpies

SNP Name 6025 6065 6149 6203 6018 6059 6064 6074 6078 6079|
chr3.28273654
chr3.29828219
chr3.29957695
chr3.29984289
chr3.30085423
chr3.30705732
chr3.30727425
chr3.30829090
chr3.30829251
chr3.30901375
chr3.30917959
chr3.30917967
chr3.30949002
chr3.31075908
chr3.31358376
chr3.31674050
chr3.31723991
chr3.31752468
chr3.31758102
chr3.31960132
chr3.32500348
chr3.33001932

Figure 3-3: SNP genotypes in candidate region for 4 affecteds and 6 unaffected
controls, for differences in gene regulatory regions highly conserved between

mammals and dogs (NCBI Dog build 2.1).

Alleles are colour coded with green (0) and blue (2) represent homozygotes at alternate
alleles and red (1) represents heterozygotes. Purple (-) represents deletion of allele.
Missing SNP calls are shaded in grey. Samples across the figure are divided into
affecteds, unaffected controls and unaffected siblings, with SNP names (genomic

position) going down the figure.
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Table 3-3: Differences highly conserved between mammals and their predicted

effects on transcription factor binding sites and alternative splicing.

Transcription factor Alternative
Gene Location binding splicing
name (bp) Source | SNP o i iype | Mutated | Wild | Mutated
type type type
ATGI0 28273654 | Intron AA/G | 92.9% 92.9% No No
match for | match for | effect effect
CdxA TF | CdxA TF
binding binding
site. site.
- 29828219 | Intergenic | C/G No TF No TF N/A N/A
binding. binding.
- 29984289 | Intergenic | CTT/ | No TF No TF N/A N/A
G binding. binding.
CMYAS 30085423 | Intron C/T No TF No TF No No
binding. binding. effect effect
DMGDH | 30705732 | Intron A/IG No TF No TF No No
binding. binding. effect effect
DMGDH | 30727425 | Intron T/C No TF No TF No No
binding. binding. effect effect
- 31075908 | Intergenic | T/C No TF No TF N/A N/A
binding. binding.
- 31674050 | Intergenic | CT/- | 87.2% No TF N/A N/A
match for | binding.
HSF2 TF
binding
site.
- 31960132 | Intergenic | C/A No TF No TF N/A N/A
binding. binding.
- 32500348 | Intergenic | G/A 92.9% 92.9% N/A N/A
match for | match for
CdxA TF | CdxA TF
binding binding
site. site.
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Table 3-4: A summary of the potential functional implications created by the

polymorphisms located in UTRs of genes and evolutionarily conserved regions of

the genome.
Gene name | Location (bp) Type Differences Potential functional
implications

BHMT 30616120 3’ UTR G/A No

BHMT 30616525 3’ UTR G/C No

BHMT 30616716 3’ UTR G/A No

ATGI0 28273654 Intron AA/G 92.9% match for CdxA TF
binding site.

- 29828219 Intergenic C/IG No

- 29984289 Intergenic CTT/G No

CMYAS 30085423 Intron C/T No

DMGDH 30705732 Intron AIG No

DMGDH 30727425 Intron T/C No

- 31075908 Intergenic T/C No

- 31674050 Intergenic CT/- 87.2% match for HSF2 TF
binding site.

- 31960132 Intergenic C/A No

- 32500348 Intergenic G/A 92.9% match for CdxA TF
binding site.
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3.1.4 Microsatellites genotyping

Three additional CA families were genotyped for long microsatellites that had a
high degree of variation between individuals within the pedigree (Figures 3-4 to 3-6).
One of the families was also genotyped for short microsatellites that showed no genetic
variation between affecteds and controls and hence these markers were not informative
for the linkage analysis (Figure 3-7).

Long Microsatellites

Name Repeat

C3.2871 AAAGx38

C3.2997 AAAGx 36

C3.3193 AAAGx22 AAAAGXx18
C3.3274 TTTCx20  CCTTT x 26
C3.3301 AAAGG x 14 AAAAGXx 17

O U0

Figure 3-4: Inheritance patterns in affected CA Pedigree 1 for long microsatellites.

Alleles have been colour coded per microsatellite for ease of viewing. Affected
individual is shaded in black. Suspected affected individual is shaded in grey. Missing

data is represented as a dash.
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Long Microsatellites

Name

C3.2871
C3.2997
C3.3193
C3.3274
C3.3301

Repeat
AAAG x 38
AAAG x 36
AAAGx22 AAAAGx 18
TTTC x20  CCTTT x 26
AAAGG x 14 AAAAG x 17

6027

Results

Figure 3-5: Inheritance patterns in affected CA Pedigree 2 for long microsatellites.

Alleles have been colour coded per microsatellite for ease of viewing. Affected

individual is shaded in black. Suspected affected individual is shaded in grey.
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Long Microsatellites

Name

(C3.2871
C3.2997
C3.3193
C3.3274
C3.3301

Repeat
AAAG x 38
AAAG x 36
AAAGx22 AAAAGx 18
TTTCx20  CCTTT x26
AAAGG x 14 AAAAGXx 17

6268
167 | 267
107
304 [ 304

6265

Results

Figure 3-6: Inheritance patterns in affected CA Pedigree 3 for long microsatellites.

Alleles have been colour coded per microsatellite for ease of viewing. Affected

individual is shaded in black. Missing data is represented as a dash.
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Short Microsatellites
Name Repeat
C3.2805 ACx21
C3.2856 TG x25
C3.2869 TGx21
C3.2984 AGx28
C3.3228 TG x22
C3.3265 ACx25

6027
208 | 220
67 | 262
357 | 357
309 | 309
131 | 231
w2 | 22 /’

309 309 209 309 309 309
209 200

131 231 231 231 231 231
231 PEY|

252 252 152 252 252 252
252 252

Figure 3-7: Inheritance patterns in affected CA Pedigree 2 for short microsatellites.

Alleles have been colour coded per microsatellite for ease of viewing. Affected

individual is shaded in black. Unknown individual is shaded in grey.
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3.1.5 Linkage analysis
Multipoint linkage analysis was performed between five long microsatellite
markers located across the candidate region and CA disease gene locus, with 7 CA
affected families (including the 3 new CA affected families genotyped in this study). A
peak LOD score of 2.98 at 29.97 Mb on chromosome 3 is right on the threshold of
significance (+3) and hence has reached the commonly accepted level of significance for
linkage between these five marker loci and disease locus (Figure 3-8). This is supportive
of the weak association identified in previous studies (Shearman et al. 2011). A
multipoint linkage analysis was not performed between six short microsatellite markers
positioned across the candidate region and CA disease gene locus since these short

microsatellite markers were not considered as informative markers for the linkage

analysis.
Linkage Analysis
3.30
3.00
29.97
2871 og 3193 3574 33.01
2.70 2.93 : 293 292201
o2 :
o
a
a
28.71 29.97 3193 3374 33.01
2.37 2.37 2.35
210 2.35 2.35
1.80
1.50 T T T T T T T T T T )
28 28.52929.53030.53131.53232533335
Chromosomal Location (Mb)
———4pedigrees ——7 pedigrees

Figure 3-8: Multipoint linkage analysis of long microsatellite group, with four CA

affected families and seven CA affected families respectively.

Significant LOD score threshold is indicated by the red line.
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3.1.6 Candidate gene sequencing

3.1.6.1 Sequencing of exons

PCR and Sanger sequencing were used to fill in gaps in 454 sequences
(Shearman 2011) for a total of 37 coding exons and 5’UTR and 3’UTR from 18
different genes within the candidate region (Tables 2-6 to 2-7). However PCR was only
successful in producing products of the expected size for 32 exons (Table 3-5) with little
success in amplifying the remaining 5 exons (Table 3-6). All 32 PCR products yielded
good quality sequences and were aligned to the Boxer dog reference sequence Build
v2.1 as described earlier (Sections 2.2.8 and 2.2.9). Sequences for all 32 exons were
obtained from 2 CA affecteds, 2 carriers, 1 unknown and up to 4 controls (1 of which
possessed the CA haplotype) for any sequence differences that may be the cause of CA
in Kelpies. No sequence differences were observed between CA (affected) and other

(unaffected) samples for 30 of the 32 exons sequenced (Table 3-4).

An affected (WKG6025), two carriers (WK6061 and WK6142) and one
unaffected individual carrying the CA haplotype (WK6059) were homozygous for the
‘G’ allele at position 30615886 in the BHMT 3’-UTR sequence, while one unaffected
(WK6074) and one individual of unknown phenotype (WK6058) were found to be
homozygous for ‘A’ at this SNP. This base substitution may be due to sequence
variation between individuals since one control WK6059 is also homozygous for the
‘G’ allele (Figure 3-9). The sequence before this SNP (5’ ATTGAGCCCCACA 3')1is
not a known transcription factor binding site (Heinemeyer et al. 1998), and hence this

single base change is not expected to impact on the transcriptional regulation of BHMT.
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Boxer dog reference sequence (NCBI) abccccacatlkbbacre
s P T W D
AGCCCCACRTGGGACTC
Unaffected control \T
(without CA CCCAC

haplotype): WK6074

Wt

AGCCCCAC gGGGRCTC
CCCAL

CA affected: WK6025

AGCCCCAC| TGGGACTC
Unaffected control CCCAr \T

(with CA haplotype):
WK6059

__ __._.‘..&Q‘Q_.,.;;.

Figure 3-9: Electropherogram showing aligned sequences of 3° UTR of BHMT with
a single base substitution (A/G) in affected and control with CA haplotype.

Agarose gel electrophoresis of PCR products amplified with the primer set for
DMGDH Exon 16 revealed different PCR band patterns for individuals of different
affection status (Figure 3-10). All CA affected dogs and unaffected dogs with CA
haplotype were homozygous for a larger allele (~ 1200 bp) while unaffected dogs
without CA haplotype were homozygous for a smaller allele (937 bp) predicted from the
dog reference genome sequence. Some unaffected control dogs and dogs of unknown

affection status were heterozygous for both alleles (examples shown in Figure 3-10).

Sequencing results showed a 223 bp insertion near the 5’ end of amplified DNA
sequence in all affected dogs and unaffected dogs with CA haplotype (Figure 3-11). An
insertion might disrupt the gene by creating an alternative splice site which spliceosome
can binds to initiate splicing of pre-mRNA sequences. This could results in exon
skipping or intron retention and affects the level of gene expression. Using the
Alternative Splice Site Predictor software described by Wang and Marin (2006), two
potential constitutive acceptor splice sites were located within the 223 bp inserted
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sequence (Figure 3-11). These constitutive (acceptor) splice sites are located at positions
367 bp [ttttttATTTTATTTA] and 248 bp [gggtctccagGATCGCGCCC]
respectively upstream of the original acceptor splice site
[tgtttttcagGTGGTTGGCA]. Hence, the constitutive (acceptor) splice site at 367 bp
upstream of the original acceptor splice site (since it has a score similar to the original
splice site) is predicted to splice the final exon at this position and produce a truncated
protein that is 72 amino acids shorter in length. There was no sequence difference

observed between Boxer reference sequence and unaffected dogs without CA haplotype.

Amino acid residues of the DMGDH protein that are evolutionally conserved
between dogs, other mammals and worm (C. elegans) were identified and colour coded
using PRALINE multiple sequence alignment software (Section 2.2.16). Of the 72
deleted amino acid residues (position 822 to 892), 57 amino acids (position 822 to 878)
were highly conserved between dog, other mammals (human, chimpanzee, cattle,

mouse, rat) and worm (Figure 3-12).

Using the PyMOL software developed by Schrodinger (2010), 3D tertiary
structures of wild form and mutated form of the DMGDH protein (Figure 3-13) were
constructed with PDB files generated by the Phyre2 software (Section 2.2.16). Positions
of the deleted amino acid residues (Figure 3-12) were visually represented as pink dots
on the 3D protein model (Figure 3-14). These deleted amino acid residues were mainly
located on the surface of protein where protein-protein and protein-DNA interactions

can occur.

RNA secondary structures spanning all three constitutive acceptor splice sites in

the RNA sequence were predicted for the CA affected dog (with the 223 bp insert) and
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unaffected control dog (wild type RNA sequence) (Figures 3-15 to 3-18). Stem-loop
structures were observed at the original constitutive acceptor splice site for the
unaffected control Kelpie (Figure 3-15) and at the first constitutive acceptor splice site
for the CA affected Kelpie (Figure 3-16). The stem-loop structure observed in
unaffected control (that spanned the original constitutive acceptor splice site) was not
seen in the CA affected Kelpie (positions 446 to 455) (Figure 3-18). Hence splicing of
the final exon is more likely to be initiated at the first constitutive acceptor splice site in
the CA affected dog, rather than at the second or the third (original) constitutive

acceptor splice sites.
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937 bp (intended product size)

500 bp

Figure 3-10: PCR product amplified with primer set for DMGDH Exon 16 and
visualised after electrophoresis using a 2% (w/v) agarose gel stained with 0.03%

ethidium bromide.

M: 100 bp size standard; Lane 1: WK6088 unaffected control without CA haplotype; Lane
2: WK6058 unknown affection status; Lane 3: WK6025 CA affected; Lane 4: WK6059
unaffected control with CA haplotype; Lane 5: WK6065 CA affected; Lane 6: WK6145
unaffected sibling of CA affected with CA haplotype; Lane 7: WK6205 unknown affection
status without CA haplotype; Lane 8: BC2923 (Border Collie CA unaffected).
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CLUSTAL 2.1 multiple sequence alignment

Control GAAGTTTGAGGGGGTTGATATGTATTTTGAAAATAATTTTTCATAACTTITT————————— 51
Affected GAAGTTTGAGGGGGTTGATATGTATTTTGAAAATAATTTTTCATAACTTTTITITTITTIT 60
R EEE S S S S SR SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
Control = oo
Affected TTTTTTTTTITTTTTAAAGATTTTATTTATTTATTCATGATAGTCACAGAGAGAGAGAGA 120
Control @ o
Affected GAGGCAGAGACACAGGCAGAGGGAGAAGCAGGCTCCATGCACCGGAGCCCGATGTGGGAT 180
Control = @ —o—mm
Affected TCGATCCC|GGGTCTCCAGGATCGCGCCCTGGGCCAAAGGCAGGCGCCAAACCGCTGCGCC 240
Control = = ——————mmmmm AAACCTAATATTCACAAAAGTAAAGT 77
Affected ACCCAGGGATCCCAAATAATTTTTCATAACTTTTAAACCTAATATTCACAAAAGTAAAGT 300
ER R R Rk ki S I
Control TTACTTCCTGGCGTTAGCCCCATGGGCAATAATCCCTAAAACTTGCAGATTGTAAATCAA 137
Affected TTACTTCCTGGCGTTAGCCCCATGGGCAATAATCCCTAAAACTTGCAGATTGTAAATCAC 360

KA KA A A A KAk Ak Ak Ak hk kA A A A A A A A A A A A A A A A AR A AR AR AR A A A Ak hkhkhhkkhk k%

Control ACCTATGTTTTAAGTIGTTTAATCTGGAGAGGAGGACCATAAAGCTGATGGCCAAGATGTT 197
Affected ACCTATGTTTTAAGTGTTTAATCTGGAGAGGAGGACCATAAAGCTGATGGCCAAGATGTT 420

R R R R I I i I b b b S S S S S S S S

Control GAGGGTTACTGGCTCTTGTTTTTCAGGTGGTTGGCAACACGACATCTGGAACCTACAGTT 257
Affected GAGGGTTACTGGCTCT[TGTTTTTCAGGTGGTTGGCAACACGACATCTGGAACCTACAGTT 480

R R R R R I I b I b b b b S S S S S S S S

Control ACAGCATACAGAAGAGTCTGGCGTTTGCCTATGTCCCTATAGAACTAAGTAAAGTAGGAC 317
Affected ACAGCATACAGAAGAGTCTGGCGTTCGCCTATGTCCCTATAGAACTAAGTAAAGTAGGAC 540

R i I R R R R R I b I b b b b S S S S S S S

Control AACAGGTGGAGGTTGAACTGTTAGGCAGAAATTACCCAGCAAGCATCATACAGGAGCCCT 377
Affected AACAGGTGGAGGTTGAACTGTTAGGCAGAAATTATCCAGCAAGCATCATACAGGAGCCCT 600

R R i SR R I I I b b b S S S S S S S

Control TGGTATTGACTGAACCAACCAGAAACCGACTTCGGAAGAAAAGCAGAAAGGACAAAATTT 437
Affected TGGTATTGACTGAACCAACCAGAAACCGACTTCGGAAGAAAAGCAGAAAGGACAAAATTT 660

R R i B R R R R I b b S S S S S S S

Control GAAAAAAGACCTTCAGCAGGCAACTGAATTATGTTAGCTCTATGACTGTACTAAAAATCA 497
Affected GAAAAAAGACCTTCAGCAGGCAACTGAATTATGTTAGCTCTATGACTGTACTAAAAATCA 720

R R T S R R R

Control TAACTGCTTTTTGGGAGAATATAAGAAATCAAGAATTCATTCAACCCCTCAAAATCTAGA 557
Affected TAACTGCTTTTTGGGAGAATATAAGAAATCAAGAATTCATTCAACCCCTCAAAATCTAGA 780

R R R T R R R R R

Control TTTATAATCTTGATGAAACCTTITCTCAGCTCTTTCCTAAGTGAGAAACAATAATGGATTA 617
Affected TTTATAATCTTGATGAAACCTTTCTCAGCTCTTTCCTAAGTGAGAAACAATAATGGATTA 840

KhhhrrkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhAhA b bk bbbk bk hkrkrrrkhkhkhkhkhkhkhkhkhkhhhhhkkkkkkkk*

Control GTIGATTAACATTGTITCTITTAAAATGTAGACGTTGGAAATGAATGTTTTTATTAACCTATA 677
Affected GTGATTAACATTGTTCTTTAAAATGTAGACGTTGGAAATGAATGTTTTTATTAACCTATA 900

KA hhkrkrhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhhkhkhhA b hkhkhb bk hkhkrrrkrkhkhkhkhkhkhkhkhkhkhkhkhhhkkkkkkkk*

Control TGGTTAATGAAACTCAGCAAAACATTTAGGTIGTITTGCTAGTATATAATCACTATTATAAC 737
Affected TTGTTAATGAAACTCAGCAAAACATTTAGGTGTTTGCTAGTATATAATCACTATTATAAC 960

* kkkkkhkhkhkhkhkhkhkhkhkkhkhkhkhhhhkhAhAhhAhkhbhkhkdrrhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkkkkkkkk*

Control TCAATTAGAGGACATTGTGTAATTTTAGGAATATATGGTITCTTGTGACCTGAAAACAAAT 797
Affected TCAATTAGAGGACATTGTGTAATTTTAGGAATATATGGTTCTTGTGACCAGAAAACAAA- 1019

KA A A Ak rkhkhkhkhkhkhkhkhkhkhkkhkhhhkhkhkhhAhAhAhkhkhkhkhkhkrrrkhkhkhkhkhkhkhkhkhkhkhhk *khkkkkkkk*

Control TGTTTTACATAAAAATAAATGCAGTACTATTGATGGATTTGTTTCATTGAG 848
Affected = = -

Figure 3-11: (Caption is on the next page).

73



Results

Figure 3-11: Multiple sequence alignment of sequences spanning the DMGDH Exon
16 region in CA affected and unaffected control dogs. Constitutive acceptor splice

sites located within the 223 bp insert in CA affected dog were shown.

The 223 bp insert sequence (in affected) is highlighted in yellow with constitutive
acceptor splice sites indicated in red surrounded with a border. Constitutive original
acceptor splice site was located at position 437 bp and 214 bp for CA affected and
unaffected control respectively. Stop codon/s are indicated in bold and underlined.
Multiple sequence alignment was performed using ClustalW2 described by Larkin et al.
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Larkin et al. 2007).

Figure 3-12: Multiple sequence alignment for the DMGDH protein sequence
showing amino acid residues that were evolutionally conserved between dog, other

mammals and worm encoded by the last exon (Exon 16) of mRNA transcript.
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Figure 3-13: PyMOL generated 3D tertiary structures of DMGDH protein in a)
unaffected control — wild type, and in b) CA affected — mutated type.

72 amino acids encoded by the last exon of wild type DMGDH protein were deleted in
the mutated DMGDH protein. Protein models were predicted and constructed based on
protein homolog template clpj6A (crystal structure of dimethylglycine oxidase of
arthrobacter2 globiformis in complex with folic acid), with 100% confidence and 28%

sequence identity between protein sequence and the homolog template.

Figure 3-14: A PyMOL generated 3D structure of DMGDH protein with amino

acid residues deleted in the CA affected represented as pink dots.
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Figure 3-15: RNA secondary structure of unaffected control, spanning the original

constitutive acceptor splice site of DMGDH pre-mRNA (positions 137 to 146 bp).
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Figure 3-16: RNA secondary structure of CA affected dog, spanning the first

constitutive acceptor splice site (in the inserted sequence) of DMGDH pre-mRNA

(positions 70 to 79).
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Table 3-5: Sequenced exons of candidate genes and genomic positions of potential CpG

Results

islands.
Gene name Exon Matched with GC CpG island region
Boxer Content genomic positions (bp)
reference (%) (Section 2.2.15)
sequence

HOMERI 8 Yes 34.6 No

HOMERI 10 Yes 34.1 No

ARSB 1 Yes 78.60 30752800-30753016
AP3BI 1 Yes 72.7 31369559-31369698
AP3BI 3 Yes 37.3 No

AP3BI 23 Yes 37.9 No

F2RLI 1 Yes 76.8 32697471-32697445
F2RLI 2 Yes 50.4 No

SERINCS 1 Yes 77.4 29671161-29671238
ANKRD34B 5’UTR Yes 27.7 No

PAPD4 2 Yes 40 No

PAPD4 9 Yes 38.8 No

PAPD4 5’UTR Yes 31.5 No

SSBP2 3 Yes 41.9 No

SSBP2 4 Yes 41.2 No

SSBP2 7 Yes 52.2 No

SSBP2 10 Yes 51 No

SSBP2 15 Yes 44.8 No

ATGI10 1 Yes 37 No

ZFYVEI6 4 Yes 42 No

ZFYVEI6 9 Yes 36.2 No

ZFYVEI6 10 Yes 35.2 No

ZFYVEI6 15 Yes 38.7 No

ACOTI2 1 Yes 78 28811165-28811236
AGGFI 1 Yes 70.6 32569669-32569571
AGGFI 9 Yes 314 No

AGGFI 3’UTR Yes 29.8 No

DHFR 5 Yes 38 No

DHFR 3’UTR Yes 32.7 No

DMGDH 1 Yes 72.7 30672475-30672537

Table 3-6: Unamplified exons of candidate genes and genomic positions of potential

CpG islands.
Gene name Exon GC Content CpG island region genomic
(%) positions (bp) (Section 2.2.15)

SCAMPI] 1 65.2 31304844-31304789

RASGRF?2 1 70.8 29169459-29169274

AP3BI 6 31.3 None

SSBP2 1 72.2 28499468-28499631

BHMT2 1 69.7 None
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3.1.6.2 Sequencing of regulatory regions of genes

The upstream regions of 12 different genes within the candidate region had
previously been sequenced by 454 sequencing (Shearman 2011). PCR and Sanger
sequencing were used to fill in gaps in this initial sequencing. However PCR was only
successful in producing products of the expected size for 8 genes (Table 3-7) and the
remaining 4 upstream regions could not be sequenced (Table 3-8). All 8 PCR amplified
products yielded good quality sequences and were aligned to the Boxer dog reference
sequence Build v2.1 as described earlier (Sections 2.2.8 and 2.2.9). Sequences for the
upstream regions of all 8 genes were obtained for 2 CA affecteds, 2 carriers, 1 unknown
and up to 4 controls (1 of which possessed the CA haplotype) for any sequence

differences that could be the cause of CA in Kelpies.

No significant sequence differences in upstream regulatory regions were
observed between CA affecteds and unaffecteds for 5 of the 8 genes sequenced (Table

3-6).

Complete sequencing of 800 bp upstream of the SCAMPI gene revealed new
sequence that was previously unknown in the boxer reference sequence (Figure 3-19).
This GC-rich region is between 31305460 and 31305055 bp on chromosome 3 of the
Boxer dog genome (NCBI Dog build 2.1) (Shearman et al. 2011). No sequence variants

were seen between CA affected and unaffected dogs in this region.
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CCCGGGTCGGTACCGCGAGGCCGGCCTCCGTGATTTGTCAGCAGCCGCGCGTCCCGGGALCCG
GAAGACGAGGGGCTGCGGGGGCAGGTGGGGCGEGETGGGGCGCGTGCGCCGCGCTCGGLGGEG
AGGTCGGGGCCCGGAGCGCGGTTGAGTCGCCGCCCCCTGCCCAGGTGCGCAGCCTGCGCGTC
GGGCCGCCTGCCGGGCCTGGGAGGCGGGGTCCGCGCGCGTCCTCCCCGCTCACAGGTGCCCC
CCCGTCACGTTGGACCTCAGGGAGCCAGCGTGCAGCGGCTGGCGGTGGGATGGAGTCCAGCC
GCACGCGGGGGCTCAGCCCGGCCCGCCGCTCCCGGCTCCCTCCGCCCCTGGTCCCTGCGGTC
GAAGCCAAAGCCCGGAACGTGGATCCCGGCCCGG

Figure 3-19: Masked repeat sequence in the upstream region of SCAMPI gene.

A 5 bp insertion of CCGAG (genomic positions 30752305 bp to 30752309 bp)

was observed in the upstream region of ARSB in two affecteds, two carriers and one

control with the CA haplotype (WK6059). The insertion was not present in controls

without the CA haplotype (WK6078 and WK6088). This insertion may be a

polymorphism between individuals rather than a cause of CA because one control

WKG6059 is also homozygous for the 5 bp insertion (Figure 3-20). There is no

transcription factor binding site spanning the 5 bp insertion sequences according to the

TFSEARCH database (Heinemeyer et al. 1998).

Boxer dog reference sequence (NCBI)

Unaffected control
(without CA
haplotype): WK6078

CA affected: WK6025

Unaffected control
(with CA haplotype):
WK6059

crocttcoctgcta

L 5 I H L P L G Q

K 3 3 A

CTCTCCATCCACCTCCCACTTGGACAAGT
CCTCTCCATCCACCTCCCACTT C

Wi A A A A

L TCT|

CTCTCCATCCACCTCCCACTTGGACAAGT
CTCTCCATCCACCTCCCACTT

M/MMNMM___H __n

CTCTCCATCCACCTCCCACTTGGACAAGT
CTCTCCATCCACCTCCCACTT

CTCTTCTGCTA!
TCTGHCT

IR

CTCTTCTGCTA!
CTCTTCT

Mmm

CTCTTCTGCTA!
CTCTTCTECT

Figure 3-20: Electropherogram showing aligned sequences of upstream regions of

ARSB with the 5 bp insertion (CCGAG) in affected and control with CA haplotype.
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Complete sequencing of 710 bp upstream of the SERINC5 gene revealed another

region of new sequence that was previously unknown in the boxer reference sequence
(Figure 3-21). The GC-rich region is between 29670706 and 29671041 bp on
chromosome 3 of the Boxer dog genome (NCBI Dog build 2.1) (Shearman ef al. 2011).
No new sequence variants were observed between CA affected and unaffected dogs in

this region.

GTGCCCGGGTCCCAGGGAGCCGAGGAGGGAGGTGAGGCGCCCCGTGCAGCTCTGGGC
TCCCTGCAGCAGGCATCCAGCCGGTGCATCGGGCCGLCGGGLCGCCGGEGGGCCGCGAGC
GGGCGCGGTAGCACGGGAACGCGGGCCCCGCCCTCCGGTAAGTGAGCGCAGCLCGLCG
CGCCGCCTGACGCCAGCGGAAGGGCGGGLCCCCGCGCGAGCCTGCTCGGLCGLCLCGGLG
CCCGAGAGGGGGCGGGGCLCTGCGGLCGCLCGCGGCCGGGLCEGGEGCGEGEGCTGCGGLGLG
AGGGGCGGGGCCTGCGGCTCGAGGGGGCEGEGEGCTCGAGGGGCGEGEGLGEGEEE

Figure 3-21: Masked repeat sequence in the upstream region of SERINC5 gene.

82



Table 3-7: Sequenced upstream regulatory regions

positions of potential CpG islands.

Results

of candidate genes and genomic

Gene Genomic position Matched with GC CpG island region
name Boxer Content genomic positions
reference (%) (bp) (Section 2.2.15)
sequence
SCAMPI 31305743-31304943 | Yes. 58.5 31305557-31305452
ARSB 30751973-30752753 | 5 bp insertion 60.2 30752442-30752698
from 30752305
to 30752309 bp.
AP3BI 31368712-31369512 | Yes. No 69.4 31368762-31369457
causative
variation
observed.
SERINCS 29670340-29671050 | Yes. 64 29670398-29670533 &
29670599-29670711
BHMT?2 30673327-30672610 | Yes. No 68.3 30673108-30672830
causative
variation
observed.
AGGF1 32570436-32569716 | Yes. No 67.3 32570307-32569770
causative
variation
observed.
DHFR 29400690-29401436 | Yes. No 57.4 None
causative
variation
observed.
F2R 32777827-32777127 | Yes. No 42.6 None
causative
variation
observed.

Table 3-8: Unamplified upstream regulatory

genomic positions of potential CpG islands.

regions of candidate genes and

Gene name Genomic position | GC Content CpG island region genomic
(%) positions (bp) (Section 2.2.15)

HOMERI 30282089-30282889 | 83.2 30282138-30282832

RASGRF?2 29170307-29169507 | 65.3 29170257-29170096
29170072-29169916
29169754-29169562

SSBP2 28498825-28499625 | 77.3 28498914-28499282
28499291-28499567

MSH3 29405211-29404411 | 45.2 None
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4 DISCUSSION

4.1 Discussion

4.1.1 Homozygosity analysis and linkage analysis

The identification of a common haplotype containing the CA mutation using the
Affymetrix canine SNP chip v2 allowed preliminary genetic testing of suspected
affected Kelpie dogs for the presence of CA (Shearman et al. 2011). This is to ensure all
suspected affected Kelpie dogs shared the common CA haplotype before being used in
the study since ataxia can be caused by many reasons other than CA (Vermeer et al.
2011). The haplotype was used to identify phenocopies of suspected CA cases. Most
newly affected dogs display symptoms of CA while also sharing the same CA haplotype
as other affected dogs that were typed on the canine SNP chip (Figure 3-2). However, to
date one suspected affected dog (WK6254) did not show any evidence of sharing the
same SNP haplotype as other affected dogs and therefore may be a phenocopy of CA
(Figure 3-2). Some carriers and unaffected siblings of affecteds shared the CA haplotype

but have not show any symptoms of CA based on physical observations.

The CA candidate region in the Australian Kelpie dog was previously mapped to
a 5 Mb region (CFA3: 28 and 33 Mb) through a genome wide association study with the
Affymetrix canine SNP array v2 (Shearman et al. 2011). In that study a single affected
was heterozygous up to 29.8 Mb, suggesting the candidate region was between 29.8 and
33.8 Mb. Genotyping additional affected Kelpies supports this reduced candidate
region; a single observed recombination event (WK6253) further reduces it to between
30.2 Mb and 33.8 Mb on chromosome 3 (Figure 3.1) which contains 28 genes (Table 7-

3).
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The presence of CA haplotype in phenotypically unaffected Kelpies leads to the
possibility that CA may not have complete penetrance in affected Kelpies. This means
the age of onset and severity of symptoms is variable among Kelpies affected with CA.
Hence it is possible for mildly affected dogs with CA haplotype to show no symptoms
of the disease until several months of age and be classified as unaffected by their owners

and their vets at the time of clinical diagnosis.

However it is also possible that the mutation causing CA occurs in a common
haplotype where only some copies of the haplotype have the CA mutation. This means
the haplotype cannot be used to identify the disease-causing mutation (Shearman et al.
2011). The inheritance patterns of the short microsatellite haplotypes in CA pedigree 2
(Figure 2-3) also showed no genetic variation between affected and unaffected members
of the family (Figure 3-7). This result suggests these short microsatellites are not

informative markers for the linkage analysis.

A multipoint linkage analysis was performed on long microsatellites data from
seven Kelpie CA families (Figures 3-4 to 3-6). These results suggest a positive linkage
between 5 marker loci and the CA disease locus, with a maximum logarithm of odds
(LOD) score of 2.98 (significance threshold of 3) (Figure 3-8). This multipoint linkage
analysis was performed as an extension to the linkage analysis performed previously by
Shearman et al. with four Kelpie CA affected families and gave a LOD score of 2.37
(Figure 3-8) (Shearman et al. 2011). The positive LOD score (of 2.98) is supporting
evidence that the region on chromosome 3 from 28 to 33 Mb does contain the mutation
causing CA in Kelpies. The significant LOD score threshold would probably be reached

by typing further CA affected and unaffected individuals.
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4.1.2 Common haplotype hypothesis

The ‘common haplotype hypothesis’ assumes that the causative mutation is only
present in CA affected Kelpies and is absent in unaffected controls with the CA
haplotype. If this hypothesis is true then none of the differences studied (Tables 3-1 to
3-2) and none of the new variants identified in exons and upstream region of genes
(Sections 3.1.6.1 and 3.1.6.2) can be causing CA in Kelpies since all unaffected controls
with the CA haplotype were homozygous for the same sequences as CA affected

Kelpies.

The most effective way of identifying consistent differences between CA
affecteds and unaffected controls (which possessed the CA haplotype found in
affecteds) would be to re-sequence the entire 5 Mb candidate region in affected and
unaffected individuals. Therefore it may be necessary to sequence the entire candidate
region in unaffected control dogs with the CA haplotype using next generation
sequencing. This would help identify variants that are only present in some copies of the

CA haplotype and thus reduce the number of candidate differences significantly.

4.1.3 Identification of functional differences

The presence of a common CA haplotype in phenotypically affected and
unaffected Kelpies suggests that the mutation(s) that cause CA may show variable
penetrance. Under this hypothesis, any of the 13 differences that were not present
outside the CA haplotype can be involved in CA in Kelpies (Table 3-4). These sequence
differences are located in the 3° UTR of BHMT, in introns of genes and in regions
between genes, and hence may play a regulatory role in gene transcription. Of these 13

differences chosen as potentially affecting expression of a downstream gene, 3 obvious
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differences located in transcription factor binding sites could be investigated further as a
possible cause of CA in Kelpies (Table 3-4). The remaining 10 differences could be
more conclusively eliminated as possible causes of CA by PCR and sequencing
experiments on additional unaffected control samples without the CA haplotype (Table

2-1).

Sequences upstream of the three obvious differences ATG10 (28273654) indel,
the intergenic (31674050) deletion and the intergenic (32500348) were searched against
known transcription factor binding sites and have revealed that these differences are
immediately downstream of putative binding sites for the transcription factors CdxA
and HSF2 (respectively) (Table 3-4). In chicken, CdxA is a homeobox transcription
factor required for marking the boundary between the stomach and intestine and is
mostly expressed in epithelial-mesenchymal tissues, and is not expressed in pancreas,
liver and allantois (Ishii ez al. 1997). Each member of the homeobox genes family is
required for maintaining correct segment identity. Ten homeobox genes that are
homologous to the Drosophila gene caudal (homologue of CdxA in Drosophila) have
been isolated in vertebrates (Blumberg ef al. 1991; Duprey et al. 1988; Frumkin et al.
1991; Gamer and Wright 1993; German et al. 1992; James and Kazenwadel 1991;

Joly et al. 1992; Northrop and Kimelman 1994; Serrano et al. 1993).

HSF2 is a member of the heat shock transcription factor family needed to
regulate and facilitate protein folding, protein degradation, protein-protein interactions
and protein localisations in cells in the presence of heat stress (Richter er al. 2010).
Dysregulation of the HSF2 protein encourages the accumulation of misfolded proteins

in cells, and can contribute to a number of neurodegenerative diseases including
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Alzheimer’s disease, Parkinson’s disease and polyglutamine diseases (Powers et al.
2009).

HSF?2 is not the main regulator for heat shock response in mammals but plays an
important role in the development of the brain and reproductive organs (Chang et al.
2006; Kallio et al. 2002; Wang et al. 2003) and interacts directly with HSF1, the major
regulator of the heat shock response in vertebrates (Sandqvist et al. 2009). There are
four members in the vertebrate HSF family that bind to heat shock elements in response
to heat stress (Shinkawa et al. 2011). HSF2 knock-out mice have a shorter lifespan than
wild-type mice due to an accumulation of misfolded polyQ aggregates in the brain and
symptoms similar to Huntington’s disease (Shinkawa et al. 2011). The disruption of the
HSF2 transcription factor binding site at 31674050 bp on chromosome 3 in CA affected
Kelpies and unaffected control Kelpies with the CA haplotype may make them more
susceptible to an accumulation of protein aggregates in the brain since they do not have
HSF2 transcription factor to regulate gene expression. Gene expression assay such as
the luciferase reporter assay could be used to see whether the sequence difference
(31674050) that was predicted to disrupt the HSF2 transcription factor binding site

influences the expression of gene/s.

Luciferase reporter assays could be used to determine whether these sequence
variants influence the expression of adjacent genes. This assay would require a DNA
fragment containing the wild type allele and the variant allele to be PCR amplified and
subcloned into an appropriate position upstream of a luciferase reporter vector such as
pGL3 (Promega, WI) and then transfected into brain or other cell cultures. The effect of
the variant allele on gene transcription could then be compared with wild-type allele

using a dual-luciferase assay. To date, this approach exceeded the scope of this project.
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4.1.4 Analysis of mutation in DMGDH exon 16
Dimethylglycine dehydrogenase (DMGDH) is a mitochondrial enzyme that is
able to convert dimethylglycine to sarcosine through choline metabolism by removing
one methyl group from dimethylglycine (Binzak ez al. 2001). It uses folate and flavin
adenine dinucleotide (FAD) as cofactors for the catabolism of choline in mitochondria
(Cook et al. 1984; Wagner et al. 1984). A non-synonymous substitution of histidine by
arginine at codon 109 (A->G) located in the DMGDH gene has been associated with
deficient expression of the DMGDH protein and elevated levels of dimethylglycine in
serum and urine of patients (which often display a fish-like body odour and chronic
muscle fatigue) (Binzak et al. 2001). However none of these clinical signs are observed

in CA affected Kelpies.

A recent study by Pierson ef al. (2011) in human subjects affected with an early
onset spastic-ataxia-neuropathy syndrome wusing whole-exome sequencing and
homozygosity scan identified two candidate genes; DMGDH and AFG3L2. This
syndrome is characterised by spasticity of the lower extremities, peripheral neuropathy,
ptosis, oculomotor apraxia, dystonia, cerebellar atrophy, and progressive myoclonic
epilepsy. A mutation in the AFG3L2 gene has been previously associated with SCA28,
an autosomal dominant form of cerebellar ataxia, and may be a more likely candidate
gene for the spastic-ataxia-neuropathy syndrome in humans. A non-synonymous
substitution at codon 1847 (A—>G) located in the AFG3L2 gene was functionally
confirmed as the causative mutation using the yeast complementation assays (Pierson et
al. 2011). However in order for this result to be conclusive, it is necessary to perform
gene expression assay such as the luciferase reporter assay to confirm this non-
synonymous substitution to be the causative mutation in a human brain cell line.

Alternatively, a gene-knock out mice carrying this mutation can also be used to study
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the phenotype associated with a down-regulated expression of the AFG3L2 protein in an

animal model.

In rat tissues, DMGDH has the highest expression in liver and kidney, as shown
by Western and Northern blots (Lang ef al. 1994). Detectable expression levels were
found at the RNA and protein level in brain, heart, lung and spleen tissues (Lang et al.
1994). In addition, DMGDH was found to be expressed in 14-days old rat embryos
which further suggest the importance of this protein in choline catabolism (Lang et al.

1994).

An analysis of the 223 bp inserted sequence near the 3’ end of DMGDH gene in
CA affecteds revealed this sequence is located in the last intron of the gene and 396 bp
upstream of the original splice site for the last exon (Exon 16). The insertion sequence is
repeated farther upstream in the same intron. Analysis of the sequence using BlastN
shows that many copies of the sequence are also present elsewhere in the dog genome.
Some of the features of the sequence are superficially similar to those found in
retrotransposon-derived elements such as SINEs (for example, the poly-T region at the
5’ end of the sequence), but the BLAST results fail to show substantial homology with
SINEs or other mobile genetic elements. Hence, the origin of the sequence remains

uncertain.

The inserted sequence contains two predicted constitutive acceptor splice sites.
As shown in Figure 3-11, the first of these acceptor splice sites is located at 367 bp,
while the second splice acceptor site is 248 bp upstream of the original acceptor splice
site (Figure 3-11). A putative stop codon (TGA; underlined in Figure 3-11) located

immediately after the first acceptor splice site is predicted to produce a truncated protein
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that is 72 amino acids shorter than the wild type DMGDH protein. The RNA stem-loop
structure spanning the first constitutive acceptor splice site in CA affecteds could attract
the spliceosome and so cause aberrant splicing of the last exon of DMGDH (Figure 3-

16).

A multiple sequence alignment of amino acids for the DMGDH protein in dogs,
other mammals (human, chimpanzee, cattle, mouse and rat) and worm (C. elegans)
revealed amino acids that were deleted in CA affected Kelpies were highly conserved
throughout evolutionary time (Figure 3-12). This high degree of amino acid
conservation between different species suggests that these amino acids are important in
maintaining the tertiary structure of functional DMGDH protein (Figure 3-13). In
addition, many of the amino acid residues that are deleted in the truncated protein are
normally located on the surface of DMGDH protein (Figure 3-14). These amino acid
residues are likely to form active sites for other enzymes (protein-protein interactions)

and binding sites for DNA-binding proteins.

To date, nine Kelpies were found to carry the CA haplotype although not
showing the clinical symptoms of CA based on owners’ and vets’ observations. The
presence of CA haplotype in phenotypically unaffected Kelpies leads to the possibility
that CA may not have complete penetrance in affected Kelpies. This means the age of
onset and severity of symptoms is variable among Kelpies affected with CA. Some
severely affected Kelpies displayed frequent head tremors and easily recognisable
symptoms of ataxia while mildly affected Kelpies only show occasional high stepping
gait and a very mild intention head tremor. Hence it is possible for mildly affected dogs
with CA haplotype to show no symptoms of the disease early in life, resulting in mis-

classification as unaffected by their owners and vets. If CA in Kelpies is indeed caused
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by a lack of DMGDH or a reduction in its expression, then the variability of the CA
phenotype may be attributable to varying amounts of dimethylglycine present in the
brains of CA affected dogs. A simple, quick and inexpensive HPLC-UV method
described by Laryea ef al. (1998) using commercially available derivatization reagents
could be used to measure the level of N,N-dimethylglycine present in the blood and
urine of CA affected and unaffected control Kelpie dogs (Laryea et al. 1998), before
proceeding with a genetic analysis of the DMGDH mutation using the molecular

biology-based methods described below.

However, the inheritance pattern is consistent with CA in Kelpies being a
recessive inherited disease with a high penetrance (Shearman ef al. 2011; Thomas and
Robertson 1989). The mutation may have been inherited from a number of champion
dogs that were frequently used for breeding (Thomas and Robertson 1989). Therefore it
may be concluded that the DMGDH mutation in Kelpie and Border collies may have

come from a common ancestor, the collies (Neff er al. 2004).

Reverse-transcription PCR (RT-PCR) analyses using RNA from brain tissues of
CA affected and unaffected control Kelpie dogs (and/or RNA from transfected cells),
could be used to identify the exact DMGDH mRNA sequence that is being produced in

the presence and absence of the DMGDH insertion.

To test whether the two constitutive acceptor splice sites and their corresponding
stop codon (located within the 223 bp inserted sequence) affect DMGDH protein
activity, a Myc-FLAG-DMGDH expression vector (containing the wild-type sequence
and the 223 bp insert sequence) could be expressed in a mammalian cell line such as

HEK?293T (a human kidney embryo cell line). Human cell line such as HEK293T

92



Discussion
(derived from adenovirus transformation of human embryonic kidney (HEK) cells) have
been shown to express neurofilament subunits, o-internexin and several other proteins
found in neurons by immunostaining and microarray analysis (Shaw et al. 2002). The
HEK293T cell line were used by Abitbol et al. (2010) to assess the effect of a SNP on
ARSG activity in healthy and NCL (neuronal ceroid lipofuscinosis) affected American
Staffordshire Terrier dogs (Abitbol et al. 2010). Western blotting with an anti-Myc
antibody could be used to detect the DMGDH protein in transfected HEK293T cells.
The activity and functionality of the DMGDH protein could be tested using the
anaerobic ETF (electron transfer flavoprotein) reduction assay as described by Frerman
and Goodman (1985) (Frerman and Goodman 1985), with 0.5M dimethyglycine as
substrate (Binzak er al. 2001). This assay could be used to determine activities of
DMGDH protein in cultured brain cells between samples using dimethyglycine as

substrate for the fluorimetric reaction (Frerman and Goodman 1985).

To confirm the loss of DMGDH activity caused by the presence of a 223 bp
insert under physiological conditions, a qRT-PCR may be performed on cDNA
generated from cerebellar tissues of CA affected and unaffected control Kelpies to
measure gene transcription in these dogs. Synaptophysin (SYP) could be used as a
reference gene for the qRT-PCR reaction since this gene has a constant and specific
expression in neuron cells of brain tissues (Pavai et al. 2010). The DMGDH and SYP
genes could be amplified together in the same reaction using specific primers for each of
the gene. The use of SYP gene as an internal control gene would allows quantification of
the mRNA for DMGDH gene between CA affected and unaffected control dog samples
to be normalised for any differences in the amount of total RNA that may be present in
each of the reaction (Pavai et al. 2010). Lower levels of DMGDH could result in higher

levels of dimethylglycine in brain tissues. The level of dimethylglycine present in CA
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affected Kelpie dogs could be variable enough to account for variation in age of onset of

CA and severity of disease between individuals.

Additional unaffected control, CA affected (of different severity), obligate
carrier and unknown status samples would need to be typed for the alleles present to
ensure the larger allele (containing the 223 bp insert) is only present in CA affecteds and
is not observed in obligate unaffected control dogs. Conversely obligate carrier dogs

should be heterozygote for both of the alleles.

4.1.5 Analysis of DNA methylation of candidate genes

DNA methylation is another mechanism that could influence gene transcription
and may help explain the variation in clinical symptoms observed in CA affected dogs.
The candidate genes investigated in this study show few sequence differences between
CA affecteds and unaffected controls, but their methylation status has not been assessed
(Tables 3-5 and 3-7). Differential methylation of the candidate gene promoters and/or
first exons could explain the genetic basis of CA, and would have to be investigated

thoroughly before these genes could be excluded as candidate CA genes.

DNA methylation influences cell development and differentiation by regulating
chromatin structure and gene expression (Urdinguio et al. 2009). Disruption in
epigenetic mechanisms can result in gene silencing or activation leading to cancers and
a number of neurodegenerative diseases including Rett syndrome, Alzheimer’s disease,

Parkinson’s disease and Huntington’s disease in humans (Urdinguio et al. 2009).

Mutations in genes contributed by environmental factors can cause disruption in
epigenetic mechanisms that lead to neurodegenerative diseases (Holliday 1987;
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Urdinguio et al. 2009). The degree of DNA methylation in multiple genes expressed in
the neuron cells from brain tissues of affecteds can be measured by qPCR using bisulfite
converted cDNA (Dietrich et al. 2009). The purpose of bisulfite conversion step is to
convert all unmethylated cytosines to thymines while methylated cytosines remain
unchanged, so heavily-methylated regions can be identified by PCR and Sanger
sequencing (Frommer et al. 1992). Bisulfite-treated DNA could be prepared with
genomic DNA extracted from whole blood or with mRNA extracted from cerebellum
tissues as the template. Once heavily-methylated regions were identified by Sanger
sequencing, JPCR could be used to study the relationship between methylation and gene

transcription.

Methylation-specific PCR (MSP) is a simple, sensitive and fast method that is
commonly used to detect methylation of CpG islands in bisulfite-treated DNA (Herman
et al. 1996). It needs small amount of cDNA generated from cerebellum tissue samples
and requires the use of methylation-specific primers for amplification of unmethylated
or methylated DNA sequences. A melting-curve generated from the quantitative MSP
can be used to differentiate methylated from unmethylated sequences since methylated
sequences have lower melting temperature due to the conversion of cytosines to

thymines (Jorda and Peinado 2010).

4.1.6 Re-assessment of CA candidate region using Illumina high-density 172K
array
A canine Affymetrix SNP array v2 with 127,000 SNPs combined with SNPs
homozygosity analysis, was used to localise the candidate region associated with CA in
Kelpies (Shearman et al. 2011). The candidate region for the gene causing CA was
mapped to a 5 Mb (28 Mb to 33 Mb) region on chromosome 3 (NCBI Dog build 2.1)
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(Shearman et al. 2011). There are 44 genes in the 5 Mb candidate region (Figure 1-3).
[lumina high-density 172K array is one of the new tools that could be used in this study
to fine-map the CA disease gene to a more precise region in the Kelpie genome by
genotyping CA affecteds and unaffected controls for the extra SNPs present on the
[lumina high-density 172K array. A refined candidate region could then be defined by

combining the new SNP haplotype data with existing linkage data from microsatellites

genotyping.

A smaller candidate region would limit the number of genes that needed to be
further investigated by sequencing. Next generation sequencing on a platform that
produced long reads (for example, the 454) could be employed to sequence the revised
candidate region to look for sequence differences between CA affecteds and unaffected
Kelpie with CA haplotype. PCR and Sanger sequencing may be required to fill in any

remaining gaps in 454 sequences.

4.1.7 Sequence GC-rich regions using 454 Next Generation Sequencing technology

The dog genome was sequenced and assembled at the Broad Institute in 2005
using capillary Sanger sequencing technology with a 7.5X coverage and an averaged
reads length of 800 bp (Lindblad-Toh et al. 2005). This was sufficient to obtain a
reference dog genome sequence but it is estimated that there is still 3% of the dog
genome that could not be assembled due to the presence of highly repetitive sequences

such as microsatellites and minisatellites (Lindblad-Toh et al. 2005).

454 sequencing technology has been used in previous studies for sequencing the
CA candidate region in Kelpies (Shearman 2011) since it has a longer read length (400-
700 bp) when compared to other next generation sequencing platforms, and enables
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much higher depth of coverage than Sanger sequencing for the same cost and effort
(Schatz et al. 2010). Generally, longer reads allow better assembly of repetitive
sequences since they can cover more repeats per read (Schatz et al. 2010). However one
of the limitation of standard 454 sequencing is the inability of emulsion PCR (emPCR)
to amplify GC rich sequences (Grossmann et al. 2011). This may explain the presence
of several exonic and upstream regulatory region gaps in the 454 sequence that needed
to be filled in by Sanger sequencing, since the majority of these were GC rich (Tables 3-

5 to 3-8).

Most housekeeping genes, tumour-suppressor genes and approximately 40% of
tissue-specific genes have high GC content (usually greater than 60%) in the upstream
regulatory region and first exon (Hube er al. 2005). These GC rich regions contain
important gene regulatory elements such as promoters, transcription factor binding sites
and enhancers and so are closely related to gene regulation, transcriptional silencing and
disease progression (Wilson et al. 1997). Therefore it is important to be able to detect
mutations present in these GC rich regions to see how these mutations may affect
function and regulation of candidate genes (Wei et al. 2010). These GC rich regions are

also prone to DNA methylation and gene silencing (Section 4.1.5).

A new emulsion PCR condition was developed by Grossmann et al. (2011) to
assist with amplification and sequencing of amplicons with GC content of up to 77%,
by the 454 Next Generation Sequencing platform (Grossmann et al. 2011). This new
emPCR condition replaced water with emPCR additive in the emPCR master mix,
enabling a more robust detection of sequence differences in GC rich regions of genes
(Grossmann et al. 2011). A combination of Sanger sequencing and modified 454

chemistry procedures could be used to obtain sequences of GC rich regions and to
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correct and fill in sequence gaps. This may help to improve the quality of alignment and
the depth of sequence coverage for exonic and upstream regulatory regions that have
high GC content. Finally, it is likely improved sequencing technologies will be
introduced within the next few years that could help resolve the issue associated with

sequencing GC rich regions.

4.1.8 Limitations of the study

The control samples used in this project were taken from unaffected dogs that
were more than five generations removed from a previously confirmed case of CA. The
classification of dogs into different disease categories was solely based on physical
clinical symptoms without being confirmed by histopathological analysis of the changes
in brain tissues. Therefore mildly-affected dogs with CA genotype may have been mis-

classified as phenotypically unaffected by their owners and vets.

It is also not possible to perform gene expression studies with mRNA extracted
from brain tissues at this stage due to the lack of access to fresh/frozen cerebellar tissue
samples from CA affected and unaffected control Kelpie dogs. Confirmation of the
effect of a mutation on the level of gene transcription in vivo (using qPCR) would

require mRNA from both CA affected and unaffected control dogs.
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The 5 Mb candidate region on chromosome 3 of the dog genome was captured
and sequenced previously on the 454 Next Generation Sequencing platform with two
CA affecteds and one unaffected control Kelpie dogs. Assuming CA has complete
penetrance in affected Kelpies, seventeen synonymous substitutions in coding exons and
substitutions in the untranslated regions of mRNA were sequenced (with Sanger
sequencing) but none were consistent with causing CA since they were also present in
unaffected control dogs that possessed the same haplotype as affecteds. Twenty-two
non-coding differences that were evolutionarily conserved between mammals and dogs
were identified and sequenced using Sanger technology but most of them were
eliminated as a possible cause of CA in Kelpies. However the possibility that CA does
not have complete penetrance in affected Kelpie dogs could not be definitely excluded.
One intergenic deletion (31674050) that is conserved between mammals and dogs was
predicted to disrupt the HSF2 transcription factor binding site and could be causing CA

in Kelpies.

Sanger sequencing was employed to fill in the 454 sequencing gaps in 40 exons
and upstream regulatory region of genes. Several exonic and regulatory differences were
identified and eliminated as possible causes of CA in Kelpies. Sequencing of the
DMGDH gene in CA affected and unaffected control dogs has identified a 223 bp
insertion upstream of last exon of the gene. This insert sequence contains two
constitutive acceptor splice sites where the spliceosome may bind to produce a 72 amino
acid truncated protein. However there is also a possibility that the two constitutive

acceptor splice sites do not have any effect on the splicing of pre-mRNA and a normal
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functional protein can still be produced. Gene expression studies are required to fully

investigate this possibility.

Apart from looking for DNA sequence differences between affected and
unaffected control dogs, other possibilities like epigenetic modification also need to be
considered as a possible cause of CA in Kelpies. Variable onset age and severity of
clinical symptoms suggest that CA in Kelpies could be caused by a regulatory mutation
(epigenetics) rather than a change in the DNA sequence. Identifying the causative
mutation caused by epigenetics may require detailed assessment of the methylation

status of GC-rich gene regions and gene expression level using qPCR.

It is also noted that other methods such as Southern blotting may be needed in
order to identify large insertion and deletion events caused by transposable elements or
gene duplications that may be present in the candidate region. Additional sequencing of
unaffected Kelpies with the same haplotype as affecteds (on the 454 platform) could
also help to reduce the number of differences to investigate. The candidate region could
be reduced by genotyping some CA affected and healthy dogs (previously processed on
the Affymetrix canine SNP array v2) with new additional SNPs on the Illumina high-

density 172K array.
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7 APPENDICES

7.1 Genotyping of Australian Kelpies with long and short microsatellite markers

Table 7-1: Genotyping of long microsatellite markers in CA candidate region.

Sample ID C3.2871 C3.2997 C3.3193 C3.3274 C3.3301
WK6001 367 371 301 301 387 390 500 508 | 474 | 478
WK6002 367 371 301 301 387 387 504 508 | 474 | 474
WK6003 367 371 297 301 387 390 500 508 | 474 | 478
WK6004 367 371 301 301 387 387 504 508 | 474 | 474
WK6005 371 371 301 301 387 390 500 504 | 474 | 478
WK6006 363 367 301 301 383 387 508 508 | 474 | 474
WK6007 371 371 301 305 390 390 500 500 | 478 | 478
WK6008 371 394 251 301 356 387 417 504 | 474 | 474
WK6009 371 371 301 305 387 390 500 504 | 474 | 478
WK6010 367 375 301 305 387 394 490 508 | 474 | 483
WK6011 371 375 301 305 390 390 494 500 | 478 | 488
WK6012 371 375 301 305 390 390 500 508 | 474 | 478
WK6013 371 375 301 305 390 390 494 500 | 483 | 483
WK6014 363 371 301 301 383 390 500 508 | 474 | 483
WK6015 371 375 301 305 390 390 494 500 | 478 | 483
WK6016 363 371 301 301 383 390 500 508 | 474 | 483
WK6017 363 371 301 301 383 390 500 508 | 474 | 478
WK6018 375 375 - - - - 490 494 - -
WK6019 363 367 301 301 383 387 504 508 | 474 | 474
WK6020 367 367 297 301 387 394 500 508 | 474 | 478
WK6021 363 367 301 301 383 387 504 508 | 474 | 474
WK6022 367 367 301 301 383 387 504 508 | 474 | 474
WK6023 356 371 305 305 390 390 - - 483 | 483
WK6024 356 367 301 305 387 390 486 504 | 474 | 483
WK6025 360 371 305 305 390 390 490 490 | 483 | 483
WK6026 367 367 301 301 387 387 504 504 | 474 | 474
WK6027 367 371 301 305 387 390 490 504 | 474 | 483
WK6028 356 367 301 305 387 390 490 504 | 474 | 483
WK6029 363 367 301 301 387 387 508 508 | 474 | 474
WK6030 367 367 301 301 387 387 504 504 | 474 | 474
WK6032 363 367 297 301 387 394 500 508 | 474 | 478
WK6033 371 375 262 309 387 394 430 494 | 469 | 478
WK6034 371 371 262 301 387 390 430 500 | 478 | 478
WK6035 367 367 301 301 383 387 504 508 | 474 | 474
WK6036 375 378 305 309 394 412 494 520 | 469 | 483
WK6037 378 378 301 305 390 412 500 520 | 478 | 483
WK6038 371 378 262 305 387 412 430 520 | 478 | 483
WK6040 356 367 282 301 387 399 417 504 | 474 | 478
WK6041 363 371 301 305 387 390 490 508 | 474 | 483
WK6042 356 371 301 305 390 390 490 500 | 483 | 483
WK6043 356 375 258 305 387 390 430 490 | 478 | 483
WK6044 371 371 297 309 387 394 494 504 | 474 | 483
WK6045 371 375 258 301 387 390 430 500 | 478 | 483
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Sample ID C3.2871 C3.2997 C3.3193 C3.3274 C3.3301
WK6046 340 363 265 301 387 390 508 508 | 469 | 474
WK6047 340 371 265 301 390 390 500 508 | 469 | 478
WK6048 340 375 258 265 390 390 430 508 | 469 | 478
WK6049 371 375 258 301 387 390 430 500 | 478 | 478
WK6050 367 371 301 309 387 399 500 504 | 474 | 478
WK6054 371 378 305 309 390 394 490 500 | 483 | 433
WK6055 363 371 301 301 387 387 504 508 | 474 | 474
WK6056 371 371 301 301 390 394 500 500 | 478 | 478
WK6058 344 375 270 305 390 394 490 508 | 469 | 483
WK6059 371 375 305 305 390 390 486 490 | 483 | 483
WK6060 367 375 301 305 390 416 363 500 | 478 | 509
WK6061 363 367 301 301 390 390 500 504 | 474 | 478
WK6062 344 371 262 301 394 412 500 537 | 474 | 478
WK6063 371 375 301 305 390 390 494 500 | 478 | 483
WK6064 375 375 305 305 390 390 490 494 - -
WK6065 363 371 301 301 390 390 500 504 | 474 | 478
WK6066 363 371 301 301 390 390 500 504 | 474 | 478
WK6067 - - 301 305 - - - - - -
WK6070 371 375 301 305 390 390 490 500 | 478 | 483
WK6071 371 375 301 305 390 390 494 500 | 478 | 483
WK6072 375 404 254 301 394 394 387 504 | 474 | 478
WK6073 340 371 265 301 390 390 500 504 | 469 | 478
WK6075 367 400 254 279 399 422 340 340 | 464 | 478
WK6076 367 404 254 279 399 433 340 340 | 464 | 464
WK6077 400 404 251 254 422 426 336 340 - -
WK6078 367 408 270 309 390 404 417 441 | 478 | 478
WK6079 367 404 262 305 387 390 435 486 | 474 | 483
WK6082 363 367 274 282 394 412 376 376 | 464 | 524
WK6083 340 340 265 265 390 394 508 517 | 469 | 469
WK6084 340 371 265 309 394 394 494 512 | 469 | 483
WK6085 340 371 265 309 394 394 - - 469 | 483
WK6086 - - 265 309 387 390 502 508 - -
WK6088 340 371 265 309 387 394 504 520 | 469 | 474
WK6091 371 371 279 305 390 399 423 490 | 474 | 483
WK6099 363 367 258 301 356 390 423 508 | 469 | 469
WK6102 371 375 305 305 390 394 486 490 | 483 | 488
WK6110 394 404 254 261 390 390 423 499 | 483 | 483
WK6111 404 404 261 261 390 390 499 499 | 483 | 483
WK6112 394 404 251 261 390 390 423 499 - -
WK6124 371 375 305 305 390 390 - - 483 | 483
WK6126 367 371 301 305 383 387 - - - -
WK6142 363 371 301 301 387 390 499 508 | 474 | 478
WK6143 371 375 301 305 390 390 490 499 | 478 | 483
WK6144 371 375 301 301 390 390 499 499 | 478 | 478
WK6145 371 375 301 301 390 390 494 499 | 478 | 478
WK6146 371 375 301 301 - - 499 499 | 478 | 478
WK6147 363 371 301 305 387 390 490 508 | 474 | 483
WK6148 363 375 301 301 - - - - - -
WK6149 363 371 301 305 387 390 490 508 | 474 | 483
WK6181 375 375 301 305 - - 490 490 - -
WK6182 371 371 301 305 - - 490 502 | 478 | 483
WK6183 367 371 301 301 - - - - - -
WK6184 371 371 301 305 - - 490 499 | 478 | 483
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Sample ID C3.2871 C3.2997 C3.3193 C3.3274 C3.3301
WK6185 - - 301 301 - - - - - -
WK6190 360 363 270 274 402 404 374 408 - -
WK6191 360 404 261 274 404 426 338 374 - -
WK6192 360 367 274 279 404 419 374 450 | 474 | 474
WK6193 363 367 270 279 402 419 408 450 | 474 | 474
WK6194 363 404 261 270 402 426 338 408 | 474 | 474
WK6195 363 375 301 301 387 387 502 512 | 474 | 474
WK6196 363 371 301 301 387 387 502 512 | 474 | 474
WK6203 371 375 301 313 390 390 490 499 | 478 | 483
WK6204 363 371 301 301 383 390 499 508 | 474 | 478
WK6205 388 400 259 262 390 412 499 533 | 464 | 474
WK6206 375 378 305 305 390 409 490 517 | 483 | 433
WK6212 363 371 301 305 383 390 490 508 | 474 | 433
WK6213 363 371 301 305 387 390 490 508 | 474 | 483
WK6214 347 378 259 262 408 419 364 502 | 461 | 474
WK6222 371 371 301 301 387 387 502 502 | 469 | 474
WK6223 375 378 262 301 390 419 - - - -
WK6238 360 378 262 274 387 419 360 502 - -
WK6243 360 378 262 274 387 419 360 502 - -
WK6249 367 375 301 301 387 390 - - - -
WK6251 378 400 262 274 404 419 360 374 | 461 | 461
WK6253 360 367 274 301 387 387 502 502 | 474 | 474
WK6254 375 378 262 301 390 419 360 499 - -
WK6256 371 408 265 301 390 404 419 499 | 478 | 478
WK6257 371 375 305 309 394 394 490 494 | 483 | 483
WK6258 375 400 254 305 387 394 490 502 | 474 | 483
WK6259 371 389 254 301 387 430 343 502 | 474 | 478
WK6260 371 400 254 309 394 430 343 494 | 478 | 483
WK6261 371 389 254 309 394 430 343 494 | 478 | 483
WK6263 371 378 305 305 390 390 486 490 | 483 | 483
WK6266 363 367 297 301 387 394 - - 474 | 474
WK6267 - - 297 297 387 394 499 499 - -
WK6268 367 367 297 301 394 394 499 499 - -
WK6270 371 371 301 301 387 387 508 508 | 474 | 474
WK6271 - - 301 301 387 387 508 508 | 474 | 474
WK6272 371 375 301 305 387 387 508 508 | 474 | 483
WK6273 - - 301 305 387 387 486 508 | 474 | 483
WK6274 363 371 301 301 383 387 - - - -
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Table 7-2: Genotyping of short microsatellite markers in CA candidate region.

Sai‘]‘)ple C3.2805 | C3.2856 | (32869 | C3.2984 | (C3.3228 C3.3265
WK6001 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6002 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6003 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6004 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6005 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6006 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6007 | 208 | 220 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WKG6008 | 208 | 216 | 252 | 262 | 349 | 357 | 292 | 300 | - } ; :
WK6009 | 208 | 208 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WK6010 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6011 | 208 | 220 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WK6012 | 208 | 220 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WK6013 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6014 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6015 | 208 | 220 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WK6016 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6017 | 208 | 208 | 262 | 262 | 357 | 359 | 309 | 309 | 231 | 231 | 252 | 252
WK6018 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | - ;
WK6019 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6020 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6021 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6022 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6024 | 208 | 210 | 248 | 262 | 357 | 365 | 309 | 309 | 231 | 231 | 252 | 252
WK6025 | 210 | 220 | 248 | 262 | 357 | 365 | 309 | 309 | 231 | 231 | 252 | 252
WK6026 | 208 | 210 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6027 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6028 | 210 | 210 | 248 | 262 | 357 | 365 | 309 | 309 | 231 | 231 | 252 | 252
WK6029 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6030 | 208 | 210 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6031 | - ; ; = 361 363 | - | - - - ; :
WK6032 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6033 | 220 | 220 | 262 | 266 | 357 | 357 | 292 | 309 | 230 | 231 | 252 | 252
WK6034 | 208 | 220 | 262 | 266 | 357 | 363 | 292 | 292 | 230 | 231 | - ;
WK6035 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6036 | 208 | 220 | 248 | 262 | 357 | 365 | 292 | 309 | 231 | 231 | 252 | 252
WK6037 | 208 | 208 | 248 | 262 | 363 | 365 | 292 | 292 | 231 | 231 | 252 | 252
WK6038 | 208 | 220 | 248 | 266 | 357 | 365 | 292 | 292 | 230 | 231 | 252 | 252
WK6039 | - ; ; ; - - C | - - ~ 252 | 252
WKG6040 | 208 | 210 | 248 | 262 | 357 | 365 | 292 | 309 | 217 | 231 | 252 | 252
WKG6041 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6042 | 210 | 220 | 248 | 262 | 357 | 365 | 309 | 309 | 231 | 231 | 252 | 252
WKG6043 | 210 | 220 | 248 | 266 | 357 | 365 | 292 | 309 | 230 | 231 | 252 | 252
WKG6044 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WKG6045 | 220 | 220 | 262 | 266 | 357 | 357 | 292 | 309 | 230 | 231 | 252 | 252
WEKG6046 | 208 | 218 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6047 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WKG6048 | 218 | 220 | 256 | 266 | 357 | 359 | 292 | 292 | 230 | 231 | 252 | 252
WK6049 | 220 | 220 | 262 | 266 | 357 | 357 | 292 | 309 | 230 | 231 | 252 | 252
WK6050 | 220 | 220 | 258 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | - ;
WK6054 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
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Sai‘]‘)ple C3.2805 | C3.2856 | (32869 | C3.2984 | (C3.3228 C3.3265
WK6055 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6056 | 208 | 216 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6058 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6059 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WKG6060 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 234 | 252 | 252
WK6061 | 208 | 208 | 262 | 262 | 357 | 357 | 303 | 309 | 231 | 231 | 252 | 252
WK6062 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6063 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6064 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6065 | 208 | 208 | 262 | 262 | 357 | 357 | 303 | 309 | 231 | 231 | 252 | 252
WKG6066 | 208 | 208 | 262 | 262 | 357 | 357 | 303 | 309 | 231 | 231 | 252 | 252
WK6067 | 208 | 220 | 262 | 262 | 357 | 357 | - | - | 231 | 231 | - ;
WK6070 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6071 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6072 | 216 | 220 | 260 | 262 | 357 | 357 | 292 | 309 | 231 | 238 | 252 | 252
WK6073 | 208 | 218 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6074 | 216 | 223 | 248 | 258 | 361 | 365 | 292 | 292 | 231 | 242 | 252 | 252
WK6075 | 216 | 216 | 248 | 260 | 357 | 363 | 292 | 292 | 217 | 238 | 252 | 262
WK6076 | 216 | 216 | 248 | 260 | 357 | 363 | 292 | 292 | 217 | 238 | 252 | 262
WK6077 | 216 | 216 | 260 | 260 | 357 | 357 | 292 | 292 | 238 | 238 | 252 | 252
WK6078 | 214 | 220 | 262 | 262 | 357 | 357 | 292 | 313 | 217 | 231 | 252 | 252
WK6079 | 214 | 220 | 262 | 264 | 355 | 357 | 292 | 309 | 230 | 231 | 252 | 252
WK6082 | 216 | 220 | 248 | 248 | 363 | 363 | 292 | 292 | 217 | 240 | 252 | 262
WK6083 | 218 | 218 | 256 | 256 | 359 | 359 | 292 | 292 | 231 | 231 | 252 | 252
WK6084 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6085 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6086 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6088 | 218 | 220 | 256 | 262 | 357 | 359 | 292 | 309 | 231 | 231 | 252 | 252
WK6091 | 208 | 220 | 262 | 262 | 357 | 363 | 292 | 309 | 217 | 231 | 252 | 252
WK6099 | 208 | 220 | 262 | 262 | 357 | 361 | 292 | 309 | 231 | 238 | 252 | 252
WK6102 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6110 | 216 | 216 | 252 | 260 | 349 | 357 | 292 | 292 | 231 | 238 | 252 | 252
WK6111 | 216 | 216 | 260 | 260 | 357 | 357 | 292 | 292 | 231 | 231 | 252 | 252
WK6112 | 216 | 216 | 252 | 260 | 349 | 357 | 292 | 292 | 231 | 238 | 252 | 252
WK6124 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6142 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6143 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6144 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6145 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6146 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6147 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6148 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6149 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6181 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6182 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6183 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6184 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6185 | 208 | 216 | 248 | 248 | 357 | 357 | 306 | 309 | 230 | 230 | - ;
WK6190 | 208 | 220 | 248 | 248 | 365 | 369 | 292 | 292 | 230 | 240 | 242 | 252
WK6191 | 208 | 216 | 248 | 260 | 357 | 369 | 292 | 292 | 238 | 240 | 252 | 252
WK6192 | 208 | 216 | 248 | 248 | 363 | 369 | 292 | 292 | 230 | 240 | 252 | 252
WK6193 | 216 | 220 | 248 | 248 | 363 | 365 | 292 | 292 | 230 | 230 | 242 | 252
WKG6194 | 216 | 220 | 248 | 260 | 357 | 365 | 292 | 292 | 230 | 238 | 242 | 252
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Sai‘]‘)ple C3.2805 | C3.2856 | (32869 | C3.2984 | (C3.3228 C3.3265

WK6195 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6196 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6203 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6204 | 208 | 220 | 262 | 264 | 355 | 355 | 309 | 309 | 231 | 231 | 252 | 252
WK6205 | 214 | 222 | 262 | 264 | 357 | 361 | 292 | 292 | 230 | 231 | 242 | 254
WK6206 | 208 | 220 | 248 | 262 | 357 | 365 | 292 | 292 | 231 | 231 | 252 | 254
WK6212 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6213 | 208 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6214 | 216 | 218 | 256 | 258 | 361 | 361 | 292 | 292 | 231 | 242 | 252 | 252
WK6222 | 208 | 208 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6253 | 208 | 208 | - = 357 | 369 | 292 | 309 | 231 | 231 | 252 | 252
WK6254 | 216 | 220 | 258 | 262 | 357 | 361 | 292 | 309 | 231 | 242 | 252 | 252
WK6256 | 208 | 214 | 262 | 262 | 357 | 357 | 292 | 309 | 217 | 231 | 252 | 252
WK6257 | 220 | 220 | - ~ [ 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252
WK6258 | 216 | 220 | - = 357 | 357 | 292 | 309 | 231 | 231 | 252 | 252
WK6259 | 208 | 216 | 260 | 262 | 357 | 357 | 292 | 309 | 231 | 238 | 252 | 252
WK6260 | 216 | 220 | 260 | 262 | 357 | 357 | 292 | 309 | 231 | 238 | 252 | 262
WK6261 | 216 | 220 | 260 | 262 | 357 | 357 | 292 | 309 | 231 | 238 | 252 | 252
WK6263 | 220 | 220 | 262 | 262 | 357 | 357 | 309 | 309 | 231 | 231 | 252 | 252

114




CIT

L L L L L L L L L L L L L L L L L L L L L L L LLOT90EE | LLITIOEE €YD
v A\ v v v v v v v v v v v v v v v v v v v v v 6CSTOLLE | 6TSTOHCTE €U
0] ) ) o) 0) ) 0) o] o) o) o] o) o) o] o] o) o] o] o] o] o] o] o LITEOITE | LITEOTTE €YD
D D D D D D D D D D D D D D D D 19) D D 19) 19) D D POSLI60E | #0SLI60E €HUd
0) ) o) o) ) 0) o) 0) o) o) o] o) o) o] o] o) o] o] o] o] o] o] o 01128L0€ | OITT8LOE EIUD
L L L L L L L L L L L L L L L L L L L L L L L CILBELOE | CIL8ELOL EUD
0] ) ) 0] ) ) 0] o) o) o) o] o) o) o] o] o] o) o] o] o] o] o] o) PP98€L0E | ¥Y98ELOE EIUD
L L L L L L L L L L L L L L L L L L L L L L L 0SI1¥0L0E | OST¥OLOE €IUD
D D D D D D D D D D D D D D D D 19) D D 19) 19) D D 9611690€ | 9611690¢ ¢IUd
D D D D D D D D D D D D D D D D D D D D D D D 98L¥890¢ | 98L¥890E CIUD
v v v v v v v v v v v v v v v v v v v v v v v 91L9190€ | 91L9190¢ ¢Iud
0] ) ) o) ) ) 0] 0] o) o) o] o) o) o] o] o) o] o] o] o] o] o) o) STE9190€ | STSII90¢ €D
D D D D D D D D D D D D D D D D 19) D D 19) D D D SYr9190€ | SPPO190¢ €ud
v v v v v v v v v v v v v v v v v v v v v v v 0TI9190€ | 0TI9190¢ ¢Iud
D D D D D D D D D D D D D D D D D D D D D D D £96L6S0€ | €96L650¢ €U
L L L L L L L L L L L L L L L L L L L L L L L TOEV9L0E | T9EV9L0E ¢IUd
D 19747 D D D D D D D D D D D D D D D D D D D D D €0CELIOE | €0TELIOE EUD
v DIV v v v v v v v v v v v v v v v v v v v v v SLI6S00E | SLI6S00E €Ud
L L L L L L L L L L L L L L L L L L L L L L L 8CL6Y66C | 8TLOV66T €U
L L/ L L L L L L L L L L L L L L L L L L L L L 880L£86C | 880LEBO6T €YD
D DIV D D D D D D D D D D D D D D D D D 19) D D D L988186C | L988186T €U
L o) L L L L L L L L L L L L L L L L LD L o) L L 989T€96C | 989C£96C ¢IUd
L V) L L L L L L L L L L L L L L L L L L L L L 968L9S6T | 9S8LIS6T ¢IUd
D D D D D D D D D D D D D D D D D D D D D D D SLLYSE8T | SLLYSE8T €1Ud
o] J L LD J J LD 0 LD LD 0 LD LD J LD L L J J LD LD 8] 8] 65L9S08C | 6SL9S08T €YD
uonedo[ MBI
2 I8 |8 |8 |2 |g |2 /2 |l2g ]2 2 /8|2 /2 |2 |2 |2 /2|2 /2 |28 |2 |2 | e
2 |2 |8 |5 |® |2 |8 |€ |&8 |8 2 B |& |R |2 |38 |& |2 |2 |FE |B |§8 |t
Jqunu (1 d1dpRy

‘Popeys Ik pue ZI[[[e/[9[[[E SB POMOYS Ik SN0FAZ0I9)Y Ik Jey) SIaIew pue ANud 9[3UIs B AQ pajedIpul a1e sno3Lzowoy e jey)

SIOIRIA "m0l 19d PAISI] A1 ¢V,{D UO UONEIO[ JIUOUT pue SIIBW AU} pue uwnjod J[3urs e SurAkdnooo odures yoeo s doy ay) ssoIoe pajsi| aIe sroquinu (] d1d[oy]

(1102 ‘17 72 uewaedys ul sAIAPRY paysiqnd Asnoiadad 11 ay) Surpnpour) ssop IidPy

ue[enSny pajddjje v €7 Ul (J1107) ‘7P 2 uBuLIBIYS WO} SINS (] PUE SIDLIBW I[)IUIZ MIU 9] 0] [BAINUI €V qIA S Y} 10j s)nsax adLyouax) :¢-/ d[qe,

sadpuaddy

adfroidey NS T'L



Appendices

7.3 Clinical symptoms checklist for CA (ataxia) in Australian Kelpies

Clinical Signs Checklist

e In general, affected dogs are normal at birth with progressive clinical signs of cerebellar dysfunction

develop at an age of 3 to 7 weeks

®  Most dogs suspected with Cerebellar Abiotrophy were diagnosis as soon as physical symptoms become

apparent

e  Dogs with Cerebellar Abiotrophy have ataxia as the main symptom, with slow progression of disease

e  The severity of clinical signs between affected dogs may vary from mild to severe

Dog Owner Questionnaire Y N
Is your dog less than 7 weeks old when you first noticed his/her unusual physical behaviour and
body coordination?
Does your dog easily jump up onto or over objects or does it hit it legs when attempted to do so?
Has your dog had a head tremor? If so, how often and how severe is the shaking? Comment:
Does your dog walk normally or does it have an unusual or unsteady walk? Does it fall regularly
when chasing for objects?
Does your dog lift its front legs more so than normal dogs when walking?
Does your dog have more, less or a normal amount of muscle in the leg?
Have you noticed changes in your dog’s standing position? Does it have the wide legged stance in
the rear legs?
Has your dog had difficulty while drinking water from a bowl?
Does your dog overheat after doing a small amount of exercise (much less than what an average
healthy dog can easily handle) to the point where it has to lay down and rest?
Does your dog overheat while sleeping in the summer and shivering while sleeping indoor in the
winter?
Has your dog ever had any small seizure? If so how often, how severe and when did it start?
Comment:
Physical Examination Checklist
Clinical Sign (Y/N) Clinical Sign (Y/N)
Intention head tremor Absent perineal reflex

Head tilt and/or wide base stance in the rear

legs High stepping gait
Abnormal body weight/ body size Stumble and fall when jumping up a step
Poor postural reactions when hopping Ataxia in all limbs at time of euthanasia

Figure 7-1: Clinical signs checklist for Cerebellar abiotrophy in Australian Kelpies.

The checklist was compiled with clinical symptoms observed and provided (with the

samples) by the owners/vets of CA affected dogs.
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