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Summary  

Motor neurons disease (MND) is classified as any disease that involves degeneration of 
motor neurons. Motor neurons can be classified into the lower motor neurons, which are 
present within the spinal cord and upper motor neurons located in the motor cortex and 
cerebellum. The most common motor neuron diseases are Spinal Muscular Atrophy 
(SMA) and Amyotrophic Lateral Sclerosis (ALS). The SMA only targets the lower motor 
neurons, and mutations found in the Survival Motor Neuron (SMN-1) gene is the major 
cause of SMA, while ALS targets both upper motor neurons and lower motor neurons. 
Approximately, 20% of the familiar ALS cases are caused by mutations in the SOD1 
gene. The clinical manifestations include muscle weakness and paralysis and 
subsequently death due to respiratory failure.  

Hereditary Caine Spinal Muscular Atrophy (HCSMA) is a motor neuron disease 
targeting the lower motor neurons, demonstrating similar pathophysiology as human 
SMA and ALS. HCSMA originates from a spontaneous mutation in a Brittney spaniel 
population. The single proband carrying the mutation was experimentally bred in 
California many years ago, generating the HCSMA disease pedigree. HCSMA is a co-
dominant trait, meaning a varied phenotype is observed dependent on the number of 
disease alleles carried. Two phenotypes have been characterized; an accelerated form of 
the disease defined as “Homozygous mutant” and a late onset phenotype defined as 
“heterozygous mutant”.  

Here we present the genetic mapping of HCSMA, starting with a Genome Wide 
Association Study (GWAS). The trait was mapped as a recessive trait, designating the 
accelerated dogs as affected and the late onset animals as carriers, identifying a 10Mb 
region on chromosome 13. In addition, a homozygosity analysis was executed and 
identified a segment that overlapped with the candidate region on chromosome 13. To 
further narrow down the region, the recombination breakpoints were investigated in the 
GWAS cohort, which recognized a ~4Mb associated region. A targeted sequencing 
capture was performed on 4 dogs with the accelerated disease phenotype and 4 dogs with 
later onset disease, as well as a fine-mapping study including genotyping of 475 Single 
Nucleotide Polymorphisms (SNPs) across the ~4Mb region. The sequencing variants 
were filtered by several parameters to narrow down the number of candidates, the 
variants passing the filter were selected for extended pedigree analysis, where the SNPs 
were genotyped using Sequenom technology and indels by Sanger sequencing.  

No causative mutation was found, however the region where the mutation must 
reside, was narrowed down by haplotype analysis to a ~2Mb region. Both the accelerated 
disease cohort and four dogs with late onset disease, are homozygous across this ~2Mb 
segment in regards of ~300SNPs, indicating the mutation to be present on the common 
haplotype. No variants were discovered by the targeted sequencing within the ~2Mb 
region concordant with the mode of inheritance.   

The ~2Mb segment contains 21 genes, of which four are known to be expressed 
within the Central nervous system; REST, TDGF1, MSL2 and HopX. Further analysis 
should include investigation of these candidate genes.  
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Introduction  

Discovering the genetic cause of human disease is a major component in the area of 
personalized medicine, and is important for both diagnosis and for development of 
treatment strategies.  The DNA molecule was discovered by James Watson and Francis 
Crick almost 60 years ago, and DNA, which provides the blueprint of life has ever since 
been carefully studied and characterized1.  

Genetic mapping  
One strategy to identify genomic regions associated with disease utilizes genetic markers, 
distributed across the genome. These regions can be located by investigating co-
segregation of markers with disease in a pedigree2, also referred to as linkage studies. 
Another approach is association studies, where genetic markers in the genome of cases 
and controls are compared to identify the markers that are associated with the disease 
status based on differing allele frequencies in the two groups.  
One of the strategies used in the early genetic mapping studies is the Restriction 
Fragment Length Polymorphism (RFLP)2 markers. The DNA is digested by restriction 
enzymes and run on a gel producing a large set of fragments with a broad spectrum in 
sizes; the presence or absence of an enzyme restriction site will produce different size 
fragments. The RFLP marker is therefor a bi-allelic marker, meaning there are only two 
alleles present at each locus.  
 
Another marker used for Linkage analysis Simple Sequence Length Polymorphism 
(SSLP) marker, sometimes called a microsatellite3. Microsatellites are up to a few 
hundred base pairs long, many with a repeated core sequence of 2-4 base pair (bp)4.  The 
advantage of the SSLP markers over RFLP is its ability to detect the presence of multiple 
alleles at each locus, since these sites have high variability due to increased deletions and 
insertions rate3. This enabled further differentiation between individuals facilitating 
linkage studies.  As the Polymerase Chain Reaction (PCR) technology emerged, the use 
of RFLP marker became inconvenient due to the size of the fragments and SSLP became 
the most commonly used marker. The first linkage map was created including 150 highly 
polymorphic sites enabling linkage mapping of several Mendelian diseases including 
Huntington’s disease5 and cystic fibrosis2,6. 
 
To perform a linkage study, the family structure and the mode of inheritance for the 
disease, such as recessive, dominant or co-dominant, needs to be assessed. When an 
individual needs to be homozygous for the disease allele to be affected, it is called a 
recessive disease.  Individuals who are heterozygous for the mutation are phenotypically 
normal, and considered to be a carrier of the recessive disease. When an individual only 
needs one disease allele to be affected, it is a dominant trait. A co-dominant trait is when 
the severity of the phenotype is dependent on the number of disease alleles an individual 
carry. Sex linked disease is when the mutation is linked to either Y-chromosome or X 
chromosome, which can be either dominant or recessive, and usually produce different 
inheritance patterns in males and females. 
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Multiple statistical approaches have been developed to perform linkage mapping of 
causal mutations for diseases. They are based on likelihood calculations, and dependent 
on family structure and the mode of inheritance of the disease.  
 

Genome wide association studies 
As array technologies emerged for genotyping, the Single Nucleotide Polymorphism 
(SNP) marker was introduced.  A SNP is a bi-allelic marker similar to the RFLP, but 
SNPs are more densely distributed across the genome, and thus give some advantages 
over RFLP markers. As the resolution of the arrays has increased, the regions of interest 
can be narrowed down further. Whole genome array containing 100 of thousands of 
SNPs was introduced in the beginning of the 2000, and the initial Genome Wide 
Association Study (GWAS) was performed 7,8.  Generally GWAS does not consider 
family structure, and it just compares a large set of markers in cases and controls to 
identify significantly associated alleles with the disease status9.   
 
The approach enables studies of complex disease and identification of multiple regions 
linked to a disease10.  Since such a large number of SNPs are included, correction for 
multiple testing and increased significance threshold are needed to filter out false 
positives11. The increased significance threshold is problematic in regards to the detection 
of rare alleles, so consequently GWAS is more suitable for common variants 12. Common 
variants are alleles that occur in the population with a frequency of 1-5%, and rare 
variants with allele frequency of less than 1%. Some concerns regarding GWAS are the 
increased rate of genotyping error12 and susceptibility for population stratification13.   
Population stratification occurs if individuals included in the analysis are related, and 
levels of relatedness in cases and controls are not well balanced. Population stratification 
can lead to significant enrichment of certain haplotypes in cases and/or controls, leading 
to false association signal13.   
 
Family based GWAS combines GWAS and Linkage analysis, which can detect genotype 
errors based on pedigree, and the population stratification is no longer an issue. When the 
transmission of parental alleles to the offspring does not follow the Mendel’s law of 
segregation, the marker is flagged to have Mendel inconsistency, and can be corrected for 
in the association/linkage analysis14. 
 
The transmission disequilibrium test (TDT) is a test for both association and linkage.  
SNP markers with rare alleles that are missed in a GWAS can cluster in a small region of 
genome and can be detected by linkage analysis14.  
 
A GWAS will identify a genomic region that is associated with the disease, however, to 
find the causative mutation sequencing of the associated region is necessary. 
 

Sequencing  
The first generation sequencing technique was invented by Fredric Sanger and is referred 
to as Sanger sequencing15.  The combination PCR, Sanger sequencing15 and cloning 
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technologies such as the bacterial artificial chromosome (BAC)16  enabled the start of the 
Human Genome Project17. The project started in the 1990s and finished in 2003, costing 
~2.7 billion dollars to complete18.	  
 
The major disadvantage of Sanger sequencing is the use of a single amplicon leading to 
limited throughput and making large-scale sequencing projects laborious and expensive.  
Several different next generation sequencing technologies have rapidly emerged in the 
last 6 years, leading to high-throughput sequencing and has revolutionized the field of 
genetics. The technologies consist of various approaches and involve combinations of 
sample preparation, sequencing, imaging, sequence assembly and alignment.  Currently, 
the most widely used next generation sequencing technology is the Illumina platform 
which workflow is described below.   
 
To construct a sequencing library, DNA is fragmented by sonication and selected for a 
specific size, then sequencing adaptors are ligated onto the fragments containing primer 
sequences and barcodes for each pool. The library is amplified on a glass slide containing 
covalently bound forward and reverse primers by the technology called “Bridge PCR”. 
The amplification processes produces about 100-200 million templates clusters across the 
glass slide19.    
 
The Illumina platform uses a cyclic reversible terminator approach. When the DNA 
polymerase incorporates fluorescently modified nucleotide complementary to the 
template base, the reaction is terminated. The nucleotide incorporated is registered by 
imaging, and the terminator nucleotide is cleaved off and the processes are repeated19.   
The Illumina platform utilize a paired-end sequence approach where the DNA fragment 
is selected with a insert size ranging from 200-500 bp and is sequenced 76-150 bp from 
each side. The orientation of the pairs and deviation from the expected insert size can be 
used for detection of structural variants. 
  
As whole genome sequencing is still relatively expensive when generating good 
coverage, and extensive time for assembly and alignment procedures is required, several 
methods have been developed for targeted enrichment, where specific regions of the 
genome are selected for sequencing.  This approach can generate deeper coverage of the 
targeted regions, requires less time for data analysis, and can be more cost effective.  
Several different types of targeted enrichment technologies are available, in array-based 
format or in solution phase20. In most methods used for targeted sequencing probes are 
designed against the region of interest. The targeted sequencing has enabled the capture 
the genome-wide coding regions (exom capture), facilitating discovery of causal 
mutations of several Mendelian disease21. 

Dog as an animal model 
Since the domesticated dog shares a broad spectrum of disease with human, receives 
comprehensive medical care, and is exposed to similar environmental factors as human, 
this makes the domesticated dog a suitable animal model to study human diseases22.  
In addition, the domesticated dog has a unique genomic structure, as a result of having 
narrow population bottlenecks, and artificial selection for certain physical and behavioral 
traits that are desired for each breed characteristics (fig.1). These factors have contributed 
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to the establishment of over 400 distinct breeds that are highly diverse across the breeds, 
but very homogeneous within a breed23.  
 
The dog has been of 
interest for genetic mapping 
studies for over a century, 
since the first inherited 
disease was described in 
the beginning of the 
1900s24. In 2005 the 
sequencing and 
characterization of the dog 
genome was completed by 
the Broad Institute of 
Harvard and Massachusetts 
Institute of Technology25. 
A purebred female boxer 
was selected due to low 
rates of heterozygosity, 
which facilitates genome 
assembly. The female 
gender was preferred due to 
the normal coverage of the 
X chromosome. The dog 
genome consists of a total 
of ~2.4 billion bases 
distributed over 38 
autosomal chromosomes 
and the sex chromosomes 
(XY). The genome 
assembly had a coverage of 
7.5x including 99% of the 
genome25.  Additional 
whole genome sequences at 
lesser coverage obtained 
from a poodle and 9 
additional dogs from 9 
different breeds were 
analyzed for SNP discovery25. The development of a SNP array for GWAS was made 
possible by the resources created as part of the dog genome project.  
 
The breeding schemes used to create each breed, and population bottlenecks at the time 
of domestication and at the time of breed creation has created an exceptional linkage 
disequilibrium (LD) and haplotype structure in the genome of the domestic dog25.  
The recent bottleneck occurring at breed creation has created long haplotype blocks, with 
an average length of 0.5-1Mb with 3-5 haplotypes within each breed24. Since the breeds 

Figure.1 The haplotype structure of the domesticated dog. 
(a)Two major population bottlenecks have occurred during 
the dogs population history, one introduced as the dog were 
domesticated from the wolf population and a more recent 
population bottleneck ~200years ago at breed creation. 
Prior the breed creation the population contained short 
haplotype blocks since the population is relatively old. (b)At 
breed creation specific set of alleles were selected for and 
each breed are very homogenous in regards of these 
haplotypes, consequently a few long haplotypes are 
observed. (c)The modern breed has yet undergone extensive 
recombination and the haplotype remains relatively intact, 
however by a comparison across the breeds the shorter 
ancestral haplotype can be distinguished.    
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are relatively young ~200 years old, and have not been exposed to extensive 
recombination events the haplotypes remain largely intact.   
However the dog population as a whole is roughly 15 000 years old and cross breed 
comparison identifies 3-5 ancestral haplotypes every 10kb25.This history of domestication 
and breed creation in domesticated dog results in a unique genome structure highly 
suitable for conducting GWAS.  
 
Since the domesticated dog population has a unique LD and haplotype structure, a two-
step genome-wide association mapping approach can be applied. The long LD within 
each breed enables a small sample set of dogs and fewer markers compared to humans26, 
since fewer markers are needed to tag the longer and fewer number of haplotypes.  This 
will result in identification of larger associated segments.  Since disease risk alleles are 
most likely dated prior to breed creation, a fine mapping study is carried out including a 
larger set of samples from different breeds that share the same phenotype in order to 
locate smaller associated regions27.  When different breeds share the same disease-causal 
haplotype, this approach would increase the resolution to  ~10kb similar to human 
studies28. 
 
One concern in GWAS is that ~ 6% of the dog genome are homozygous regions larger 
than 500kb within each breed, which are undetectable in association studies. If the causal 
mutation is present on a common haplotype shared across the cases and controls, this 
approach would fail to map the associated region27. If the causal mutation is present 
within these excessively homozygous regions, additional breeds can still be included to 
carry out homozygosity mapping to narrow down the region of interest. One example is 
the extremely wrinkled skin of the Chinese Shar-Pie breed27.  

Motor neuron disease 
Motor neuron disease involves all diseases involving the degeneration of motor neurons, 
and the most common diseases are Spinal Muscular Atrophy (SMA) and Amyotrophic 
Lateral Sclerosis (ALS). There are four neural circuits regulating movement, lower motor 
neurons and lower circuits are both present in the spinal cord and upper motor neurons 
located in the motor cortex and cerebellum.  
 
The lower motor neurons have their cell body in the ventral horn of the spinal cord. The 
cell body has axons that connect with the endplate, forming the neuromuscular synaptic 
junction (NMJ), which innervates the muscle fibers. The axonal transport occurs from the 
cell body to the NMJ (anterograde direction) and from the NMJ to the cell body 
(retrograde-direction). The axonal transport can either be rapid or slow dependent on the 
material transported.  The fast axonal transport29 is bidirectional while the slow axonal 
transport30 only is exhibited in anterograde direction.  Vesicles containing 
neurotransmitters are transported rapid while tubulins and cytoskeletons compartments 
are transported slowly.  
  
Signaling within the central nervous system as well as at the motor neuron endplate is 
mediated by synaptic transmission, which is regulated by several neurotransmitters such 
as GABA, glutamate, glycine, acetylcholine and serotonin. The neurotransmitters are 
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transported in vesicles within the pre synapse where the vesicles fuse with the 
presynaptic membrane consequently releasing the neurotransmitter into the synaptic cleft.  
The release of the neurotransmitters is a very complex process involving a large set of 
proteins, however a key component in release is the influx of Ca2+ into the presynapse31. 
 
Specific excitatory receptors are located on the post synapse and contribute to induction 
of an action potential leading to neural signaling. The action potential is an electric pulse 
caused by a transient change in the membrane potential. During the resting state of 
neurons a membrane potential is maintained by ion pumps creating a charge of -70mV 
relative to the outside. Upon activation, the ion channels regulating the permeability of 
Na+ and K+ opens, and the current created by the influx of Na+ and efflux of K+ are 
responsible for depolarization of the cell, creating the action potential that moves from 
the point of entry to axonal end terminals32 . In the ventral horn glutamate is the main 
excitatory neurotransmitter and in the endplate the acetylcholine (ACh) is release 
enabling the contraction of muscle fibers.  

Spinal muscular atrophy  
SMA is a recessive autosomal disease33 in human, with a carrier frequency of 1:35 and an 
incidence of 1:600034.  This makes SMA the major genetic cause of child mortality34.  
The disease is manifested by the degeneration of the lower motor neurons, specifically 
the a-motor neurons, leading to hypotonia and muscle weakness and eventually 
respiratory failure. The majority of SMA cases are caused by loss of function of the 
survival motor neuron 1 (SMN-1) by frame-shift and point mutations.35 The disease is 
classified into three phenotypes dependent of age of onset and severity of the disease. 
Humans carry SMN2, a nearly identical gene to SMN1, where SMN2 differs from SMN1 
in regards of mRNA splicing, and the majority of SMN2 transcripts lacks exon 7 and 
encodes a dysfunctional protein33.  However, because it can express low levels of 
correctly spliced transcripts producing a functional protein identical to SMN1, SMN2 is 
the major SMA-modifying gene. Increased copy number of SMN2 has been associated 
with a milder phenotype34. The treatment strategies developed for SMA consist of 
approaches to abolish the exon skipping in SMN2 and increase the expression of the full-
length transcript36.  

Amyotrophic lateral sclerosis 
ALS is characterized by muscles degeneration and progresses to paralysis and 
subsequently death due to respiratory failure, as results of the degeneration of lower 
motor neurons in the spinal cord and brainstem or upper motor neurons in motor cortex37.  
The incidence of ALS is uniformly distributed across the world with an incidence of two 
per 100,000 individuals with an average survival time of 3 years from diagnosis37.   
 
ALS can be classified into sporadic ALS (SALS), which contributes to about 90-95% of 
all cases, and familiar ALS (FALS) corresponding to 5-10%. The main factor 
contributing to FALS is mutations in the SOD1 gene, which is responsible for ~20% of 
the cases38.  
 
Multiple cellular systems are known to be affected in ALS patients, and interactions 
between these cellular processes are believed to contribute to the pathogenesis of ALS.  
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Elevated levels of oxidative damage to protein39, lipids40, DNA41 and mRNA have been 
observed in ALS patients. Reactive oxygen species (ROS) is produced during several 
cellular processes, resulting in damage to cells. The cellular system have multiple 
mechanisms, including SOD1, to remove and repair damaged caused by ROS. A 
dysfunction in the protective mechanisms, such as mutations in SOD1 can lead to 
extensive exposure to ROS, causing oxidative stress, which contributes to cell death.  
Protein aggregation of phosphorylated neurofilaments in the proximal dendrites has been 
observed in mSOD1 mice42. It has been suggested that the combination of mitochondrial 
dysfunction, excitoxocity and aggregation of phosphorylated neurofilaments contributes 
to impaired axonal transport, a key feature in ALS pathology43-45.  
 
Several other cellular events have been implicated in ALS such as deregulated 
transcription46 and endosomal trafficking47, neuroinflammation48 and endoplasmatic 
stress49. ALS is a complex disease and interplay between a large numbers of cellular 
processes contributes to the diseases. It remains challenging to differentiate the initial 
causal effects and the secondary effects that accumulate as the disease progresses.  
Deeper understanding of these cellular processes needs to be investigated to be able to 
develop treatment strategies	  
	  

Hereditary Canine Spinal Muscular Atrophy 
Hereditary Canine Spinal Muscular Atrophy (HCSMA) is a motor neuron degenerative 
disease, which spontaneously occurred in a family of pure bread Brittney spaniels in the 
1970s50. Initially three phenotypes were characterized; accelerated, intermediate and 
chronic HCSMA, dependent on the rate of disease progression51.  The chronic phenotype 
was only observed within the purebred Brittney spaniel population and may have been 
caused by a modifying or epistatic gene, producing a less sever phenotype. Since it was 
diminished when the dogs were outcrossed to a beagle population52.  The hybrids of 
Brittney spaniel and Beagles are called “BrigglesX”.  
 
An experimentally bred cohort was established by consanguinity mating, and consisted of 
125 animals. An autosomal co-dominant inheritance pattern was discovered52. The sex 
ratios of the affected animals appear to be normal, hence no indication for linkage to the 
sex chromosomes52. It was considered to be a co-dominant disease, as severity of the 
disease correlated with the animal’s disease allele status determined by the pedigree, 
where two phenotypes were seen; accelerated onset and late onset.  The dogs with the 
accelerated progression of the disease are phenotypically defined as “homozygote 
mutant”, and the dogs that produced homozygous offspring are defined as obligate 
“heterozygote mutant”. 
 

Clinical manifestation and pathology  
HCSMA shares many of the clinical manifestations and pathology of both human ALS 
and SMA. The disease targets the lower motor neurons similar to SMA with an age of 
onset of 6-8 weeks in accelerated form, where weakness in hind limbs are observed, and 
the disease progresses to quadriplegia by 16 weeks and subsequently death due to 
respiratory failure approximately in 21-22 weeks53.  The disease shares similarities with 
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ALS in regards to pathological observations, such as impaired axonal transport54, 
aggregation of phosphorylated neurofilaments53, and increased oxidative stress55.  
Electrophysiological studies observed that tetanic failure occurred prior to any signs of 
motor neuron degeneration, implying that the disease starts with impaired endplate 
current caused by dysfunction of the release of the neurotransmitter ACh56,57.  
 
It has been suggested that HCSMA targets all types of cellular functions equally, but that 
the aggregation of neurofilaments are observed later in the disease progression, due to the 
longer turnover time associated with slow axonal transport. On the contrary, the 
neurotransmitters are transported with the fast axonal transport, and are therefore 
impaired earlier58.  To determine if the human SMA and HCSMA arise from the mutation 
in the same gene, a linkage mapping study was carried out, which discovered that 
HCSMA is not linked to SMN1 and does not share the same genetic basis as human 
SMA59. The SOD1 gene was also investigated since it corresponds to 20% of the FALS 
cases in human, however it was not associated with HCSMA60.  The striking similarities 
in disease phenotype between human SMA and HCSMA, and in pathophysiology 
between human ALS and HCSMA indicate HCSMA is a good disease model. 
Identification of the genetic basis of HCSMA would provide further insight of these 
motor neuron diseases in human.  

Earlier Result 
In collaboration with Dr. Marty Pinter of Emory University, the group led by Dr. Kerstin 
Lindblad-Toh at the Broad Institute conducted a GWAS study of HCSMA to identify the 
causal mutation of HCSMA.  

Genome-wide association study   
A family-based genome-wide association study was carried out using the Canine HD 
Illumina array comprising 170,881 SNPs, and included 16 animals with accelerated 
disease (homozygote mutant) and 15 obligate heterozygotes that are the parents of the 16 
homozygotes. The animals included in the analysis spanned 11 generations with an even 
gender distribution of 16 females and 15 males (fig.2). The study was design to map the 
disease as a recessive trait, assigning the late onset animals as carriers and the accelerated 
animals as homozygous-affected for the mutation.  
 
The GWAS data was analyzed with PLINK analysis software61.  First, some filters were 
applied to the data to remove SNPs and individuals with missing data over 10%. A 
Mendel error check was also performed, and a family trio early in the pedigree with over 
10% Mendel errors was excluded from further analysis (B1,FB4, B5) .   
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A Transmission Disequilibrium Test (TDT) was performed which identified an 
associated region of ~10Mb on chromosome 13 (fig.3). The allele frequency was also 
investigated separately in the accelerated and late onset cohort, across the whole genome, 
to carry out a homozygosity mapping analysis. The region of interest were expected to 
have a minor allele frequency (MAF) of ~50 % in the late onset cohort, reflecting all 
animals being heterozygous for the causal mutation. The accelerated cohort was expected 
to have an MAF at 0% due to full homozygosity for the causal mutation. The only region 
fulfilling this requirement was observed on chromosome 13 overlapping with the 
associated region identified by the TDT analysis (fig.4).  To further narrow down the 
region, recombination breakpoints were investigated by examining the haplotypes.  
Within the accelerated disease cohort, two recombination breakpoint events were 
identified (B105, B222), defining a ~4Mb associated region on chromosome 13 
49,000,000-53,000,000 (fig.3).  
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Figure.2 Pedigree of HCSMA.  The yellow fill indicates purebred beagle, and animals selected for the 
GWAS study are marked with red circle. The eight dogs included in the targeted capture of the ~4Mb 
region are annotated with green text. The majority of the pedigree was included in the fine mapping 
study excluding the purebred Beagles and George, Null1, Honey, Spot, HB1 and H9. The B1, FB4 and 
B5 trios were excluded from the GWAS and further analysis, due to an increased number of Mendel 
errors, suggesting incorrect identifiers of the sample(s).       
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Targeted capture and fine mapping  
A targeted capture sequencing experiment was performed using Nimblegens array 
technology. Four animals from the accelerated cohort and four animals from the late 
onset cohort, including the two animals with the recombination breakpoints defining the 

  

Figure.3 GWAS analysis and recombination break point investigation of HCSMA pedigree. 
(A) A GWAS analysis of 15 cases and 16 controls were performed across 170,881 SNPs, 
represented in a manhattan plot, with log -P values on y-axis and the chromosomes on x-axis, 
with a significant association on chromosome 13.(B) An enlargement of chromosome 13 with the 
log- P on the y=-axis and the base pair position on the x-axis, identified a ~10Mb region.(C) The  
minor allele frequency was calculated separately in the accelerated cohort (blue) and the late 
onset cohort (red), y-axis indicates minor allele frequency and x-axis base position indicating a 
region overlapping with previous GWAS results. The black box indicates a fixed region between 
accelerated cohort and the late onset cohort.(D) Investigation of recombination breakpoints 
within the accelerated disease cohort, reveal a ~4Mb region on chromosome 13 defined by B105 
and B222. The blue fill designates a homozygous SNPs and the yellow fill denotes a 
heterozygous SNPs. 
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associated region were selected. In parallel with the targeted capture, a fine mapping 
study was performed including 77 dogs from the same pedigree. A total of 475 SNPs 
across the associated region of ~4Mb were genotyped in those 77 dogs.  The 77 dogs 
included 52 dogs with the accelerated disease and 25 dogs with the late onset disease 
spanning 11 generation. 
 
Aim  
The aim of the master thesis is to identify the causal mutation of HCSMA. The thesis 
works includes the downstream data analysis of the fine mapping study and targeted re-
sequencing capture and additional functional studies.  

Results  

Targeted Sequencing results  
The Nimblegen targeted capture was carried out on four dogs with the accelerated disease 
and four dogs with the late onset in the ~4Mb associated region identified by GWAS.  
The sequencing was performed on the Illumina platform utilizing the paired end 
technology with a read length of 76bp and an insert size of 200-250bp. The coverage for 
the dogs included in the analysis is represented in fig.4. The majority of the samples had 
an average coverage above 50x with the exception of two dogs (B105 and B222) with 
accelerated disease.  

 
 
 
 
 
 
 

 

Figure.4 Coverage assessment.  
The genomic coverage depth for each sample, red indicating percentage of non-
covered regions blue indicates covered region. Each sub-circle corresponds to 
threshold of 2x, 10x, 20x and 30x genomic coverage.  
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Sequence analysis 
The analysis of the sequences produced by the Illumina technology, often referred to as 
“next generation sequences” includes several steps of computational analysis; sequencing 
alignment, base calling, variant discovery, genotyping, annotation, effect prediction and 
filtering. The sequencing data was processed through the Genome Analysis Tool Kit 
(GATK) pipeline62, a pipeline developed at Broad Institute integrating multiple tools for 
next generation sequencing analysis.  The GATK pipeline identified 12,085 variants 
across the ~4Mb region. To narrow down the potential candidates several filters were 
applied.  
 

SNP – Analysis  
Since HCSMA is a co-dominant trait, the 
variants were filtered accordingly; the 
dogs with the accelerated disease had to be 
homozygous for the mutation and the late 
onset dogs had to be heterozygous (strict 
filter). A less stringent filter was applied 
where one animal from the accelerated 
cohort and the late onset cohort could have 
a discordant genotype (loose filter). 
Roughly 10% of the initial variants passed 
the loose filter, resulting in ~1,200 
variants, which were further ranked for 
conservation score using the SEQscoring 
module63. A conservation score indicates 
the preservation of alleles across many 
mammals, since alleles present across 
multiple species are more likely to be 
functional.  The SEQscoring module ranks 
for conservation dependent on three 
databases; UCSC genome browser, 
Ensemble and 29 mammals. We included 
any variant scoring high for conservation 
by any these three databases, resulting in 
79 variants 17 of these fulfilled the strict 
filter of phenotype to genotype 
concordance.  
In addition we processed all SNPs in a 
variant prediction database SNPEff64. This 
database rank the variants dependent on 
several parameters such as coding, synonymous, non-synonymous, being at or near splice 
site, intronic region, intragenic, and link RNA.  
With the assumption that the mutation is novel, any annotated SNPs found in DBSNP65 
database were filtered out. We also intersected the variants with LINK RNA-track and 
included 2 variants (Broad unpublished data). The workflow of the current analysis is 
illustrated in in (fig.5).  

Figure.5 SNP analysis workflow.  
GATK analysis of SNPs aligned by BWA 
aligner,iIndels discovered and genotype used as 
covariates for realignment procedures, variant 
discovery and genotyping is performed on the cleaned 
and realigned bam files. Variants are filtered in 
regards of phenotype and genotype concordance, 
Conservation, predicted SNP effect and link RNA 
intersection. The candidate variants were genotyped 
in extended pedigree.  
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A total of 81 candidate SNPs were selected across the ~4Mb region (fig.7), An extended 
pedigree analysis was performed by a Sequenom genotype assay of 77 dogs from the 
same pedigree and additionally 13 dogs from 7 other breeds. The candidate SNPs was 
tested for concordance with the designated phenotype in the 55 early onset animals and 
25 late onset animals. The filter was set so that the additional 13 unrelated dogs had to be 
homozygous for the reference allele.  No mutations were identified concordant with the 
designated phenotype and genotype.  
Therefore, to determine the location of the 
mutation, a haplotype investigation was 
carried out.   
 
 
Haplotype and Breakpoint analysis 
To further narrow down the candidate 
region, an examination of the haplotype 
structure was performed, comprising 475 
SNPs included in the initial fine mapping 
study and the additional 81 candidate SNPs.  
The genotype data were phased and four 
major haplotypes and several recombinants 
were identified(fig.7). The haplotypes 
consisted of three healthy haplotypes and 
one disease haplotype. The disease 
haplotype was found in all animals and 
concordance was seen between a co-
dominant mode of transmission and the 
dogs’ disease statuses.  Within the 
accelerated cohort the animals were 
homozygous for the disease haplotype, and 
within the late onset cohort the animals were 
carrying one disease haplotype and one 
healthy haplotype.  
The genotype data was easily phased since 
all breeding pairs of late onset animals had 
produced offspring with the accelerated 
disease, who all carry one copy of the 
disease haplotype without recombination. 
This haplotype was used as a reference in 
the phasing procedure of the late onset 
animals, and any heterozygous non-
reference SNP was phased into the healthy 
haplotype.  The recombinant haplotypes 
present within the accelerated cohort was 
distinguished by comparison of the phased parents, and identified which healthy 
haplotypes were recombined. The Brittney spaniels were outcrossed with the beagle 

Figure.6 Variant discovery and filtering 
procedures. (A)The distribution of SNPs, 
insertions and deletions discovered by the 
Genome Analysis Tool Kit (GATK). (B) The 
number of SNPs, INDELS, conserved variants 
and intersected variants located in LINK RNAs 
regions passing the two filtering procedures. 
(C)indicates the candidates SNPs location and 
coding change.      
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population, which introduced two of the healthy haplotypes.  By investigating the 
recombination breakpoints within the 
pedigree, a narrower region within which 
the mutation is located could be identified. 
The B347 with the accelerated form of the 
disease shared a large segment with the 
healthy beagle haplotype. Full 
homozygosity was not observed until 
chr13: 50,543,968 thereby defining the left 
border. The haplotypes introduced by the 
beagle population deviated from the disease 
haplotype by 44%-49% of the SNPs across 
the ~4Mb region. The haplotype introduced 
earlier in the pedigree was present in B74, 
B282, B253 and B157 individuals only 
deviated by ~20% of the SNPs, due to a 
~2Mb shared segment between the disease 
haplotype. In the sequencing data, none of 
the strictly filtered SNPs observed passed 
this left breakpoint due to the fact that B282 
shared the disease haplotype in this 
segment. The segment between the left 
breakpoint defined by B347 and the start 
point of the shared haplotype between 
the early onset animals and the late onset 
animals was ~35kb in size, and spanned 
the coordinates 50,543,968 bp to 
50,578,963 bp on chromosome 13 
containing the Steroid 5 Alpha-
Reductase 3 (SRD5A3) gene.  
	  
 
Fine mapping to define recombination breakpoints and filling in sequencing gaps  	  
The targeted sequencing had discovered 25 highly concordant variants within the ~35kb 
region identified by haplotype analysis, and these variants included 21 SNPs, 3 deletions 
and one insertion. To further investigate these SNPs, a second run of fine mapping was 
performed comprising the same set of dogs used for the candidate SNPs validation (55 
with early onset, 25 with late onset). Highly phenotype-concordant SNPs in the 35kb 
region and additional SNPs flanking the region were included to define more precise 
recombination breakpoints. The fine mapping resulted in almost full concordance of the 
genotypes to phenotypes in all dogs with the exception of the B126 dog and the dogs 
from the early pedigree, where Mendelian errors had previously been observed. The 
alleles discovered within the accelerated cohort were however also found in the control 
dogs. 	  
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Figure.7 Phased pedigree. A sub pedigree containing the 
recombinant offspring. The red haplotype block indicates 
the disease haplotype, outcrossing with beagle population 
introduced the yellow and green haplotype, while the 
(blu/red) haplotype was introduced earlier in the pedigree. 
The breakpoints are defining the ~35kb region 
encompassed SRD5A3 containing 21 full concordant SNPs 
(RED) and 4 Indels (3 deletions (blue) and one insertion 
(Green).  
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The highly concordant SNPs were flanking the first exon of SRD5A3, which had no 
coverage in the sequencing data due to the GC rich promoter region. Since these SNPs 
were not the causal SNPs, but rather tagging the region of interest. Sequencing of the 
1200bp promoter region was carried out, but did not identify the causative mutation.	  
	  
Expression assay and transcript sequencing 	  
The Indels discovered within this 35kb region were located within simple repeats or 
SINE elements and were only 1-2 bp long. Sanger sequencing across repeats is 
challenging, since they are often heterozygous at multiple positions, instead of 
sequencing across these repeats, an expression assay was designed for SRD5A3, and 
primers were designed across the whole SRD5A3 transcript to investigate any variants in 
mRNA splicing.  	  
	  
The tissue included in the analysis was 
cervical spinal cord from two healthy 
controls and three accelerated disease 
dogs. A cross section from the spinal 
cord was homogenized and levels of 
SRD5A3 expression were investigated 
(fig.8). 
 
To be more inclusive, the neighboring 
genes, KDR and Tmem165 were also 
included. Since KDR had previously 
been implicated in ALS66, and it is 
possible that an cis-acting element 
such as an enhancer or silencer may 
exist within the 35kb region and 
influence expression levels of the 
neighboring genes. However, the 
results show that there is no 
difference in the expression levels of 
those genes between the animals 
with the accelerated form of the 
disease and the control animals 
(fig.8). 	  
	  
The transcript sequencing approach 
of the SRD5A3 transcript was utilized to see if any alternative splicing might have 
occurred, which would not have been detected by the expression assay. Sanger 
sequencing was performed on the whole transcript of SRD5A3 but did not identify any 
alternative splice variants within the SRD5A3 transcript.   

Common haplotype  
The earlier founder dogs were excluded from the previous genotype phasing and pedigree 
analysis, since a trio containing FB4, B1 and B5 exhibited a large number of Mendelian 
errors and B5 had a high frequency of missing genotypes. The dogs with the accelerated 
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Figure.8 Expression analysis of KDR, SRD5A3 and 
Tmem165 performed on cDNA from cervical spinal cord of 
two healthy controls and three animals with the 
accelerated form of disease. The y-axis indicates CT-value 
and x-axis the genes investigated. The error bars denote 
one standard deviation calculated from three qPCR 
amplicons. The data were normalized against GAPDH and 
B-actin genes.   
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disease closer to the proband, namely FB3 and FB5, display discordant genotypes to 
other dogs with accelerated disease in the later generations up to chr13: 50,569,924 after 
which point share the disease haplotype. Since no mutations concordant with phenotype 
were discovered by the sequencing in the ~2Mb segment where FB3 and FB5 are 
concordant with other dogs with accelerated disease, these animals were initially not 
included in the various analyses. Since mutation was not discovered within the~35kb 
candidate region defined by B347 and the B74, we had to consider the possibility that the 
mutation had occurred in the common haplotype, and shared between dogs with the 
accelerated and late onset cohort. Because the Illumina sequencing data has gaps in the 
sequences, the mutation could have been missed, there is also a possibility that GATK 
analysis software, could have failed to identify the causative mutation.  
 
As for haplotype analysis, once FB3 and FB4 were included in the analysis, they were 
homozygous across the whole ~4Mb segment enabling the phasing of Marks, B3 and 
Dixie. This phasing identified that the healthy haplotype carried by B74, B253, B282 and 
B157 is identical to the disease haplotype newly identified in the early pedigree, 
supporting the hypothesis that the causal mutation must have arisen on a common 
haplotype. 
 

 
 
 
 
 
 
 

.10156 .61719

.48438

.5

.375

.375

.375

.25

?

?

B222

B198

B347

B282 B254

B253

B169 SKIP

B157

B146
B168

B107
B105

B173

B126

B91

B89

B93

B100
B111

B74

H9B49

B102

.125

.125

??

??

FB3

FB2

FB5

B3

B5

B1

HJ84

SpotHB1 FV09

FB4
Honey

FB1
Queenie George

Null 1

H

H

H

?

?

?

Figure.9 Founder pedigree. The haplotype 
denoted with full red fill  (blue/red, in the 
previous pedigree)  is the ancestral haplotype 
carried as the disease haplotype within the 
early pedigree. Which initially was thought to 
be a recombined haplotype of the disease 
haplotype carried by all accelerated dogs, 
downstream of B49. Since in initial phasing 
procedure used the disease haplotype carried 
by animals in later generation as a reference.  
However when the ancestral haplotype was 
inherited by HB1, a recombination event 
occurred producing the haplotype that became 
common in the later generations in the pedigree 
(previously denoted with full red, currently 
signified with red/blue fill). B74, B282, B157 
and B253 (red with black lines) carry a healthy 
haplotype, which is identical to the ancestral 
disease haplotype across all SNPs across the 
~4Mb segment, and was introduced by spot and 
Honey.     



	   19	  

The disease haplotype previously shown in figure 8 as the “red” haplotype which was 
found in the majority of the pedigree downstream, is in fact a recombinant haplotype first 
found in FB4, passed over to HB1 and subsequently to B49 (fig.10). We don’t have data 
from H9, but H9 must have carried a healthy ancestral haplotype, identical to the 
ancestral disease haplotype on all the SNPs across the ~4Mb region, which was passed 
over to B74. 
 
Taken together, the above haplotype data strongly supports the hypothesis of the causal 
mutation being located on a common haplotype, and rejects the SRD5A3 gene as the 
candidate gene, since the recently identified recombination breakpoint is upstream of 
SRD5A3.Because the mutation is relatively young, and the newly identified haplotype 
block containing the mutation has not undergone extensive recombination.  In addition 
any recombination event occurring within B282, B74, B253 and B157 passed on to the 
accelerated disease cohort would go unseen in the due to the shared haplotype. 
Therefore, the narrowest definition of haplotype block defined by the B74 and B222 is 
~2Mb long, located at 50,543,968 to 52,592,547 on chromosome 13. This segment 
contains 21 genes (table.1). 
 
There are several genes expressed within the central nervous system (CNS), such as 
REST, TDGF1, MSL2 and HopX. These genes can be further investigated by Sanger 
sequencing and by expression approaches to see if the mutation reside within these 
candidate genes.  

 

 
 
 
Insertions and deletions 
The GATK pipeline had not discovered any SNPs or indels that are concordant to 
phenotype within the ~2Mb segment.  Therefore, to extend the analysis to detect larger 
structural rearrangements, we utilized the Pindel software67, which investigates the 
orientation of the pairs, and clusters with an increased or decreased insert size. Pindel can 
detect multiple types of structural variants such as tandem repeats, inversions, and 

Table.1 genes located within 
the shared haplotype. 
Column 1  indicates the 
genes, column 2 in what 
tissue the genes have been 
reported being expressed 
using OMIM database and 
column 3 the potential 
function of the genes. Several 
of the genes are expressed in 
the central nerve system such 
as REST, TDGF1 MSI2, 
HOPX (Unregulated within 
human ALS patients).   

Expressed FunctionGenes
REST
TDGF1
MSI2
HOPX
CLOCK
NMU
EXOC
SRP72
AASDH
CEP135
IGFBP7
KIAA1211
NOA1
PAICS
POLR2A
PPAT
Tmem165
SFR1
NUSAP1
SPINKS2
PDCL2

Brain,Lymphocytes
Brain
CNS
Heart,Adult brain,intestine,spleen
Widely expressed
Brain
Brain,heart,placenta,skeletal muscle
No data
Widely expressed
Widlely expressed
Widlely expressed
No data
No data
No data
Widely expressed
No data
No data
No data
No data 
Sperm 
Testis

Master regulater of neurogenesis
Vertebra CNS development,
CNS development
Cardiac development
Circadian rhythmicity
Feeding behaviour, energy metabolism 
Involved in docking of exocytic vesicles
Signal recognition particle, 
Acyl-CoA synthetases
Involved in centrosome 
Regulates IGF availability
Uncharacterized 
Nitric oxide-associated protein1
Purine biosynthesis
Subunit in RNA polymerase-II 
Purine biosynthesis
Glycosylation
Recombination repair
Spindle Microtubule Organization
Kazal-type serine protease inhibitor
Germline specific gene  
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deletions. We also performed a coverage analysis using CNV-seq and an in house script 
used for the detection of a duplication event found in Shar-Pei68.  
 
Several filters were applied to the Pindel analysis, as the majority of the calls were called 
at/around gaps and repetitive elements. The filter was set so that the calls had to be 
supported by at least three reads and found in at least six out of eight of the animals to be 
considered for further analysis. Further more, a repeat masker file was used to filter out 
any call in proximity to repeats, since these often contribute to artifacts showing extended 
length of structural variants.     
 
Since Pindel does not detect heterozygous genotypes, the calls had to be manually 
inspected in integrated genome viewer (IGV)69 after the filtration process. The called 
variants were annotated for coding regions by intersecting the variants with Refseq gene 
track of UCSC-genome browser70. Since its hard to define the exact borders of the 
structural variants, the reads were extracted from the region containing the indel called by 
Pindel, and de-novo assembled using the Abyss software to determine the exact borders. 
These analyses detected two large deletions within the REST gene of roughly ~6.5kb 
each.  
 
Initially the deletion appeared to encompass the whole introns and part of the exonic 
regions, however upon de-novo assembly, the accurately defined borders showed the 
deletion to be only in the intronic regions. This type of signature implies a possible 
insertion of a pseudo gene, as a pseudo gene for REST was not annotated within the 
reference genome.    
 
To detect the presence of REST pseudogene and test for association with the phenotype, 
the primers were designed within the exons and run on the genomic DNA from the 15 
dogs (5 accelerated/5 late onset/ controls) used for validation of the small Indels. The 
assay confirmed the insertion of a potential REST pseudo gene, since the DNA amplified 
and produced a product reflecting the size of processed mRNA for REST. The 
pseudogene was discovered in all dogs thus not associated with the phenotype.  

Discussion 

At present, the causal mutation of HCSMA remains to be found, even though the 
characterization and mapping of HCSMA has been ongoing since the 1970s. However 
the recent technology advances, including genome wide SNP arrays and next generation 
sequencing, have identified and narrowed down a candidate region on Chromosome 13. 
The candidate region of 10Mb, initially discovered by GWAS, was further narrowed 
down to ~4Mb by recombination breakpoints analysis (Fig.3). Additional fine mapping 
assays and haplotype analysis identified a segment of ~2Mb (Fig.9). 
 
The targeted sequencing has not been successful in identifying the causal mutation of 
HCSMA. Even though candidate mutations were found, none of them exhibited full 
concordance with HCSMA disease phenotypes, nor exclusive to the HCSMA pedigree.   
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Given the severe phenotype, it is not unreasonable to expect a coding mutation, yet none 
was discovered after applying the strict filter of 100% concordance between phenotype 
and genotype in the sequence data. Because the KDR gene has expressed similar lesions 
as the HCSMA dogs in a strain of knockout mouse, it was investigated in details despite 
the breakpoint in B347 excluded the KDR gene. There was no coding mutation within 
this gene, and since no expression difference were observed between cases and controls, 
the KDR gene was excluded from the analysis 
  
The SRD5A3 gene was extensively studied, since the initial haplotype analysis indicated 
the mutation to be located within the 35kB region containing SRD5A3. The 
characterization of SRD5A3 did not reveal any evidence to link it to HCSMA (Fig.8).  No 
expression differences between dogs with accelerated disease and healthy dogs were 
observed, and no phenotype-concordant mutations were discovered including within the 
first exon which was filled in by Sanger sequencing as it was initially missing. In 
addition, sequencing of the SRD5A3 transcript did not find any abnormal splice variants.  
Since the mutation did not reside within the ~35kB region identified by the initial 
haplotype analysis, we hypothesized the mutation to be located on the ~2Mb ancestral 
haplotype identified by an additional haplotype analysis including dogs in earlier 
pedigree, which is present in the accelerated disease cohort but also shared in the four of 
late onset animals (Fig.9).  
 
The structural variant pipeline discovered a deletion within the REST gene located within 
the ~2Mb region.  Because deletion was observed only in the introns and also accounted 
only for a small proportion of all reads, we hypothesized that the deletion was indicative 
of a processed pseudogene.  This hypothesis was validated by a PCR-assay, however, it 
was present in both accelerated and late onset cases, and healthy controls. In addition 
three deletions were found within 3’ UTR of the REST gene, however, they were not 
strictly concordant with the disease phenotype.   
 
The two-step mapping approach where additional breeds with the same phenotype 
normally accelerates mutation discovery within the dog population, is in principle 
advantageous. However, the two-stage strategy cannot be applied to this study, as the 
mutation is private to Brittney spaniel population and not shared across multiple breeds. 
Furthermore the mutation is relatively new, and the haplotype block has not experienced 
extensive recombination. 
 
No phenotype-concordant mutations have been found in the ~2Mb segment, and it has to 
be inspected in regards of gaps present within the first exons.  The first exons are 
problematic within the dog population, since dogs have increased GC content in promoter 
regions, which induces problems in PCR and sequencing procedures. Initially the genes 
expressed in central nervous system such as REST, TDGF1, MIS2 and HOPX should be 
investigated (Table.1).  
 
Next generation sequencing has revolutionized the field of genetics and greatly improved 
variant discovery. SNPs can easily be identified, and smaller Indels can be found with 
decent accuracy. The problems with next generation sequencing is the identification of 
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larger structural rearrangements, normally defined as >1kb. There are several types of 
rearrangements including; deletions, insertions, tandem duplication, interspersed 
duplication, inversion and translocation.  Four approaches are currently used for 
identification of structural rearrangements in next generation sequencing, including 
analysis of the read-pairs, coverage depth, split reads and de novo assembly.   
 
We employed several Structural Variants (SV) algorithms trying to identify the causative 
mutation of HCMSA.  The Pindel67 algorithm was used for analysis of paired-end data 
and split-reads. The Pindel algorithm identifies regions with increased insert size 
signifying a deletion event. Some fragments will only have one mapped read, which can 
be used as an anchoring point, and the second read remains unmapped. These unmapped 
reads are likely to contain information of the exact location, since the breakpoint is likely 
to have occurred within the unmapped read. Pindel uses a “pattern of growth” approach 
to detect substrings within the read, and try to map these identified substrings of the read 
to a restricted region containing 2-3 times of the normal insert size from the anchoring 
point (the mapped read), and map split-read and exact breakpoints. Pindel also detects all 
the other structural rearrangements, however, with varied accuracy. The sequence 
coverage was analyzed by CNV-seq71 and the in house algorithm developed by Dr. Evan 
Mauceli, which was used for the identification of a duplication event in Shar-pei68. Both 
algorithms were unable to find any differences in coverage between the accelerated 
cohort and the late onset cohort. De novo assembly was performed using the Abyss72 but 
were only used for validation of REST gene and was not performed across the whole 
~4Mb.  
 
Several factors complicate the identification of larger structural variants such as repetitive 
regions, which are hard to align and assemble since they can map to multiple locations in 
the reference genome.  Therefore, de novo insertions of repetitive elements remain hard 
to be identified, and might also be filtered out during the aligning procedures.  
A good example of this problem is illustrated in the exome sequencing of induced 
pluripotent stem cells, where a homozygous insertion of an ALU element was accidently 
observed within an exon, and not called within sequencing analysis73.  
 
The causal mutation for HCSMA might be a larger structural variant missed by the SV-
analysis. Since these are complicated to be characterized by the current sequence 
technology and available software. Currently, a de novo assembly across the ~2Mb 
region is on going, which might reveal new information. Also, filling in the gaps and 
assessing expression of the genes found within the ~2Mb region should be performed.  If 
these attempts all fail to discover the mutation, then a new sequencing approach may be 
feasible, including whole genome sequencing with a mate pair library for detecting larger 
structural variants.    
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Materials and methods  

Experimental cohort  
The animals included in the Fine mapping, GWAS analysis and targeted sequencing 
provided in the Figure.2  
 
Next generation sequencing data analysis 
The variants were processed by the GATK pipeline, including alignment by the BWA 
aligner74 to the CanFam2 May 2005 reference genome. The candidate SNPs were ranked 
for conservation by seq scoring module63 and the effect were predicted by SNPEff64 
using the CanFam 2.61 database.  Removal of previously annotated SNPs using DB-snp 
database65, SNPs intersected with the LINK RNA track. Larger structural variants were 
processed with Pindel software according to default settings67. Artifacts generated by the 
Structural variants pipeline were clean in proximity of repeats using a repeat masker from 
CanFam-2.61 using the BED tools suite75. The candidates were intersected with the non-
reference gene track at UCSC genome browser70. The candidates were manually 
inspected using the Integrative Genomics (IGV) browser69. The Indels were De novo 
assembled by the Abyss-pe assembler to identify the borders72  
 
Finemapping  
Candidate genotyping and fine mapping SNPs were genotyped using the Sequenom 
MassArray technology, and the data were processed in PLINK analysis pipeline.   
 
Primer design 
Primers were designed with the primer376, transcript sequencing and primer walks were 
designed implementing the primer3 algorithm in a Perl script, which stepwise walking 
across the segment of interest.  
 
PCR- Protocol  
The 5-10 ng of genomic DNA was mixed with 1 U AccuPrime-Taq HiFi (Invitrogen) 2.5 
uL of 10x AccuPrimer Buffer II and corresponding primers at a final concentration of 
100-300nM and diluted with Gibco RNase free H20 to a final volume of 25 uL. In GC 
rich templates the reaction mixture were supplemented with DMSO at a final 
concentration of 10%. 
The reaction mixture were amplified in a Master Cycler Pro (Eppendorf) with the 
following thermocycling protocol 95C 5 min, 95C 30s – ramp 62C-52C 1C increment 
68C 1min for 10 cycles, followed by 95C 30s, 54C 30s, 68C 1min for 30 cycles.  Gel 
electrophoresis was carried out on a 1.5% agaros gel for 30min on 110V (PowerPac, 
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BioRAD). The PCR-products were purified according to manufactures specifications 
(Mini Elute PCR Purification kit, QIAGEN)  
 
Sanger sequencing 
First exon sequencing were bidirectional sequenced using dye termination chemistry  
on a ABI 3730 sequencer.  
 
Sanger Data analysis  
The trace files were analyzed using a pipeline consisting of polyphred77 for SNP calling 
and CHILD algorithm78 for detection of heterozygous insertions and deletions. The 
variants were manually inspected using CodonCode aligner (V3.7.1.2).   
 
RNA extraction  
Tissues included in analysis were cross sections of cervical, lumbar spinal cord and also 
liver from 3 cases and 5 controls.  The tissues were homogenized using (Rotor Stator 
Generator, OMNI International) on ice in 1 mL TRizol ((TriRegent, Molecular Research 
Center), incubated at RT for 5 min followed by adding 100uL BCP (BCP,Molecular 
Research Center). Samples were vortexed for 10s and incubated for 8min at RT, 
centrifuged at 12000g for 15min at 4C, the aqueous phase was collected and mixed with 
0.5mL isopropyl and incubated for 15 min at RT. The pellet was cleaned in 1mL 75% 
EtOH and centrifuged for 10 min at 12000g in 4C, the pellet was dissolved in 100 uL 
RNase free H20 (Gibco,Life technologies).  
 
DNAse Treatment  
The tissues were mixed with 11uL of 10x Turbo DNase buffer 1ul Turbo DNAse and 
incubated for 30 min at 37C, an additional 1uL of Turbo DNase was added followed by 
30 min incubation at 37C.  The samples were incubated with 11uL DNase inactivation 
reagent for 5 min at RT followed by centrifugation at 10000g for 1.5 min.  The 
supernatant was collected and the RNA was precipitated according to previously 
described protocol.  The concentration was measured and by nanodrop 8000 (Thermo 
Scientific) and the quality of RNA was assessed by bioanalyzer (2100 Bioanalyzer , 
Agilent technologies).   
 
cDNA Synthesis            
The cDNA synthesis was carried out according to manufactures specification 
(Superscript II RT, Invitrogen) using 250ng random primers and a RNA concentration 
ranging from 0.5-3ug total RNA. Subsequently transformed into double stranded cDNA 
using second strand synthesis protocol provided by manufacture (Invitrogen).  
 
Quantitative-PCR 
The cDNA was mixed 2x QuantiFast- Syber Green PCR (QIAGEN) and corresponding 
primers (Supplementary data) at a final concentration of 100nM in a volume of 10uL. 
Each sample was run in three replicates and quantified by qPCR (Light Cycler 480 
II,Roche) with the following thermocycling protocol 1 cycle 2min 95C 40cycles 95C 
15s,60C 1min.The qPCR data was analyzed in R-	  2.13.1 using both GAPDH and beta-
Actin for normalization of the data, ggplot2 package were used for graphical illustrations.   
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