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ABSTRACT

The genome of Canisipus familiaris the domestic dog, is an ideal tool for the study of
inheiited diseases. Its genome is uniquely suited for the mapping of genes that cause
disease, and its reference genome has been published since 2008. Dogs and humans share
many of the same diseases, making them an ideal model for the study of comparative
geneics. The identification of diseasmusing genes in dodsas relevance to human
health.We here describe the identification of causal mutations for three different canine
diseases in orthologs of genes with orthologous human disedsesused Next
Generatbhn Sequencing in order to generate Whole Genome Sequences for 14®hogs

69 different breedwith various inherited canine diseases, most of which were suspected
to be inherited recessively. We here report the discovery of the causes of; Spinocerebellar
Ataxia with Myokymia and Seizures in Russ@lioup Terriers, Neuronal Ceroid
Lipofuscinosis in Golden Retrievers and Dilated Cardiomyopathy in Standard
Schnauzers. While all three werdentified via whole genome sequencirgjfferent
methodologies and ¢bniques were used to discover and validate the findivides

discuss the importance of these studies and suggest future studies for the projects as well
as possible other means of discoverpgtential canine disease models via Whole
Genome SequencingSunmaries of these three findings are provided in the next three

paragraphs.

Juvenileonset spinocerebellar ataxia has been recognized in Jack Russell Terriers and
related Russell group terriers (RGTs) for over 40 years. Ataxia occurs with varying

combinatons of myokymia, seizures and other signs, thus more than one form of the

Vi



disease has been suspected. Our objective was to identify the mutation causing the
spinocerebellar ataxia associated with myokymia and/or seizures and distinguish the
phenotype fromother ataxias seen in the RGTs. We collected DNA samples from 16
RGTs with signs of spinocerebellar ataxia beginning freto-22 months of age, 640
control RGTs, and 383 dogs from 144 other breeds along with the medical records of
affected dogs in ordemtelucidate the genetic cause of this disease. Ajeileme
sequencing was performed on one RGT with ataxia and myokymia. Unique,
homozygous variants were identified in this dog by comparing its sequence to whole
genome sequences from 81 other canids. fovmd a missense mutation in the gene
coding for the inward rectifying potassium channel Kir&KCNJ10:c.627C>G that was
significantly associated with the disease. Dogs homozygous for the mutant allele all
showed spinocerebellar ataxia with varying tomations of myokymia, seizures and
other signs. The identification of a mutation KCNJ10in dogs with spinocerebellar
ataxia with myokymia and/or seizures (SAMS) clarifies the multiple forms of ataxia seen
in these breeds and provides a DNA test totifienarriers. Understanding the role the
Kir4.1 channel plays in extracellular potassium buffering by astrocytes could shed light
on other conditions characterized by excessive neuronal membrane excitability such as

other forms of ataxia, epilepsy and okymia.

We studied a recessive, progressive neurodegenerative diseaseing in Golden
Retriever siblings with an onset of signs at 15 months of age. As the disease progressed
these signs includedtaxia, anxiety, pacing and circling, tremors, aggogssvisual
impairment and localized and generalized seizures. A whole genome sequence,

generated with DNA from one affected dog, contained a plausibly causal homozygous
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mutation: CLN5:¢.934_935delAG.This mutation was nedicted to produce a frameshift

ard premature termination codon and encode a protein va@dit5:p.E312V{s*6,

which would lack 39 Gterminal amino acids. Eighteen DNA samples from the Golden
Retriever family members were genotypedCaiN5:c.934 935delAG Three clinically
affected dogsvere homozygous for the deletion allele; whereas, the clinically normal
family members were either heterozygotes (n = 11) or homozygous for the reference
allele (n = 4). Among archived Golden Retrievers DNA samples with incomplete clinical
records that we also genotyped at tHeLN5:c.934 935delAGrariant, 1053 of 1062

were homozygous for the reference allele, 8 were heterozygotes and one was & deletion
allele homozygote. When contacted, the owner of this homozygote indicated that that
their dog had beeauthanized because of a neurologic disease that progressed similarly
to that of the affected Golden Retriever siblingdle have collected and stored semen
from a heterozygous Golden Retriever, thereby preserving an opportunity for us or others

to estabkh a colony oCLN5-deficient dogs.

Youngadult onset dilated cardiomyopathy (DCM) segregates in the Standard Schnauzer
dog breed in a pattern consistent with an autosomal recessive mode of inheritance. To
identify the molecular genetic cause of Standsetinauzer DCM, DNA from an affected

dog was used to generate a whole genome sequenceSixithd average coverage
Among the sequence variants in this whole genome sequence wdspad2tion and
frameshift inRBM2Q the canine ortholog of a gene pr@asly associated with human

DCM. TheRBM20deletion allele was homozygous in the whole genome sequence of
the affected Schnauzer, but absent from 101 whole genome sequences of normal canids

or dogs with other diseases. An additional 753 Standard Schsaumduding 21 with



DCM, were genotyped for thRBM20deletion. In this cohort, all 20 of the deletion
allele homozygotes had DCM, only one of the 183 heterozygous dogs had DCM, and all
of the referencallele homozygotes were DCM freeRBM20 deficieng is known to

alter exonsplicing patterns and produced aberrant titin isoforms in a rat model and in
human DCM patients. To determine if the Standard Schnauzers with DCM had similar
exonsplicing abnormalities, RNA prepared from their left ventricularllsvavas
compared by RPCR to similarly prepared RNA from normal adult dogs. Titin
transcripts with extensive exon skipping were detected in the normal RNA but not in the
RNA from the dogs with DCM. Conversely, titin transcripts with retained exons were
detected in the RNA from dogs with DCM but not in the nordad RNA. Thus, we

have identified a canine model for hunlkRBM2Gassociated DCM.

While all three were identified via whole genome sequencing, different methodologies
and techniques were used thscover and validate the findings. We discuss the

importance of these studies and suggest future studies for the projects as well as possible
other means of discovering potential canine disease models via Whole Genome

Sequencing.



CHAPTER |

Introduct ion

Sequence analysis of mitochondrial DNA from dogs, wild canids and wolves suggests that Canis
lupus familiaris(the domesticated dog) were derived from wolv@® be precise, they diverged

from the gray wolf around 15,000 years ago, though it hzase been as much as 100,000 years
aga®* It is likely that this occurred due to humans and wolves sharing common geographical
locations'* Domestication was a mutually beneficial relationship; proximity to humans provided
dogs with safe environments and a readily available food source and dogs provided humans with

protection and assistance with hunting.

Modern dogs exhibit an incredibly wide range of morphological traits. Through strict selective
breeding, humans selected for traits both beneficial to human needs (such as herding, hunting
and protection) and for physicaharacteristics such as size and coat color. To date, selective
breeding has produced >400 modern dog breeds which show an astounding range of behavioral,
morphologic and physiologic diversity. Many purebred dog breeds are founded by a small
number of dog which best embody the physical and behavioral traits desired for their respective
breed, which leads to a low amount of genetic diversity. Population bottleneck events such as
World War | and World War 11 also stgY¥ved
Development of specific breeds with closed pedigrees can involve inbreeding, which can
potentially lead to expression of recessive disease traits along with the desired selectett trait(s).
has been found that 50 of the most popular dog breeds harbor at least one heritable physical

defect®
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Dogs are a popular pet that exhibits large ranges of behavioral, morphological and physiologic
phenotypes. They can serve as invaluable animal models for human disease, as many inherited
diseases occur in both human and dog populations. AccordinfpetoOnline Mendelian

Inheritance in Animals (OMIA) databashtifp://omia.angis.org.au/homehere are 653 canine

disorders or traits, 263 of which are Mendelian disorders. They estimate that 357 of these cani
disorders have potential to serve as useful human disease models. The many inherited canine
inherited disorders mimic diseases in a wide range of human disorder categories; including
cardiovascular, inflammatory and immusigstem, metabolic, neurologlcand ophthalmologic
diseases. Identifying the causal mutations for canine inherited diseases not only provides a
diagnostic DNA tool to allow for breeding away from undesirable traits, but could also allow for

evaluation of therapeutic intervention anddsting of the disease pathogenésis.

The molecular genetic methods for the identification of genetic mutations responsible for canine
inherited digases have advanced rapidly in recent years from candidate gene analysis to linkage
analysis; genomwide association studies (GWAS) and nggheration whole genome
sequencing (WGS). Prior to 1997, canine genetics was largely reliant on candidate besige ana
requiring a previous understanding of the underlying physiology or biochemical pathways
involved, or recognition of similarity of disease of known cause that occurs in another &pecies.
Candidate gene analysis doest require large families with known phenotypes as does linkage

analysis, nor large numbers of cases and olenas does GWAS.

An alternative to candidate gene analysis is linkage analysis, which is used to identify the
chromosomal region harboring thieseasecausing mutation. DNA markers, distributed evenly
across the genome, are used to genotype the members of a pedigree with known phenotype

(affected and normal). This functions on the principal that one or more genetic markers will be
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located on thsame chromosomal region as the causal mutation such that recombination events
between markers and the causal mutation are incredibly rare. These markers and their alleles are
inherited in a pattern similar to that of the inheritance of the mutant adgbemsible for disease
phenotype. This method can be further followed up by-rfiv@g@ping in which you genotype
samples with additional genetic markers from the chromosomal region of interest. This allows

the narrowing of chromosomal region containing ptiéticandidate genes.

A third method for the study of canine inherited diseases is the genmaessociation study

(GWAS) which identifies the disease chromosomal loci by comparing marker allele frequencies

in samples from a cohort of affected phenotgipgs to the marker allele frequencies in samples

from a cohort of normal phenotype dogs. The technique makes use of a dense array of SNP
markers, distributed across the entire genome, in order to identify the chromosomal region
harboring the diseasmushg mutation. In 2005, the first successful GWAS using human
patientswas published; in the past decade, more than 2493 reports on human GWASs covering a
17 categories of di sease wi t h a wi de® range

(http://www.genome.gov/gwastudigsin 2005, things took a leap forward with the publishing

of the first high quality canine reference sequence witifalcBaverage of the Boxer genome.
This advance not only facilitated canine genetic studies; it also enabled the comparison of a new

genetic system model to human genetics and genomics.

Inclusion of the genome sequences from antendil 10 dog breeds provided a source of >2.5

million SNPs. The development of distinct breeds and the isolation of distinct genetic pools has
altered the genomic structure of the dog to the extent of Linkage Disequilibrium (LD). Within
breeds, the LD ernhds several megabases. Across breeds, LD extends over tens of kilobases,

100 times greater than human fB.s a resul t , dog GWASs don’t ne
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required for human GWASs. Several SNP array platforms have been available over the years,
including the 22,363 (lllumina), 49,663 (Affymetrix), 127,000 (Affymetrix) and the 170,000
(Mlumina) SNP genotype chips. GWAS studies do not need samples from members of large,
multi-generation families, which are required for linkage analysis studies. Compared with the
other form of chromosomal mapping, linkage analysis, GWAS studies aresstidcat finding
common variants in populations, but not always the variants that are rare in subpopulations. They
have the potential for falsely positive results and need quality control to be Us&fturther

issue to GWAS studies is the large haplotype blocks and extensive LD found within dog breeds
can prove problematic and require analysis of many candidate genes within the disease locus.
One method to overcome these shortcomings is thraRMA sequencing, known as RNAseq or
Whole Exome Sequencing (WES).This technique can be used to find causal variants
associated with inherited diseases; in 2012 Forman et al. used theecto find the causal
variant for canine cerebellar <cortical degene
gene e n-dllosgecting® InR014 Roche Nimblegen released a casipecific target
enrichment kit for use in WES, though its impact on the finding of canine causal mutations has

yet to be determined full§?

One more powerful tool exists for tludy of canine inherited diseases, next generation Whole
Genome Sequencing (WGS). Heretofore, the industry standard for sequencing accuracy and read
length was automated Sangmquencing. With the advent of new technologies and sequencing
chemistries, hevever, Nextgeneration WGS can be used as a rapid and inexpensive means of
generating gigabases of DNA sequence from a sathpldie use of WGS has led to
identification of mutations that cause rare a

found using trditional methods of mappifigy™® though limitations exist. They include a higher



rate of systemic errors with respect to that of Sasggquencing, difficulty in aligning short
reads, variation of sequence coverage depth within unique and repetitive elements, and inability
to resohe sequences of repetitive elements, duplicate sequences and inidisl®xpected that
these issues will be resolved with improvements in technology of the sequencing platforms as

well as library chemistries within the next years.

Researchers at the University of Misse@olumbia have collected >150,000 canine DNA
samples representing over 200 different dog breeds. Of these samples, we have over 50 inherited
disease phenotypes repnmetieg dogs with neurological, ophthalmological, immunological and
metabolic disorders. Many of these samples have been contributed by collaborating veterinarians
at the University of MissowColumbia as well as others around the world. By using advanced
genetic and genomic techniques mentioned previously (candidate gene analysis, linkage analysis,
GWAS, WGS), we have identified the probable causal mutations for many canine inherited
disorders including degenerative myelopathy, dilated cardiomyopathy, iagdgsis, =2-
hydroxyglutaric aciduria, neuronal ceroid lipofuscinosis, neonatal encephalopathy with seizures,
neonatal cerebellar ataxia, primary lens luxation and Spinocerebellar &t ia the following
chapters | will describe the discovery of three genetic mutations that are thblprobase for

three canine inherited diseases by using WGS.



CHAPTER I

SAMS

A KCNJ10Missense Mutation in Russell Group Terriers with Spinocerebellar

Ataxia with Myokymia and/or Seizures

Doug Gil l i am, De RrCbaes, Bary SOJolBrg GaglenC. Jolinsoa, Tendali
MhlangaMutangadura, Liz Hansen, Jeremy F. Taylor, and RabeBchnabel

Abstract

Juvenileonset spinocerebellar ataxia has been recognized in Jack Russell Terriers and related
Russell group terriers (RGTs) for over 40 yeafdaxia occurs with varying combinations of
myokymia, seizures and other signs, thus more than one form of the disease has been suspected.
Our objective was to identify the mutation causing the spinocerebellar ataxia associated with
myokymia and/or seizes and distinguish the phenotype from other ataxias seen in the RGTSs.
We collected DNA samples from 16 RGTs with signs of spinocerebellar ataxia beginning from
2-to-12 months of age, 640 control RGTs, and 383 dogs from 144 other breeds along with the
medial records of affected dogs in order to elucidate the genetic cause of this disease. Whole
genome sequencing was performed on one RGT with ataxia and myokymia. Unique,
homozygous variants were identified in this dog by comparing its sequence tcgehmbee
sequences from 81 other canids. We found a missense mutation in the gene coding for the inward
rectifying potassium channel Kir4. KCNJ10:c.627C>G that was significantly associated with

the disease. Dogs homozygous for the mutant allele all shopmedcsrebellar ataxia with
varying combinations of myokymia, seizures and other signs. The identification of a mutation in

KCNJ10in dogs with spinocerebellar ataxia with myokymia and/or seizures (SAMS) clarifies



the multiple forms of ataxia seen in thdseeds and provides a DNA test to identify carriers.
Understanding the role the Kir4.1 channel plays in extracellular potassium buffering by
astrocytes could shed light on other conditions characterized by excessive neuronal membrane

excitability such asther forms of ataxia, epilepsy and myokymia.

Introduction

Jack Russell Terriers, Parson Russell Terriers, and Russell Terriers are separately registered
breeds believed to have descended from the stock of Parson Jack Rus3detieatdsy British

dog lreeder. In this communication we refer to members of these closely related breeds as the
Russell group terriers (RGTs). Heritable ataxia has been recognized in RGTs for over 40
years’® The wide diferences in ages at onset, clinical signs, and histopathologic changes
reported for ataxic RGT5>® suggest that more than one heriéabtaxia is segregating in these

dogs. We have described a cerebellar ataxia that becomes apparent at <2 weeks of age when the
RGT puppies begin to wafk.We refer to this early onset cerebellar ataxia as primary granular
cell degeneration becaupest mortenexamination of affected puppies revealed the depletion of
cerebellar granular layer cells. Several investigat@gehdescribed RGTs with a distinct
spinocerebellar ataxia with an onset at two to ten months of age and preservation of the granular
cells. Many of these RGTs have exhibited myokymia and/or sei?iif&¥.Because myokymia

is an unusual clinical sign exhibited by human patients with voljaged potassium channel

gene mutation®*?Vvan Poucke et 4f resequenced part, or all, of four voltagmted potassium
channel genesKCNA1, KCNA2 KCNAG andKCNQ2 with DNA from RGTSs that exhibited
myokymia but failed to identify a causal mutatiénlater-onset spinocerebellar ataxia has been

reported in four RGTs, with an age of onset between 9 and 36 months; no episodes of myokymia



1*! identified a missense

or seizures have been reported in this form of afdxf@mremanet a
mutation in CAPN1 that was strongly associated with a spinocerebellar ataxia phenotype
beginning&a612 mont hs of age that +tosnssdmeattiamxesa’r, e fte
relationship to the cases reported by Simpson et al.(34) is not clear. No other clinical signs were
reported in these cas&sThe CAPN1mutation was discovered with a gencmigle association

study followed by the massiveparallel sequencing of affected and control RGT DNA

preparations enriched for the diseassociatd chromosomal interval by hybridization capture.

We also made use of massivglgrallel sequencing, but without prior association mapping, to
investigate RGTs with spinocerebellar ataxia with myokymia and/or seizures. In this study, we
resequenced the geme of a single affected RGT and compared the detected variants to variants
detected in 81 normal canids or dogs with other diseases that had also been resequenced. Among
the sequence variants that were unique to the affected RGT was a homozygoussicanthad

predicts a missense mutation KCNJ1Q a gene that codes for a voltaggted potassium
channel Kird.1. TheKCNJ10 mutation was found to be strongly associated with RGT
spinocerebellar ataxia which enabled us to describe the spectrum of digeas&ssociated with

the genetically defined RGT ataxia.

Materials and Methods

The University of Missouri Animal DNA Repository contains samples from >100,000 individual
dogs including 2,868 from RGTs. At least 38 of the RGTs represented in theiaolleat a
clinical history of cerebellar ataxia. The onset of ataxia was less than two weeks of age for 21 of

these RGTSs, strongly suggesting that these dogs had primary granular cell degeneration. The



samples from these dogs were excluded from thisystigdwas a sample from an ataxic RGT
diagnosed with canine distemper. Included in this study were 16 samples from ataxic RGTs with
an onset of ataxia between 2 and 12 months of age, 640 samples from control RGTs randomly
selected from among the RGTs with@ known clinical history of ataxia, and 383 samples from
control dogs from 144 neRGT breeds. All animal studies were conducted with approval of the

University of Missouri, Animal Care and Use Committee and the informed consent of the owner.

The 16 cass were collected by JRC between 1996 and 2013 based on owner or clinician reports
of spinocerebellar ataxia. When available, clinical examination and videotapes of the affected
dogs were reviewed, and necropsies were performed when permitted. Otlsesgignas
myokymia, neuromyotonia, excessive facial rubbing, hearing loss, or seizures were also
recorded. When available, the final outcome for the dogs was assessed by phone calls with the

owners and referring veterinarians.

A DNA sample from an RGT wht spinocerebellar ataxia and myokymia and an extensive
clinical evaluation was selected for wh@enome resequencing. Two DNA libraries (fragment
sizes of approximately 300 bp and 400 bp) were prepared for faicedequencing with a
commercial kit (Ilumina TruSeq DNA sample preparation kit) and each library sequenced on a
single flowcell lane with a massively parallel DNA sequencer (lllumina HiSeq 2000) at the
University of Missouri, DNA Core Facility. Initial quality control on the sequence datdvies
removing exact duplicate sequence read pairs using a commercial software (NextGENe® v2.3.2,
SOFTGENETICS®) and adapter trimming using custom Perl scripts. Unique attapteed

reads were error corrected using MaSuRCA v1.9.5 softifakeror corrected reads were
aligned to the reference CanFam3.1 genome assembly and variants called using a commercial
software (NextGENe® v2.3.2, SOFTGENETICS®). Variant calls were further processed using

9
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custom Perl scripts tblter likely false positives and then the variant calls were uploaded to a
custom PostgreSQL database which contained the variant calls for an additional 81 canid
samples. Using custom SQL scripts we identified variants that fit an autosomal reces@ve mo

of inheritance such that the case is homozygous for an allele not observed (in either heterozygous
or homozygous form) in any of the remaining 81 canids used as controls. This candidate variant
list was further filtered to include only variants predettto alter the amino acid sequence of
protein coding genes. The sequence data from the 81 canid genomes used as controls were
generated in a similar manner. The controls represented dogs for which the breed and disease
phenotype status were known andlinled: 37 genomes from our group; three wild canid
genomes provided by University of California, Los Angeles; 28 genomes provided by the
Institute for Translational Genomic Research; 10 genomes provided by North Carolina State
University; 3 genomes prowd by the University of Pennsylvania. A detailed description of the

data processing pipeline is in preparation and will be published elsewhere.

An apparentKCNJ10:c.627C>Gsequence variant (GenBank accession XM_545752.3) was
verified by PCR amplificationwith primers 5 &CCAACATGCGGAAGAGCET 6and 5 -6
TCGAAGTCACCCTCGCCAGT dand automated Sanger sequencing. The effect of the
mutation on protein function was estimated using a tool for the prediction of the impact of an
amino acid substitution on the strustuand function of the orthologous human protein

(PolyPher2) available at http:/genetics.bwh.harvard.edu/pph2?® A TagMan allelic

discrimination assdy was used to genotype DNA samples from individual dogs at
KCNJ10:c.627C>G. For this assay, the PCR primer sequences weFed
CGCCAACATGCGGAAGAG tand 5 &5GTGGGTCTGAAGCAGCT3 Gand the competing

probes were 5 ¥IC-CCTCCTCATCGGCTGMGB-3 (referencesd&At | el e)
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CTCCTCATGGGCTG®IGB-3 gmutant allele). A ssond TagMan allelic discrimination assay

was used to genotype DNA sampleC&PN1:c.344C>T(GenBank accession XM_540866.3).

For this assay, the PCR primer sequences Wwe@AGGGTGAGGGAGGCAAT Gand 5 -0
GGGTCCCTCCCATCCGA 6 and the competing probes were 56VIC-
AGAAGCCAACAGTCCMGB-3 o(reference allele) and AM-AGAAGCCAATAGTCCC

MBG (3ndut ant all el e). P C RAGGHICTCTCTTEAGGAGEA3 'wi t h
a n d-CACCACATTCAAAGGGCTA3 and aut omat ed Sanger seq
genotype another appnt sequence variarKCNH7:c.C1180Ap.394R>S(GenBank accession

XM_005640254.1).

Electromyograms (EMG), motor nerve conduction measurements, and brainstem auditory
evoked potentials were evaluated in two RGTs with myokymia according to previously
descrbed method&>“® Onesided EMG recordings were made from the axial and appendicular
muscles of thehibracic and pelvic limbs, as well as cranial and axial muscles. A commercially
available electrophysiologic unit was used for all electrodiagnostic recordings.  All

electrophysicologic recordings were performed under general anesthesia.

The brains of 3 R®Bs were examined by magnetic resonance imaging (MRI) under general
anesthesia. MRI was performed with a-Tésla unitor a 3Tesla unitPulse sequences were
selected to obtain 3D Fdeighted sequences or standard @hd T2weighted sequences in

three panes. Complete necropsies were performed on 9 ataxic RGTs. The thoracic spinal cords
were dissected, fixed and embedded in paraffin. Sections of these samples were stained with
hematoxylin and eosin plus either luxol fast bheriodic acid Schiff oruxol fast bluecresyl

violet to detect neuronal fiber and myelin lods. addition, spinal cord sections were immune

stained for neurofilament medium and for fibrillary acid protein to detect astrogliosis.
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Results:

Resequencing of the individual ataR&T case yielded an average of 33.9X coverage depth of

the CanFam3.1 reference genome with 99.4% of the mappable genome covered by at least one
sequence read. A total of 7,440,532 putative variants between the case and the reference genome
were detectedOf these, 20,652 were predicted to alter the amino acid sequence of proteins with
only 23 of these homozygous in the case and the alternate allele not being present in any of the
81 control dog genomes. Two of the 23 sequence variants that remainethttprocessing

were in potassium channel genes. One WE€BJ10:¢c.627C>Qransversion (Figure 1A) that

predicts a KCNJ10:p.1209M amino acid substitution. The presence of this missense mutation in
the affected RGT was confirmed by PCR amplification amtomated Sanger sequencing
(Figure 1B). PolyPhe@ predi cted that this was “probably
0-1 scale with 1 being most damagftigrhe isoleucine at position 209 and the surrounding
amino acids are conserved in all available orthologous mammalian sequences and in most
vertebrate sequences, however the isoleucine is replaced by leucine in some fish species.
Fourteen of the 16 s#les from ataxic RGTs were homozygous for Kit&NJ10:c.627Gllele.

The other two ataxic RGTs weee627Chomozygous siblings. The 640 randomly selected RGT
samples were either heterozygousK&NJ10:c.627C>G(n = 63) or homozygous for the
referencec.627C allele (n = 577). Thus, among RGTSs, there is a significant association between

the ataxia phenotype and homozygosity forKiGNJ10:c.627Gallele (p = 8.27 x 1% Fisher' s
Exact Test). All genotyped DNA samples from 383 individual dogs from 144RGh breeds

wereKCNJ10:c.627Gomozygotes.

The other candidate sequence variant that remained after data processing was a

KCNH7:c.1180C>Atransversion that predicts a3p4R>S substitution (GenBank accession

12
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XM_005640254.1). Th&CNH7:c.1180Aallele was aly detected in the RGT DNA used for
whole genome sequencing. The other 15 ataxic RGTs were homozygous for the
KCNH7:c.1180C allele. The CAPN1:c.344Tallele, previously associated with a Fateset
ataxia of RGTS", was not detected in any of the 16 ataxic RGT samples or in any of the 44

genotyped control RGT samples.

Because 14 of the ataxic RGTs in this study were homozygous fIQNd10:c.627Gallele, it

is now possible to describe the associated disease phenotype in this genetically defined
subpopulation of RGTs. Three of the dogs were female, one dog was a neutered male and 10
dogs were intact males. All 14 affected dogs showed marked ceredigliaa typical of
spinocerebellar ataxia. The median age at onset of cerebellar ataxia in 12 dogs was 3 months
(range, 2 to 6 months). The age of onset could not be ascertained for 2 dogs. Two dogs showed
only signs of cerebellar ataxia without myokymor seizure. Ten dogs showed muscle
fasciculation characteristic of myokymia. The median age at onset for myokymia was 6 months
(range, 3 to 8 months). Age of onset for myokymia could not be determined in 1 dog. Episodes
of neuromyotonia were documentin 5 dogs. One of the dogs with myokymia also had a
history of seizures while two dogs had seizures but no reported myokymia. The median age at
onset for seizure was 2 months (range, 2 to 4 months). Excessive facial rubbing was not well
documented ithe histories, but it was noted in two dogs. Hearing loss was not evident in any of

the dogs. These results are summarized in Table 1.

Brain MRIs in threeKCNJ10:c.627Ghomozygous dogs were interpreted as normal. In two dogs
that underwent electrodiagstic testing, EMG showed myokymia in the form of senythmic
bursts of doublet, triplet or multiplet discharges of a single motor unit (Figure 2) a third dog with

no clinical evidence of myokymia showed no abnormalities on EMG. Nerve conduction
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velocities and brainstem auditory evoked potentials were within normal limits. The diagnosis of
spinocerebellar ataxia was confirmed by histopathologic examination of spinal cord sections in 9
RGTs, which revealed a bilateral myelopathy with loss of axons gmtimand astrogliosis in

the dorsal and lateral portions of the lateral funiculus and in the ventral funiculus (Figure 3).

Discussion

Cerebellar ataxia was included in the clinical histories of 38 RGTs represented in our DNA
collection. For 21 of thesRGTSs the ataxia became apparent before they were 2 weeks of age.
It is likely that these puppies had the previously described primary granular cell degerfération,
but necropsies were not performed on all cases. The mutation responsible for primary granular
cell degeneration is currently unknown. In the absence of a diagnostic DNA test, we cannot
exclude the possibilitthat other diseases such as Dakidglker malformation caused the early
onset ataxia in some of these RGTs. Samples from these RGTs witbresatyataxia were not
included in this study. Another of the ataxic RGTs was diagnosed with canine distemper
enephalitis and was not further studied. The remaining 16 RGTs were genotyped for the
CAPN1:c.344C>Tmutation reported to cause latmiset spinocerebellar ataxia in European
RGTs* All 16 were homozygous for the referen€APN1:c.344Callele, as were all 44 of the
genotyped control RGTs. This suggests tBAPNZXassociated spinocerebellar ataxia may be

more common in Europe than in North American wheostrof our samples originated.

Of the 7,440,532 sequence variants in the RGT whole genome sequence, only 23 were
homozygous, absent from the 81 control whole genome sequences and predicted to alter the
primary structure of the encoded protein. Among ttf&#8semissense mutations KCNJ10and

KCNH7 were considered most likely to be causal because they encode potassium channel genes
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and mutations in other potassium channel genes are known to cause myokymia in human
patients’>*® The KCNH7 variant appears to be an incidental finding since it occurs in only one

of the ataxic RGTs. Fourteen of the 16 ataxic RGTs in our study were homozygous Gor the
allele of theKCNJ10:c.627C>Gtransversion; whereas, none of the 640daanly selected

control RGTs was a.627Ghomozygote.

The KCNJ10:c.627C>Gmutation predicts a p.I209M amino acid substitution in Kir4.1, an

inward rectifying potassium channel that is expressed in glia, stria vascularis of the inner ear,
renal distal conviated tubules, and gastric parietal céllsn glia, Kir4.1 is responsible for the

highly negative esting membrane potential and the lardecEnductance at re&tin contrast to

most potassium channels, inward rectifying channels primarily conduicttd cells*® Because
Kir4.1 is one of the “weak” inward r etals,i fiers
it can also conduct Kout of astrocytes. These properties allow astrocytes to spatially buffer the
increased extracellular’kconcentrations produced by neuronal activity (Figure 4). Interference

with this buffering capacity can lead to incredsextracellular K and neuronal membrane
depolarization. Glutamate transporters located in astrocytes also regulate neuronal excitability

by removing glutamate at the synapse. Glutamate transport is strongly facilitated by the negative
membrane potentiaind impaired by decreased Kir4.1 functfdiir4.1 is also important in the
development of oligodendroglia and the maintenance of myelin although the mechanisms are
unclear’®*°

Mutations in humanKCNJ10 have been identified in patients with two autosomal recessive
hereditary disease syndromes with overlapping signs: SeSAME (seizures, sensorineural

deafness, ataxia, mental retardation, and electrolyte imbal@hass) EAST (epilepsyataxia,

sensorineural deafness, and tubulopathigcnj10knockout mice have severe ataxia, hind limb
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weakness, and die prematurely, while mice with a conditional kaotkfKcnj10in glia have
stressinduced seizures and severe atdx.Several of the signs exhibited by patients with
SeSAME and EAST and by the knockout mouse models are shared WHICM#&L.0:¢.627G
homozygous RGTgTable 2). The similarities between the clinical signs exhibited by the
affected RGTs, the human patients with h€NJ1Gdeficiency syndromes, and th&nj10
knockout mouse models together with the highly significant association between the RGT
spinoceebellar disease phenotype and homozygosity forkiB&lJ10:c.627Gallele strongly
suggest that th&KCNJ10:¢c.627C>Giransversion is the mutation responsible for the autosomal

recessive spinocerebellar ataxia in the 14 ataxic RGTs.

Thus the hereditary ataxiasRGTs can be clearly divided into at least three groups: 1) neonatal,
granular cell degeneratidh,2 )  *olna te dl2’ moifths) spinocerebellar ataxia without other
clinical signs associated witBAPN1:c.344fand 3) spinocerebellar ataxia with myokymia
and/or seizureassociated witltCNJ10:c.627G Further studies will be necessary to determine
what histologic changes are associated withG#¢’N1:c.3447Tassociated ataxia and whether
cases with an onset of ataxia over 12 months of*aye also associated with that mutation.
Since our inclusion criteria focused on RGTs between 2 and 12 months of age, we cannot rule
out the possibility that earlier or later onset ataxia, other breeds, orctithieal signs may also

be associated with thKCNJ10:cC>G. mutation. Neither theCAPN1:c.344Tallele nor the
KCNJ10:c.627Gallele were detected in two RGT siblings with a history of only spinocerebellar
ataxia indicating that there may be additionalegenfactors responsible for ataxia in RGTs. No
further information was available on these dogs, however, so acquired disease could not be

excluded.
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The identification of homozygosity &4CNJ10:c.627Gas a probable cause of ataxia in RGTs
allowed us to decribe the disease phenotype in a genetically defined cohort. Episodes of
myokymia were observed in 64% (9/14) of KENJ10:c.627Ghomozygous RGTs. Myokymia

and neuromyotonia are common clinical signs in previous descriptions of spinocerebellar ataxia
in RGTs***3The EMG reordings we generated from twWoCNJ10:c.627Ghomozygous
RGTs are similar to those from other studies of R&¥s"3and confirm thathe episodic
subcutaneous muscle rippling is indeed myokymia. Myokymia and neuromyotonia have not
been reported in RGTs with primary granular cell degenefationin association with the
CAPN1 missense mutatioff. In addition, we have not found reports of myokymia or
neuomyotonia among the clinical signs of SeSAME/EAST patients or in descriptions of the
Kcnj10 knockout mouse phenotyp&s:*°? Mutations in humaiK CNALandKCNQ2have been
associated with myokymia along with episodic ataX&NAJ1 or benign neonatal seizures
(KCNQ2.****No unique homozygous coding variants were identified in these genes in our RGT
whole genome sequence. 1t is likely that € NJ10 mutation causes both the ataxia and

excessivanembrane excitability resulting in repetitive firing of motor neurons and myokymia.

Three of the 14KCNJ10:c.627Ghomozygous RGTs (21%) had seizures which are also
characteristic of SeSSAME/EAST in people. This is lower than the frequency of seizurés (37%
reported in a European cohort of ataxic RGTDuring severe episodes of myokymia
(neuromyotonia), the dogs hold their limbs in rigid extension and are unable to rise from lateral
recumbency. These episodes could be confused with a generalized seizure, but they l&st for up
several hours and the dog remains conscious during the episode. In contrast, the seizure episodes

observed by the author (DPO) were brief, generalized, -tdorgc seizures with loss of
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consciousness and autonomic signs. As in the mice with thetiooadlKcnj10 knockout in

glia,*® the seimres in that dog appeared to be elicited by stress.

Varying degrees of hearing impairment have been reported in SeSAME/EAST patients, but the
exact cause has not been determit88Kcnjl0 is expressed in the stria vascularis of the
cochlea where it is thought to play a role in the maintenah¢heoendonuclear potenti3.

Kcnj10 knockout mice have cochlear degeneration and sensorineural déafbesdness has

not been reported in RGTs with ataxia and hearing impairment was not included in the clinical
histories of any of the 1KCNJ10:c.627Ghomozygotes in this study. Others have recorded
abnormal brainstem auditeevoked potentials from ataxic RGTs with ataxia and
myokymia>>2® Nonetheless, the presence of waveforms indicates that these dogs have at least
some cochlear function and the abnormal wave forms more likely correlate with histologic

changes in central auditory pathw&ys®

The excessive face rubbing reporten some RGTs with ataxia may represent a sensory
paresthesi®®*’ Paresthesias were not reported in SeSAME/EASTAn itching sensation has
been reported in humans with myokyriiand scratching in dogs with myokymia from other
causes:’ but excessive facial rubbing occurred in &@NJ10:c.627CGhomozygote that did not
show myokymia. In mee, inactivation of Kir4.1 in the trigeminal ganglia leads to pain

behaviors suggesting that the Kir4.1 deficiency may also affect sensory furiétions.

KCNJ10is also expressed in the distal convoluted tubules of the human kidney where it is
essential for the maintenance of the resting electrical patéht Loss of Kir4.1 functionin
SeSAME/EAST syndromes leads to hypokalemic metabolic alkalosis and hypomagriésémia.

Altered electroretinograms from EAST patients and nullizygkesj10 knockout mice are
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attributed to impaired Kir4.1 function in retinal Muller cell€® Future examinations of the
renal and retinal functions of RGTs that are homozygouK@MJ10:c.627Gnay reveal similar

disease signs.

Kcnj10 knockout mice show hypomyelination, vacuolation, and axonal swellings in the spinal
cord and cerebellum, predominantly in the white matter adjacent to the gray ¥hatte and
others have found similar, but less severe, changes in RGT with t&#{aNo postmortem
findings have been reported in people with SeSAME/EAST. Some affected children show
hyperintensity of cerebellar roof nuclei and mild atrophy of the cerebellum, corpus callosum,
brainstem and spinal cord &RI1.°* Such changes were not apparent in the RGTs imaged in this

study nor in many of the human casés.

Conclusions

To distinguish the autosomal recessive spinocerebellar ataxia investigated in this report from the
ot her ataxias that occur in RGTs, we propose
with Myokymia and/or Seizures. The identification of KKENJ10:c.627C>Gmutation as the

probable cause of SAMS confirms the suspicion that multiple forms of hereditary ataxia
segregate in these bredt, and it will provide the basis for DNA tests that can facilitate the
diagnosis ofthis disease in RGTs. In addition, RGT breeders can utilize DNA tests for the
KCNJ10:c.627Gand theCAPNL1:c.344Talleles to identify carriers of either alleles and avoid
producing dogs with spinocerebellar ataxia associated with either of these mutafAsns.
discussed above, however, two RGT siblings in which the client reported signs of

spinocerebellar ataxia did not have either of the identified mutant alleles. Further research is
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needed to clarify whether additional genetic causes of spinocereliak&a segregate in these
breeds and to identify the mutation responsible for the neonatal, primary granule cell
degeneration. Understanding how mutationK@NJ10affect the function of the Kir4.1 inward
rectifying potassium channel and the bufferingextracellular potassium by astrocytes may shed
light on excessive neuronal membrane excitability in other forms of ataxia, epilepsy or

myokymia.

Others have used whole genome sequencing to identify caud2iN mutations in dogs with
ImerslundGrasbeck synmdme®?®® KCNJ10:c.627Gmay be the first reported diseassusing

canine allele that was identified by whole genome sequencing even though the identity of the
causal gene was not appardrgfore sequence generation was undertaken. The strategy of
filtering sequence variants to identify only coding variants that are homozygous in the sequenced
dog and are absent from the whole genome sequences of canids that do not have the targeted
diseag has facilitated identification of at least 7 other apparently causal mutations. Manuscripts
describing these mutations are at various stages of completion. Nonetheless, this strategy will
only work for rare recessive diseases caused by mutationgehatedlicted to alter the primary
structure of the encoded protein and that occur in association with correctly annotated exons.
We expect that improved genome annotation and the development of algorithms designed
identify other types of causal sequenagiants will soon make whole genome sequencing an

even more effective strategy identify the causes of heritable canine diseases.
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Figure 1: (A) Sequence reads from the RGT whole genome sequence aligned to a segment of
canine chromosome 38 showing the lmaygousC>G transversion iKCNJ1Q (B) Automated

Sanger sequence confirms teG transversion in DNA from the ataxic RGT
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Figure 2: EMG from a RGT with myokymia. (A) Two waveforms consisting of trainsdof 3
motor unit action potentials. (B) 30 secbsweep of the same recording showing the regularity
of the firing pattern.
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Figure 3: Histopathology of the spinal cord of an affected RGT. (A) Pallor of the dorsal portion
of the lateral white matter. Luxol fast blue stain. (B) Immunohistochemeiairsg for
neurofilament medium in an area of axonal loss. (C) Immunohistochemical staining for glial

fibrillary acidic protein showing regional gliosis.
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Figure 4: The Kir4.1 channel permits buffering of extracellular potassium by astrocytes. It also
contributes to their highly negative resting membrane potential. This negative resting potential is
essential for the uptake of glutamate from the synapse through glutamate transporters in
astrocytes.
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Table 1: Summary of clinicabpectrum of SAMS in Russell Group Terriers homozygou&€iKJ10:c.627G

Age at Onset of Signs

Case Sex Age at Death Cerebellar ataxiai Myokymia Seizure Diagnostic tests*

1 F Unknown Unknown none none CH

2 F 4 months 2.25 months none none C,N,M,H

3 M 23 months 3 months 3 months none C

4 MC 23 months 2.75 months 4 months none C,V,N,M,H

5 M 2 months 4 months 4 months 4 months CH

6 M 14 months 3.5 months 3.5 months none CH,V,N

7 F 14 months 2 months 8 months none CH,V

8 M 17 months Unknown Unknown none CH

9 M 10 months 6 months 6 months none CH,V

10 M 13 months 4 months 6 months none C,V,H,N

11 M 11 months 2 months none 2 months C,V,N,M,E,H

12 M 13 months 4 months none 4 months C

13 M Alive (10 2-3 months 7 months none C\V,N,E
months)

14 M Alive (10 2-3 months 7 months none C
months)

Unknown: the clinical signs were present but the age at onset could not be ascertained

*C = client description, V = video examined by a neurologist, N = neurologic exam by a neurologist, M Sienagnet

resonance imaging, E = electrodiagnostic tests, H =histopathology.
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Table 2: Signs associated witkKCNJ10mutations in different species

Cerebellar | Seizures| Myokymia | Deafness Mental Electrolyte | Weakness| Premature
ataxia Retardation| Imbalances | /paralysis | Lethality
SeSAME Patients
+ + - + + + - -
(51)
EAST Patients
+ + - + - + - -
(52)
Knockout Mice
+ - - + NE + + +
(50,55)
Conditional + + _ NE NE NE + +
Knockout mice
(48)
Spinocerebellar
ataxia with + + + - - NE - *

myokymia and
seizures in RGTs

NE = not evaluated.

* Most dogs were euthanized due to poor quality of life
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CHAPTER Il

Neuronal Ceroid Lipofuscinosis

Golden Retriever dogs with neuronal ceroid lipofuscinosis have a twioase

pair deletion and frameshift in CLN5

Doug Gilliam, Ana KolicheskiGary S. Johnsqiendai MhlangaMutangaduraJeremy F.

Taylor, Robert D. SchnabgMartin Katz

Abstract

We studied a recessive, progressive neurodegenerative disease occuring in Golden Retriever
siblings with an onset of signs at 15 months of age. As the disease progressed these signs
included ataxia, anxiety, pacing and circling, tremors, aggression, visual impairment and
localized and generalized seizures. A whole genome sequence, gendfatbtlAv from one

affected dog, contained a plausibly causal homozygous mut&tiows:c.934 935delAGThis

mutation was pedicted to produce a frameshift and premature termination codon and encode a
protein variant,CLN5:p.E312Vfs*6,which would lack 39 Gterminal amino acids. Eighteen

DNA samples from the Golden Retriever family members were genotyped at
CLN5:c.934 935delAG Three clinically affected dogs welnemozygous for the deletion allele;
whereas, the clinically normal family members were eitheterozygotes (n = 11) or
homozygous for the reference allele (n = 4). Among archived Golden Retrievers DNA samples
with incomplete clinical records that were also genotyped afti5:c.934_935delAGariant,

1053 of 1062 were homozygous for the refeecntiele, 8 were heterozygotes and one was a

deletiorrallele homozygote. When contacted, the owner of this homozygote indicated that that
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their dog had been euthanized because of a neurologic disease that progressed similarly to that of
the affected Golde Retriever siblings. We have collected and stored semen from a
heterozygous Golden Retriever, thereby preserving an opportunity for us or others to establish a

colony of CLN5-deficient dogs.

Introduction

A subset of the lysosomal storage diseases has dlassified as neuronal ceroid lipofuscinoses
(NCLs) because patients with these disorders exhibited abnormal accumulations of ceroid or
lipofuscinlike autofluorescent materials within the lysosomes of their brains, retinas, and other
tissue$* Among the various subtypes of NCL, the accumulated materials have characteristic
ultrastructiral appearances often referred to as GRQ#Pan(lar osmiophilic deposits) or as
fingerprint, curvilinear, or rectilinear profilés.The clinical manifestations of the NCLs include
progressive visal impairment, declining cognitive and motor functions, seizures, generalized
brain atrophy and premature de3ttNCL-causing mutations were first identified RPT1and
CLN3and reported in 199%:°® Since then, numerous NCL patients have been found to harbor
mutations not only irPPT1and CLN3 but also in any of 11 additional N&ssociated genes

(http://www.ucl.ac.uk/ncl/mutation.shtjfi® A minority of NCL cases have had adult onsets and

the disorder in these adwihset cases is sometimes referred to as Kufs disd$e vast
majority of NCL cases had infantile or juvenile onsets. Most or all of the childboset NCLs
are recessive traits. Estimates of firevalences of the individual NCLs have varied greatly
among different populatior’s,however taken together the infantilend juvenileonset NCLs

comprise one of the most prevalent heritable neurodegenerativeegdis¢ahildren.
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In addition to the human patients, NCLs have been described in other mammalian species as well
as in birds. One or more cases of NCL have been reported in cats, cattle, dogs, ducks, ferrets,
goats, horses, monkeys, parrots, and ffighmong the animal species, NCLs have most
frequently been reported in dogs. Previous studies have identified 10 different mutations in the
canine orthologs of 8 of the 13 genes associated with human NCL as shown in Table
1.2223.2526.7381 prior to the discovery of the causative mutations, NCL was common in three dog
breeds: the Tibetan Terrier, the BerdCollie, and the American Bulldd§2® The identification

of the mutations responsible for the NCL in each of these Bre@d§’®has led to the
development of DNA tests that revealed the identity of asymptomatic heterozygous mutation
carriers and, thereby, have assisted dog breeders in their efforts to reduce the incidence of NCL
in these breed€® The NCLs in most of the other dog breeds appear to b&4are. "4
DNA-based screening to identify mutation carriers would not beegtesttive in these breeds
except in breeding lines where dogs with the disease have already been identified. Nonetheless,
the identification of rare NCGlcausing mutations can still be important when it leads to the
establishment of canine models for NCL patients with mutations in the orthologous human gene.
These canine models can be used to study disease mechanisms atudeetherapeutic
interventions. For instance, a research colony founded from dogs with NCL due tor&frdre
mutatior* provided subjects for preclinical trials that established the efficacy of enzyme
replacement therapy foFPPLdeficient dogs®®®® This helped pave the way for an ongoing
clinical trial with enzyme replacement therapy foPPLdeficient children that appears to be

slowing their disease progressiartps://www.clinicaltrials.gov/ct2/show/NCT01907087

We have examined reé&d Golden Retrievers with an apparently rare progressive neurological

disease suspected to be an NCL based on clinical signs. Postmortem evaluations of brain and
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retinal tissues confirmed that the disorder was indeed a form of NCL. In addition, we eg@erat
whole genome sequence using DNA from one of the affected dogs which led to the identification

of the mutatio responsible for the disorder.

Materials and Methods

Subject dogs

All studies were conducted with approval of the University of Missounim@al Care and Use

Commi ttee and with i nf or m#&edwere contactechbly a lrdedettoh e d o
Golden Retrievers who had produced two litters of 9 puppies each from the same healthy
parents. Both of the parents had the same healthy maitheabh had a different healthy father

(Fig. 1). At the time we were contacted, 4 of the dogs from the first litter had exhibited
progressive neurological signs characteristic of NCL. Two of these dogs were euthanized at
approximately 30 to 31 months ajendue to the severity of their neurological signs. We were

unable to obtain postmortem tissue samples from either of these dogs. Two additional dogs from

the same litter exhibited similar progressive neurological signs and we were able to obtain tissue
samples after the female proband was euthanized at 31 months and her female sibling was

euthanized at 34 months of age.

The neuological signs in the afeded dogs from the first litter became apparent at
approximately 13 months of agefollowed by slow increases ineverity until the dogs were
euthanized. Tle signs in the afeded dogs from the first litter became apparent at
approximately 13 months of agefollowed by slow increases ineverity until the dogs were
euthanized. The first sign recognized the affected dogs was a loss of coordination causing the
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dogs to bump into objects and have difficulty climbing stairs. The impairments in coordination
were particularly evident when the dogs were excited. The loss of coordination progressed with
age ad eventually became apparent even when the dogs were caliso anong the early
neurdogical signs were anxiety and agtation, accompanied bjong pefiods of constantpacing
andcircling starting at approximately 15 months of age. At about the santleeagifected dogs

lost the ability to recognize or respond to previously learned commands and behaviors and began
to exhibit compulsive behavior such fixation on a toy. Mild sekildee activity such as
sngping at the air (fly biting) and gum smackingdgan as early as 15 months of age. Seizure
activity became progressively more severe and began to involve the whole body after about 18
months of age with some episodes lasting for up to an hour. In additiore-like behavor

started at 18 months afje. Visual impairment inboth bright and dim light was apparent by 18
months of age and became quite profound. In the later stages of the disease the affected dogs
became aggressive toward peopl@nly one of the 9 dogs in the second litter had begun to

exhibit the neurological sighs describeddbove when his health was last ascertained at 17 months

of age. The remaining dogs inthis litter appearedto be neurobgically normal at this age.

We obtained blood antioagulated with EDTA from 18 members bétGolden Retriever family
including the common grandmother, the maternal grandfather, both parents, the clinically
affected proband, her clinically affected female littermate, three clinically normal littermates of
the proband and all 9 siblings from teecond litter. DNA was isolated from these blood
samples as previously descritfédn addition to the DNA from the Golden Retriever family, we
genotyped DNA at a causal mutation candidate locus (see below) from 1062 Golden Retrievers
randomly selected without regard to phenotypic informatiomfour archived DNA samples (n

= 530) and from the CHIC DNA bank (n = 53&tp://www.caninehealthinfo.org/dnabank.hyml
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In addition, we genotyped archived DNA samples from 143 dogs repregs&tibreds other

than Golden Retriever.

We obtained blood antioagulated with EDTA from 18 members of the Golden Retriever family
including the common grandmother, the maternal grandfather, both parents, the clinically
affected proband, her clinicallyffacted female littermate, three clinically normal littermates of
the proband and all 9 siblings from the second litter. DNA was isolated from these blood
samples as previously descritfédn addition to the DNA from the Golden Retriever family, we
genotyped DNA at a causal mutation candidatels (see below) from 1062 Golden Retrievers
randomly selected without regard to phenotypic information from our archived DNA samples (n

= 530) and from the CHIC DNA bank (n = 538tp://www.camehealthinfo.org/dnabank.htjnl

In addition, we genotyped archived DNA samples from 143 dogs representing 99 breeds other

than Golden Retriever.

Fluorescence and electron microscopy and immunohistopathology

An identifying characteristic of the NCLs ihe abnormal accumulation of autofluorescent
storage material in the brain and retina with ultrastructural features that distinguish this material
from normal age pigment (lipofuscifi}®> To determine if the progressive neurological signs
exhibited by the affected dogs were a result of NCL, samples of the cerebral cortex (parietal
lobe), cerebellum and retina from the proband and her affected littermate were examined with
fluorescence and electron microscopy. Since in the NCLs the accumulation of autofluorescent
storage material is not restricted to nervous tissue, samples ofvhaartular wall were also
examined for the presence of autofluorescent storage material. For fluorescence microscopy,

samples were either fixed in 10% buffered formalin or immiixagive (3.5% formaldehyde,

32


http://www.caninehealthinfo.org/dnabank.html

0.05% glutaraldehyde, 120mM sodium cacodyldts)M CaC}, pH 7.4). Samples were
proessed and embedded in TisSiek OCT Compound (Sakura Finetek, Torrance, CA) and
frozen on dry ice. Sections of the tissues were cut with a cryostat at a thickness of 8 [Jm and

mounted on Superfrost Plus slides (Fisher Scientific, Fairlawn, NJ) in 170ndWinso
cacodylate. The sections were examined and photographed using fluorescence microscopy as
previously describetf For electron microscopicxamination, the tissue samples were fixed in
2.5% glutaraldehyde in 100mM sodium cacodylate, pH 7.4. The samples wefexgubstith

osmium tetroxide and embedded in epoxy resin. Sections of the embedded tissue were cut on an
ultramicrotome at thicknessed 0.4 to 0.8 [Im, mounted on glass slides and stained with

toluidine blue. Areas of interest were identified by microscopic examination of these sections,
and the blocks were trimmed to remove tissue from outside the areas of interest. Sections were
thencut from the trimmed blocks at thicknesses of 70 to 90 nm. These sections were mounted
on 200 mesh copper thivarred grids, stained with uranyl acetate and lead citrate, and examined
and photographed using a JEOL 1400 transmission electron microseoppeegwith a Gatan

digital camera.

As with other neurodegenerative disedSe$\CLs are characterized by astrogliosis as
demonstrated by increased amounts of glial fibrillary acid protein (GFAP) in astrocytes. To
determine whether the disease in the cffé dogs was accompanied by an elevation in
astrocytes containing high levels of GFAP, formdiked samples of cerebellum from the
affected dogs and from an unrelated normal dog were processed and embedded in paraffin.
Sections of these tissues weremmmostained for GFAP and examined with light microscopy as

previously described’
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Molecular genetic analyses

The lllumina TruSeq DNA PCHree Sample Preparation Kit was used with DNA from a single
NCL-affected Golden Retriever (the proband) to prepare two libraries with approximate
fragment lengths of 350 bp and 550 bp for pagad segencing. The two libraries were
sequenced in separate flmgll lanes on an lllumina HiSeq 2500 sequencer at the University of
Missouri DNA Core Facility. The adapter sequences were trimmed from the sequence reads
with custom Perl scripts and the adagtenmed reads were error corrected using MaSuRCA
v1.9.5 softwaré? NextGENe software (SoftGenetics) was used to align the error corrected reads
to the CanFam3.1 reference genome assefhilye NextGENe Viewer application was used to
manually scan the alignment across all coding regions of the 13 candidate genes previously
associated with human NCL (Table 1) and to identify sequence variants (differences between the

affected Golden Retriever genosequence and the CanFama3.1 reference sequence).

To determine if sequence variants in the coding regions of the 13 candidate genes also occurred
in unaffected dogs, we queried anhiouse PostgreSQL database which contained the variant
calls for the wholegenome sequences of an additional 127 canid samples. These control whole
genome sequences were from normal canids or from dogs with other diseases. Fifty eight of the
whole genome sequences were generated by our group and 70 were provided by otleds as lis

in the Acknowledgements.

An apparentCLN5c.934 935delAG 2 bdeletion (numbered relative to GenBank accession no.
NC_006604.3)was verified by the automated Sanger sequencing of amplicons produced with
PCR primers 5-Nf TGCTTTGGTGTTCACATAGS Nj and
5-BCCAAGTAGGTAGGTTCTCEAN]A TagMan allelic discrimination assdywas used to

genotype DNA samptefrom individual dogs for th€LN5c.934_935delAGequence variant.
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For this assay, the PCR primer sequences Wef€ TGCTCAGTATCTTGCAAATTTTTGATG

3 and

5-AATAAAAGGAAATTTCATAGGTAAAAACCAATATTCABAA and t he sequenc
competing probes wer&'-VIC-TGATTATACACAGAGAGTINIGB-3' (reference alll

5-FAM-AGTGATTATACACAGAGTINIGB-3' (mutant allele).

Results

Fluorescence microscopy

As with the other canine NCLs, the clinically affected Golden Retriever littermates exhibited
substantial accumulatiores autofluorescent storage material in the cerebellum, cerebral cortex
and retina (Fig. 2). In the cerebellum, the storage material was present primarily in the
perinuclear areas of the Purkinje cells (Fig. 2A). There were only very minor amounts of
aubfluorescent material in the granular and molecular layers. In the cerebral cortex the
accumulation of autofluorescent material was relatively uniform among neurons throughout the
tissue (Fig. 2B), but this material was not observed in white matter.trdictshe retina, the
autofluorescent storage material was most prominent in the ganglion cells and along the outer
limiting membrane (Fig. 2C), but small amounts of this material could also be seen along the
inner edge of the inner nuclear layer. In beart, large amounts of the storage material were
present in muscle fibers occurring in elongated clumps with long axes in parallel to the long axes
of the muscle fibers (Fig. 2D).

Electron microscopy

Electron microscopic examination of the storage mdteoen the cerebellar Purkinje cells (Fig.

3A), cerebral cortical neurons (Fig. 3B), and retinal ganglion cells (Fig. 3C) indicated that the
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material within the membrardgound inclusion bodies consisted primarily of membiigdree
structures in a variety odrrangements. In the cerebellar Purkinje cells the profiles of the
membrandike structures ranged from elongated linear profiles to small circular profiles (Fig.
3A). These two types of profiles were interspersed. In the cerebral cortical neuraoesraid
ganglion cells, the storage body contents consisted almost exclusively of linear melmierane
profiles; almost none of the circular profiles were observed (Fig. 3B and 3C). The cortical

neuron storage bodies appeared to be composed of clunteslioisar structures (Fig. 3B).

Immunohistochemistry

The cerebellum samples from the affected dogs contained abundant cells with astrocytic
morphology and strong GFAP immunostaining throughout all layers of the tissue. These GFAP
positive cells were padularly abundant adjacent to the Purkinje cell layer (Fig. 4A). By
contrast, no strongly GFAPositive cells were observed in the cerebellum from the normal

control dog (Fig. 4B).

Molecular genetics

DNA from the proband was used to generate a wholengersequence that had-f#ild average
coverage and was found to contain 6.1 million potential sequence variants. The reads were
deposited in the Sequence Read Archives (Accession SRR1784082) and aligned to the canine
genome reference assembly. The alignim@as manually scanned across each of the 130
coding exons in the canine orthologs of the 13 genes associated with human NCL. The results
are summarized in Table 2. No variants were found in the coding exons or adjacent splice site

signals inPPTL CLN3 DNAJC MFSD8 CTSD or KCTD7. In and around the coding exons of
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the other 7 candidate genes, we found 9 sequence variants including 3 homozygous and 2
heterozygous synonymous mutations that are unlikely to cause disease. In addition, we found
individud missense mutations WTP13A2andCTSFE a complex deleticimsertion inGRN and

a two base pair deletion and frame shiftGaN5 The missense mutations and the complex
deletioninsertion were all frequent in the 127 control whole genome sequencesaghtre

CLN5 frame shift, CLN5:c.934_935delAGvashomozygousn the probandbut absentfrom all

127 control whole genomesequences.The homozygousLN5c.934 935delAG@eletion (Fig

5A) was verified by automated Sanger sequendiing 5B).

We used a Taghh allelic discrimination assay to genotype individual dogs for the
CLN5:¢c.934 935delAGleletion. Seventeen of tlygeenotyped dogs were closely related to the
proband, as shown in the pedigree (Fig. 1). Of the genotyped family members, only the three
affected dogs (the proband, her clinically affected littermate sibling and her clinically affected
sibling in the second litter) wer€LN5:c.934 935delAGhomozygotes.The other family
members with available DNA were either heterozygotes (n = 11) or homoziaote wild

type allele (n = 4) and none of these dogs exhibited any neurological abnormalities. An
additional 1062 randomly selected DNA samples from Golden Retrievers were genotyped for the
€.934_935delAGleletion. One of these samples was homozyémuthe deletion allele, 8 were
heterozygotes and the rest were homozygous for the wild type alilen contacted, the owner

of the deletiorallele homozygote indicated that her dog had been euthanized due a progressive
neurodegenerative disease witimidlal signs and an age at onset that were similar to those of the
Golden Retriever siblings in our study. Nonetheless, a clinical diagnosis of NCL could not be
confirmed because necropsy tissues were not collectetis homozygote and one of the

heteroygotes were related to the proband through a common ancestor: the paternal grandfather
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of the proband’s paternal grandfather. We <co
the other heterozygotes and hdateof the hetbrazggdtess r e |
was 1994. Thus, although tlee934 935delAGallele is rare, it may beare but found in

unrelated lines oGolden Retrievers. ThELN5:c.934 935delAGllele was not detected in the

DNA samples from any of the 143 purebred divgsn 99 breeds other than Golden Retriever.

Discussion

Disease phenotype

We investigated a -8eneration Golden Retriever family in which 4 siblings developed a
progressive neurological disease with signs that incluatedety, constant circling, tremors,
aggression, ataxia, localized and generalized seizures, and visual impairment. The proband and
her affected female littermate exhibited abnormal accumulations of autofluorescent cytoplasmic
material primarily in the Purkinje cells of the cerebellum, inroes throughout the cerebral
cortex and in the ganglion cells of the retina (Fig. 3). Examination by electron microscopy
revealed that the cytoplasmic storage material consisted of menilanded inclusions
containing primarily rectilinear and circulprofiles. The progressive neurodegeneration and the
autofluorescence and ultrastructure of the cytoplasmic storage material in the brain and retina are

distinguishing features of the NCLs.

The neurological abnormalities in the affected Golden Retrievecarbe apparent to their
owners when the dogs reached 15 months of age or older. In other breeds, dogs with genetically
defined NCL have developed many of the same neurological signs as these Golden Retrievers;
however, the ages at onset of the diseasessiave varied among the various canine NCL

models. Compared to the affected Golden Retrievers, Dachshunds with mutatRiiElior
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TPP1, a Chinese Crested Dog with a mutatiotMRSD§ and English Setters and a mixed breed
dog with differentCLN8 mutatons all had diseases with earlier onsets of neurodegenerative
signs?22>2073.74The onset of disease signs in Tibetan Terriers with NCL duwertmitation in
ATP13A2has occurred at much later age (4 to 6 years) than that of the Golden Reffighers.
ages at onset of clinical signs for Border Collies witALd&N5 mutation, an Australian Shepherd
with a CLN6 mutation and American Bulldogs with@GTI'SDmutation weresimilar to those of

the Golden Retrievers described h&r&®

Disease genotype

Alignment of the adapterimmed, erroc or r ect e d reads o f t he pro
sequence to canine reference genome sequence CanFama3.1l, aloveedcan for sequence
variants in all coding regions in the canine orthologs of the 13 genes known to harber NCL
causing mutations in human patients. This was the third whole genome sequence we generated
with DNA from a dog with a confirmed case of NCEarlier, we used this approach to identify

a CLN8nonsense mutation as the probable cause of NCL in a vhieed dog and to identify a
singlebasepair deletion and frameshift IMFSD8 as the probable cause of NCL in a Chinese
Crested Dog®*®Inthe proband’'s whole genome sequence,
13 canine othologs of the genes known to harbor human NCL mutations identified only one
plausible causal sequence variant: a 2 bp deletion and frame fDifNii Although theCLN5

€.934 935delAGllele was rare among Golden Retrievers, homozygosity for this mutation was
compl etely concordant with clinical signs of

family.

CLN5 was first identified as a gene that harbored distinct homasygautations in 3 human

NCL patients in 1998 By now at least 35 differef@LN5mutations have been identified as the
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likely causes of disease in human NCL patients with

(http://www.ucl.ac.uk/ncl/CLNSmutationtable.htm). In addition, nullizygous transgenic

knockout mice developed NéLand naturally occurrin@LN5 mutations have been associated

with NCL in Devon cattle, Borderdale sheep, and Border Collie f5GS°The Border Collie
mutation was &€LN5:c.619C>Ttransition that predicted a CLN5:p.Q20nsense mutation.

The whole genome sequence from the Golden Retriever proband indicated that the dog was
homozygous for a nove€lLN5 mutation, CLN5:c.934_935delAGwhich predicted a frameshift

and premature termination cod@LN5:p.E312V{s*6

Mutant CL N5 protein

CLN5 encodes a polypeptide, CLN5, with no recognized functional domains and no detected
amino acid sequence homology to other proteins; however, human CLN5 contains 8 N
glycosylation consensus sequences (Xshhr/Ser)?® all of which are conserved in canine
CLN5. In addition, human CLN5 contains 2 clusters of hydrophobic amino acid residues, one
near the Nlerminalend and the other aethe Gterminal end’® that are also conserved in canine
CLN5. GenBank accession NP_006484, indictttas the fulllength human CLN5 polypeipte
consists of 407 amino acids. However, there are also 3 shorter isoforms which starfavita in
initiator methionines at codon positions 30, 50, and’82Signal peptides of various lengths are
cleaved from newly synthesized CLN5 while still in the endoplasmic retictiufhe online

software program, SignalP 4.(http://www.cbs.dtu.dk/services/Signa)?? predicts that the

cleavage site will be between p.S91 and p.R92 or between p.G95 and p.Bénlymnitiator
methionine available for translating canine CLN5 corresponds to the initiator at position 50.

SignalP 4.1 predicts that the signal peptide will be removed from canine CLN5 by cleavage
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between p.G38 and p.G39, which corresponds to thecpeddcleavage site between codons 95

and 96 in the huma@LNS If these predicted cleavage sites are correct, the signal peptide from
the human isoform starting at codon 50 would be 46 amino acids in length and would have 17%
sequence homology with thé& Zimineacid-long canine signal peptide. Furthermore, both the
canine and human propeptides would be 312 amino acids in length and the sequence homology

between them would be 91% (Fig 6).

Mature normal CLN5 protein is primarily located in the lysosorfié®*%?As the human CLN5
propeptide passes through the golgi apparatus on its way to the lysosomes, it acquires- mannose
rich oligosaccharidestaall 8 of its Nglycosylation consensus sequent@sSite-directed
mutagenesis experiments with the human gene suggested that the lgtimo®f at least 6 of
these sites is required for normal protein functirGlycosylation at the furthest-@rminal of

these sites wasequired for normal trafficking to the lysosonm@8.This site is lost in the
truncated protein predicted from the mutant Golden Retrieeé5 (Fig 6). The Gterminal
hydrophobic region of CLN5 was reported to form an amphipathic helix that tightly associates
with biomembranes, but does not cross th&This membrane anchoring may be required for
normal CLNS5 trafficking to the lysosomé&¥ The amphipathic helix is conserved in canine
CLN5 where it occupies amino acids 296 through 335. This region is interrupted by the
frameshift at p.E312 as predict by leN5:c.934 935delA&oldenRetriever mutation (Fig 6)
Thus, the truncated CLN5 predicted by the Golden Retri€két5 mutation lacks the 39 -C
terminal amino acids, the last@lycosylation site and part of the amphipathic helix. In contrast,
the truncated CLN5 predicted by therBer Collie CLN5 mutation lacks 143 @rminal amino

acid residues, four of the eightdlycosylation sites and the entire amphipathic helix (Fig 6);

yet, both canine CLN5 models have indistinguishable clinical presentations. This suggests that
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little or no biological function is retained as a result of either mutation. That both mutations
result in a complete loss of function is further supported by the fact that human patients that are
homozygous for the major Finnish CLN5 variant, CLN5:p.Y392X, hadsatal lateinfantile

disease signs even though only 16 amino acid residues were missing from the truncated gene

product (Fig.6)>

Animal modelsfor CLN5

The progression of clinical signs we and others have reported for dogs with homozygous
truncating mutations IICLN5/>#? also occurred irhuman CLN5 patients. As with the dogs,
these patients exhibited an initial mild loss of coordination. This was followed by increasingly
severe mental and motor deterioration, visual impairment, and seizures and culminated with
premature deatl?*'%® Atypical human CLN5 disease variants with delayed onset and a slower
progression of clinical signs have been descrif&t’® Nonetheless, the onsets of clinical signs

for patients with typical latinfantile CLN5 disease have occurred at 4 to 7 years of’ag®.

Most of these patients were blind before theif® birthday and they seldom survived past the

age of 30°*'% |n both the CLN5:c.619T homozygous Border Collies and the
CLN5:c.934 935delAGomozygoussolden Retrievers described here, the clinical signs became
apparent at about 13 months of agkew dogs were young but sexually mature adoifts.
Compared to their human counterparts, it not unusual for canine neurodegenerative disease
modelsto have disease onsets at earlier absolute ages but at later developmental stages. The
dogs with truncatingCLN5 mutations were usually euthanized before their third birthday due to
their deteriorating health and aggressive behavior. In these potetinecCLN5 models, the

1.5 to 2.0 year time span from the onset of clinical signs to euthanasia may prove to be ideal for

evaluating and optimizing therapeutic interventions.
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Studies with theCLN5-knockout mice have provided insights into the nature aatdapmporal
distribution of histopathologic and biochemical lesions during disease developrfént?
Nonetheless, large animal models are often preferable to rodents for investigating therapeutic
interventiondor neurodegenerative diseases because their gyrencephalic brains are more similar
to human brains in size and complexity and because the durations of clinical signs for the large
animal model diseases are closer to those of the human diseases. THoay aftGLN5
deficient sheep is maintained as a large animal model for CLN5 disease that is currently being
utilized to evaluate the potential efficacy £.N5 gene therapy’*'** Compared to the sheep
model, aCLN5-deficient dog model would present fewer problems for housing and management,
particularly in urban research settings. In addition, the dogs mmmre complex cognitive
behaviors than do sheep. This is important in a model for a disease in which one of the major
symptoms is progressive decline in cognitive abilities. Border Collies, the breed with the
previously reportedCLN5 mutation!® are noted for their higenergy, workaholic attitude. The

easy going temperaments that typify Golden Retrievers would make them more adaptable to
research colony lg. We have obtained and stored frozen semen from the heterozygous father of
the proband, thereby preserving an opportunity for us or others to establish a Golden Retriever

based model for CLN5 disease.
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Fig. 1. Pedigree of the Golden Retriever family showing relationships among clinically normal

dogs (open figures) and affected dogs (solid figures). Males are represented by squares and
females by circles. The arrow points to the figure representing the prob&edgenotypes at
CLN5c.934 935delA@re shown under the figures representing dogs with available DNA. Del

= deletion allele; Wt = wild type allele.
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Fig. 2. Fluorescence micrographs of cryostat sections of cerebellum (A), cerebral cortex (B),
retina (C), and heart muscle (D) from a Golden Retriever dog that was euthanized after
exhibiting clinical signs of NCL. In the cerebellum, the perinuclear regions of the Purkinje cells
(pc) contained large amounts of autofluorescent material. In the cerelte the majority of
neurons contained this material (arrows in B) in varying amounts. In the retina the
autofluorescent storage material occurred predominantly in the ganglion cells (gc) and along the
outer limiting membrane (olm). Autofluorescentrsige material was also present in the heart
muscle fibers (arrows in D). Bar in (A) indicates the magnification for both (A) and (B).
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Fig.3.El ectron micrographs of
(A), cerebral cortial neuron (B) and retinal ganglion cell (C).
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Fig. 4. GFAP-immunostained sections of the cerebellar medulla from an affected Golden
Retriever (A) and from a normal dog that did not exhibit any neurological abnormalities at the
time of euthanasia (B).The density of GFARositive cells and the amount of GFAP staining
was much higher in the affected dog. Bar in (B) indicates magnification of both micrographs.
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Fig. 6: Diagrams showing the relative positions of features in normal and mutant human and
canine CLN5. Normal human CLN5 has 4 potential inframe initiator methionines (encircled
Ms), 8 Nglycosylation consensus sequences (encircled Ns) and 2 hydrophobic regions (shaded
regions). The arrow shows the predicted signal peptide cleavage site. Normal canine CLN5 has
only 1 potential inframe initiator methionine; however the otheufea are similar to the human
protein. The Golden Retriever CLN5:p.312fs*6 variant protein lacks part of tteznthal
hydrophobic region and one of thegdWcosylation consensus sequences and has acquired 6
variant amino acid residues between the figimfe and the first iframe termination codon
(diagonal shading). The Border Collie CLN5:p.Q207X variant protein lacks the entire C
terminal hydrophobic region and 4 of theglycosylation consensus sequences. The human
CLN5:p.Y392X variant protein onliacks 1 of the Nglycosylation consensus sequences.

50



Table 1:Human NCLs with Canine Models

Human Causal Observed Nucleotide | Predicted Amino Acid Affected Dog Breed
Disease’' | Human Sequence Change in Sequence Change in
Gene Canine Ortholog* Canine Gene Product

CLN1 PPT1 PPT1:c.736_737insd p.F246Lfs*29 Dachshund”
CLN2 TPP1 TPP1:c.325delC p.A108Pfs*6 Dachshund”
CLN5 CLN5 CLN5:¢c.619C>T p.Q207X Border Collie”
CLN6 CLN6 CLN6:¢c.829T>C p.W277R Australian Shepherd”®
CLN7 MFSD8 | MFSD8c.843delT p.F282Lfs*13 Chinese Crested Dog®

CLN8:c.491T>C p.L164P English Setter?
CLN8 CLNS8

CLN8:c.585G>A p.W195X Australian Shepherd Mix*®
CLN10 | CTSD CTSD:c.597G>A p.M199I American Bulldog”’
CLN12 | ATP13A2| ATP13A2:c.1623del( p.P541fs*56” Tibetan Terrier”’®

"There are as yet no known canine model<ioN3 CLN4, CLN11, CLN13or CLN14 CLN9is
not in current use.

*A canine lysosomal storage disease originally described as &N€inore appropriately
classified as a mucopolysamridosi§®®
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Table2:Sequence
regions of the 13 NCL candidate genes.

variants

from

t

he

p rvathineonnedr the cading | e

with no : :
variants | Exon|  Zygosity cDNA change Arrgﬂzn,ZCeld Comment

PPT1 1-9

7 | Homozygous| c.711A>G p.A237A Silent mutation
TPP1 1-6, 813

7 Homozygous| c.885CT p.P295P Silent mutation
CLN3 1-15
DNAJC 1-4
CLN5 1-3 4 | Homozygous| ¢.934_935delAG p.E312Vfis*6 | Unique mutation
CLN6 1-3,57 4 | Heterozygous ¢.327G>T p.L109L Silent mutation
MFSD8 1-12
CLN8 2 1 | Heterozygoug c.327A>G p.T109T Silent mutdion
CTSD 1-9

1 | Homozygous| c.96G>A p.L32L Silent mutation
GRN 2-9 €.1326_1344 p.LPPAPTH

10 | Homozygous

delinsCTGC 422 448FC Common allele

ATP13A2 | 2-28 1 | Homozygous| c.208G>A p.A70T Common allele
CTSF 1-5,7-13 6 | Heterozygous c.G735T p.H245Q Commonallele
KCTD7 1-4
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CHAPTER IV
DILATED CARDIOMYOPAT HY

An RBM20 Frameshift Mutation in a Canine Model of Dilated

Cardiomyopathy

Doug Gilliam, Stacey Leach, Barbara Gandolfi, Ana Kolicheski, Liz Hansen, Tendai Mhlanga

Mutangadura, Jeremy F. Tayl&tobert D. Schnabel, Gary S. Johnson

Abstract

Youngadult onset dilated cardiomyopathy (DCM) segregates in the Standard Schnauzer dog
breed in a pattern consistent with an autosomal recessive mode of inheritance. To identify the
molecular genetic causd Standard Schnauzer DCM, DNA from an affected dog was used to
generate a whole genome sequence \BitHold average coverage Among the sequence
variants in this whole genome sequence was -Ap2deletion and frameshift iRBM2Q the

canine ortholog of gene previously associated with human DCM. RM20deletion allele

was homozygous in the whole genome sequence of the affected Schnauzer, but absent from 101
whole genome sequences of normal canids or dogs with other diseases. An additional 753
Standad Schnauzers, including 21 with DCM, were genotyped folRB&20deletion. In this

cohort, all 20 of the deletieallele homozygotes had DCM, only one of the 183 heterozygous
dogs had DCM, and all of the refereraléele homozygotes were DCM fre®RBM2 deficiency

is known to alter exosplicing patterns and produced aberrant titin isoforms in a rat model and

in human DCM patients. To determine if the Standard Schnauzers with DCM had similar exon
splicing abnormalities, RNA prepared from their left veular walls was compared by RT

PCR to similarly prepared RNA from normal adult dogs. Titin transcripts with extensive exon
skipping were detected in the normal RNA but not in the RNA from the dogs with DCM.

Conversely, titin transcripts with retainegons were detected in the RNA from dogs with DCM
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but not in the normallog RNA. Thus, we have identified a canine model for huRBN?20

associated DCM.

Introduction

Dilated cardiomyopathy (DCM), characterized by left ventricular enlargement and reduced
systolic function, is an important source of human morbidity and mortality and the |eadise

for heart transplantatiolt” An estimated 3%0% of DCM cases are familial with inhece
patterns most commonly consistent with an autosomal dominant mode of inhefitance
Mutations in >50 different genes have ehe reported in patients with dilated

cardiomyopathy****3

DCM is also an important veterinary disease. Tdigease condition is a frequent cause of
disability and premature death in ddd$Breedto-breed differences in ages at onset®

P 18120 and myocardial histopatholofy*#**?* are

survival times;'’ inheritance pattern
indicative d major genetic contribution’s? Although many efforts to identify molecular genetic
risks factors for DCM by genome mappitf§;*? linkage with regionemarkers associated with

8130 or the resequencing of canine orthologs of these §&r&s'® have

human DCM genes,
failed to find plausible candidate mutat&) others appear to have been more successful. A 16
bp deletion at a donor splice site BRKD4 is reported to increase the risk of DCM in one
Doberman Pinscher populatioif, but not in another Doberman Pinscher populatfénn
addition, an 8 -Unpansihtd tegion iof & TRN which hath previBusly been
associated with arrhythmogenic right ventricular cardiomyopathy in Bd%&is both common

and likely causal in Boxers that develop D&MFinally, an X chromosome microdeletion that
encompassed the entire dystrophin gene caused both skeletal myopathy and DCM in German

Shorthair Pointerst®

Although DCM has probably occurred in most if not all dogedss several reports have focused
on the DCMassociated epidemiology, clinical characteristics, laboratory findings and
histopathology in certain breeds with a high prevalence of the disease including*Boxer,
Doberman Pinschét®****° Great Dané>"**?Irish Wolfhound*?**°***> Newfoundland->***>’

and Portuguese Water D&§:**8**Harmon et df° have recently described DCM in 15 young
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adult Standard Schnauzers. Both genders were equally represented (7 males, 8 females). The
ages at onset of clinical signs ranged from 0.9 to 2.9 years. The familial relationships between
affected dogs was consistent with an autosomal recessive mode of inheritance. Here we report
that a whole genome sequence from one of the affected Standard Schnauzers contained a rare an
RBM20deletion and frameshift that is the apparent cause of DCheibrieed.

Materials and Methods
Acquisition and storage of biological samples:

All studies were conducted with the approval of the University of Missouri, Animal Care and
Use Committee and with the informed consent of the dogs' owners. bfl@ddagulatedlood

and buccal swabs were collected from privately owned dogs. Blood samples were shipped over
ice to the University of Missouri. The biological material from buccal swabs was stabilized on
Whatman FTAelute cards (Thermo Fisher Scientifig¢yaltham, MA and shipped to the
University of Missouri at room temperature. DNA was extracted from the blood and buccal

swab samples by previously described procedtiréd.

Myocardial tissue samples from left ventricular walls were collected at necropsy, shortly after
euthanasia, from two Standard Schnauzers @M and congestive heart failure and from two

adult experimental dogs euthanized for reasons unrelated to heart disease. The sample were
immediately stabilized in RNlater (Qiagen IncValencia, CA).

Generation and analysis of a whole genome sequen@NA from a Standard Schnauzer with

DCM was submitted to the University of Missouri DNA Core Facility for the preparation of 2
PCRfree libraries (fragment sizes of approximately 350 bp and 550 bp) with the TruSeq DNA
PCRFree Sample Preparation Kit (llluming&an Diego, CA) and for 2X100 paired end
sequencing in 2 floveell lanes in an lllumina HiSeq 2000 Sequencer. The adaptors were
trimmed with custom Perl scripts and the adapiormed reads were deposited in the NCBI
Sequence Read Achieve (accession S63481). The resulting FASTQ files were processed as
previously describetf. After error correction with MaSURCA v2.2.2 softw#réne reads were
aligned to the CanFam3.1 reference genome assembly with NextGENe software (SoftGenetics,
State College, PA which was also used for the identification and initial categorization of the

sequence variants. Likely false postivariant calls were identified and removed with custom
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Perl scripts. The genonwide average coverage was 31 fold. The 6.2 million potential
sequence variants (differences from the reference sequence) were uploaded to a custom
PostgreSQL database tle$o contained the variant calls from another 101 canid whole genome
sequences which served as controls. Fimtge of these control WGSs were from our group and

48 were from others listed in the Acknowledgements.

Variant verification: PCR amplificationand direct Sanger sequencing was used to determine

the validity of a candidate sequence variant,
RBM20:c.2472_2493delGAAGGTCAAAATCTGCCCAGAMbered as in GenBank accession
NC_006610), identified from the whole genome sequence. The amplification wasvibne

GoTag Flexi DNA polymerase(Promega Corp.Fitchburg, WI)and flanking PCR primers
5-GAGAGAGCTGGTATCCCAG3 ' a RCATTGBETGAAATCCTTGGCTAS ' for 40
thermocycles aan annealing temperature of°’60 The size of the amplicons were evaluated by
capillary electrophoresis with an eGene HAIT12 dectrophoresis apparatus and #grel

cartridge (Qiagen Samples were purified witQIAquick PCR spin columnsQiagen) and

shipped to Sequetech CorpMduntain View, CA) for Sanger sequencing with BigDye

Terminator technology and an ABI 3730xI sequencer.

Genotyping: A PCR restriction fragment length polymorphism (FRERP) assay was used to
genotype individual DNA samples for the-B@ RBM20deletion by PCR amplificatiomvith
primers

5 &ATTTTGGTTCAGGAGCAAGAGI6 and 5 -&GCATTTCCACGTCCATGTCAG as
described above, except thhetannealing temperature was®2 The resulting amplicons were
digestedfor 1 hr with restriction enzymelpy 1881 (New England Biolabs, Inc., Ipswich, MA)
under conditions recommendey the supplier.Hpy 188lhydrolyzes the ancestral allele but not
the variant allele. The sizes of the restriction fragments were evaluated by capillary

electrophoresis.

Evaluation of titin transcripts: A PureLink RNA Mini Kit (Invitrogen, Carlsbad, CAyas used

to extract RNA from the left ventricular wall tissue sections obtained from 4 dogs and stored in
RNAlater as described above. The 4 RNA preparations were compared to each other in reverse
transcriptasd®CR (RFPCR) experiments. In each experimeperScript Il reverse

transcriptase (Invitrogen) was used for first strand synthesis. The same oligonucleotide serve as
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primer the reverse transcriptase and as antisense primer in the PCR amplification. In the first
experiment, the sense primer was
56CACCTCGCCAAATTCACECI 6 and the antisense primer was 5-0
ATTTCAGGCACTTTTACTGGII O The primer pairs used for the other two -RTR
experiments were 5 -AATACAAAATCAGTGTCACC® O (sense) with 50
AGCCACTATACATTCTAAGTEA (ant i she@AARTCAAMRAGTATATCEECCT3 0
(sense) withS A TCAGGAAGTAATTTGCGAACT gantisense). For each experiment, the
resulting amplicons were detected by capillary electrophoresis and their identity was established

by automated Sanger sequencing as described above.

Results

lllumina massively parallel sequencing technology was used for whole genome sequencing of a
male Standard Schnauzer with DCM. Alignment of the processed whole genome sequence reads
to the reference canine genome sequence (CanFam 3.1) indicdtéd &lerage cosrage with

7.2 million potential sequence variants (differences from the reference canine genome CanFam
3.1). Because DCM was believed to segregate in Standard Schnauzers as an autosomal recessive

180\ve queried the custom PostgreSQL database that contained these sequence vagants alon

trait,
with the variants from 101 other control canid whole genome sequences to identify only those
variants with the following three criteria: homozygous in the genome sequence from the affected
Standard Schnauzer; absent from the 101 control genome sequerd;gsredicted to alter the
amino acid sequence of the gene produeifty-nine sequence variants in 57 genes met these
criteria. Among them were 2 nonsense mutations, 3 deletions that caused afraacinghift, 5
in-frame deletions, 1 Hrame inseiibn and 48 missense mutations in 46 different genes (Table
1). Only one of these sequence variants, a 22 bp deletion and framesiRBM20
(RBM20:c.2472_2493delGAAGGTCAAAATCTGCCCALGAAvas in a gene previously
associated with human dilated cardiomyogath This variant was verified by the direct

automated Sanger sequencing of an amplicon produced with PCR primers spanning the deletion.

A PCRRFLP assay was used to genotype the DNA sample used whole genome sequencing and

DNA samples from 753 other privedy owned Standard Schnauzers. Twenty two of these dogs
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had clinical histories of DCM. The results are summarized in Table 2. All but one of the
Standard Schnauzers with DCM were homozygous for the 2RBM20deletion. The only
exception, a female Stdard Schnauzer, was a heterozygous for the DCM deletion. This dog
received arechocardiographic diagnosis of DONMhen 2 and a half years old. Unlike the other
Standard Schnauzers with DCM, the heterozydnaté very frequent arrhythmias (ventricular
premdure complexes and runs of ventricular tachycardia) that has not responded-to anti
arrhythmic therapy. None of the other 182 heterozygotes and none of the 550 Standard
Schnauzers that were homozygous for the reference allele had been diagnosed witlt BCM.
noteworthy thatt least 7 of the heterozygotes were >11 years old without developing DCM and
3 of them were DCMree past their 1%birthday.

The cardiac pathology in @RBM20deficient rat model and in human DCM patients has been
attributed to abrrant exorsplicing patterns in transcripts of genes expressed in the heart such as
TTN, the gene for titin (see Discussion). To determine if a similar pathogenesis contributed to
the development of the DCM in Standard Schnauzers, exon splicing paiteitits transcripts

in RNA preparations from left ventricular wall myocardial tissue from two adult dogs with
normal hearts were compared to titin transcript patterns in comparable RNA preparations from
two DCM-affected Standard Schnauzers. These cosgasiwere made with three FPCR
amplifications that targeted different classes of titin transcripts. One of th@ORT
amplifications was done with primers designed to anneal to titin exon 48 and to adjacent parts of
exons 187 and 188. These are coustitly expressed exons that flank an extensive region of
alternatively expressed exons (Fig. 1). -RTR amplification with these primers produced a
prominent amplicon of approximately 330 bp with RNA from normal dogs. Direct automated
Sanger sequencin@ufirmed that this amplicon resulted from the splicing of exon 48 with exon
187. On the other hand, no APICR products were detected when these same primers were used
amplify RNA preparations from the ventricles of DE&l¥fected Standard Schnauzers. This
result is consistent with expectation that the titin transcripts in RNA from 2€&éted
Schnauzers will have retained many or most of the 138 intervening exons thereby separating the
amplification primers by as much as 23 kb. The other twePRR ampliications were
attempted with primers designed to anneal to exons 59 and 60 and to exons 182 and 185. These

exons are normally removed by exon skipping from adult titin transcripts. As expected, when
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the RNA preparations from the two normal dogs were uasdtemplate for RPCR
amplifications with these primer pairs, no products were detected. On the other hand, with the
RNA preparations from the two DClffected Standard Schnauzers, the primer pairs from
exons 59 and 60 produced prominent amplicons pfegmately 230 bp and the primer pairs
from exons 182 and 185 produced prominent amplicons of approximately 300 bp. Direct Sanger
sequencing of these amplicons confirmed that they were generated from titin transcripts with

exon 59 spliced to exon 60 aftdm the consecutively splicing of exons 182 through 185.

Discussion

We identified a homozygous 22 bp deletionRBM20from the wholegenome sequence of a
single DCMaffected Standard Schnauzer and showed that homozygosity for this deletion was
associatd with DCM in this dog breed. RBM20 encodes RNAinding motif protein 20
(RBM20), one of the hundreds of RN#nding proteins that occupy the ribonucleoprotein
complexes which regulate a wide variety of cellular processes including the posttranscriptional
modifications of messenger RNA2 The first report that mutations in hum&BM20 cause
dilated cardiomyopathy appeared in 2009 by Brauch ¥ dlhese investigators ed linkage
analysis to map an autosomal dominant form of dilated cardiomyopathy in two large families and
identified loci on overlapping segments of chromosome 10. Affected members of each family
had distinct heterozygou8BM20 missense mutations. Thes®o missense mutations were
separated by only three codons in exon 9. Examination of coding exons from other dilated
cardiomyopathy patients identified three additional heterozygous missense mutation within this
same fivecodon segment of exon'® More recently dilated cardiomyopathy patients have been
found to harbor at least 10 additional heterozygeB#120 mutations both within and beyond

the five codon exomine hotspot®**®

Much of our current knowledge of RBM20 function comes from investigations of a colony of
mutant rats that express an abnormal pattern of cardiac titin isofoftfe Titin, the largest

known protein, is expressed in skeletal and cardiac muscle where it functions as a sarcomeric
filament that spans a hadtircomere length (>1 mp) with thetBrminal end in the disk and

the Gterminal near the Mband (Fig. 2°° The segment of titiwithin the A band of the
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sarcomere is fixed in length but the section in the L band has an elastic nature that can change
with changes in sarcomere lengthiTi t i n's flexability results fr
as a series of molecular springs and preypassive tension as the sarcomere extends. Passive
tension in the myocardium is important for efficient diastolic ventricular filling. This passive
tension results from three biochemically distinct titin | band domains that respond sequentially to
increasing tensiort/>!"* The first extension under low tension occurs in a tandem series of
immunoglobulinlike repeats, the polig domain. Next, increased tension reversibly extends the

PEVK domain, so nhamed because it is iiclproline (P), glutamic acid (E), valine, and lysine

(K). Yet higher tension produces reversible extension of casgiacific N2B domain.

Titin is encoded by a single gengIN Bang et d® identified 363 exons in humahTN
however, the 4,200 kDa protein that would result from a transcript containing all 363 exons has
not been detected. Instead, preparations from both skeletal and cardizle oantain highly
heterozygous mixtures of titin isoforms that result from alternative exon splicing. Although
imprecise, the exon splicing of titin transcripts is regulated such that titin isoform composition
depends upon muscle type (skeletal or @dihost organism, developmental stage, location
within organ, and physiologic and pathologic states. Classes of titin isoforms have traditionally
been distinguished by the presence or absence of epitopes located nearlitiee df the
sarcomeré’® The N2B epitope is only expressed in the myocardiunhereas, the N2
epitope is expressed in skeletal muscle isoforms and in some, but not all cardiac muscle
isoforms. Thus, the three recognized classes of titin isoforms are (R@m skeletal muscle),

N2-B (from cardiac muscle) and N2A (also from cardic muscle}**™* with molecular
weights of approximately 3,000 kDa, the 4B2titin isoforms are substantially smaller than the
>3,300 kDa N2BA isoforms The size differences are primarily due to greatly shortenedgoly

and PEVK domains, which explains why myocardium rich irB\fitin isoforms is relatively

stiff, while myocardium rich in NdBA isoforms are more compliaﬁzrl?_

The ventricles of human adults and adult cats, dogs, sheep and pigs contain approximately equal
amounts of the NBA and N2B titin isoforms?’®*’® Adult cattle ventricles have higher NEA

to N2-B ratios and their atria express{B2 almost exclusively’’ In contrast, the NB class of

titin isoforms is predominate in the ventricles of the adult rats, mice, hamsters and

rabbits!"#1®1" 18 Their high heart rates and thin ventricle walls may require a stiffer
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myocardium. Neonatal rat ventricles contain bothB¥2 and N2B classes of titin isoforms,
although only traces of the NBA remain in the 2 week dlrat*®®*8%8IN2-BA isoforms with
unusally high molecular weight distributions (around 3,700 kDa) are the first forms of titin to
appear in the developing rat fetus. The highly compliant myocardium produced by these extra
large isoforms facilitate ventricular filling at the low filling presssi of the developing heaf

The extralarge isoforms are gradually replaced by smallerB¥2isoforms so that the NBA
remnants in the week old rat have a mass of about 3,308°kE¥4As with rats, extrdarge fetal

type titin N2BA isoforms have been detected in neéahabut not adult mice, rabbits, and
pigs’®®1Taken together these reports indicate that thegilution of cardiac titin isoforms and

the stiffness of the myocardium they populate are under developmental control. THargetra
N2-BA isoforms that first appear in the fetus are gradually replaced bBANBoforms with

more extensive exon skipp to produce shorter pelg and PEVK domains. In addition, the
N2-B titin isoforms, with more extensive exon skipping, first appear in the neonatal period and
during maturation partially or completely replace theB¥R isoforms to provide a stiffer adul

myocardium.

Mutant rats from the previously mentioned colony with abnormal distributions of titin isoforms
do not undergo the normal switch from the highly extensible 4attge fetal titin isoforms to the
smaller and stiffer adult isofornt&’**®These rats have a %5 deletion that eliminates 13 of the

14 Rbm20coding exong® In heterozygous rats, the switch from fetal to adult titin isoforms is
delayed and incomplete. Rats with the homozy@imsi20deletion retain extrdarge fetal titin
isoforms throughout their live'§® Unlike the human patients witRBM20mutations, the mutant
rats do not develop congestive heart failure. They do, however, develop left ventricular dilation
and subendothelial fibrosis® which may compensate for their overly compliant myocardium.
Abnormal splice variants in transcripts from 30 genes in additiortrtavere identified by the
global sequencing of mRN&om the cardiac tissue of rats that carried RiEn20mutation’®®
These results imply thaRbm20makes a required contribution to the normal developmental
regulation of exon splicing in a subset of genes expdess¢he heart. With respect to titin
transcripts, exoisplicing patterns are stalled at the embryonic state in rats without functional
RBM20 because they are homozygous for Ri@n20deletion. The delayed developmental
changes in the heterozygous raiteely result from reduced RBM20 concentration due to

haploinsufficiency.
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The absence of NB titin isoforms and the presence of unusually largeBX2titin isoforms in
cardiac biopsy material from a human patient with DCM causedREM20mutation is furher
confirmation that RBM20 plays an important role in the developmental regulation of exon
splicing in the heart®® If, as expected, a breakdown in the developmental regulation of exon
splicing is also responsibifor Standard Schnauzer DCM, myocardial RNA from affected dogs
should contain extrbong fetattype titin transcripts due to the inclusion of exons that are skipped

in normal adult dogs. Our RFPCR results support this expectation. -RTR amplificatiorwith

primers designed to anneal to constitutively expressed exons spanning a broad region of
differentially expressed exons produced a prominent amplicon with extensive exon skipping
from RNA samples from normal dogs but not from the RNA of affected Star&tzhnauzers.
Furthermore, RIPCR primers designed to anneal to differentially expressed titin exons
produced prominent amplicons with ventricular RNA from the affected Standard Schnauzers but
not from the adult normal control dogs. These results itthallythe same failure to switch from

fetal to adult transcript patterns previously described inRhm20deficient rats and human
DCM patients withRBM20 mutations is also responsible for the DCM which develops in
Schnauzers that are homozygous for thd@RBM20deletion.

Similarities betweeiRBM20associated human and canine DCM suggest that the canine disease
could become a valuable large animal model for investigating underlying disease mechanisms
and/or for determining the efficacy of therapeutieiméntions. Yet to be determined is the
significance of an apparent species difference in the mode of inheritance. So far all human
patients withRBM20associated DCM have carried the mut@BiM20allele in the heterozygous

state, 16316516618 g rteen of the 15 known human DEMsociatedRBM20 mutations were
missense mutations. The exception was a nonsense mutation, RBM20:p.1031X, predicted to
truncate the gene product by 16%. Eight of theRBM20 misserse mutatios involved 5
consecutive codons (codon numbers 634 through 638) located within-aohSimain likely

to participate in proteHprotein interactions. The predominance of missense mutations and their
clustering suggests the DCM may result froan toxic gain of function rather than
haploinsufficiency. In thd&Rbm20rat model, haploinsufficiency is clearly responsible for the
abnormalities found in the heterozygotes since their causal microdeletion eliminates nearly the
entire Rom20gene. Both hmozygous and heterozygous rats develop left ventricular dilation

and subendocardial fibrosis; however, neither homozygous nor heterozygous rats develop DCM
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or congestive heart failuf&€® Based on pedigree analysBBCM was reported to be a recessive

trait.1%°

Most of the genotype results reported here support this conclusion. Recessive Standard
Schnauzer DCM appears to be highly penetrant as all 21 of the Standard Schnauzers that were
homozygous for the deletion allele developed DCM. Also consigt#inta recessive mode of
inheritance, the canirkBM20deletion and frameshift reported here is predicted to delete-the C
terminal third of the normal gene product and is likely to result in a mutant gene product with
little or no residual activity. Norteeless, one heterozygous Standard Schnauzer developed
DCM at 2.5 years of age. This could be a phenocopy that developed DCM because of inherited
or acquired factor s RBM20deletmr allete. Alternativalye thedsmgle’ s s i
deletionallele may have caused or contributed to the development of DCM. If heterozygous
Standard Schnauzers are at higher than normal risk of developing DCM, that risk is much lower
than carried by deletieallele homozygotes since 182 of 183 heterozygotes havdeveloped

DCM and several of them have remained D@®E into old age.

A detailed clinical description of genetically defined Standard Schnauzer DCM and associated
post mortenfindings is in preparation and will be submitted for publication in therwvetey
literature. In the future, it will be interesting to learn if DCM is more common in heterozygous
Standard Schnauzers than in referealdgle homozygotes. When tissue samples from the hearts

of heterozygous Standard Schnauzers become availai#erapsy, histopathologic analysis and
analysis of the RNA extracted from theses tissue samples should reveal if the heterozygous state
induces subclinical pathology as it does in the rat model. Future$iyjAexperiments with the
canineRBM20 model shou be particular interesting as they should reveal which genes in
addition toTTN produce transcript with RBM208ontroled exon splicing pattern.

Acknowledgement: We also thank Robert Wayne of the University of California Los Angeles,
Matt Huntelman of the fanslational Genomics Research Institute, Kate Meurs and Josh Stern of
North Carolina State University and Paula Henthorn of the University of Pennsylvania for

providing genome sequence data for use as controls.
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Figure 1. RTPCR of Titin and in two D®1 affected dogs and phenotypically normal, DCM
unaffected dogs(A) Microcapillary electrophoretograms of Titspecific amplicons from total
RNA. RT-PCR was performed with cardiac tissue of two D@iaffected dogs (lanes 1 and 2, 5
and 6, 9 and 10) anchrdiac tissue of two DCMffected Standard Schnauzer dogs (lanes 3 and
4,7 and 8, 11 and 12). RACR was performed with three primer sets spanning exci88&.8
spanning exons 560) and spanning exons 1885. (B) Diagram of the position of primers dse
for RT-PCR amplification relative to an artificial Titin transcript in which all exons are

represented.
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sarcomere where it binds to the Mywo thick filament tothe M-Band Two important cardiac
isoforms are shown with middl& and molecular spring sections diagrammed.
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Table 1:Unique coding sequence variants

Chroma | Chomosome | Rekrence AA.
Gene some Position Base Variant Change
ABCC5 34 16860883 C T 1393G>S
ADAMTSL3 3 55357925 T G 360S>A
AKR1C3 2 30680225 C T 92R>C
ANKRD31 3 31139161 G A 1182D>N
ARHGEF10 16 54367853 G A 1063A>T
ARHGEF40 15 18163988 C G 533S>R
BCL2A1 3 57453987 G T 105V>L
BPTF 9 12643091 C T 1587V>M
C6H70rf26 6 11924238 G A 418V>M
CEP72 34 11649338 C T 729A>T
CHD1L 17 57803800 A delAGC In-Frame
CPEB2 3 65266319 G delGCGGCCGGG In-Frame
CPEB2 3 65266329 G delGGG In-Frame
CYP2U1 32 28425491 C delCC FS
DTNBP1 35 14862576 G delGCGGGGG FS
EVL 8 68445848 A C 201T>P
FAM179B 8 22447703 G A 881G>R
FOXE3 15 13293642 T delTCGGGGCCGGGG In-Frame
FOXL2 23 35146662 T G 36S>R
GJD4 2 1361530 C G 169G>R
HES5 5 57389229 A G 19L>P
HHIPL1 8 68059568 C T 543P>S
ICOSLG 31 38094895 G C 40R>G
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ISM2 8 50285808 G 21M>L
ISM2 8 50285811 G 20M>L
ITIH2 2 28368055 T 930H>Q
KIAA0284 8 72391999 C 1122Q>H
KLHL33 15 17764075 G 51S>p
LOC100682843 5 63555605 G 58A>P
LOC100684157 35 10330650 T 232R>W
LOC100686872 7 14556241 C 355A>p
LOC100687523 14 5968248 T 48E>K
LOC100688803 27 33836969 A 119P>S
LOC100688834 6 55275930 C 308A>P
LOC100856052 21 27080997 T 148V>M
LOC100856118 5 56482848 T 16S>F
LOC100856208 9 11524410 A 105D>E
LOC476669 20 44823213 delCGG In-Frame
LOC483880 19 29773106 C 336L>R
LOC485836 24 22543389 T 278R>X
LOC485836 24 22543492 T 312C>F
LOC606782 34 228202 G 42C>S
LOC607629 6 5597554 C 285L>P
LOR 17 61994430 G 38C>G
MPHOSPH9 26 6326335 C 78Q>P
NOL7 35 13059130 G 65A>G
PGAP3 9 22805894 G 241S>A
PLEC 13 37458844 T 1934R>Q
RANBP3 20 54122045 c 36E>Q
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RBM20 28 22146844 delGAAGGTCAAAATCTGCCCAGAA FS
RORC 17 60827348 A 241A>S
SDSL 26 10759557 A 3200>K

SEPHS2 6 17669238 A 444E>K

SH3TC1 3 60019372 T 169S>L
SIX3 10 47340777 insCGG In-Frame

SLC6A15 15 26487978 T 699G>R
SLC6A16 1 107162770 T 17Q>X
VWASB2 34 17124632 T 73I>F

VWAS5B2 34 17124637 G 74H>Q
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Table 2:Distributions of DCM-related phenotypes and RBM20-related genotypes in a Standard
Schnauzer cohort.

Genotype
Phenotype Reference/Reference | Reference/Deletion Deletion/Deletion Total
DCM-Affected 0 1 21 22
DCM-Free 550 182 0 732
Total 550 183 21 754
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CHAPTER V

Conclusions and Future Studies

We successfully identified the likely causal mutations associatedthwitle different inherited
diseases in dogs, all of which are in genes assoamdtbdequivalent human pathologies. | will
briefly discuss the consequences of the findings of these mutations and suggest futura directio
of studies for each in turfcurthemore, | will suggest further paths that can be undertaken to

find more causal mutations, which can be plausibly used as models for human disease.

The first finding was the discovery of the missense mutationK@NJ10 that causes
Spinocerebellar Ataxia ithe JackRussell Terrier, ParselRussell Terrier, Russell Terrier as

well as several other breeds with ancestry from the British hunting teftf&#&CNJ10 encodes

for the inwardly rectifying potassium channel Kir4.1. Mutations in KCNJ10 in humans have
been identified in patients with two autosomal recessive hereditary diseasensssdnath
overlapping signs: SeSAME (seizures, sensorineural deafness, ataxia, mental retardation, and
electrolyte imbalances) and EAST (epilepsy, ataxia, sensorineural deafness, and tubulopathy).
>L52\While these are both rare diseases, further studies to elucidate how mutata®NJh0
affectthe function of Kir4.1 and the lack of potassium buffering could potentially shed light on
excessive neuronal membrane excitability in other forms of ataxia, myokymia or epilepsy.
Another study that could be undertaken would be to determine whether hgterezarriers

have any fitness advantage due to altered levelCdJ10and the effects that the myokymia

has on muscl e mass. Finally, whi |l e Weupve di

Terriers, further genetic studies could be undertaken osttltyy dog (or another RGT that is
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phenotypically and genotypically affected) to determine the genetic etiology of myokymia,

which was not present in all study dogs.

The second discovery was a 2bp deletion in ca@ind5that is responsible for NCL in Gad
Retrievers, aCLN5:c.934 935delAGpredicting a frameshift and premature stop codon,
CLNS5:p.E312Vfs*6>* CLN5was first identified as the causal gene for human NCL in 1998 and
Border Collie dogs with NCL have GLN5:c.619C>Ttransition predicting a CLN5:p.Q207X
nonsense mutatiod®* The progression of clinical signs that both the Border Collies with the
CLN5:¢c.619C>Tand the Golden Retrievers with the aforementio@dN5:c.934 935delAG

also occurs in human CLN5 patients. One dissimilarity is age at onset: the age at onset for

4105 \whereas clinical

patients with the typical latiafantile CLN5 disease occur from age§
signs in both the Border Collies and Golden Retrievers with NCL become apparent at 13 months

of age, when dogs are young but sexually mature atuft§?

One potential future direction for this mutation wolld the establishment of a largeimal

model for CLN5. Currently, a colony @LN5-deficient sheep are maintained as a lagenal

model to evaluate the potential efficacy@lfN5gene therapy**! a canineCLN5-deficient dog

model would be easier to house and manage in an urban setting. Another important aspect of a
canineCLN5 model is that dogs havenaore complex set of cognitive behaviors than do sheep,
which is incredibly important for a model of disease where one of the major symptoms is the
progressive decline in cognitive ability. However, one does not establish a large animal model
colony withouttaking into account temperament. Of the two potential ca@ini5-deficient

dog models, Border Collies are noted for their work ethic and high energy. Golden Retrievers, on
the other hand, are easy going and would likely be very adaptabfe in a regarch colony.

Studies involving a colony oELN5-deficient Golden Retrievers would allow for the study of
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CLN5drug treatment efficacy as well as to allow furthering of understanding of the biology of

CLNS5 disease phenotype.

The third finding was a 22bp d#ion and frameshift inRBM20 that causes Dilated
Cardiomyopathy (DCM) in Standard SchnauZé®BM20 encodes RNA binding motif protein

20, a spliceosomal protein highly expressed in the heart. Mutations in RBM20 are known to
cause DCM in human patients, generally in & fwnino acid hotspot in exon%18318186.16p,

humans, the age at onset can range from infancy through late adulthood with most patients
diagnosed from 280 years oltf’. Standard Schnauzers with DCM have a median age at DCM
diagnosis of 1.6 years of a®. The clinical manifestation of DCM in Standard Schnauzers is
earlier than that seen within most human DCM cases caused by RBM20 mutations, which we
propose makes them afeal largeanimal model for thestudy of pssible clinical interventions.

This early manifestation would allow astute researchers to identify homozygous carriers of the
disease early on (as early as canine disease mutation screening would allow) and follow gene
transcription and RNASeqf left ventricular cardiac tissue at serial timelindsthe time of the

serial biopsies, echocardiograms could be taken to show heart function and possible disease
progressionStudies such as these could yield biomarkers that could lead to humanimedica
treatments for human DCMhe role that RBM20 mutations show via aberrant splicing could
function as diagnostic tools for earlier treatment. It is plausible that many of the same aberrant
splicing events that take place in human DCM patients take pldlin \the RBM2Gdeficient

Standard Schnauzers.

Our lab is currently using whole genome sequencing with DNA from dogs affected with a wide
range of heritable canine diseases. DNA sequencing technology has improved rapidly over the

last few years, allowindor increasingly inexpensive sequencing and the reduction in time
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required to generate them. In 2014, the canine reference sequence was updated to include
RNAseq data on many canine tissues, allowing for better annotation. Technology has improved

across thk board; from sequencers to annotations, to software to chemistries. It is clear to us that

whole genome sequencing will soon be a key tool for the discovery of dismasag variants
in dogs as well as other specibglewever, it is not a complete todda | ’ | | il lTustrate
Of the 145 dogs of which our | ab has sequence

30% of them. This is due to a wide variety of reasons, which are seen in the study of genetic
diseases in many species. Many of the dagsur study cohort show an autosomal recessive
mode of inheritance. As a result of our study methodologies, we look within coding regions of
genes. This is not the only location of plausible causal mutations, nor is it likely to yield the best
results. @r lab and every other lab conducting similar studies simply picks from the low
hanging fruit of Mendelian genetics. Not all diseases will have causal mutations that reside
within the coding regions. Some may be caused by structural variation. Some naséd by
copy-number variationSome disease phenotype could be due to gene regulation from RNAI, or
microRNA interference. Fur t her mor e, it s possi bl e t hat

misunderstood or unknown may hold the key to discovery.

Luckily for our lab, answers for some of these quandaries may be forthcoming or already here.
Usher Syndrome, the leading cause of inherited-digadiness in humans, is divided into three
subtypes. Usher type 2 is the most common and mutations in the USH2A gene &mrcoprio

80% of all case¥® A significant portion of those who suffer from Usher type 2 have only one
heterozygous mutation in USH2A; Ste&llard et af®® tested for intronic mutations in nine

genes that, when aberrant, are shown to cause Usher Syndrome phenotype and identified a

second mutation in 35% of cases, including a common intronic mutatfdn.is possible that
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not just complexeterozygosity of a single germuld play a role in disease, but complex
heterozygosity of a panel of possible genes may lead to disease phenotype within some of the
dogs in our disease cohort. It should be possible to screen the WGSs of our dogs and filter for
certain subsets of gengsorder to determine whether mutations in separate genes could lead to

disease phenotype.

Furthermore, the study of copy number variation could yield positive results in the search for
causal mutations. According to L3 copy number variation is an often overlooked cause of
disease. Recently, Wang et'#lshowedthat one can use WGS and statistical tools (as well as
their free, proprietary protocol) in order to predict/detect copy humber variation. Integrating this
or a similar tool for detecting copy would allow our lab to possibly find the genetic cause of
diseae, possibly, within some of those who have been sequenced but no causal mutation
determinedIn another study, Chen et‘#lused WGSand a novel algorithm in order to detect
copy number variants as well as analysis of coverage depth to detect structural variation. They
applied it to cancer genetics and found novel CNVs along with complex rearrangements and

CNVs that had been missed yiusly by other methods?

Another contributing plausible cause for the inherited diseases in the subject dogs that we

h a v e n 'dtiyet rhay lienn the field of RNAI (RNA interference), a form of gene regulation
previously mostly a niche section of genetics until it was discovered to be the cause of)fragile
syndrome in 2002 As recently as posiut hor ' s di s s er-Ddfin et@d®® def en
published an analysis and release of an improved microRNA annotation for the canine genome.
They identified novel miRNAs, which are known to play a critical role in regulating gene

expression. Knowing the sequence of these miRNAs will aliswo elucidate how they function
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to regulate gene expression as well as show how disease phenotype can arise when this function

is aberrant.

75



Table: Diseasecausing mutations discovered as part of the thesis research.

Dog Breed(s) | Disease Molecular Mutant | Corresponding
Method Gene Human Disease
RusselGroup | SAMS Whole Genome | KCNJ10| SeSAME/EAST
Terriers Sequencing
Golden Neuronal Ceroid Whole Genome | CLN5 Neuronal Ceroid
Retrievers Lipofuscinosis Sequencing Lipofuscinosis
Standard Dilated Whole Genome | RBM20 | Dilated
Schnauzers | Cardiomyopathy Sequencing Cardiomyopathy
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