b

u

b
UNIVERSITAT
BERN

Graduate School for Cellular and Biomedical Sciences

University of Bern

Molecular characterization of rare forms of
canine neurological diseases as potential
models for similar human diseases

PhD Thesis submitted by

Anna Letko
from the Czech Republic

for the degree of

PhD in Computational Biology

Supervisor
Prof. Dr. Cord Drogemuller
Institute of Genetics
Vetsuisse Faculty of the University of Bern

Co-advisor
Dr. Rémy Bruggmann
Interfaculty Bioinformatics Unit
Faculty of Science of the University of Bern

[@ole)

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International license. https://creativecommons.org/licenses/by-nc-nd/4.0/




Copyright notice

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International license. https://creativecommons.org/licenses/by-nc-nd/4.0/

You are free to

.CShare — copy and redistribute the material in any medium or format

Under the following terms

@Attribution — You must give appropriate credit, provide a link to the license, and
indicate if changes were made. You may do so in any reasonable manner, but not in any way

that suggests the licensor endorses you or your use.

NonCommercial — You may not use the material for commercial purposes.

@NoDerivatives — If you remix, transform, or build upon the material, you may not

distribute the modified material.

Notices:

You do not have to comply with the license for elements of the material in the public domain

or where your use is permitted by an applicable exception or limitation.

No warranties are given. The license may not give you all of the permissions necessary for
your intended use. For example, other rights such as publicity, privacy, or moral rights may

limit how you use the material.

A detailed version of the license agreement can be found at

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode




Accepted by the Faculty of Medicine, the Faculty of Science and the Vetsuisse Faculty
of the University of Bern at the request of the Graduate School for Cellular and

Biomedical Sciences

Bern, Dean of the Faculty of Medicine

Bern, Dean of the Faculty of Science

Bern, Dean of the Vetsuisse Faculty Bern






Abstract

Canis lupus familiaris, the domestic dog, possesses a huge variability in traits such as size,
conformation, coat color, or character, which reflects the generations of targeted human
selection after the dog's domestication thousands of years ago. The phenotypic differences
naturally reflect the underlying, often breed-specific, genetic variation. While heterogeneity
between breeds is large, at the same time, the individuals within one breed are usually very
homogeneous. This specific population structure of modern dog breeds with low genetic
diversity favors the propagation of spontaneous occurrences of genetic mutations that might
lead to the development of diseases, and thus makes the dog a valuable animal model.
Inherited neurological disorders in animals as well as in human patients are incurable, often
severe, and result in progressively worsening quality of life; early diagnosis is therefore
beneficial for managing the disease development. DNA-based precision medicine using state-
of-the-art methods, e.g. whole-genome sequencing (WGS) has been successfully utilized in
recent years for routine diagnosis of rare diseases in human as well as in veterinary medicine.
Identification of disease-causing variants allows dog breeders to avoid the spread of such
variants in the affected dog breed, ultimately improving the health of the whole population
through better breeding management, as well as to advance the understanding of the
molecular mechanisms involved in corresponding human disease, and may be useful for the

development of novel therapeutic strategies.

In this thesis, | took part in the analysis of seven specific canine neurological phenotypes
applying different genetic mapping methods, candidate gene analysis, and WGS. | also
generated and analyzed extensive genealogical and genomic data on the worldwide
Leonberger dog population in regards to its diversity and disease prevalence. Despite its
increasing size in recent years, the population lost considerable genetic diversity due to a
bottleneck in the last century. The heavy use of popular sires led to high relatedness among
the breeding dogs and thus to high inbreeding rates. This facilitated undesirable genetic traits
to spread within the gene pool of the Leonberger breed. A private homozygous frameshift
variant in the GJA9 gene was identified in Leonbergers with an adult-onset form of
polyneuropathy using genome-wide association study (GWAS) and WGS. The GJA9 gene
encodes a connexin gap junction family protein, which are important components of peripheral
myelinated nerve fibers; this discovery for the first time adds GJA9 to the list of candidate
genes for similar human conditions. During a study of additional forms of polyneuropathy
and/or laryngeal paralysis, | found a missense variant in the CNTNAP1 gene in Leonbergers
and Saint Bernards showing early signs of laryngeal paralysis. CNTNAP1 encodes a contactin-
associated protein important for the organization of myelinated axons and has been implicated

in various forms of human neurological diseases. Interestingly, this variant was seen in several
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other unrelated dog breeds and most likely predates modern breed establishment. A similar
approach revealed two independent variants in the NAPEPLD gene in Leonberger and
Rottweiler dogs affected by leukoencephalomyelopathy providing evidence for allelic
heterogeneity of this disorder and the first description of NAPEPLD-associated inherited
defects in the endocannabinoid system associated with myelin disorders. In another study, a
form of canine neuroaxonal dystrophy occurred in young adult Rottweiler dogs. WGS data of
two cases revealed a homozygous missense variant in the VPS77 gene, encoding a member
of VPS class C complex, a key factor of the endosome-autophagosome-lysosome pathway,
previously associated with an infantile-onset neurological syndrome in humans. In a family of
Alpine dachsbracke dogs, | used linkage analysis and homozygosity mapping to discover an
autosomal recessive variant in the puppies affected by spinocerebellar ataxia, which affects
the SCN8A gene. The gene encodes a subunit of a channel important for sodium ion transport
to neurons in the central nervous system and was previously implicated in human neurogenetic
conditions. By in-depth pedigree analysis, | found a common ancestor of two geographically
separated families of Saluki dogs in which puppies suffering from succinic semialdehyde
dehydrogenase deficiency causing neurological abnormalities were observed. GWAS and
subsequent filtering of WGS data of two affected Saluki cases identified a causative variant in
the ALDH5A1 gene encoding an essential enzyme of the gamma-aminobutyric acid
neurotransmitter metabolic pathway. Finally, the underlying genetics of a previously described
Leigh-like subacute necrotizing encephalopathy in Yorkshire terriers was solved by discovering
a perfectly associated loss-of-function indel variant in the SLC719A3 gene encoding thiamine
transporter 2, which is important in brain development, and its disruption was previously seen

in similar human neurometabolic disease.

In conclusion, the discovery of the herein described likely pathogenic DNA variants enabled
systematic genetic testing of breeding dogs, and selection against the corresponding disorders
to improve the health and welfare of the respective populations. This thesis provides molecular
descriptions of several canine neurological conditions and presents additional physiologically
relevant models of corresponding human diseases. Apparently, species- and site-specific
differences in pathological phenotypes for mutations within the same gene exist as seen, e.g.
in canine VPS11-related neuroaxonal dystrophy. All these spontaneous canine models closely
resemble rare human syndromes and provide physiologically relevant models to better
understand poorly characterized gene functions, e.g. in defects of the endocannabinoid system
related to NAPEPLD; and provide potential new candidate genes for corresponding human
forms of diseases with yet unsolved genetic etiology, e.g. GJA9-associated polyneuropathy.
Therefore, this thesis demonstrates that genomic studies of domestic animal species such as
the dog improve the understanding of rare complex and heterogeneous groups of

neurodegenerative disorders.
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Introduction

Hundreds of distinct dog breeds were formed due to human selection and breeding towards
specific characteristics since the domestication of dogs. This development ultimately led to the
most phenotypically diverse mammal known [1]. During the process, some breed-defining
genetic variants underlying particular phenotypic traits such as size, shape, coat type and
color, or certain behavior became fixed in the modern breeds. However, artificial selection of
purebred mating pairs resulted not only in the desired and often unique phenotypes, but also
led to reduced genetic diversity in the closed breeding populations that eventually increased
the risk of developing an inherited disease [2]. While historically dogs served predominantly as
herders, guardians, or hunters, nowadays they are largely considered assistants, companions,
and family members. Therefore, the breeders and owners are increasingly more interested in
the health of their dogs including the genetic background of various disorders. Thanks to the
public availability of annotated canine genome sequence and the constant development of
advanced molecular genetics methods, as well as the active participation of dog owners, all

kinds of genotype-phenotype relationships can be studied.

Dog as animal model

Humans first domesticated the dog from wolf more than 15,000 years ago [3]. Archeological
and molecular genetic data found that the domestication events happened more than once in
different places, and dogs have followed human migration ever since [4,5]. While natural
selection happens unintentionally when animals adapt to a changing environment, artificial
selection is a process conducted by people during domestication in order to tame wild animals
[6]. The popularity and rapid spread of the dog resulted in divergent populations and
development of specialized breeds. Over the last few centuries, extreme phenotypic
diversification of the species led to the creation of hundreds of dog breeds able to herd, guard,
hunt, or guide [1,7-9]. Initially, the selection focused mainly on behavioral characteristics to
create the most valuable working dogs. Later, morphological appearance became important
and the strong selection pressure for a specific size, coat type, or color resulted in impressive
variability among the breeds. In the 19" century, breeding became more restrictive when
studbooks for most breeds were closed, and the different populations were reproductively

isolated, forming so-called modern dog breeds [1].

Today, the Fédération Cynologique Internationale (the World Canine Organisation) recognizes
353 registered breeds and maintains their standards [10]. This phenotypic variability is
accompanied by specific changes in canine genetic architecture. Research of the genetic
differences improves our understanding of the canine's diverse history, as well as the

underlying molecular mechanisms of different traits and diseases. Restrictive breeding
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practices, combined with the use of popular sires (i.e. preferential breeding with only a few
individuals, especially males), along with frequent inbreeding have all increased within-breed
relatedness, reflecting the decreased genetic diversity as many modern breeds descend from
only a limited number of founders. As a consequence, high heterogeneity can be found
between breeds, while homogeneity exists within breeds. The short generation times and line-
or inbreeding to maintain breed standards lead to a higher rate of emergence of heritable
recessive diseases compared to humans. Spontaneous mutants in purebred populations with

such unique structure make the dog a valuable model for human disorders [11].

In addition to physiological and clinical similarity of canine and human conditions, pet dogs
also share a common environment with their owners, making them a highly valuable large
animal model [12]. The freely available database Online Mendelian Inheritance in Man (OMIM)
contains comprehensive information on human genes, and genetic traits and disorders with a
focus on the genotype-phenotype relationship and currently shows over 25,000 entries [13].
Spontaneously occurring canine common or rare diseases are highly similar to their human
counterparts and are often caused by variants in genes that are orthologous to the human
genes [12]. The public catalog Online Mendelian Inheritance in Animals (OMIA) currently
records a total of 787 canine traits or disorders, of which 474 are classified as potential models
for human disease with 245 records having gene associations [14]. Kennel clubs of purebred
breeds usually keep detailed pedigree records, and often also additional health information for
each privately-owned dog. Active participation of breeding organizations and individual owners
and veterinarians in research is essential for discovery of affected dogs, and subsequent
identification of deleterious variants associated with their disease. Many purebred dogs appear

to have an increased risk of certain disorders suggesting a genetic predisposition [15].

The size of the dog genome is estimated to be 2.4 Gb and is organized in 38 pairs of
autosomes and two sex chromosomes. Similarly to the number in human, ~22,000 protein-
coding genes are estimated to be present in the canine genome [16]. Since the whole
sequence of the dog genome became available in 2005 [17], advanced sequencing technology
and improved bioinformatics methods have eased the genetic discovery, allowing identification
of more than 400 likely causal variants associated with diseases and traits in the domestic dog
[14]. Even despite large population sizes of some popular dog breeds, their genetic diversity
remains limited. This fact makes them a powerful tool to study genetic etiology of not only
simple Mendelian, but also of more complex heterogeneous disorders, such as cancers or

neurodegenerative diseases [18].

Similar to human clinical genetics [19], DNA-based precision medicine using available genomic
information has been proven suitable for diagnosing rare diseases in veterinary medicine [20]
due to the unprecedentedly high level of medical care standards available for companion

animals. Finally, the discovery of causative variants enables the development of genetic tests,
2



which are used by dog breeders worldwide to stop the spread of inherited diseases and
improve the overall health of the respective breeds, while maintaining what genetic diversity
exists within the breed. Additionally, the molecular characterization of rare diseases in these

affected animals might help in explaining unsolved cases of similar human diseases.

Inherited neurological diseases

Neurodegenerative disorders represent a heterogeneous group of diseases affecting the
central (CNS) and/or peripheral nervous system (PNS) with the most prominently affected cell

type being the neuron (Figure 1).
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Figure 1. Schematic representation of canine nervous system. (A) Central nervous system consists of
brain and spinal cord, while peripheral nervous system represents the nerves connecting rest of the
body to the CNS. (B) Structure of a typical neuron with myelinated axon.
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Numerous neurological diseases have been described in humans, as well as in animals, and
their molecular characterization improved in recent decades [21]. Diseases of the CNS include
myelin disorders, encephalopathies, cerebellar degeneration, neuroaxonal dystrophy, and
ataxias [22]. Peripheral neuropathies, disorders of the PNS, are one of the most common
neurogenetic diseases, and can be distinguished depending on which part of the nerve is
affected [23]. All these disease groups may overlap with the classification of neurometabolic

disorder when a metabolic pathway is affected [24].

As in human medicine, neuropathic disorders in dogs often lead to severe phenotypes that
negatively impact the quality of life and result in progressive lifelong disabilities, or even
premature death because of the lack of effective treatment [25]. While some of these disorders
are more common but may present differently (e.g. variable progression of clinical signs and

ages of onset) across breeds, others are rare and occur in breeds that appear predisposed to



particular forms of these diseases, with many conditions showing complete breed specificity
[15]. This is most likely due to the limited genetic diversity and high relatedness levels and
inbreeding within the modern breeds. State-of-the-art genomic tools efficiently characterize the
DNA variants and may uncover novel molecular pathways involved in such diseases,

highlighting the advantages of the dog model [26].

Neuropathies

Hereditary peripheral neuropathies (OMIM PS118220, PS162400) are a large group of
neurological diseases characterized by length-dependent progressive degeneration of the
PNS with considerable phenotypic and genetic heterogeneity [26]. Charcot-Marie-Tooth
disease (CMT) is globally the most common form of inherited neuropathy in humans with an
estimated prevalence of 1:2,500. It is classified as hereditary motor and sensory neuropathy,
describing its main symptoms: progressive muscle weakness and sensory loss. Additionally,
patients often develop foot deformities, musculoskeletal complications (e.g. hip dysplasia,

scoliosis), and some forms also affect cranial nerves and respiratory function [27].

In addition to CMT, hereditary neuropathy with liability to pressure palsies, hereditary motor
neuropathies, and hereditary sensory and autonomic neuropathies are recognized and may
be complicated by additional neurologic and non-neurologic features. Most of these subgroups
show genetic heterogeneity, with a known association of around 100 genes, which is also
reflected in a variety of inheritance patterns and involvement of diverse molecular
pathomechanisms [28]. More than 30 genes have been implicated in CMT alone. However,
only four genes (PMP22, MPZ, GJB1, and MFNZ2) explain over 90% of genetically confirmed
cases of CMT [29,30]. The rate of detection of causal variants varies greatly, from as low as
10% in hereditary motor neuropathies to up to 80% in demyelinating forms of CMT. The use
of modern sequencing technologies is becoming the standard in precision medicine for the
evaluation of known neuropathy genes and the detection of novel variants in patients with

unexplained pathology [28].

Many canine inherited peripheral polyneuropathies with or without laryngeal paralysis (LPPN)
(OMIA 001292, 001206) show similarities to human CMT [31]. Laryngeal paralysis may
develop as part of a polyneuropathy complex and occurs when normally mobile laryngeal
cartilages become immobile and dysfunctional due to damage to the recurrent laryngeal nerve.
This leads to respiratory obstruction, noisy and distressed breathing, as well as reduced
exercise and heat tolerance [32]. It is often treated surgically by unilateral arytenoid
lateralization surgery to improve breathing and, therefore, quality of life. However, it may
increase the risk of lifelong complications, such as aspiration pneumonia [33]. Different forms
of motor and sensory neuropathies often have comparable clinical and histopathological
features, including gait abnormalities, muscle atrophy, laryngeal paralysis, bark changes,
4



excessive panting or swallowing difficulties, and severe nerve fiber loss resulting from chronic
axonal degeneration and myelin sheath degradation [34]. Sensory and autonomic
neuropathies are less frequent but also described in dogs that often exhibit automutilation
syndrome with insensitivity to painful stimuli [26]. Currently, variants in nine genes are recorded
in OMIA [14] for various forms of neuropathy in several dog breeds (Table 1).

Table 1. A list of breeds representing selected forms of canine neuropathies (OMIA#), for which the

genes harboring candidate causative variants are described, and human disorders (OMIM#) caused by
variants in the corresponding orthologs, if known.

Breed Mol FESREELEE Variant? SLIPES Human diseases S
gene [14] [13]

Polyneuropathy and/or laryngeal paralysis

Lec_)nberger 2 ARHGEF10 SS 001917 Slowgd nerve conduction 608136

Saint Bernard velocity

Leonberger Congenital hypomyelinating

Labrador AR CNTNAP1 MS 002301 neuropathy 602346

retriever Lethal congenital contracture

Saint Bernard syndrome

Leonberger AD GJA9 FS 002119  unknown 611923

Alaskan MS

malamute AR NDRG1 002120 CMT 605262

FS

Greyhound

Alaskan husky

Black Russian SS

terrier AR RAB3GAP1 FS 001970  Warburg micro syndrome 602536
. FS

Rottweiler

mimature bul - mF  RAPGEF6  SS 002222  unknown 610499

Miniature AR  SBF2 SS 002284 CMT 607697

schnauzer

Sensory neuropathy

B(_)rder collie AR FAM134B ss 002032 Heredltary sensory and 613114

mixed breed autonomic neuropathy

Golden MT  tRNA-Tyr  FS 001467  Exercise intolerance 590100

retriever

"MOI = mode of inheritance as follows: AR = autosomal recessive, AD = autosomal dominant,

MT = mitochondrial, MF = multifactorial, ? = unclear.

2Type of variant as follows: MS = missense, FS = frameshift, SS = splice-site variant. Multiple entries
correspond to different variant types found in respective breeds.

Myelin disorders

Myelin sheaths are formed by neuroglia and cover the axon of many neurons in the CNS as
well as PNS. They differ in origin, but share similar structure and function, i.e. to help increase
the speed of axonal transmission of neural impulses. The nodes of Ranvier form short
segments of the axon not covered by myelin (Figure 1), where ion channels are located and
are critical to the normal function [35]. Extensive damage and loss of myelin are followed by
degeneration of the axon and often also the cell body; this interrupts nerve transmission and

results in forms of polyneuropathy in PNS or white matter diseases in CNS [36]. Primary myelin
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disorders of CNS are caused by defects in myelin formation and/or its maintenance and may

be grouped into dysmyelinating, hypomyelinating, and spongiform disorders [37].

In human patients, heritable white matter diseases, or leukodystrophies (OMIM PS312080),
are classified based on neuroimaging and exhibit a wide range of progressive clinical signs
including ataxia, spasticity, dysmetria, or developmental delay. More than 30 distinct disorders
meet the defined criteria of the consensus definition of leukodystrophy, while more than 60
other disorders are classified as genetic leukoencephalopathies as a broader group with
heterogeneous clinical and pathological manifestations [38]. In some instances, because of
the close connection between neuroglia and neurons/axons, it may be difficult to differentiate
between a process that primarily affects the myelin (strict leukodystrophy) and a process that
primarily affects the grey matter (genetic leukoencephalopathy), especially when the pathology
is unclear and performed at the advanced stage of the disease [39]. Recent studies show that
almost half of all patients whose clinical manifestations and neuroimaging indicate an inherited
white matter disease do not receive a specific diagnosis with pathogenic variant, even when

genetic screening of more than 100 leukoencephalopathy-related genes is performed [40,41].

Similar myelin disorders are also known in animal species, including dogs [22,42,43]. Canine
forms of this rare group of disorders include several types of myelopathy with lysis of the white
matter (Table 2). The age of onset, progression, and severity varies greatly between the
different myelin disorders [36,44]. For example, degenerative myelopathy is most common in
older dogs who show axonal and myelin degeneration in the spinal cord, as well as
hypomyelination and secondary demyelination in peripheral nerves. The clinical signs include
hyporeflexia, slowly progressive paresis, and spasticity in the pelvic limbs, with general
proprioceptive ataxia [45]. Leukodystrophies and leukoencephalomyelopathies are examples
of infantile- or juvenile-onset neurodegenerative disorders characterized by progressive
neurological worsening, gait abnormalities, especially in the thoracic limbs, and generalized
weakness, spasticity, ataxia, and loss of conscious proprioception. Affected dogs usually have
characteristic lesions in the spinal cord white matter, while peripheral nerve and muscle
biopsies remain generally unremarkable [46,47]. The historical reports of individual cases and
lack of precise classification reflect the heterogeneity of such disorders termed as
leukodystrophy, leukoencephalomyelopathy, necrotizing myelopathy, hypomyelination of the
CNS, or degenerative myelopathy. The mode of inheritance is mostly autosomal recessive,

but a mitochondrial form has also been described (Table 2).



Table 2. A list of breeds representing selected forms of canine myelin disorders (OMIA#), for which the
genes harboring candidate causative variants are described, and human disorders (OMIM#) caused by
variants in the corresponding orthologs, if known.

Breed mor' associates Variant? oMl Human diseases Olilliis
gene [14] [13]
Leukodystrophy
Standard schnauzer AR TSEN54  MS 002215 [ ontocerebellar 608755
hypoplasia

Cairn terrier
Irish setter MS

X . AR GALC IFI 000578 Krabbe disease 606890
West Highland white MS
terrier
Hypomyelination of the central nervous system
Weimaraner AR  FNIP2 FS 000526 unknown 612768
Leukoencephalomyelopathy

. Encephalopathy
Australian catle dog — \1r oyp MS 001130 Leber hereditary optic ~ 516020
Shetland sheepdog

neuropathy

Great Dane FS
Leonberger AR NAPEPLD MS 001788 unknown 612334
Rottweiler FS
Degenerative myelopathy
Bernese mountain dog
Boxer
Chesapeake Bay Amyotrophic lateral
retriever SOD1 sclerosis
German shepherd AR (SP110) MS 000263 Spastic tetraplegia and 147450
Hovawart axial hypotonia

Pembroke Welsh corgi
Rhodesian ridgeback

"MOI = mode of inheritance as follows: AR = autosomal recessive, MT = mitochondrial.
2Type of variant as follows: MS = missense, FS = frameshift, IFI = in-frame insertion. Multiple entries
correspond to different variant types found in respective breeds.

Neuroaxonal dystrophies

Neuroaxonal dystrophy (NAD) represents a clinically and genetically heterogeneous group of
rare diseases of CNS development, with motor neuron degeneration characterized by localized
axonal swelling and secondary myelin changes [48]. NAD in humans (OMIM PS234200) are
mostly infantile or juvenile diseases diagnosed histopathologically by the formation of
dystrophic axons seen as large spheroids mostly in the grey matter in the brain and spinal cord
[49]. The clinical signs include progressive ataxia, paraplegia, hypermetria, proprioceptive
deficits, head incoordination, and tremors. Due to neuromuscular dysfunction leading to joint
contracture and respiratory failure, this condition is often lethal [50]. Nine forms of NAD are
described in humans and termed neurodegeneration with brain iron accumulation (NBIA) or
infantile neuroaxonal dystrophy (INAD) following mostly autosomal recessive, but also

autosomal dominant and X-linked dominant inheritance. The genetic basis of NBIA/INAD is



known in about 85% of patients and involves variants in eight genes (PANK2, PLA2G6, FTL,
C190rf12, WDR45, COASY, REPS1, and CRAT) [48].

In veterinary medicine, NAD has been described previously in numerous species
(OMIA 000715). However, the underlying genetic etiology is currently known only in sheep [51]
and dogs [52-54]. The affected dogs present typical early onset of signs such as hypermetria
of thoracic limbs, nystagmus, ataxia, behavioral deficits, and progressive limb paralysis.
Although some species differences are described, such as lack of brain iron accumulation in
dogs compared to humans, common pathological pathways are involved in the disease [22].
Three of the four canine breed-specific forms are associated with genes in which variants are
found associated with different human disorders such as neuropathies, paraplegia, or
leukodystrophy (Table 3).

Table 3. A list of breeds representing selected forms of canine neuroaxonal dystrophies (OMIA#), for

which the genes harboring candidate causative variants are described, and human disorders (OMIM#)
caused by variants in the corresponding orthologs, if known.

Breed Mol’ EEEHELED Variant? oMl Human diseases oLl
gene [14] [13]
Neuroaxonal dystrophy
Schnauzer- CMT
B AR MFN2 IFD 002153 Hereditary motor and sensory 608507
eagle cross
neuropathy
INAD
Papillon AR  PLA2G6 MS 002105 NBIA 603604

Parkinson disease

Spanish water
dog
Rottweiler AR  VPS11 MS 002152 Hypomyelinating leukodystrophy 608549
"MOI = mode of inheritance as follows: AR = autosomal recessive.

2Type of variant as follows: MS = missense, IFD = in-frame deletion.

AR TECPR2 MS 001975 Spastic paraplegia 615000

Spinocerebellar ataxias

Ataxia is a relatively non-specific clinical sign of uncoordinated movements. This might lead to
confusion and therefore, standardized terminology has been proposed to distinguish the
complex spinocerebellar degenerative disorders in human medicine. This group includes
hereditary cerebellar ataxias (HCA) and hereditary spastic ataxias (SPAX) mostly subdivided
according to the mode of inheritance and the mutated gene, although some conditions may
overlap [21]. More than 70 forms of autosomal dominant (OMIM PS164400) and autosomal
recessive (OMIM PS213200) spinocerebellar ataxias are described to date, with more than 60
implicated genes. The definitions are even more complicated by the obvious pleiotropy when
a mutation in the same gene may induce various phenotypes [55]. HCA are associated with
cerebellar degeneration, and the disease signs include imbalance, poor hand-eye

coordination, visual loss, seizures, behavioral symptoms, and peripheral neuropathy [56].
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In dogs, phenotypically similar neurodegenerative disorders are described as either cerebellar
or spinocerebellar ataxia in several breeds. The classification is currently based mainly on
clinicopathological features and lacks clear consensus, which might lead to misdiagnosis. Due
to the cerebellar dysfunction, the affected dogs typically show rapidly progressing generalized
ataxia, tremors, and general failure to thrive [57]. So far, causative variants in twelve genes
have been described, clearly showing the locus heterogeneity of this phenotype (Table 4).

Table 4. A list of breeds representing selected forms of canine hereditary ataxias (OMIA#), for which

the genes harboring candidate causative variants are described, and human disorders (OMIM#) caused
by variants in the corresponding orthologs, if known.

Breed Mol’ (TS Variant? OalE Human diseases Dl
gene [14] [13]

Spinocerebellar ataxia

Parson Russell terrier AR CAPN1 MS 001820 Spastic paraplegia 114220

ltalian spinone AR ITPR1 IRE 002097 Sillespie syndrome 147265

Spinocerebellar ataxia

Myoclonus
Cognitive impairment with
Alpine dachsbracke AR SCN8A MS 002194 ©OF Without cerebellar ataxia - 7,
Developmental and
epileptic encephalopathy
Benign seizures

Agenesis of the corpus

Belgian shepherd AR SLC12A6 FS 002279 callosum with peripheral 604878
neuropathy

Beagle AR  SPTBN2 FS 002092 Spinocerebellar ataxia 604985
Cerebellar ataxia
Belgian shepherd AR ATP1B2 SS 002110 unknown 182331
Coton de Tulear AR  GRM1 SS 000078 Spinocerebellar ataxia 604473
Norwegian buhund AR  KCNIP4 MS 002240 unknown 608182
Belgian shepherd MS

X SESAME syndrome,
Jack Russellterrier o yonyr0 MSIFS 565089 enlarged vestibular 602208
Parson Russell terrier MS aqueduct
Fox terrier (smooth) MS q
Gordon setter
Old English AR RAB24 MS 001913 unknown 612415
sheepdog
Finnish hound AR  SEL1L MS 001692 unknown 602329
Hungarian vizsla AR  SNX14 SS 002034 Spinocerebellar ataxia 616105

"MOI = mode of inheritance as follows: AR = autosomal recessive.
2Type of variant as follows: MS = missense, FS = frameshift, SS = splice-site variant, IRE = intronic
repeat expansion. Multiple entries correspond to different variant types found in respective breeds.

Neurometabolic disorders

Neurometabolic disorders, including various forms of storage diseases, are inborn errors of
metabolism (IEM), a group of diseases caused by an enzyme deficiency in a metabolic
pathway. Individually these diseases are rare, but as a group, they are relatively common, with

more than 500 IEMs reported in human medicine. Accumulation of toxic compounds due to
9



defects in intermediary metabolic pathways, energy deficiency related to mitochondrial
respiratory chain defects, and defects in the synthesis of complex molecules in certain cellular
organelles are the main disease-causing mechanisms [58]. About a quarter of IEMs manifests
in the first few weeks of age, but the clinical signs may also present later in childhood or even
much later in adulthood, depending on the enzyme deficiency and involved pathway. IEMs are
challenging to diagnose because the signs are usually non-specific, and may include
decreased activity, movement abnormalities, mental retardation, developmental delay,
respiratory distress, lethargy, or seizures [59]. Genes involved in IEMs encode enzymes,
cofactors, or transmembrane transporters. The absence or abnormal function of these proteins
results in deficiency or accumulation of specific metabolites, which may lead to lysosomal
storage disorders. Most neurometabolic disorders are autosomal recessive, but autosomal
dominant and X-linked forms are also known. Furthermore, different mutations in the same
gene may result in a wide phenotypic spectrum of diseases [24]. Due to the progressive
neurologic deterioration involved in many IEM, the classification of some disorders overlaps
with other grouping systems, such as several neuropathies, encephalopathies, spinocerebellar

ataxias, NAD, as well as myelin disorders [60].

Various canine neurodegenerative conditions resemble the human neurometabolic disorders,
e.g. thiamine-responsive dysfunction syndrome (OMIM PS249270), succinic semialdehyde
dehydrogenase deficiency (OMIM 271980), mucopolysaccharidosis (OMIM PS607014), or
neuronal ceroid lipofuscinosis (OMIM PS256730). These disorders generally show
considerable phenotypic and genetic heterogeneity with similar health problems as in human
patients (Table 5). Therefore, studying these naturally occurring dog models furthers the
understanding of such a complex group of disorders and the biochemical and molecular
pathogenesis [61].

Table 5. A list of breeds representing selected forms of canine neurometabolic disorders (OMIA#), for

which the genes harboring candidate causative variants are described, and human disorders (OMIM#)
caused by variants in the corresponding orthologs, if known.

Breed mor' CERCEELDE Variant? DML Human diseases Dl
gene [14] [13]

Leigh-like subacute necrotizing encephalopathy

Alaskan husky Thiamine metabolism

Yorkshire terrier AR SLC19A3 FS 001097 dysfunction syndrome 606152

Succinic semialdehyde dehydrogenase deficiency

Succinic semialdehyde
Saluki AR  ALDH5A1 MS 002250 dehydrogenase 610045
deficiency

Neurodegenerative vacuolar storage disease
Lagotto Romagnolo AR ATG4D MS 001954 unknown 611340

10



continued

Breed Mol DEEEEERE Variant? CHlee Human diseases CIMINE:
gene [14] [13]

Mucopolysaccharidosis
Great Dane NS
M!n!ature pinscher AR ARSB MS 000666 Mucopolysaccharidosis 611542
Miniature poodle FS
Miniature schnauzer SL
Brazilian terrier AR GUSB MS 000667 Mucopolysaccharidosis 611499
German shepherd
Boston terrier FS
Golden retriever AR IDUA IFD 000664 Mucopolysaccharidosis 252800
Plott hound SS

. CMT
Schipperke AR  NAGLU FS 001342 - 609701

Mucopolysaccharidosis

Dachshund AR SGSH IFD 001309 Mucopolysaccharidosis 605270
Huntaway dog FS
Neuronal ceroid lipofuscinosis (NCL)
Aystrallan qattle dog AR ATP13A2 MS 001552 Kufor—.Rakeb syndrome 610513
Tibetan terrier SS Spastic paraplegia
Australian cattle dog NS
Border collie AR CLN5 NS 001482 NCL 608102
Golden retriever FS
Australian shepherd AR CLN6 MS 001443 NCL 606725
Alpine dachsbracke
Australian shepherd ECS;D
English setter AR CLNS8 MS 001506 NCL 607837
German shorthaired NS
pointer
Saluki NS
American bulldog AR CTSD MS 001505 NCL 116840
Chihuahua NCL

. AR  MFSD8 FS 001962 Macular dystrophy with 611124
Chinese crested dog ;

central cone involvement

Dachshund AR  PPT1 FS 001504 NCL 600722
Italian cane corso SS
Dachshund AR  TPP1 FS 001472 NCL 607998

Spinocerebellar ataxia

MOI = mode of inheritance as follows AR = autosomal recessive.

2Type of variant as follows MS = missense, NS = nonsense, FS = frameshift, SS = splice-site variant,
SL = loss of the canonical start codon, EGD = deletion of the entire gene, IFD = in-frame deletion.
Multiple entries correspond to different variant types found in respective breeds.

11



Selected methods in genomic analyses

In the late 20™ century, the applications of DNA-based diagnostics in animals included
cytogenetic and chromosomal techniques for individual identification, parentage control, and
discovery of deleterious alleles in inherited disorders [62]. Biological knowledge of the specific
disorder and its underlying etiology was a prerequisite for identifying the causal variant in
candidate gene approaches. In the 1990s, the first canine genetic linkage map was developed
by typing 150 microsatellite markers as a hypothesis-free approach for mapping trait-

associated loci [63].

More recently, species-specific single nucleotide polymorphism (SNP) arrays based on
simultaneously genotyping thousands of markers with known chromosomal positions have
become a routine tool in the field of genetics [64]. This enabled rapid mapping of various traits
by methods of linkage [65], homozygosity [66], and genome-wide association studies (GWAS)
[67,68]. Lastly, major improvements in molecular biology and computer science in the 21t
century allowed the whole-genome sequencing (WGS) technologies to become a powerful
routine tool in personalized and precision medicine for humans, as well as companion animals,
such as dogs [69,70].

The types of canine variants implicated in disease range from single-nucleotide variants
(i.e. substitutions, insertions, or deletions of 1 bp) [71-74] through small indels (i.e. insertions
and deletions of <50 bp) [75,76] to complex large structural variants (i.e. genomic
rearrangements and copy number variation) [77—79], and may be efficiently identified with SNP

array genotyping and/or WGS of individuals, families, or large populations.

In this thesis, a combination of relevant methods has been utilized for mapping, detection, and
validation of putative disease-causing genetic variants based on each project's hypothesis that

slightly differed due to observed family structure and available samples.

Single nucleotide polymorphism (SNP) genotyping arrays

Canine geneticists were among the first to drive the production of high-quality SNP genotyping
arrays for companion animals. The polymorphic SNPs were selected from a 2.5 million SNP
map generated as part of the dog genome project [17] and allowed several large-scale SNP
genotyping platforms to emerge. These platforms enabled the study of the population structure
within and across different dog breeds, as well as genetic variation associated with common
and rare diseases relevant to humans. The earliest array versions established around 2007
contained as low as 1,500 SNP markers, and later extended to 22k, 27k, or 49k by different
manufactures. In 2011, a high-density SNP array with 172k SNPs was developed in
collaboration with the LUPA consortium [80]. The most common currently used versions have
220k (CanineHD BeadChip, lllumina, San Diego, CA, USA) or 710k markers (Axiom CanineHD
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Array, Thermo Fisher Scientific, Waltham, MA, USA). In addition, high-quality imputation from
a lower to a higher level of SNP array density or even to a whole-genome sequencing density

is possible and has been shown successfully in dogs [81,82].

Linkage analysis

Genetic linkage analysis is a mapping approach used to examine the segregation of a
particular trait in a given pedigree and to identify chromosomal regions harboring the gene
responsible for the studied trait. Linkage and recombination are key concepts in the parameter-
based and parameter-free linkage analysis [83]. Genetic linkage occurs when two loci are
inherited together due to their proximity more often than expected by chance. Two loci
separated by one centimorgan (corresponding to approximately one million base pairs) have
a chance of 1% to be separated during a recombination event in one meiosis. With each
separation, non-random association of alleles of two loci (the linkage disequilibrium) decreases
and only persists over generations if the two loci are physically close to each other [84]. In
parameter-based linkage analysis, the co-segregation of genetic markers and a trait is studied
under a specific model based on known information about mode of inheritance and penetrance.
Parameter-free linkage analysis studies the probability of alleles being identical by descent

and does not require a mode of inheritance to be specified [83].

The power of linkage between the trait and marker loci is commonly assessed by the LOD
(logarithm of the odds) score. Generally, a LOD score of higher than 3 is understood as
genome-wide significant evidence for linkage, while a LOD score of lower than -2 excludes
linkage. However, the genome-wide significance threshold is of less concern when using
whole-genome sequencing data as it allows for relatively easy study of even multiple regions

with only suggestive LOD scores obtained in small pedigrees [84].

Runs of homozygosity

Homozygosity, also known as autozygosity, mapping is a powerful method based on the
hypothesis that an individual inherited two copies of an allele from a common ancestor. In
dogs, inbreeding and high relatedness within breeds contribute to a high number of long
genomic regions that are homozygous [85]. Subsequently, this method is most useful for
detecting the disease-associated alleles in monogenic autosomal recessive disorders. The
putative disease locus is typically flanked by a few kilobases (kb) to several megabases (Mb)
of identical-by-descent markers because chromosomal regions tend to be transmitted
together. Both SNP array genotyping or WGS data can be investigated for such extended
regions of homozygosity, also known as runs of homozygosity (ROH) [86]. Rarely, a disease
may be caused by compound heterozygous variants in a consanguineous pedigree, in which

case the homozygosity mapping approach will not yield the expected results [84]. In addition
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to the detection of deleterious variants shared by affected individuals, the characterization of
ROHs is utilized in population genetics. ROH's length decreases with genetic distance due to
recombination events and thus may be used as an indication of recent or ancient inbreeding
in the breed's population history. Genomic inbreeding coefficients estimated from ROHs have
been shown to be more reliable and precise than pedigree-based coefficients, especially in

case of incomplete, unreliable, or missing pedigree information [87].

Genome-wide association study (GWAS)

In case-control studies, GWAS is the common method for identifying candidate genomic
regions statistically associated with the studied trait or disease by comparison of allele
frequency between unrelated affected and unaffected individuals. Most often this approach
uses the SNP array genotyping data with thousands of polymorphic markers. Therefore, the
SNP significantly associated with the investigated trait is not causative but considered to be in
linkage disequilibrium with the true causal variant [88]. The results of GWAS are often
displayed as a Manhattan plot with chromosome numbers on the X-axis and the negative

logarithm of the association p-value for each SNP on the Y-axis (Figure 2) [89].

Vs

significantly associated SNPs

~logso(P - value)

LN N I O A Y
1 2 3 4 5 67 829 11 13 15 17 19 21 23 25 28 31 34 37

Chromosome

Figure 2. lllustration of GWAS used to detect disease-associated SNPs by comparison of two groups
of dogs: cases (red) and controls (grey). The red line represents the Bonferroni correction level used to
identify the genome-wide significantly associated SNPs (highlighted in green box). The Manhattan plot
of GWAS in ARHGEF10-related polyneuropathy was reproduced with permission from [89].

The power of GWAS to detect a true association depends on various factors, such as well-
defined phenotype, sample size, or data structure. Mode of inheritance determines the
minimum number of cases and controls needed for the GWAS. About 10-20 dogs per group
should be sufficient for mapping a simple recessive trait with high penetrance, while for a

dominant trait at least 50 cases and 50 controls are needed. Much larger sample sizes are
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required for complex or polygenic traits [64]. Spurious associations might arise due to
population stratification, family structure, and cryptic relatedness. These are commonly
corrected for by the use of principal component analyses, multidimensional scaling methods,
or mixed models including pair-wise genetic relationship matrices [90]. Additionally, the results
have to be adjusted for multiple testing in order to avoid false-positive significant associations
because of the thousands, potentially millions, of markers used. To set a meaningful
significance threshold, Bonferroni correction, permutation testing, or false discovery rate

methods are commonly implemented [88].

Whole-genome sequencing (WGS)

Sequencing of an individual's whole genome has become affordable and the main genetic
technique in human, as well as veterinary, precision medicine [19,91]. Since the development
of the Sanger sequencing method (the first generation) in the 1970s, the technology for whole-
genome sequencing has evolved and been perfected in all aspects. Around the year 2000, the
second-generation, also known as next-generation sequencing (NGS) methods emerged
allowing the entire genome to be sequenced at once. Later around 2008, the third-generation
sequencing methods further significantly improved the throughput, accuracy, time and cost
efficiency of WGS [69]. A major challenge that these technologies bring is the production of a
large amount of data that requires considerable computational resources and advanced

bioinformatics tools for storage, handling, and downstream analyses [92].

The different NGS platforms vary in methodology, throughput, speed, and read lengths.
lllumina's platform is the current leader in short-read sequencing using massively parallel
sequencing by synthesis with optical base calling, which generates single or paired-end reads
of ~150 bp on average. A major disadvantage of this technology is the inability to reliably
resolve repetitive regions and detect larger structural variants in the genome. Long-read
technologies, such as single-molecule real-time sequencing from Pacific Biosciences or
nanopore sequencing from Oxford Nanopore Technologies, strive to overcome these
challenges. Both platforms produce long to ultra-long reads (>1 kb to 2 Mb) enabling not only

the analysis of structural variants but also high-quality de novo genome assemblies [93].

Although these techniques revolutionized genomic research and enabled the use of WGS for
diagnostic purposes, Sanger sequencing is still used for targeted sequencing of candidate
genes and validation of NGS output due to its highly accurate results of up to one kb long

fragments for a low price [69].
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Discovery of private, shared, rare, or breed-specific variants

Using the WGS data, it is possible to identify putative causal variants even without previous
mapping strategies in cases where only a single or a limited number of affected animals are
available. Short-read sequencing data may be analyzed to reveal a large portion of the genetic
variation comprising single nucleotide variants (SNV) and small indels. The number of
identified SNVs largely exceeds the number of genotyping array markers [20,94]. This
extensive SNV dataset represents a part of an individual's normal variation. However, it may
also contain the causative genetic variant underlying the inherited disease the individual
suffers from. The pathogenic variants may be identified by comparing different individual
datasets with each other. Especially for rare monogenic diseases, this approach is highly

effective and has led to a rapid increase in the number of identified causative variants [94].

In order to find such variants, the reads obtained from WGS have to be filtered, deduplicated,
and aligned to a reference genome sequence. Subsequently, the SNVs and small indels are
called, filtered for quality, and annotated for prediction of each variant's impact on the protein
level [95,96]. This approach is usually applied to a set of case and control animals and
generates millions of variants across the genome. Therefore, hierarchical filtering strategies
are used to reduce the number of variants. Figure 3 illustrates the most commonly used filtering

options when using a large set of variants detected from WGS data.

A B

Figure 3. lllustration of different strategies used when filtering variants detected from a large set of
whole-genome sequences. Red- and grey-filled dogs represent cases and controls, respectively. The
striped dogs represent control dogs that might also carry the variants. (A) Detection of private variants
unique to the case or shared by multiple cases, and absent from controls. (B) Detection of rare or
enriched variants present in one or more cases as well as a subset of controls. (C) Detection of breed-
specific variants present in all animals of one breed and absent from all other breeds.

Usually, one or more cases (affected animals) are compared to controls, which may be
represented either by known unaffected animals for the given phenotype or by population
controls even with unknown health status of the same breed, or by all other genomes including
different breeds (Figure 3A). In the case of rare and enriched variants, the alternative allele

frequency in all genomes can be calculated to detect disease-associated variants that are
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potentially shared by several breed controls due to e.g. reduced penetrance or carrier status
in recessive traits, or animals from other related breeds due to their shared history (Figure 3B).
For detecting fixed breed-specific variants, all animals from one breed regardless of their
phenotype are compared to all animals of various other breeds (Figure 3C). To further narrow
down the list of trait-associated variants, filtering based on the mode of inheritance, especially
in trio-based datasets, on a known list of candidate genes, in the region of interest from

previous mapping approaches, or based on estimated functional impacts, is often performed.

Estimation of functional impact remains challenging as genetic variants may have different
effects from protein-changing variants altering gene function to non-coding variants with no
clear impact. Apart from larger structural variants such as deletions of several Mb
encompassing the entire gene, the SNVs easiest to detect and assess include start/stop codon
alterations and frameshifts, followed by non-synonymous amino acid changes. However, the
majority of the variant dataset consists of non-coding variants. The evaluation of the potential

impact of synonymous or non-coding SNVs requires an advanced experimental setup [97].

In dogs, hundreds of whole genomes are already publically available and further efforts are
underway to characterize and catalog the existing variation across canine populations,
including ancient and modern dog breeds, village dogs, wolves, and other wild canids
[20,98,99]. Despite the several described challenges, this kind of easily accessible resource

makes the discovery of deleterious variants in rare canine neurogenetic diseases possible.

Dog reference assembly

In the mid-2000s, two consecutive assemblies were released (the initial CanFam1.0 and the
CamFam2.0) and represented the first draft of the dog genome sequence published by the
Dog Genome Sequencing Consortium at the Broad Institute [100] (Figure 4). This assembly
spanned 2.41 Gb representing 99% of a female Boxer genome, but still contained many gaps,
and was subsequently improved to the latest version CanFam3.1 [101]. Until recently, this
genome build served as the annotated reference sequence for canine genomic studies, and is

also used as such throughout my thesis.

In the last years, new developments and better accessibility of NGS methods including long-
read technologies, together with ever-decreasing costs, resulted in superior and breed-specific
de novo genome assemblies. Currently, five different breed reference sequences with
annotations are available for the dog in the National Center for Biotechnology Information
(NCBI) [102].
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This NCBI list includes an improved version of the original Boxer assembly
(Dog10K_Boxer_Tasha, GCF_000002285.5) [103], and new assemblies from a Great Dane
(UMICH_Zoey_3.1, GCF_005444595.1) [104], a German Shepherd (UU_Cfam_GSD_1.0,
GCF_011100685.1) [105], a Basenji (UNSW_CanFamBas_1.0, GCF_013276365.1) [106],
and a Labrador retriever (ROS_Cfam_1.0, GCF_014441545.1) [107] (Figure 4).

———

2020

Alfie
“Labrador retriever &

Zoey  istatlis
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Boxer®@
German shepherd@

Figure 4. An overview of the development of canine annotated reference genomes over time
highlighting the obvious breed differences. Photos adapted with permission from [100,104—107].

The latest and still on-going development of multiple high-quality assemblies and annotations,
representing distinct breeds (Figure 4) will enhance the accuracy of future genomic diversity

and disease analyses.
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Aim and hypothesis of the thesis

The main aim of this thesis was to characterize the genetic etiology of rare forms of canine
neurological diseases as potential models for similar human diseases. The general hypothesis
assumed simple Mendelian inheritance and a breed-specific underlying variant. The results
were expected to improve the health status of respective dog breeds by selective breeding
against the unraveled deleterious variants, as well as to provide spontaneous animal models
and possible new candidate genes for similar human inherited rare neurological disorders with

yet unknown genetic causes.
The following disorders were investigated in detail:

peripheral polyneuropathy in Leonbergers,

laryngeal paralysis and polyneuropathy in Leonbergers and Saint Bernards,
inherited leukoencephalomyelopathy in Leonbergers and Rottweilers,
neuroaxonal dystrophy in Rottweilers,

spinocerebellar ataxia in a family of Alpine dachsbracke dogs,

succinic semialdehyde dehydrogenase deficiency in Saluki dogs,

N o ok wDd =

Leigh-like subacute necrotizing encephalopathy in Yorkshire terriers.

In the light of the extensive cohort of available samples and genomic data from purebred
Leonbergers and their high prevalence of inherited diseases, an additional aim was to collect
current phenotype information about the dogs in order to better define their health status to
facilitate the identification of further disease-associated genomic regions. Therefore, an
exhaustive genealogical and genomic description of this breed's current population and

diversity was performed and is presented in the first chapter of the results section.
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Abstract

Background: Leonbergeris a giant dog breed formed in the 1850s in Germany. Its post-World War Il popularity has
resulted in a current global population of ~ 30,000 dogs. The breed has predispositions to neurodegenerative disor-
ders and cancer, which is likely due in large part to limited genetic diversity. However, to date there is no scientific
literature on the overall demography and genomic architecture of this breed.

Results: We assessed extensive pedigree records, SNP array genotype data, and whole-genome sequences (WGS) on
142,072, 1203 and 39 Leonberger dogs, respectively. Pedigree analyses identified 22 founder animals and revealed an
apparent popular sire effect. The average pedigree-based inbreeding coefficient of 0.29 and average kinship of 0.31
show a dramatic loss of genetic diversity. The observed average life span decreased over time from 9.4 years in 1989
to 7.7 years in 2004. A global health survey confirmed a high prevalence of cancer and neurological disorders. Analysis
of SNP-based runs of homozygosity (ROH) identified 125,653 ROH with an average length of 5.88 Mb, and confirmed
an average inbreeding coefficient of 0.28. Genome-wide filtering of the WGS data revealed 28 non-protein-changing
variants that were present in all Leonberger individuals and a list of 22 potentially pathogenic variants for neurological
disorders of which 50% occurred only in Leonbergers and 50% occurred rarely in other breeds. Furthermore, one of
the two mtDNA haplogroups detected was present in one dog only.

Conclusions: The increasing size of the Leonberger population has been accompanied by a considerable loss of
genetic diversity after the bottleneck that occurred in the 1940s due to the intensive use of popular sires resulting in
high levels of inbreeding. This might explain the high prevalence of certain disorders; however, genomic data provide
no evidence for fixed coding variants that explain these predispositions. The list of candidate causative variants for
polyneuropathy needs to be further evaluated. Preserving the current genetic diversity is possible by increasing the
number of individuals for breeding while restricting the number of litters per sire/dam. In addition, outcrossing would
| help optimize long-term genetic diversity and contribute to the sustainability and health of the population.

Background

Leonberger is a giant dog breed that was formed around
the 1850s in Germany as a watch, companion, and fam-
ily dog [1]. The breed became more popular after World
War 1I, resulting in an estimated current population
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Full list of author information is available at the end of the article

B BMC

of ~ 30,000 dogs [2]. Compared to other breeds, Leon-
berger appears to have a higher predisposition to neuro-
degenerative disorders and some forms of cancer such as
hemangiosarcoma and osteosarcoma [3]. Recent research
has shown that variants of the ARHGEF10 [4] and GJA9
[5] genes explain about a third of the polyneuropathy-
diagnosed Leonberger cases (OMIA 001917-9615;
OMIA 002119-9615), and a recessively inherited NAPE-
PLD [6] variant causes juvenile-onset leukoencephalomy-
elopathy (OMIA 001788-9615).

©The Author(s) 2020, This article is licensed under a Creative Cornmons Attribution 40 International License, which permits use, sharing,
adaptation, distribution and reproduction in any mediurm or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Comrmons licence, and indicate if changes were made. The images or other third party material
in thisarticle are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If rmaterial

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly frorn the copyright holder, To view a copy of this licence, visit httpi//creativeco
rmrmonsorg/licenses/by/40/. The Creative Commons Public Domain Dedication waiver (http//creativecornmons.org/publicdomain/
zero/10/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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Historically, estimation of inbreeding has relied on
in-depth pedigrees with inbreeding coefficients being
estimated from pedigree-based relationships between
ancestors (F_PED). Polymorphic microsatellite marker
genotype data have been used to evaluate the genetic
diversity in dogs (e.g. [7, 8]), and more recently, genome-
wide single nucleotide polymorphism (SNP) genotype
data have been used in several breeds [9—13]. Based on
SNP data, runs of homozygosity (ROH) can be char-
acterized, which enable quantification of the extent of
inbreeding in diploid individuals, especially in the case
of incomplete, unreliable, or missing pedigree informa-
tion [14]. Furthermore, the length of the observed ROH
segments can be used to distinguish between recent
and ancient inbreeding [15, 16] and to draw conclusions
about the population history of breeds [17].

For more than 10 years, livestock breeders have gener-
ated massive amounts of genotype data and implemented
genomic selection schemes, but for dogs such data is
mainly generated for gene-mapping purposes [18, 19].
The first use of SNP data to examine the association of
measures of reproductive fitness in dogs was reported
in golden retrievers and demonstrated the existence of
a statistically significant negative correlation between
fecundity and F_ROH [20]. In general, studies are based
on SNP genotyping data of variable marker density and
generally for less than 100 selected individuals per breed;
e.g. Boccardo et al. [12] analysed only 34 individuals of
the German shorthaired pointer breed to estimate a
genomic inbreeding coefficient F_ROH of 0.17, whereas
a mean inbreeding coefficient of only 0.023 was found
based on genealogical information, showing the latter
was incomplete.

The currently best-studied dog breed using SNP and
whole-genome sequence (WGS) data to assess genetic
diversity is the Norwegian lundehund, which is known
to be at risk for a breed-specific multifactorial life-threat-
ening syndrome [21]. The current lundehund popula-
tion is highly inbred and optimal contribution selection
alone results in no improvement due to the extremely
high relatedness of the whole population [22]. SNP gen-
otype data analyses revealed a substantially low genetic
diversity in the lundehund and therefore outcrossing
with closely-related breeds was recommended to rescue
the endangered population [13, 22]. A successful exam-
ple of replacing a pathogenic allele by outcrossing is the
Dalmatian breed, which suffers from hyperuricosuria,
and has an extremely high frequency of the deleterious
recessive allele of the SLC2A9 urate transporter gene. In
this case, an individual from the pointer breed that was
homozygous for the wild type allele of SLC2A9 was used
to produce unaffected heterozygous dogs, which were
subsequently backcrossed to produce healthy individuals
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that are nearly indistinguishable from purebred Dalma-
tians [23].

WGS has enabled the generation of a large catalogue
of genetic variants, which captures much of the variation
that exists in modern dogs [19, 24]. A comprehensive
set of variants, together with their allele and genotype
frequencies within and across breeds, helps distinguish
functionally relevant variants from neutral variants, and
identify potential breed-specific regions of variation.
These data have been shown to be highly useful for the
analysis of phenotypic variation [25] and for the identifi-
cation of loci that contribute to both simple and complex
disease susceptibility in dogs [26, 27]. The resulting iden-
tification of causative variants contributes to maintain-
ing the sustainability of breeds by reducing the number
of inherited health problems. Data on the mitochondrial
genome (mtDNA) that is also sequenced during WGS
can be used as an additional indicator to assess diversity
and to obtain a more comprehensive picture of the origin
and history of canid populations [28-30].

To date, there is no report on the genetic characteriza-
tion of the Leonberger breed using genomic data. In this
paper, we used extensive pedigree data on 142,072 dogs,
SNP array genotypes of 1203 dogs, and WGS data from
39 dogs to assess the genetic diversity within the current
worldwide Leonberger breed population.

Methods

Animals

Samples from 1203 Leonberger individuals that were col-
lected globally were used (see Additional file 1: Table S1).
Genomic DNA was isolated from blood using either the
Gentra PureGene blood kit (Qiagen) or the Maxwell RSC
whole blood DNA kit (Promega). Thirty-nine Leonberger
dogs were whole-genome sequenced either during the
course of previous studies [5, 6, 31] or as unexplained
cases of neurological disorders (see Additional file 1:
Table S1). Pedigree records were available for 142,072
dogs through the Worldwide Independent Leonberger
Database [2]. Health updates were available for 2726 dogs
by owner submission through an online questionnaire.

Pedigree analyses

We assessed extensive pedigree records including
142,072 animals with the oldest recorded date of birth
in 1880 until 2016. Pedigree analyses were performed
using the open source software EVA v3.0 [32] and an in-
house Qualitas pedigree software that is used intensively
in routine genetic evaluation analyses. Loss of genetic
diversity and the potential to increase diversity were
assessed by mean kinship (MK) using the tabular method
as described previously by Oliehoek et al. [33]. MK of the
current population was calculated for 31,832 selected
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dogs that were presumed to be available for breeding and
alive at the time of calculation. Males born before 2009
and females born before 2011 that were assumed not to
participate in breeding anymore and the known deceased
dogs were excluded. Thus, the actual population size
might be smaller since the current status for many ani-
mals was unknown.

Global health survey

An online questionnaire was sent to members of various
European and American Leonberger breeding clubs, and
in addition, was also announced periodically via Face-
book. A link to an internet-based version of the ques-
tionnaire in seven languages was provided to ensure a
worldwide reach of owners and breeders [34]. The ques-
tionnaire consists of three main parts with questions on
general information about the dog and owner, on signs of
specific diseases such as neurological disorders and can-
cer, and on the overall medical history of individual dogs,
including the date of death. In total, responses for 2726
dogs collected between 2013 and 2019 were analysed.

SNP array genotyping and ROH analyses

Among the 1203 Leonberger individuals with SNP array
genotype data, 308 were genotyped on the 460 k Axiom
Canine Genotyping Array Set A (Thermo Fisher Scien-
tific) and 895 on the 170 k Illumina CanineHD BeadChip
(Illumina). The PLINK v1.9 software [35] was used to
merge the genotype data and to perform quality control
pruning and analyses of the runs of homozygosity (ROH).
Merging of the different datasets was restricted to over-
lapping SNPs between both arrays and to SNPs with a
genotype call missingness lower than 0.1. The final data-
set consisted of 137,476 SNPs. In addition, only biallelic
SNPs on the 38 canine autosomes were retained for the
ROH analyses and SNPs that deviated from the Hardy
Weinberg equilibrium (p <0.0001) were excluded. Finally,
132,711 SNPs were available as the final dataset with
one SNP per 16.52 kb. Based on a previously described
method [36], we calculated that a minimum number of
70 SNPs and at least one SNP per 20 kb were required to
identify a ROH and produce less than 5% randomly gen-
erated ROH. For the other parameters used to define a
ROH, the default values as defined in PLINK [35] were
set. An inbreeding coeflicient based on ROH (F_ROH)
was calculated as the total length of all ROH for one dog
divided by the total length of the autosomal genome cov-
ered by SNPs. Multidimensional scaling (MDS) of pair-
wise genetic distances in PLINK [35] was performed to
analyze the population structure. All genome positions
refer to the CanFama3.1 reference sequence assembly. Fig-
ures were plotted in the R environment v3.6.0 [37] using
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packages CMplot v3.5.1 [38], plotrix v 3.7-6 [39], and
qgman v0.1.4 [40].

Whole-genome sequencing and variant calling

WGS data of 39 Leonberger individuals were obtained
by preparing a PCR-free fragment library to generate an
average 18.1 x coverage (ranging from 8.3 to 33.9 x) (see
Additional file 1: Table S1) as described previously [24].
Fastq-files were mapped to the dog reference genome
assembly CanFam3.1. Variant calling of single nucleo-
tide and small indel variants (SNVs) was performed,
and their functional effects were predicted based on the
NCBI annotation release 105 as described in [24]. Pri-
vate variants shared by all 39 Leonberger individuals and
the rare variants that were present in at least one Leon-
berger individual were identified by comparison with the
catalogue of variants in 605 publicly available control
dogs from 128 various breeds and nine wolves provided
by the Dog Biomedical Variant Database Consortium
[24]. A list of 113 neuropathy- and Charcot-Marie-Tooth
disease-associated genes was extracted from the OMIM
[41] and OMIA [42] databases (see Additional file 2:
Table S2). These genes were used to filter all 653 avail-
able genomes for enriched variants in the sequenced
Leonberger dogs and the alternative allele frequency was
calculated to detect uncommon variants associated with
disease and possibly shared by other breeds related to the
Leonberger. Several in silico prediction tools, PROVEAN
[43], MutPred?2 [44], MutPred-Indel [45], MutPred-LOF
[46], and PredictSNP [47], were used to predict the bio-
logical consequences of the discovered variants on the
corresponding proteins. Variability of the mitochondrial
genome was explored to determine the diversity in the
haplogroups of the studied dogs based on the nomencla-
ture described by both Pereira et al. [48] and Duleba et al.
[29]. Integrative Genomics Viewer was used to visually
inspect and confirm the detected SNVs [49].

Results

Pedigree analyses

Pedigree information from 142,072 Leonberger individu-
als was available with a pedigree completeness index
across five generations higher than 99% for the animals
from the latest cohorts and exceeded 80% in 1935. More
than 4000 dogs were born worldwide each year since
2000 (see Additional file 3: Figure S1). We observed an
average litter size across cohorts of 6.5 puppies and a
constant generation interval of 4 years. In summary, 22
founder animals were identified (10 males, 12 females)
among which three (2 males and 1 female) contributed
almost 46% to the last cohort (year of birth 2016). The
Leonberger breed underwent a severe bottleneck during
the 1940s with only 17 inbred dogs (F_PED ranging from
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0.14 to 0.35) registered in 1946 (see Additional file 3: Fig-
ure S1).

The average pedigree-based inbreeding coefficient (F_
PED) and the average kinship showed a steady increase
over the years analysed, with an estimated F_PED of
0.29 in the last cohort (year of birth 2016) (Fig. la). A
popular sire was defined as a male dog that sired at least
33 puppies, corresponding to five litters based on the
observed average litter size. Information on the number
of offspring was available for 5456 sires born between
1894 and 2016. A popular sire effect was evident since
a quarter of all sires produced two thirds of all offspring

inbreeding
e kinship
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Fig. 1 Graphical representation of the pedigree analyses of
Leonberger dogs. a Average pedigree-based inbreeding coefficient
and kinship estimated per year from 1920 to 2016. b Pie charts of
the proportion of sires used in breeding clearly showing the popular
sire syndrome. Popular sires are males that produced at least 33
puppies and account for 25% of all breeding males. These sires are
responsible for 66% of all offspring. ¢ Boxplot of age at death per
year of birth showing the life expectancy of Leonberger dogs over
years 1989-2004. The exact number of records available per year is
indicated in red above each year
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(Fig. 1b). In addition, although the top breeding male who
sired 434 dogs was born in 1985, the second and third top
breeding males who sired 394 and 337 registered pup-
pies, respectively, were both born in 2003. This trend is
visible throughout the breeding history of Leonbergers
(see Additional file 3: Figure S1): the top 27 sires, which
were born between 1976 and 2010, produced more than
200 puppies each (corresponding to at least 30 litters per
sire). In addition, the date of death was known for 4783
dogs (2453 females and 2330 males) born between 1959
and 2019. Life expectancy was further evaluated for the
period between 1989 and 2004 for which more than 100
records were available and we assumed that there were
no more living dogs. This cohort included 3044 dogs
(1460 males and 1584 females) and revealed a mean of 8.2
(median 8.5) with the male longevity (mean=7.9) being
on average lower than the female longevity (mean=8.5).
In addition, a slow continuous decrease across time
was observed, from an average of 9.4 years in 1989 to
7.7 years in 2004 (median: 10.1 to 8.2 years) (Fig. 1c).

Mean kinship was analysed on a set of 31,832 Leon-
berger dogs that were presumed to be available for
breeding and the resulting average kinship was 0.31. The
difference between minimum (0.29) and maximum (0.33)
values of MK was small, and no families that would be
highly unrelated to the overall population were found.
Three groups color-coded as green (MK<0.31), yellow
(MK =[0.31-0.32]), and orange (MK>0.32) were cre-
ated for better visualization. The proportion of dogs
with higher or lower MK differed between countries (see
Additional file 4: Figure S2). The color-coded MK coef-
ficients have been incorporated into the Worldwide Inde-
pendent Leonberger Database [2].

Leonberger dogs are at risk for several health disorders

We collected medical data throughout the life of 2726
Leonberger dogs from owner-submitted health updates
of their dogs. Of those 2726 Leonberger dogs, 1334
(48.9%) suffered from at least one health condition (see
Additional file 5: Table S3). However, individual dogs
(n=>544) often suffered from multiple disorders. In
total, 586 (21.5%) dogs have reported tumor or can-
cer, with osteosarcoma (42.5%) and hemangiosarcoma
(22.5%) being the two most frequent types. Other fre-
quently seen groups of health issues included ortho-
paedic (15.8%), neurological (14.8%), endocrine (5.6%),
digestive (4.2%), and cardiac (4.1%) problems. Respec-
tively, the most frequent specific disorder in each sys-
tem category was arthritis (222 cases), polyneuropathy
(362 cases), hypothyroidism (142 cases), gastric torsion
(54 cases), and dilated cardiomyopathy (45 cases). All
reported disorders and the number of dogs suffering
from them are listed in Additional file 5: Table S3. Most
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of the polyneuropathy-affected dogs (71.0%) showed
both breathing and gait abnormalities, whereas for 14.6%
only laryngeal paralysis or breathing problems, and for
14.4% only gait abnormalities were reported (see Addi-
tional file 5: Table S3).

Multidimensional scaling analysis of worldwide
Leonberger population structure

The 1203 dogs genotyped on SNP arrays represented well
the Leonberger population because they were sampled
throughout time and from various countries (see Addi-
tional file 1: Table S1). Subpopulations were expected
due to the large geographic distances between the dogs:
579 samples (48.1%) came from the USA and Canada,
602 samples (50.1%) came from European countries, and
22 samples (1.8%) came from Australia, New Zealand,
or Japan. However, multidimensional scaling (MDS) of
pairwise genetic distances revealed no obvious clustering
(Fig. 2a) and (see Additional file 6: Figure S3), although
a small group of North American dogs did not overlap
completely with the rest of the population. In light of
Additional file 6: Figure S3b, the non-overlapping dogs
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were mostly born before 2000, whereas the more recently
born dogs seem to be closer to the European population.
In addition, the obvious difference in the number of gen-
otyped dogs born in or before 2000 from North America
(199 of 579) and the number of those from Europe (88
of 602) has to be taken into account, since this dispro-
portion in sampling might contribute to the incomplete
overlap.

Analysis of runs of homozygosity

The ROH-based genomic inbreeding coefficient (F_
ROH) was on average 0.28 (ranging from 0.05 to 0.47).
In addition, the comparison between F_PED and F_ ROH
revealed a few dogs with obviously incorrect pedigree
records and enabled the estimation of inbreeding in
individuals with missing or unknown pedigrees (Fig. 2b)
and (see Additional file 1: Table S1). In total, 125,653
ROH with an average length of 5.88 Mb (ranging from
1.00 to 90.17) were identified. ROH could be divided
into five groups based on their size (Fig. 2c). Most of the
detected ROH (53.6%) were shorter than 4 Mb and 16.1%
were longer than 10 Mb (Fig. 2¢). The number of ROH
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per chromosome ranged from 1419 on chromosome
38 to 5303 on chromosome 1; the proportion of overall
chromosomal regions involved in homozygous regions
relative to chromosomal size was highest for chromo-
some 33 (16.9%) and lowest for chromosome 1 (6.6%)
(Fig. 2d). On average, 104.4 ROH were detected per dog
with a range from 37 to 177. The total length of ROH
across the genome per individual was on average 614 Mb
and ranged from 104.6 to 1028.2 Mb. The proportion
of dogs with a SNP within a ROH varied across the 38
autosomes as shown in Figure S4 [see Additional file 7:
Figure S4]. For chromosome 10 (chrl0: 44,529,255—
44,831,343), 1047 of the 1203 dogs (87.0%) shared a
ROH across~302 kb. Only one protein-coding gene is
annotated in this region, TMEMI131, which encodes a
transmembrane protein not known to be associated with
any disease. This protein is assumed to play a role in the
development and differentiation of T cells and in colla-
gen recruitment and secretion [50, 51]. A~ 236 kb region
(chr26:35,428,129-35,663,964) at the end of chromosome
26 was shared by 1000 (83.1%) of the 1203 analysed dogs
(Fig. 2e). Only two pseudogenes and one uncharacterized
ncRNA are annotated in this region. BLAST-based com-
parisons of these loci revealed no significant sequence
similarity to human genes.

Whole-genome sequence analysis identified

no protein-changing variants fixed in Leonberger dogs
The WGS data of 39 Leonberger dogs including 38 indi-
viduals with variable neurological signs (see Additional
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file 1: Table S1) were compared to 614 publicly available
canid WGS [24]. These sequenced Leonbergers included
four individuals that were sequenced to identify the
pathogenic variants in the GJA9 and NAPEPLD genes
described previously [5, 6]. First, we searched for Leon-
berger breed-specific variants that were absent from the
control genomes and identified only 27 non-coding and
one coding private variants that were shared by all 39
Leonberger dogs at least in the heterozygous state (see
Additional file 8: Table S4). Nine of these variants were
located close to the detected ROH intergenic region on
chromosome 26. The only coding variant was a synony-
mous SNV on chromosome 1 in the ZNF510 gene that
encodes a relatively little-studied zinc finger protein.

Leonberger-specific protein-changing variants as new
candidates for neuronal disorders

Next, we filtered for rare variants (i.e. alleles that
occurred in the genome of at least one Leonberger dog
and absent from the 614 control genomes), which led to
the discovery of 62,531 SNVs, of which 1379 were pre-
dicted to be coding (see Additional file 9: Table S5). Of
those, 855 were predicted to be protein-changing with
the alternative allele frequency ranging from 0.01 to 0.63
(see Additional file 9: Table S5). Considering the genes
that are associated with inherited neuronal disorders in
other species, we found 11 potentially pathogenic vari-
ants (Table 1). This short list included two previously
known pathogenic variants such as the leukoencephalo-
myelopathy-associated missense variant in NAPEPLD [6]

Table 1 Rare protein-changing private variants in Leonberger dogs

Gene OMIM/ OMIA number Variant designation® Alternative
Genomic position Coding DNA change Protein change ?rt:lﬁency

ATXN7 607640 chr20:27 234,549 c2285T>C pVal762Ala 0.1154
CEPS5 610000 chr28:7,777,489 c.1334A>C p.Tyr446Ser 00256
CNTF 118945 chr18:37,758,771 c401_402insA p.Asn137fs 00128
ELOVL4 605512 chr12:40,850,011 424 433delGGAGCACAGC p.Gly142fs 00128
FDX1L 614585 chr20:50,798,661 c.124_125insGGCCGCCATCACCAC p.Thr41_Ala42insGlyProProSerProAr- 00128

GGCGGTGAGCACCGCCGCCAGCAG  gArgTer

CACCAGCCCGTCAGCGTTGAGCCG
GJIAP® 611923/2119-9615 chr15:3,863,519 <.1108_1109delGA p.Glu370fs 0.0513
MCM3AP 603294 chr31:39,553,337 ¢.1785_1793delCTCTGAAGG pSer596_Gly598del 00128
NAPEPLD®  612334/1788-9615 chr18:16,987,520 c559G>C p.Ala187Pro 0.1154
PLEKHGS 611101 chr5:60,325,903 c.1585C>T p.GIn529* 00128
SPTBN4 606214/2232-9823 chr1:113,215,064 €.1247_1248insGGTAGCCCATGCGGT  p.Ala416_Ala417insValAlaHisAlaVal 00128
SYNET 608441 chr1:42,549,994 c.17359C>T p.Arg5788Trp 00256

@ Additional details including the protein prediction effects are described in Additional file 10 Table S6. All positions refer to the CanFam3.1 reference sequence

assembly
b Previously described polyneuropathy-associated variant [5]

¢ Previously described leukoencephalomyelopathy-associated variant [6]
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at a frequency of 0.12 and the polyneuropathy-associated
frameshift variant in GJA9 [5] at a frequency of 0.05.
In addition to a single missense variant predicted to be
neutral, eight of the other nine variants were predicted
as probably deleterious including two missense, two
frameshift, two in-frame-insertions, one in-frame-dele-
tion, and one nonsense variant (Table 1) and (see Addi-
tional file 9: Table S5 and Additional file 10: Table S6).

Protein-changing variants in candidate genes for neuronal
disorders enriched in Leonberger dogs

Because 33 of the 39 sequenced Leonberger individuals
suffered from an unexplained form of polyneuropathy
(see Additional file 1: Table S1), additional filtering was
done for variants that were present in 113 putative can-
didate genes (see Additional file 2: Table S2) and could be
involved in the development of the disease. Focusing on
coding variants that occurred in at least one sequenced
individual resulted in 649 variants that affected 100
genes, among which 232 were predicted to be protein-
changing (see Additional file 11: Table S7). All these
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variants were also present at variable frequencies in other
dog breeds and wolves.

To search for variants that are enriched in Leonberger
dogs, we considered those with an alternative allele fre-
quency higher than 0% and lower than 10% in the 614
control canids and that were more than twice as com-
mon in the Leonberger dogs as in the controls. This
approach yielded a short list of 22 SNVs that affect 17
genes including 21 missense and one in-frame-deletion
variant (Table 2). In addition to the 11 variants predicted
to be neutral, 11 other variants were predicted as most
likely deleterious and represented potentially pathogenic
variants causing polyneuropathy (Table 2) and (see Addi-
tional file 10: Table S6). Interestingly, a new potentially
deleterious missense variant was found in a different
codon in the GJA9 gene in which a variant has already
been reported to be associated with polyneuropathy
in Leonbergers [5]. This newly discovered GJA9 vari-
ant occurred at a quite high frequency (0.55) within the
sequenced cohort of Leonberger dogs but was also com-
paratively common (frequency of 0.09) among the control

Table 2 Protein-changing variants in polyneuropathy-associated candidate genes enriched in Leonberger dogs

compared to 614 controls from various breeds

Gene OMIM/ OMIA number Variant designation® Alternative allele
frequency
Genomic position Coding DNA change Protein change Leonbergers Controls
CNTNAPT 602346 chr9:20,294,320 €3863G>C p.Arg1288Pro 0.3974 0.0366
CNTNAPT 602346 chr9:20,298,261 c.2585G>A p.Gly862Glu 0.1538 0.0067
DHTKD1 614984 chr2:24316,951 c1820C>T p.Ala607Val 0.0897 0.0049
DIAPH3 614567 chr22:15,880,854 €2000G>A p.Cys667Tyr 0.1538 0.0689
DST 113810 chr12:23,771,235 c18224C>T p.Thr6075Met 0.0769 0.0008
DST 113810 chr12:23,782,332 c.17800C>T p.Arg5934Trp 04359 0.0330
DST 113810 chr12:23,846,624 c10661C>T pSer3554Leu 0.0769 0.0369
DYNCIHI 600112 chr8:70,064,306 c13757C>T pPro4586Leu 0.1282 0.0051
GARS 600287 chr14:43,322,005 C622G>A p.Val208lle 0.1154 0.0025
GJA9 611923/2119-9615 chr15:3,862,761 c344G>C p.Arg115Thr 0.5513 0.0868
JPHT 605266 chr29:22,710,800 c1531A>G plle511Vval 0.1923 0.0299
LOC477508 602072 chr26:16,348,822 Cc298G>A p.Vall00Met 0.1795 0.0066
MME 120520 chr23:49,045 461 c1700A>T p.Gln567Leu 0.0769 00157
NEFH 162230 chr26:22,729,485 c.1046G>A p.Arg349His 0.2821 00116
NEFH 162230 chr26:22,732,974 <.1901_1924delTGAAGG p.Val640_Pro647del 0.3974 0.0849
AGGAGGCCAAGTCCCCAG

NEFH 162230 chr26:22,733415 €2326C>G pPro768Ala 0.0513 0.0059
OTOF 603681 chr17:20,534,866 c3451G>A p.Alal151Thr 0.7051 0.0094
PDXK 179020 chr31:37,707,445 774G >C p.Arg258Ser 0.1923 0.0898
PRX 605725 chr1:113,290,407 c784G>A p.Ala262Thr 0.1282 0.0257
SBF2 607697 chr21:33,036,988 cA114C>T pPro1372Ser 0.1667 0.0361
SLCI2A6 604878 chr30:853,540 c.2498C>T p.Ala833Val 0.0513 0.0250
WNKT 605232 chr27:42,911,057 c7448C>G p.Thr2483Arg 0.0128 0.0058

2 Additional details including the protein prediction effects are described in Additional file 10: Table S6. All positions refer to the CanFam3.1 reference sequence

assembly
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dogs from 35 breeds (see Additional file 9: Table S5). The
other variants occurred at different frequencies in several
breeds (see Additional file 9: Table S5). Only one mis-
sense variant in the DST gene was quite rare, i.e. it was
present in the heterozygous state in only one Howavart
dog (see Additional file 9: Table S5).

Mitochondrial genome diversity is limited in Leonberger
dogs

Finally, we evaluated the diversity of the mitochondrial
genome of the 39 studied Leonberger dogs and detected
only two haplotypes. Based on the nomenclature stand-
ard using only the mtDNA D-loop [48], 38 dogs showed
the A2 haplotype and one dog the Al7 haplotype. The
same results were obtained when using the complete
mitogenome database standardized haplogroup nomen-
clature [29] with 38 dogs belonging to the Alb2alal hap-
logroup and the one dog to the Alblala haplogroup (see
Additional file 12: Table S8). In addition, 10 SNVs were
detected in the coding part of the mtDNA, among which
seven were private, occurring rarely in individual Leon-
bergers and were not found in the 614 controls (see Addi-
tional file 12: Table S8). This list included two variants
that affect tRNA genes and a single missense variant in
the ND2 gene observed in one dog only (Table 3).

Discussion

This is the first study to comprehensively describe the
genomic diversity and population structure of the Leon-
berger breed by exploring the distribution of ROH and
the SNV based on SNP array and WGS data. In addition,
the genealogical pedigree information was used to com-
pare the estimated inbreeding coefficients and mean kin-
ship in the current population. The new genomic regions
reported here might underlie breed-specific characteris-
tics and provide information about the genetic structure
of the breed, such as selection pressure on specific traits,
inbreeding levels, or genetic bottlenecks.
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Pedigree analyses based on extensive data revealed
average litter size and life expectancy for the Leon-
berger dogs included in our study that are in agreement
with previously reported results [52]. Long ROH seg-
ments (~10 Mb) occur as a result of recent inbreed-
ing, whereas short ROH (<2 Mb) indicate genomic
regions that are identical by descent from older ances-
tors [12]. In the Leonberger dogs studied here, the 1-
to 2-Mb segments account for approximately 25% of
the detected ROH and those that are longer than 8 Mb
account for about 20% (Fig. 2c), which indicates both
old and recent inbreeding. This is in accordance with
the known history of the breed and the observed cur-
rent breeding practices. Smaller-sized ROH are chal-
lenging to detect because of the limited number of
markers and their varying density across the genome.
For example, the highly shared ROH on chromosome
26 for which 83% of the dogs were homozygous was
confirmed by the identification of nine variants that
were shared by all 39 sequenced dogs.

The pedigree analysis revealed the occurrence of a
clear bottleneck during the 1940s and the extensive
use of popular sires and line-breeding that resulted in
the recent high kinship. A limited number of ancestors
with high genetic contribution that had a big impact on
within-breed relatedness, resulted in inbreeding due to
this relatedness, and in turn inbreeding depression. It
is likely that some disease-causing genetic variants that
these ancestors carried are now spread throughout the
entire population. Moreover, the MDS analysis did not
show any clear differentiation based on geographical or
purpose lineages in the Leonberger population, which
contrasts with previous results in other breeds, e.g. the
English greyhounds and Labrador retrievers that clus-
ter based on specific working and show lineages or the
Italian greyhounds and Shetland sheepdogs that form
discrete clusters separating the European and North
American populations [53].

Table 3 Private variants in mitochondrial DNA of Leonberger dogs

Gene Variant designation® Proportion of variant® OMIM/OMIA number Type
tRNA-Phe mA49A>G 96% 590070 Unknown
tRNA-Val m.1069 T>C 99% 590105 Unknown
ND2 mA4764T>C; plle284Thr 100% 516001 Missense
Cox1 m.5681A>G 66%, 89% 516030 Synonymous
ND4 m.I1211C>T 72%, 66% 516003 Synonymous
NDS5 m.13118T>C 62% 516005 Synonymous
ND5 m.13544A>G 100%, 100%, 100%, 100% 516005 Synonymous

2 All positions refer to the CanFam3.1 reference sequence assembly

b Percentage of variant represents heteroplasmy, 100% represents homoplasmy, for each dog that carries the variant calculated from the coverage of the affected

mtDNA region
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Our worldwide health survey of almost 3000 Leon-
berger individuals confirmed a high prevalence of cancer,
particularly osteosarcoma and hemangiosarcoma, neu-
romuscular disorders, and hypothyroidism. In other dog
breeds, genetic association studies that aimed at identify-
ing genetic risk factors [27] have revealed a strong associ-
ation with specific genome regions, e.g. for osteosarcoma
[54, 55]. Similar studies could be performed in the Leon-
berger breed to unravel such associations and identify
markers for selection against the elevated risk of develop-
ing certain forms of cancer. In addition, hypothyroidism
was recorded quite frequently in our survey, confirming
earlier reports for this breed [56, 57]. However, diseases
such as arrhythmia leading to sudden cardiac death [58]
that has been reported to be more prevalent in Finnish
Leonbergers occurred only sporadically in our survey.
Besides the orthopaedic disorders, which are known to
be polygenic, the second most prevalent disease category
that was reported in our survey was neurological disor-
ders, with predominantly different forms of polyneuropa-
thy as reported earlier [59]. A recent survey conducted by
the Leonberger Health Foundation International based
on more than 1000 dogs from 24 countries also high-
lighted the high prevalence of certain forms of cancer
such as osteosarcoma and hemangiosarcoma, as well as
that of neurological disorders, such as laryngeal paralysis
and other forms of polyneuropathy [60]. Although these
two surveys were not truly comprehensive and possibly
biased towards selected conditions, they were performed
independently at different times, and therefore we con-
sidered that they provided reasonable estimates of the
true frequencies.

We sequenced the genomes of more than 30 polyneu-
ropathy-affected dogs with the aim of unravelling addi-
tional disease-causing variants. The WGS data provided
evidence for both breed-specific and enriched variants in
the genomes of polyneuropathy-affected Leonbergers at
different frequencies. The short list of 21 potentially path-
ogenic variants in candidate genes for neurological dis-
orders includes two previously reported variants: one in
GJA9 that causes polyneuropathy [5] and one in NAPE-
PLD that causes leukoencephalomyelopathy [6]; these
findings confirm the potential usefulness of the approach
chosen. The newly discovered variants are well-known
candidates for neurological disorders in various spe-
cies. Future genotyping of the 19 newly identified poten-
tially deleterious protein-changing variants in cohorts of
well-phenotyped Leonberger dogs is needed to establish
association of these variants with diseases. The second
potentially pathogenic missense variant in GJA9 is com-
pelling since it is also present at a lower frequency in
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dogs of unrelated breeds. Two of the three mtDNA SNV
that affect tRNA genes will also be interesting to follow-
up because a variant in the tRNA-Tyr gene causes a famil-
ial form of sensory ataxic neuropathy in golden retrievers
[61]. Since, to date, we have been unable to identify addi-
tional loci that are associated with polyneuropathy dis-
orders inherited in a Mendelian fashion by genome-wide
association study, we believe that a subset of these dis-
orders could have a complex genetic nature and that the
individual’s likelihood of developing the disorder depends
on a combination of multiple alleles at multiple loci in
addition to environmental factors. Future investigation of
the presence of large structural variations throughout the
Leonberger genome would also be informative when an
improved canine reference assembly, an improved anno-
tation, and long-read sequence data become available.
Earlier studies proposed the presence of a sex bias, since
more male Leonbergers are affected with polyneuropathy
than female Leonbergers [62], but to date no major risk
factor has been identified on the X chromosome.

Conclusions

Considerable genetic diversity has been lost in the
Leonberger breed due to a bottleneck that occurred
during the last century and to an increasing population
size thereafter. This situation appears to be due primar-
ily to the use of popular sires resulting in high levels
of inbreeding, which has also facilitated the spread of
undesirable genetic traits within the gene pool. Main-
taining the current level of genetic diversity will only
be possible through informed selection decisions, espe-
cially by including more dogs in breeding programs,
avoiding repeated matings and the use of popular sires,
and minimizing coancestry among the selected par-
ents. The established mean kinship groups may also
help breeders to select the most suitable mating pairs in
addition to the already used pedigree-based inbreeding
coefficients. In addition, careful outcrossing might help
optimize long-term genetic diversity, increase heterozy-
gosity, and reduce the frequency of disease-causing
alleles in order to lower the incidence of various health
problems. The list of putative pathogenic variants in
candidate genes for neurologic and neuromuscular dis-
eases provided in this paper might enable the identifi-
cation of new disease-causing mutations in the future.
Our results also illustrate the most likely heterogeneous
genetic architecture of this group of diseases that was
thought to be Mendelian, but resembles more and more
a polygenic complex disorder.
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Additional file 1: Table S1. List of the 1203 dogs analysed in this study
with available genomic information. The table includes supplementary
descriptive details of the studied Leonberger dogs including accession
numbers and known health history of the WGSed dogs.

Additional file 2: Table S2. List of 113 selected genes used for filtering
variants in the 653 available WGS data. Putative candidate genes and their
phenotype association in humans or animals based on OMIM [41] and
OMIA [42] databases showing the number of variants detected in each of
these genes in the Leonberger genomes.

Additional file 3: Figure S1. Population size of the Leonberger breed
between the years 1920-2016. The blue, yellow, and green lines represent
the number of breeding males, breeding females, and puppies they
produced per year, respectively. The red dashed line represents the num-
ber of expected parent pairs for the given number of born puppies per
year, assuming the average litter size of 6.5 puppies. Panel (a) shows the
increasing population size from 1920 to 1978 and the apparent bottleneck
around 1946. In the 1970s, the number of dogs born started to increase
rapidly whereas the number of breeding males used started to decrease.
Panel (b) shows the continuously increasing population from 1979 to
2016. Note that the number of dams is more or less as expected but the
number of sires constantly decreases to about half of that of the dams in
recent years, illustrating the popular sire syndrome.

Additional file 4: Figure S2. Mean kinship of the estimated current popu-
lation of 31,832 Leonberger dogs per country. The proportion of dogs
belonging to the three groups that indicate the increasing relatedness

to the whole population, is shown as green (MK < 0.31), yellow (MK =
[0.31-0.32]), and orange (MK > 0.32) by country. The total number of dogs
recorded in each country is shown in red at the top of the corresponding
columns.

Additional file 5: Table S3. Distribution of disease phenotypes reported
in 2726 Leonberger dogs. The table shows the number of dogs for which
the owners reported particular disorders. Each more general group is
divided in specific subgroups. Note that many dogs have multiple health
issues and therefore the sum of the individual counts will be larger than
the total of 1334 dogs with at least one health condition reported.

Additional file 6: Figure S3. MDS plots of the 1203 Leonberger dogs
highlighted by different groups. Description: Panel (a) shows the distribu-
tion of the dogs by country. Panel (b) shows the dogs divided into five
groups by their year of birth. This is also reflected in panel (c), where the
dogs are coded by their calculated MK coefficient, which was not deter-
mined for the older dogs.

Additional file 7: Figure S4. Proportion of dogs with a SNP within a ROH
on each of the 38 autosomes. Individual Manhattan plots showing the
percentage of 1203 dogs genotyped on the SNP array that share a SNP
within a ROH for each canine autosome.

Additional file 8: Table S4. List of private whole-genome sequence
variants in 39 Leonberger dogs. Breed-specific SNVs present at least in
the heterozygous state in all Leonberger dogs and absent from the 614
control genomes.

Additional file 9: Table S5. List of rare whole-genome sequence variants
in 39 Leonberger dogs. Breed-specific SNVs present in at least one Leon-
berger dog and absent from the 614 control genomes.

Additional file 10: Table S6. List of the potentially pathogenic variants
for neurological disorders detected in 39 Leonberger dogs including the
predictions of the effect of the variants on the proteins. The table includes
detailed description and predictions of the biological consequences of
the discovered variants on the corresponding proteins using different in
silico prediction tools: PROVEAN [43], the MutPred suite (includes Mut-
Pred? [44], MutPred-Indel [45], MutPred-LOF [46]), and PredictSNP [47].
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Additional file 11: Table S7. List of whole-genome sequence variants
present in at least one Leonberger dog in the 113 selected genes showing
genotypes of all 653 available genomes. SNVs present in polyneuropa-
thy- and Charcot-Marie-Tooth disease-associated candidate genes (listed
in Additional file 2: Table S2) and their alternative allele frequency in the
Leonberger dogs and 128 other dog breeds and wolves.

Additional file 12: Table S8. Diversity of the mitochondrial genome of
39 Leonberger dogs. The table shows the low diversity of Leonberger
mtDNA based on two nomenclature standards [46, 48]: most dogs belong
to the Alb2alal or A2 haplogroup whereas only one dog belongs to the
Alblala or A17 haplogroup. In addition, seven private SNVs detected in
the mtDNA of the Leonberger dogs are also highlighted.
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Abstract

Background: Many inherited polyneuropathies (PN) observed in dogs have clinical similarities to the genetically
heterogeneous group of Charcot-Marie-Tooth (CMT) peripheral neuropathies in humans. The canine disorders
collectively show a variable expression of progressive clinical signs and ages of onset, and different breed prevalences.
Previously in the Leonberger breed, a variant highly associated with a juvenile-onset PN was identified in the canine
orthologue of a CMT-associated gene. As this deletion in ARHGEF10 (termed LPN1) does not explain all cases, PN in this
breed may encompass variants in several genes with similar clinical and histopathological features.

Results: A genome-wide comparison of 173 k SNP genotypes of 176 cases, excluding dogs homozygous for the
ARHGEF10 variant, and 138 controls, was carried out to detect further PN-associated variants. A single suggestive
significant association signal on CFA15 was found. The genome of a PN-affected Leonberger homozygous for the
associated haplotype was sequenced and variants in the 7.7 Mb sized critical interval were identified. These variants
were filtered against a database of variants observed in 202 genomes of various dog breeds and 3 wolves, and 6
private variants in protein-coding genes, all in complete linkage disequilibrium, plus 92 non-coding variants were
revealed. Five of the coding variants were predicted to have low or moderate effect on the encoded protein, whereas
a 2 bp deletion in GJA9 results in a frameshift of high impact. GJA9 encodes connexin 59, a connexin gap junction
family protein, and belongs to a group of CMT-associated genes that have emerged as important components of
peripheral myelinated nerve fibers. The association between the GJA9 variant and PN was confirmed in an
independent cohort of 296 cases and 312 controls. Population studies showed a dominant mode of inheritance, an
average age of onset of approximately 6 years, and incomplete penetrance.

Conclusions: This GJA9 variant represents a highly probable candidate variant for another form of PN in Leonberger
dogs, which we have designated LPN2, and a new candidate gene for CMT disease. To date, approximately every third
PN-diagnosed Leonberger dog can be explained by the ARHGEFT0 or GJA9 variants, and we assume that additional
genetic heterogeneity in this condition exists in the breed.

Keywords: Dog, Rare disease, Neurological disorder, Peripheral nerve, Polyneuropathy, Charcot-Marie-tooth, Genome

wide association, Whole-genome resequencing, Gene test, Connexons, Connexin genes, Gap junctions

Background

Several studies have reported the occurrence of peripheral
neuropathies (PN) in many breeds of dogs [1-4]. Affected
dogs present with abnormal motor signs including
weakness, hypotonia and muscle atrophy secondary to
denervation [1]. Focal signs such as laryngeal paralysis, a
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change in the pitch of the bark, inspiratory stridor, and
dyspnea, can be the only clinical abnormalities early in the
progressive course of the disease and are considered as
strong indicators of the presence of an underlying neur-
opathy that may later progress [1-3]. An observational
study across breeds revealed that approximately every
second dog with laryngeal paralysis had evidence of diffuse
PN [3].

The histopathological phenotype seen in many canine
PNs is similar to the most common group of inherited
polyneuropathies in humans, known as Charcot-Marie-

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
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Tooth (CMT) disease [5]. Nearly 30 years ago it was
already speculated that some forms of canine PN repre-
sent inherited diseases [2]. This was recently confirmed
by unraveling causative recessive variants in the canine
orthologue of a human CMT-associated gene (NDRGI)
in Greyhounds [6] and Alaskan Malamute dogs [7] with
early-onset PN (OMIA 001292-9615). More recently,
RAB3GAPI-associated forms of syndromic PN accom-
panied by ocular abnormalities and neuronal vacuolation
(OMIA 001970-9615) were described independently in
Black Russian Terriers [8], Rottweilers [9] and Alaskan
Husky dogs [10].

The Leonberger breed was formed by the crossing of
several large-bodied breeds, including Saint Bernards,
Newfoundlands, and Great Pyrenees. Chronic nerve
fiber loss associated with axonal degeneration, decreased
myelinated fiber density and a shift of the axonal size-
frequency distribution toward smaller fibers is the pre-
dominant finding in peripheral nerves of PN-affected
Leonberger dogs [1, 5]. PN in Leonbergers is twice as
frequent in males as females, has a wide age range of on-
set, and due to the absence of pain and gradual onset of
clinical signs, may go undetected for a number of
months to years. An ARHGEFI0 loss-of-function 10 bp
deletion, affecting another human CMT-associated can-
didate gene, was shown to be highly associated with a
severe juvenile-onset form of PN in Leonberger, as well
as Saint Bernard dogs (OMIA 001917-9615) [11]. In a
cohort of more than 200 affected Leonberger dogs ap-
proximately 80% of all PN cases were found to be nega-
tive for the mutant ARHGEFIO allele [11], suggesting
that PN in this breed may be a result of several genetic-
ally distinct variants having similar clinical and histo-
pathological features. The goal of the present study was
to identify additional disease-associated variants for PN
in Leonberger dogs using a positional cloning strategy.

Methods

Animals

Genomic DNA was isolated from blood using either the
Gentra PureGene blood kit (Qiagen) or the Maxwell
RSC whole blood DNA kit (Promega). All dogs were
genotyped for an ARHGEFIO deletion (i.e., the LPN1
allele) as previously described [11], and only dogs that
were homozygous wild type or heterozygous for the
ARHGEFI0 allele were selected for genotyping on the
SNP arrays. The phenotypic characterization of PN in
Leonberger dogs has been described elsewhere [5] and
the previously established criteria to select cases and
controls were applied [11]. Samples from a total of 7455
Leonbergers, including 922 dogs with detailed phenotype
records (Additional file 1) were used during this study.
Initially, a cohort of 314 dogs was used for the GWAS;
later a follow-up cohort of 608 dogs with detailed
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phenotype information was collected, in addition to
6533 dogs that were submitted without known pheno-
type status. A total of 56 PN-affected Leonberger dogs
homozygous for the deletion in ARHGEFIO were
excluded from the mapping studies.

Histopathology

As part of a larger study, diagnostic peroneal nerve biop-
sies collected under general anesthesia or peroneal nerve
samples collected at necropsy were immersed into 10%
neutral buffered formalin, resin embedded and cut into
thick (1 um) sections for evaluation by a single patholo-
gist (GDS).

Genome analyses

A total of 314 dogs (176 cases and 138 controls;
Additional file 1), were genotyped on the Illumina
CanineHD BeadChip (Illumina, San Diego, CA, USA)
that contains 173,677 SNP markers. PLINK software
[12] was used to prune the genotyping data: (1) to re-
move SNPs with more than 10% missing genotype calls
per marker; (2) to exclude uninformative SNPs with a
minor allele frequency below 5%; and (3) to exclude
SNPs which exceed the Hardy-Weinberg disequilibrium
p-value of 0.0001. Population stratification, resulting
from close familial relationships, was confirmed by the
genomic inflation factor of 1.55 calculated during an
association test. Therefore, a mixed model approach
utilizing the GenABEL package [13] was applied for the
association analysis to correct for this population stratifi-
cation and any cryptic relatedness. This correction re-
sulted in a genomic inflation factor of 1.04. Haplotypes
around the significantly associated locus were con-
structed using fastPHASE [14]. All genome positions
refer to the CanFam3.1 reference sequence assembly.

Whole genome sequencing and variant calling

Whole genome sequence data at 12x coverage was
obtained from a PN-affected Leonberger dog after
preparation of a fragment library with a 250 bp insert
size and collection of 293,912,640 paired-end reads
(2 x 100 bp) using a HiSeq2500 instrument (Illumina).
The sequence data analysis and variant calling was per-
formed as described before [15]. The annotation version
CanFam3.1.75 (http://www.ensembl.org) was used to
predict the functional effects of detected variants as
described previously [15]. The genome sequencing data
were deposited in the European Nucleotide Archive
(ENA, http://www.ebi.ac.uk/ena) under sample accession
number SAMEA47266168 within study accession
PRJEB16012. The sequence data from the Leonberger
case were compared to the Boxer reference genome
(CanFam3) and 202 publically available control dogs of
66 various different breeds (Airedale Terrier, Alaskan
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Husky, Alaskan Malamute, Alpine Dachsbracke, American
Staffordshire Terrier, Australian Cattle dog, Australian
Shepherd, Australian Terrier, Basenji, Basset, Bavarian
Hound, Beagle, Bearded Collie, Berger Blanc Suisse, Border
Collie, Bull Terrier, Bullmastiff, Cairn Terrier, Cavalier King
Charles Spaniel, Chihuahua, Chinese indigenous dog,
Chow Chow, Cocker Spaniel, Curly Coated Retriever,
Dachshund, Doberman Pinscher, Elo, Entlebucher
Sennenhund, Eurasier, French Bulldog, German Shepherd,
German Spitz, German Wirehaired Pointer, Golden
Retriever, Great Dane, Greater Swiss Mountain Dog,
Greyhound, Heideterrier, Hovawart, Irish Terrier, Jack
Russell Terrier, Jagdterrier, Kromfohrlinder, Kunming Dog,
Labrador Retriever, Lagotto Romagnolo, Landseer,
Leonberger, Malinois, Miniature Bull Terrier, Norwich
Terrier, Old English Sheepdog, Perro de Agua Espaiiol,
Pomeranian, Poodle, Rhodesian Ridgeback, Rottweiler,
Saluki, Shetland Sheepdog, Siberian Husky, Sloughi,
Tibetan Mastiff, Weimaraner, West Highland White
Terrier, Whippet, and Yorkshire Terrier) and 3 wolves;
deposited in the European Nucleotide Archive (http://
www.ebiacuk/ena) under study accession numbers
PRJEB10823, PRJEB13139, PRJEB13468, PRJEB13723,
PRJEB14110, PRJEB14840, PRJEB16012, PRJEB4544,
PRJEB5500, PRJEB5874, PRJEB5875, PRJEB6076,
PRJEB6079, PRJEB7734, PRJEB7735, PRJEB7736,
PRJEB7903, PRJEB9437, PRJEB9590, PRJEB9591, and
PRINA266585.

Additional genotyping

Sanger sequencing was used to confirm the Illumina
sequencing results and to perform targeted genotyping
for 6 variants identified from whole genome sequencing.
For these experiments we amplified PCR products using
AmpliTaqGold360Mastermix (Life Technologies) and
purified PCR products were directly sequenced on an
ABI3730 capillary sequencer (Life Technologies). The
sequence data were analyzed using Sequencher 5.1 soft-
ware (GeneCodes).

The GJA9 deletion was genotyped by fragment size
analysis  (primers: CCTGACAACCACAGTGGAAA
(forward) and AGAGCAGTGGTTCCTTTTGC (reverse))
on an ABI3730 capillary sequencer and analyzed with the
GeneMapper 4.0 software (Life Technologies).

Comparison of GJA9 allele and genotype frequencies
in PN cases and controls was performed in the original
GWAS cohort, as well as an independent cohort, by
standard chi-square tests.

Results

GWAS mapping of a PN associated locus on CFA15

After pruning for low genotyping rate, low minor
allele frequency, and failure to meet Hardy-Weinberg
equilibrium, 108,801 SNPs remained for the association
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analysis. A suggestive significant association signal on
CFA15 was identified, with the two most significant SNPs
(BICF2G630442965, at bp position 12,345,641; and
BICF2G630442606 at bp position 12,765,329) achieving a
corrected p-value of 1.97 x 10™® (Fig. 1a; Additional
file 2). The quantile-quantile plot of observed versus
expected p-values of this mixed model analysis also
supports the effectiveness of the correction for popu-
lation structure and the significance of the CFA1l5
locus (Fig. 1b).

Haplotype reconstruction revealed evidence for an ap-
proximately 23 Mb sized disease-associated haplotype at
the centromeric end of acrocentric CFA15 (Additional
file 3). Five PN-affected dogs were homozygous for this
haplotype spanning from bp position 0 to 22,723,949
and 37 other cases were identified as heterozygous car-
riers of a single copy of the identical 22.7 Mb sized
haplotype. Further, 8 PN-affected dogs carried shorter
versions of this haplotype due to recombination events,
which enabled narrowing of the critical region to ap-
proximately 7.7 Mb (bp position 1,762,076 to 9,441,628)
(Additional file 3). This region contains 135 annotated
protein-encoding genes and 72 other loci.

Whole genome sequence analysis identifies a frameshift
variant in the GJA9 gene

Whole genome sequence was generated from a PN-
affected Leonberger homozygous for the associated
CFA15 haplotype and variants in the critical interval
were identified. We hypothesized that the causative
variant should be absent from breeds unrelated to the
Leonbergers, as pedigree analysis and the large size of
the associated haplotype clearly indicated a relatively
young origin of the mutation. A total of 98 variants in
the interval unique to the sequenced case remained after
filtering against 202 control genomes of 66 different dog
breeds and 3 wolves (Additional file 4). This represented
92 homozygous private non-coding variants as well as 6
coding variants, namely: synonymous variants in AGO3,
CSMD2 and GRIK3; missense variants in MYCL and
MACFI that correspond to the reference alleles in other
species, and a 2 bp deletion causing a frameshift in GJA9
(Additional file 4). All 6 coding variants were genotyped
by Sanger sequencing and found to be in complete link-
age disequilibrium in a cohort of 96 Leonberger dogs, of
which 5 dogs were homozygous and 91 heterozygous for
the GJA9 variant.

The GJA9 gene was pursued as the most plausible
positional candidate gene due to its membership in the
connexin gene family known to be causative for human
CMT. The identified 2 bp deletion results in a prema-
ture stop codon at amino acid residue 382 of the 514
residue full length protein (Fig. 2). Specifically, the GJA9
variant (CanFam3.1: chr15.3863,524._3863,525delAG) results
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in a frameshift (ENSCAFT00000038555: ¢.1107_1108delAG)
and premature stop codon (F1PSG8_CANLEF:
p-Glu370AsnfsTer12) that is predicted to truncate
almost half of the intracellular C-terminus of the
encoded connexin. Thus we concluded that the GJA9
deletion is much more likely to cause PN than the
other 5 variants.

LPN2: A dominant inherited form of PN with incomplete
penetrance

To investigate the segregation and frequency of the
GJA9 variant, we genotyped in total 7455 Leonberger
dogs (Table 1). This includes all 314 Leonberger dogs
from the original GWAS cohort, a follow-up cohort of
608 dogs with detailed phenotype records available
(Additional file 1), and 6533 mostly young Leonbergers
with unknown phenotype status that were submitted for
diagnostic purposes, which represent the global popula-
tion of the breed. There was a highly significant difference
in GJA9 allele frequencies between PN cases and controls
from the original GWAS cohort (p < 5.5 x 1079), reflected
in a difference in genotype frequencies under a dominant
model (p < 1.2 x 1077), but not a recessive model
(p < 0.05) (Table 1). These figures give only borderline
support for a recessive hypothesis and make it much less
well supported than a dominant hypothesis. This result
was replicated in the follow-up cohort (genotype
frequency different at p < 1.9 x 1077, genotype frequency
different in a dominant model at p < 1.7 x 1077, but not a
recessive model at p < 0.15) (Table 1). The allele frequency
difference in these combined cohorts was significant
at p < 28 x 107 and the genotype frequency

difference under the dominant model was significant at
p < 68 x 107, clearly indicating dominant inheritance.

We then analyzed 137 dogs that carried at least one
copy of the GJA9 mutant allele to determine age of onset
and penetrance of the mutant allele (Additional file 1).
The owner-reported mean average age of onset in 100
dogs that showed clinical signs was 6 years, and varied
from 1 to 10 years (Fig. 3). Due to the limited number of
GJA9 homozygous mutant PN-affected dogs it was not
possible to assess whether heterozygous or homozygous
PN cases developed clinical signs at different stages in
life. Both homozygous mutant and heterozygous dogs of
both sexes developed PN, again consistent with an auto-
somal dominant pattern of inheritance. By 8 years of age
84 of the 137 (61%) dogs carrying the mutant allele
showed signs of PN, and within their lifetime 110 of the
137 (80%) showed signs, indicative of a reduced pene-
trance (Additional file 1). Lastly, the frequency of the
GJA9 variant in the global population of Leonbergers
was estimated as 0.032 (Table 1).

A total of 528 Leonbergers in our sample database
were diagnosed with PN when the 56 additional PN-
affected dogs homozygous for the deletion in ARH-
GEF10 were included. Thus, the disease phenotype of
approximately 11% (56/528) of all PN-affected Leonber-
gers could be explained by homozygosity for the ARH-
GEF10 (LPN1) variant, whereas homozygosity or
heterozygosity for the herein presented PN-associated
variant in the GJA9 gene, which we now term LPN2,
explains 21% (110/528) of all cases. Of the remaining
362 PN cases, 85 are LPN1 heterozygous and 277 PN-
affected dogs (52%) do not carry either known variant
(Additional file 1). Because it is still unclear whether
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having one copy of the LPN1 allele is sufficient to cause
discase, we examined the LPN1 allele frequency in
remaining cases (0.12) compared to controls (0.07). This
provides evidence of some additional genotypic risk as-
sociated with the possession of a single copy of the
ARHGEF10 variant, albeit at a level below 2. Altogether,
these allele frequencies continue to present ambiguity

(p = 67 x 1()74) in interpreting the correct mode of
inheritance of the LPN1 allele (Additional file 1).

Indistinguishable histopathology in PN affected
Leonberger dogs

Resin sections from the peroneal nerve were qualita-
tively evaluated from 5 Leonberger dogs with PN and
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Table 1 GJA9 c.1103_1104delAG genotype frequencies in three Leonberger cohorts

Polyneuropathy status Total wt/wt (homozygous normal; N/N) wt/del (heterozygous; D/N) del/del (homozygous mutant; D/D)

GWAS cohort 314 0.82 (258) 0.16 (51) 002 (5
Affected® 176 0.72 (127) 0.25 (44) 003 (5)
Non-affected®® 138 0.95 (131) 0.05 (7} 0

Follow-up cohort 608 0.87 (527) 0.13 (79) 0003 (2)
Affected® 296 0.79 (235) 0.20 (59) 0006 (2)
Non-affected™® 312 0.94 (292) 0.06 (20) 0

Total 7455 0.94 (6995) 0.06 (443) 0002 (17)
Affected® 474 0.76 (362) 0.22 (105) 002 (7)
Non-affected®? 450 0.94 (423) 0.06 (27) 0
Unknown® 6533 0.95 (6210 0.05 (313) 0002 (10)

?Only dogs that were homozygous wild type or heterozygous ARHGEF10 carriers

Only dogs >8 years old that showed no signs of PN

“Dogs without known phenotype status that were submitted for diagnostic purposes

the GJA9 variant (LPN2 heterozygous) and were com- Discussion

pared to Leonberger dogs with PN and the ARHGEFIO
variant (LPN1 homozygous). None of the sections
evaluated were from dogs positive for both the GJA9
and ARHGEFI0Q variants. The prominent pathologic
abnormality was variably severe nerve fiber loss resulting
from chronic axonal degeneration (Fig. 4). Large nerve
fiber loss was most prominent with an increased popula-
tion of small caliber nerve fibers. Similar changes were
present in all nerves regardless of the genetic variant.

GJA9
wt/del
15— del/del
(72
(o2}
3
w 10—
o
o
c
5

1 2 3 456 7 8 9 10
age of onset (year)

Fig. 3 Age of onset of clinical signs in dogs homozygous or
heterozygous for the GJA9 mutation. Age-of-onset of clinical signs
for the 100 PN cases in which one or two mutant GJA9 alleles
were present

Inherited canine PN has clinical similarities to the
genetically heterogeneous CMT peripheral neuropa-
thies in people. PN in the Leonberger breed shows a
variable expression of clinical signs and different ages
of onset from <1 year up to 10 years of age. The pre-
viously identified ARHGEFI0 frame shift deletion
(termed LPN1) causes a severe early-onset disease
[11]. Initially, the LPN1 variant explained over 20% of
cases; however, due to widespread adoption of genetic
testing by breeders, we have not observed a LPN1
case born since 2011. Consequently, the proportion of
PN cases explained by the LPN1 mutation has
dropped precipitously; currently it explains only
approximately 11% of PN cases. Here, our search to
identify additional PN genes employed a GWAS with
176 PN affected Leonbergers, which were not homozy-
gous carriers of the recessive ARHGEFI0 loss-of-function
variant, and 138 controls. Our present finding of the GJA9
variant strongly suggests a causative allele for a second
inherited form of PN (LPN2), with a wider range of ages
of onset and clinical severity, which explains an additional
21% of PN in this breed. These results further confirm
genetic similarities between Mendelian forms of PN in
dogs and humans. The characteristic axonal degeneration
and nerve fiber loss affecting long, large diameter nerves
in PN-affected Leonberger dogs resembled mixed forms
of human CMT [5]. While qualitative evaluation of
peripheral nerve histopathology can confirm the presence
of chronic axonal degeneration, nerves can only re-
spond in a limited number of ways to insult of any
type and may not be of value in distinguishing LPN
variants in Leonberger dogs. Quantitative studies are
in progress. The identification of the ARHGEFIO
variant finally confirmed the previously assumed
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Fig. 4 Representative histopathology of the percneal nerve from
male Lecnberger dog with polyneuropathy and heterozygous
GJA9 genctype. Resin embedded percneal nerve sections
collected post-mortem from a 5 year old male intact Leonberger
dog with clinical signs of polyneuropathy. a Toluidine blue-acid
fuchsin stain showing lass of predominantly large myelinatec
fibers ana qualitatively increased populations of small calibre
nerve fibers. b Paraphenelenediamine stain for myelin showing
thin but intact myelin sheaths in many small nerve fioers, Far
comparison, images (¢, toluidine blue-acid fuchsin stain} and

{d, paraphenelenediamine stain} are rom the peroneal nerve of
a 6 year old female neutered Leonberger dog that was negative
for both the ARHGEFI0 and GJAS variants and without clinical
signs of polyneuropathy

J

similar pathogenesis of PN in Leonberger dogs to
CMT disease in people.

The herein identified 7.7 Mb-sized disease-associated
haplotype contained a total of 98 private variants. All 6
private coding variants were experimentally confirmed
to occur in complete linkage disequilibrium, the add-
itional 92 non-coding variants were not analyzed further,
because the frameshift variant in GJA9 affects a putative
candidate gene, and the variants in MYCL and MACFI
can most likely be ruled out by non-conservation. GJA9
encodes connexin 59, a connexin gap junction family
protein, whose members have emerged as important
components of peripheral myelinated nerve fibers. A
total of 21 human connexin genes are identified (20 in
the mouse), which can be classified into 5 groups based
on sequence homology [16]. Six connexin subunits
oligomerize to form a hemichannel (also known as
connexon) and hemichannels from two adjacent cells
dock together at their extracellular domains to form a
functional gap junction channel that mediates direct
intercellular communication in many physiological
processes [16]. Cells and tissues commonly express more
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than one type of connexin, enabling the formation of
homomeric and heteromeric gap junctions [17], and
junctional communication between different cells often
requires such heterotypic gap junctions [16].

Diverse genetic diseases in humans, including disor-
ders of the nervous system, are caused by variants in
connexin genes [18]. The GJBI gene, with more than
400 known variants, is causally implicated in one of the
five most common CMT subtypes in people [OMIM
304040; 19,20]. The encoded connexin 32 forms gap
junctions between the folds of Schwann cell membranes.
These Schwann cells wrap around the axons of periph-
cral nerves and form a laver of myelin that is critical for
the conduction of nerve impulses. Mutations in GJBI
appear to hinder diffusion across the concentric layers of
myelin, resulting in disruption of myelin and hence
axonal degeneration [19, 20]. Due to the male sex bias,
similar phenotype, and the slowly progressive nature of
the PN disease in Leonberger dogs, it was initially specu-
lated, that variants in the canine ortholog of GJBI
encoding connexin 32 could be responsible [21]. Our
identification of a variant in the related gap junction
protein GJA9 nicely confirms these earlier assumptions.
Interestingly, as we have observed in our canine study,
there is a high phenotypic variability within CMT geno-
types and variant-specific manifestations between differ-
ent human CMT types [22]. Recently, the human GJA9
gene, among others, was reported as novel candidate
disease gene for neurogenetic disorders after the first re-
sults from clinical exome sequencing of 149 patients
with various neurocognitive phenotypes [23]. But, to our
knowledge, there is as yet no non-synonymous GJA9
variant known to be associated with CMT in people.
Therefore this canine GJA9 associated form of PN pro-
vides an interesting animal model and adds this gene to
the list of candidates for human CMT. This is especially
of value as there is no GJA9 ortholog in the mouse gen-
ome [24]. Finally, in the light of the current status of the
dog reference genome and its incomplete annotation, we
acknowledge that the list of private variants of the
disease-associated haplotype is most likely not complete.
In addition to the fact that we were not able to exclude
the reported 97 private variants other than the GJA9
frameshift variant, one could assume that other un-
detected variants located in existing reference sequence
gaps or unrecognized structural variants exist on the
disease-associated haplotype.

The age-of-onset analysis indicates that LPN2 is a
dominantly inherited trait with incomplete penetrance.
Several heterozygous dogs >8 ycars of age still have not
shown clinical signs of weakness. This might suggest
that nerve cells can still function reasonably well with a
single copy of the normal allele, or even the absence of
the GJA9 protein entirely. The predicted protein from
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the mutant allele contains <75% of the amino acids
present in the wild type protein. It is possible that since
the four N-terminal transmembrane domains forming the
connexin channel domain are unchanged, the identified
variant with its significantly shortened intracellular C-
terminus may not be a complete loss-of-function allele.
Other mechanisms to explain the somewhat complex
genotype-age of onset-phenotype relationship include the
possibilities that other connexins partially serve the func-
tion of GJA9, a dominant-negative effect of the mutant
protein, or simple haploinsufficiency affected by genetic
background. We further suggest that the incomplete asso-
ciation between GJA9 genotype and PN in our large popu-
lation is partly due to contributions from phenocopies,
misdiagnoses, as well as genetic heterogeneity.

These findings have serious implications for breeders, as
genetically susceptible dogs may not develop clinical dis-
ease until later in life, if at all, and often well after a dog
may have bred multiple times. Since the offering of the
LPN2 test to the Leonberger community nearly 7500 dogs
have been genotyped for the GJA9 deletion. Although this
is not a random sample of the breed, the finding of a
mutant allele frequency of approximately 0.03, and its
dominant nature, indicates it should be considered a
serious problem for the health and welfare of breed.

Conclusions

Highly probable causative variants in the ARHGEFI0 and
GJA9 genes have now been identified for two forms of PN
in Leonberger dogs. PN in this breed exhibits remarkable
variation in phenotypic severity and age of onset among af-
fected dogs, suggesting the influence of modifiers of both
the GJA9 form and additional forms not explained by either
known variant. It is likely that many more Leonberger dogs
with PN will be needed to improve the power to detect loci
that contribute to the non-ARHGEF10 /GJA9 form(s) of PN
in Leonbergers, which might represent a multigenic com-
plex trait. Characterization of genomic variation underlying
PN phenotypic variation in this breed with small effective
population size will present a powerful resource for under-
standing the molecular causes behind variable canine poly-
neuropathy phenotypes. Finally, this study adds GJA9 for
the first time to the list of candidate genes for human CMT.
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Additional file 1: Phenotype records and GJA9 genotypes of 922
Leonberger dogs with detailed phenotype records. (XLSX 469 kb)

Additional file 2: GWAS results comparing 176 cases vs. 138 controls.
(XLSX 11371 kb)

Additional file 3: Haplotype reconstruction for the centromeric region
of acrocentric CFA15 of 314 dogs. (XLSX 3145 kb)

Additional file 4: List of 98 private sequence variants of the sequenced
PN-affected Leonberger in the critical region on CFA15. (XLSX 31 kb)
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Abstract: Laryngeal paralysis associated with a generalized polyneuropathy (LPPN) most commonly
exists in geriatric dogs from a variety of large and giant breeds. The purpose of this study was
to discover the underlying genetic and molecular mechanisms in a younger-onset form of this
neurodegenerative disease seen in two closely related giant dog breeds, the Leonberger and Saint
Bernard. Neuropathology of an affected dog from each breed showed variable nerve fiber loss
and scattered inappropriately thin myelinated fibers. Using across-breed genome-wide association,
haplotype analysis, and whole-genome sequencing, we identified a missense variant in the CNTNAP1
gene (¢.2810G>A; p.Gly937Glu) in which homozygotes in both studied breeds are affected. CNTNAP1
encodes a contactin-associated protein important for organization of myelinated axons. The herein
described likely pathogenic CNTNAPI variant occurs in unrelated breeds at variable frequencies.
Individual homozygous mutant LPPN-affected Labrador retrievers that were on average four years
younger than dogs affected by geriatric onset laryngeal paralysis polyneuropathy could be explained
by this variant. Pathologic changes in a Labrador retriever nerve biopsy from a homozygous mutant
dog were similar to those of the Leonberger and Saint Bernard. The impact of this variant on health
in English bulldogs and Irish terriers, two breeds with higher CNTNAPI variant allele frequencies,
remains unclear. Pathogenic variants in CNTNAPT have previously been reported in human patients
with lethal congenital contracture syndrome and hypomyelinating neuropathy, including vocal cord
palsy and severe respiratory distress. This is the first report of contactin-associated LPPN in dogs
characterized by a deleterious variant that most likely predates modern breed establishment.

Genes 2020, 11, 1426; doi:10.3390/genes11121426 www.mdpi.com/journal/genes
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1. Introduction

Laryngeal paralysis (LP) can result from trauma or neoplasia involving the recurrent laryngeal
nerves, peripheral nerve disease, or a primary or secondary disease affecting the muscle or
neuromuscular junction. Loss of normal function of the larynx leads to breathing difficulties, reduced
exercise and heat tolerance, as well as an increased risk of aspiration pneumonia [1]. Laryngeal nerve
disease results in degeneration and atrophy of intrinsic laryngeal muscles followed by decreased or
absent movement of the attendant laryngeal cartilages. During breathing, these cartilages control
airflow into and out of the trachea. Affected dogs have stridor, may have a change in vocalization,
and difficulty breathing due to the flaccid laryngeal vocal folds and corniculate processes of the
arytenoid obstructing the lumen of the airway [1]. Normal laryngeal function protects the airway
by closing off the lumen to prevent aspiration of food or water. In LP-affected dogs, the vocal folds
remain in a paramedian position, causing airway resistance and turbulence, instead of abducting,
as they normally would, to open the airway during inspiration. Frequently, affected dogs suffering
from LP are treated by crico- or thyro-arytenoid laryngoplasty surgery, to improve breathing and,
therefore, quality of life [2]. As the recurrent laryngeal nerve axons are some of the longest in the
body [3], LP is often reported as part of a more generalized length-dependent polyneuropathy (PN)
complex, which manifests with additional signs including proprioceptive and motor abnormalities,
slowly progressing pelvic limb weakness, and loss of limb muscle mass [4].

Various mostly breed-specific canine inherited neuropathies form a heterogeneous group of
degenerative diseases affecting motor and/or sensory and autonomic peripheral nerves. This group
includes mixed forms of LP and PN [5], i.e., the laryngeal paralysis and polyneuropathy complex
(LPPN), which has variable ages of onset among and across several dog breeds (OMIA 001206-9615,
OMIA 001292-9615). Late-onset forms, e.g., geriatric onset laryngeal paralysis polyneuropathy
(GOLPP), are also observed in various breeds including Labrador retrievers [6]. Leonberger dogs
are known to be susceptible to LPPN; recently, a short list of potentially pathogenic variants for
neurological disorders in this breed derived from whole-genome sequencing has been presented [7].
To date, variants in ARHGEF10 [8] and GJA9 [9] have already been associated with certain forms of
the disorder and designated with breed-specific names Leonberger polyneuropathy type 1 (LPN1;
OMIA 001917-9615) and Leonberger polyneuropathy type 2 (LPN2; OMIA 002119-9615), respectively.
These two variants, however, do not explain all the phenotypically described cases in Leonbergers [7].
The ARHGEF10 variant has also been reported in the related Saint Bernard breed, but again it did not
explain all LPPN cases [8]. Alaskan huskies, black Russian terriers, and Rottweilers with PN including
LP and respiratory distress are known to have deleterious variants in the RAB3GAPI gene, a member
of the RAB3 protein family implicated in regulated exocytosis of neurotransmitters and hormones
(OMIA 001970-9615) [10-12]. Another major risk factor for canine LP recently described in miniature
bull terriers and bull terriers is a variant in the RAPGEF6 gene encoding a widely expressed nucleotide
exchange factor whose function is not well understood (OMIA 002222-9615) [13].

In general, there are limits to precisely diagnosing neurological diseases in dogs in the clinic.
For example, in a previous study [14], we noticed Leonbergers that were initially clinically diagnosed
as polyneuropathy-affected, although, in fact, they were suffering from leukoencephalomyelopathy,
a juvenile-onset neurodegenerative disorder of the CNS white matter with distinctive pathological
features, caused by a recessive variant in the NAPEPLD gene (OMIA 001788-9615).

Our aim in this study was to identify additional causative genetic variants associated with
younger-onset laryngeal paralysis and polyneuropathy (LPPN), by focusing on two closely related
giant dog breeds [15], namely the Leonberger and Saint Bernard.
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2. Materials and Methods

2.1. Ethics Statement

All animal experiments were performed according to local regulations, and all animals in this
study were examined with the consent of their owners. The study was approved under IACUC
protocol 1903-36865A at the University of Minnesota, the Michigan State University Institutional
Animal Care and Use Committee (AUF number 01/11-009-00), and by the Cantonal Committee for
Animal Experiments (Canton of Bern; permit 71/19) at the University of Bern.

2.2. Animal Selection

Data on 15,378 dogs from 243 breeds, 321 dogs of mixed or unknown heritage, and 62 wild canids
were collected in three different sets for this study (Table 1 and Supplementary Table 51). The discovery
cohort included 426 Leonbergers either showing signs of LPPN with an age of onset <5 years or
healthy control dogs at >8 years of age, and 91 Saint Bernards either showing signs of LPPN with
an age of onset <5 years or population control dogs with genome-wide association study (GWAS)
data available from unrelated studies [15,16]. All 517 Leonbergers and Saint Bernards were genotyped
for the ARHGEF10 variant [8], and the Leonbergers were also genotyped for the GJA9 variant [Y],
in order to include only dogs homozygous wild type for these loci. In addition, the Leonbergers were
genotyped for a previously reported leukoencephalopathy-associated NAPEPLD variant [14], in order
to rule out another known underlying neurological disease with similar clinical phenotype.

Table 1. Number of canids in each studied cohort.

Phenotype
Cohort ! Dog Breed/Species Total LPPN- LPPN
2 3 Unknown
Affected Non-Affected
Discovery Leonberger 426 126 300 0
(n=517) Saint Bernard 91 18 14 59
Validation L.eonberger 859 500 359 0
(11 = 1070) Saint Bern.ard \ 11 11 0 0
Labrador retriever 200 150 50 0
243 dog breeds 13,798 0 0 13,798
Unknown/mixed heritage 314 0 0 314
Population Wolf 58 0 0 58
(n=14,174) Golden jackal 2 0 0 2
Andean fox 1 0 0 1
Dhole 1 0 0 1

1 Additional details including the source of all data are available in Supplementary Materials Table S1. 2 Includes
affected dogs with previously described laryngeal paralysis and polyneuropathy (LPPN)-associated variants in
ARHGEF10 [8] and GJA9 [9]. ® Includes dogs homozygous for the previously described leukoencephalomyelopathy-
associated variant in NAPEPLD [14]. * Includes seven mixed-breed dogs enrolled in the Michigan State University’s
GOLPP study [6].

A validation cohort used for targeted genotyping of the newly discovered variant consisted of
1070 dogs with known LPPN phenotypes (Table 1 and Supplementary Table S1). There was no age
of onset restriction for the cases in the validation cohort. Included in the validation cohort were 193
Labrador retrievers and seven mixed-breed dogs from an ongoing geriatric onset laryngeal paralysis
polyneuropathy (GOLPP) study; these were used as an independent validation group (Table 1).

Finally, a population cohort consisting of 14,112 dogs, 58 wolves, two golden jackals, one Andean
fox, and one dhole (Table 1 and Supplementary Table S1), with no available information about
their health status, was used to determine the absence/presence and frequency of the described
variant-associated haplotype across canids.
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The information about age of onset of clinical signs in the LPPN-affected dogs was available
for a subset of 770 dogs from the discovery and validation cohorts with detailed health information
from three breeds (596 Leonbergers, 28 Saint Bernards, and 146 Labrador retrievers) The statistical
significance of the differences between groups was evaluated with Student’s ¢-test and p < 0.05 was
considered as significant.

2.3. Sample Preparation

Genomic DNA was isolated from EDTA blood samples, buccal swabs, or archived muscle biopsies
by using either the Gentra PureGene kit (Qiagen, Hilden, Germany) or the Maxwell RSC Whole Blood
DNA kit (Promega, Ditbendorf, Switzerland).

Clinical cases of polyneuropathy and laryngeal paralysis were evaluated in three dogs homozygous
for the studied CNTNAPI variant with available nerve biopsies; these included a 3-year-old Saint
Bernard, a 3-year-old Leonberger, and a 9-year-old Labrador retriever (Supplementary Table S1).
Three normal adult dog samples from Labrador retrievers were used as controls. The ages for the
control dogs were 8-10 years of age. All the archived nerve specimens were obtained years prior to the
identification of the CNTNAPI variant. Peroneal nerve specimens, pinned on cork discs to maintain
length and orientation, were immersion-fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer before
shipment. Upon receipt, the nerves were postfixed in 1% aqueous osmium tetroxide for 3 to 4 h before
dehydration in a graded alcohol series and propylene oxide. After infiltration with a 1:1 mixture of
propylene oxide and araldite resin for 4 h, nerves were placed in 100% araldite resin overnight before
embedding in fresh araldite resin. Thick sections (1 pm) were cut with glass knives and either stained
with toluidine blue prior to light microscopic examination, or stained with paraphenylenediamine
prior to morphometry.

2.4. Axonal Size Frequency Distributions and G-Ratios

Axonal size-frequency distributions of myelinated fibers were performed on transverse sections
of selected peroneal nerve biopsies determined to be adequately fixed, free from artifact, and with
an intact perineurium. Images were obtained from a single section of each nerve biopsy using the
Photoshop image analysis system. Profiles containing paranodal regions or Schmidt-Lanterman clefts
were not included. Using a x60 objective, the final magnification of the digitized image was equivalent
to 1 pixel = 0.091 pm. Myelinated fibers were individually identified and selected prior to being
sorted with an automated process into bins based on axonal area. G-ratios were calculated as the ratio
between the diameter of the axon itself and the outer diameter of the myelinated fiber.

2.5. Single Nucleotide Polymorphism Array Genotyping and Imputation

The discovery cohort (426 Leonbergers and 91 Saint Bernards) was genotyped by using either
the Axiom Canine Set A or HD arrays (Thermo Fisher Scientific, Waltham, MA, USA) or the Illumina
CanineHD BeadChip array (Illumina, San Diego, CA, USA). Samples genotyped on lower single
nucleotide polymorphism (SNP) density arrays were imputed with Beagle 4.1 [17,18], using a diverse
reference dataset containing 526,045 variants in 49 wolves and 2871 dogs (including 65 Leonbergers
and 23 Saint Bernards; Supplementary Table S1). The data were filtered to include only biallelic
SNPs with a minor allele frequency >0.02, a per-SNP genotyping rate >95%, and a per-individual
genotyping rate 295%. The reference dataset was phased on a per-chromosome basis, using Beagle 4.1
with default parameters of 10 iterations and an effective population size of 200. Next, a target dataset
containing approximately 174,000 variants in 402 Leonbergers and 66 Saint Bernards (Supplementary
Table S1) was filtered to include only biallelic SNPs with a minor allele frequency >0.02, and then
checked for concordance with the filtered and phased reference dataset, using the Beagle 4 utility
conform-gt [19]. Conforming sites of the target dataset were imputed to the reference dataset on a
per-chromosome basis, using Beagle 4.1 with the following settings: window size 50 kb, overlap 3 kb,
effective population size 200, and 10 iterations. The per-chromosome imputed data were concatenated

54



Genes 2020, 11, 1426 50f 14

and sorted, using VCFtools 0.1.13 [20]; variants with a Beagle 4.1 dosage R-squared (DR2) >0.7 were
retained for downstream analysis. In total, we used imputed SNP data for 468 Leonberger and Saint
Bernard dogs in this study.

To evaluate haplotypes across breeds, approximately 126,000 SNPs common across genotyping
platforms were extracted from non-imputed SNP genotype data for 12,931 canids, which were either
generated during this study or publicly available (Supplementary Table S1) and phased with Beagle
4.1 as described above.

2.6. Genome-Wide Association Study and Fine-Mapping

The discovery cohort from the two breeds combined contained 517 dogs (144 LPPN-cases and
373 controls). Quality control filtering steps of the imputed SNP array genotyping data were carried
out by using PLINK v1.9 [21]. The dataset was pruned for low minor allele frequency (0.05) and failure
to meet Hardy-Weinberg equilibrium (0.0001) and consisted of 289,553 markers. An across-breed
genome-wide association study (GWAS) was performed with GEMMA v0.98 [22], using a linear mixed
model including an estimated kinship matrix from centered genotypes to correct for the genomic
inflation. The significance threshold was estimated by Bonferroni correction. Manhattan and Q-Q plots
of the corrected p-values were generated in R environment v3.6.0 [23], using the qgman package [24].
Haplotypes around the significantly associated locus obtained from GWAS were constructed by using
Beagle 4.1 for all canids with available SNP genotype data (n = 13,399) (Supplementary Table S1).
All genome positions refer to the CanFam3.1 reference assembly.

2.7. Whole-Genome Sequencing

Whole-genome sequence (WGS) data of 716 publicly available dogs of 131 different breeds, and
nine wolves [25] (Supplementary Table S2) were studied in order to identify the causative variant
in the disease-associated region obtained by the GWAS. This set included 34 Leonbergers and two
Saint Bernards diagnosed with a form of LPPN unexplained by the previously known variants in
ARHGEF10 [8], GJA9 [9], RAB3GAP1 [10-12] and RAPGEF6 [13], as well as seven Leonbergers and one
Saint Bernard used as controls. The sequence data analysis and calling of single nucleotide variants
and small indels (SNVs), including the prediction of functional effects, were described previously [25].
The Integrative genomics viewer (IGV) software 2.8.2 [26] was used for visual inspection and screening
for structural variants in the region of interest in the affected dogs” WGS.

2.8. Targeted Genotyping

Polymerase chain reaction (PCR) and Sanger sequencing were used to validate and
genotype the variant identified from WGS. PCR products from genomic DNA were amplified
by using AmpliTaqGold360 MasterMix (Thermo Fisher Scientific), and the purified PCR
amplicons were directly sequenced on an ABI3730 capillary sequencer (Thermo Fisher Scientific).
The CNTNAP1 missense variant (XM_548083.6:¢.2810G>A) was genotyped, using the following primers:
TCCCTTGCCCTCCCTATATC (forward) and AGTCCTAATGCCCTCTGCTG (reverse). The sequence
data were analyzed by using Sequencher 5.1 software (GeneCodes, Ann Arbor, MI, USA).

2.9. Protein Predictions

The MutPred2 [27], PROVEAN [28] and PON-P2 [29] in silico prediction tools were used to predict
biological consequences of the discovered variant on the encoded protein. All references to the canine
CNTNAP1 gene correspond to the accessions NC_006591.3 (NCBI accession), XM_548083.6 (mRNA),
and XP_548083.3 (protein). The Genome Aggregation Database (gnomAD) [30] was searched for the
corresponding variant in the human CNTNAP1 gene (NP_003623.1).
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2.10. Availability of Data and Material

The WGS are freely available at the European Nucleotide Archive (ENA). All accession numbers
of the used genomes are available in the Supplementary Table S2. The sources of SNP array genotyping
data published before are detailed in the Supplementary Table S1, and the dataset generated for
this study is available from the corresponding author on reasonable request. All genome positions
are reported with respect to the dog reference genome assembly CanFam3.1 and NCBI annotation
release 105.

3. Results

3.1. Phenotype

The herein studied affected dogs showed generic signs of LPPN (Supplementary Table S1) with
the key feature across breeds being breathing difficulty, often described as noisy or raspy breathing
(Supplementary Video S1). Due to LP, 247 dogs (121 Leonbergers, 10 Saint Bernards, 114 Labrador
retrievers, and 2 mixed-breed dogs) underwent an arytenoid lateralization surgery, 25 of which
(ten Leonbergers, seven Saint Bernards, six Labrador retrievers, and two mixed-breed dogs) tested
homozygous for the studied CNTNAPI variant (Supplementary Table S1). Additional clinical signs,
which were noted variably among the dogs, included difficulty swallowing, changes in barking
frequency and quality, high-stepping and uncoordinated gait, stumbling and tripping, exercise
intolerance, and limb muscle atrophy.

3.2. Neuropathological and Morphometric Findings

Peroneal nerve biopsies were evaluated from three archived normal adult Labrador retriever
(8-10 years) samples (representative image in Figure la), and three LPPN-affected dog samples:
a nine-year-old male Labrador retriever (Figure 1b), a three-year-old male Leonberger (Figure 1c),
and a three-year-old male Saint Bernard (Figure 1d), all of which tested homozygous for the studied
CNTNAPI variant. Compared to control nerve, pathological changes were similar among affected
dogs of all three breeds and included a subjective decrease in the number of myelinated nerve fibers
compared to control nerve (Figure 1b—d) with scattered inappropriately thin myelin sheaths for the
axon diameter (best demonstrated in Figure 1b,c). The inappropriately thin myelinated fibers were
not found in the nerves of control dogs. Myelin splitting and ballooning, onion-bulb formations,
and axonal degeneration were not observed in any of the biopsies.

A histogram of axonal size-frequency distribution of the relative percentage of small (<5 pum)
and large (>5 um) myelinated nerve fibers is shown for the three control Labrador retrievers,
the LPPN-affected Leonberger, and the LPPN-affected Labrador retriever (Supplementary Figure S1)
described above. As only a partial nerve fascicle was available for the LPPN-affected Saint Bernard,
those data were not included. The large and small nerve fibers are determined by the axon diameters
and this does not refer to the thickness of the myelin sheath. Compared to the average values for the
control Labrador retrievers, the affected Labrador retriever showed an increased population of small
caliber nerve fibers and a decreased population of large caliber nerve fibers. In contrast, the affected
Leonberger showed a decreased population of small fibers and an increased population of larger
fibers. Calculated G-ratio, a quantitative measure of myelin thickness, was 0.586 + 0.031 (range
0.552-0.609) for the control Labrador retrievers, 0.543 for the affected Leonberger, and 0.575 for the
affected Labrador retriever.

3.3. Genome-Wide Association Study and Fine-Mapping

The across-breed GWAS using the discovery cohort of ARHGEF10- and GJA9- negative Leonbergers
and Saint Bernards (144 cases vs. 373 controls) revealed a single genome-wide significantly associated
region for LPPN (Figure 2a). The 15 best-associated markers were used to define a 4.6 Mb region
of interest between 19.1 and 23.7 Mb on chromosome 9 (Supplementary Table S3). Fine-mapping of
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this region, using the available haplotypes from non-imputed SNP array genotyping data, included
87 markers centered on the best associated SNP (chr9:20,271,681). This revealed one homozygous
haplotype present most frequently in LPPN-affected dogs (1 = 21) of both breeds and not present in
homozygosity in any of the controls (Supplementary Table S4). Therefore, the disease-associated region
was narrowed to ~0.98 Mb (bp position 19,393,936 to 20,371,611), by a combination of sharing in the
21 homozygous cases from the discovery cohort (14 Leonbergers and 7 Saint Bernards), coupled with
recombination events. Based on this analysis, we hypothesized that the causative variant explaining
the GWAS hit was localized on this specific haplotype occurring in both breeds from the discovery
cohort. Subsequent haplotype analysis of all 13,399 canids with available SNP genotype data provided
evidence for the presence of this haplotype in total of 25 dog breeds (Supplementary Table S4).

3.4. Identification of the Candidate Causative Variant

In total, 38 protein coding genes and five IncRNAs were annotated within the disease-associated
~0.98 Mb critical interval on chromosome 9 (Figure 2b). Visual inspection of this region in the WGS
of five LPPN-affected dogs homozygous for the associated haplotype (four Leonbergers and one
Saint Bernard) revealed no evidence for the presence of structural variants. Filtering variants for
homozygous alternative genotypes shared in these five dogs within the critical interval yielded 872
intronic or intergenic, 12 synonymous, and 18 protein-changing variants (Supplementary Table S5).
In addition, WGS data were available for three Leonbergers out of the 55 dogs from the discovery
cohort (Supplementary Table S1) carrying a single copy of the identified disease-associated haplotype
(Supplementary Table S4). Filtering for heterozygous variants in complete linkage disequilibrium
with this haplotype in three dogs reduced the number of putative variants to 93 intronic or intergenic,
one synonymous, and one protein-changing variant (Supplementary Table S5).
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Figure 1. Paraphenylenediamine-stained resin sections from the peroneal nerves of four dogs.
(a) An adult normal control Labrador retriever, (b) a nine-year-old LPPN-affected Labrador retriever,
(c) a three-year-old LPPN-affected Leonberger, and (d) a three-year-old LPPN-affected Saint Bernard.
All three LPPN-affected dogs were homozygous for the CNTNAP1 variant. Arrows in (b) and (c) point
to nerve fibers that are inappropriately thin for the axon diameters. Bar in lower right image indicates
25 pm and is valid for all images.
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Figure 2. Identification of a new LPPN-associated locus and variant in Leonbergers and Saint Bernards.
(a) Manhattan plot for the two-breed genome-wide association study (GWAS) using 144 LPPN-affected
dogs and 373 normal control dogs indicates a signal with multiple associated single nucleotide
polymorphisms (SNPs) on chromosome 9. The -log p-values for each SNP are plotted on the y-axis
versus each canine chromosome on the x-axis. The red line represents the Bonferroni corrected
significance threshold (—log(p-value) = 6.76). Inset: Corrected Q-Q plot confirms that the observed
p-values of the best-associated markers have stronger association with the trait than expected by
chance (null hypothesis, red line). (b) Gene content in the ~0.98 Mb region of interest. Blue arrows
show the best-associated markers from GWAS. Green bars represent the different genes and violet
bars represent IncRNAs. (¢) Schematic representation of the CNTNAPI gene showing the variant
(XM_548083.6:¢.2810G>A) location in exon 18. (d) Schematic representation of the CNTNAP1 protein
with its domains: coagulation factor 5/8 C-terminal domain (FA58C), laminin G domains (LamG),
calcium-binding EGF-like domain (EGF), fibrinogen-related domain (FReD), and putative band 4.1
homologues’ binding motif (4.1m). The CNTNAP1 amino acid substitution (XP_548083.3:p.Gly937Glu)
position is shown together with the amino acid multiple alignment indicating the residue is highly
conserved across species.

CNTNAP1 represents a functional candidate gene due to its involvement in human congenital
hypomyelination, where vocal cord palsy is a common clinical finding [31], so we pursued the lone
remaining missense variant in the CNTNAPI gene (CFA9:g.20298261C>T; ¢.2810G>A; p.Gly937Glu)
further. This CNTNAP1 variant was predicted to be deleterious by several prediction tools (MutPred?2
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score: 0.884, PROVEAN score: —7.667, PON-P2 probability for pathogenicity: 0.848). It is located
in exon 18 of the CNTNAPI gene (Figure 2¢) and affects a highly conserved amino acid residue at
the end of the third laminin G domain of the CNTNAP1 protein (Figure 2d). Two missense variants
(rs905697967:p.Gly938Arg and rs763033339:p.Gly938Glu) in the human CNTNAPI coding region at
the corresponding position were found in the gnomAD [30]. Both variants were reported with allele
frequency 7.95 X 107% and no homozygous individuals were detected [30]. The canine missense variant
in CNTNAP1 was present in 5 of the 688 control canid WGS with a frequency of 0.004 (Supplementary
Table S5), including one homozygous (English bulldog) and four heterozygous dogs (golden retriever,
Labrador retriever, English bulldog, and Kerry blue terrier).

3.5. The CNTNAP1 Variant Occurs in Several Breeds

Available SNP array genotype data of 13,337 dogs and 62 wild canids (Supplementary Table S1)
were inspected for the identified CNTNAPI-associated haplotype (Supplementary Table 54). Out of
this group, targeted genotyping by PCR and Sanger sequencing was performed in 2469 canids
and demonstrated perfect concordance between the CNTNAPI-associated haplotype and the
CNTNAP1:c.2810G>A genotype (Supplementary Table 54). In addition, 2362 dogs without SNP
array data were directly genotyped for the variant (Supplementary Table S1); this included 557 dogs
from the validation cohort and 1805 from the population cohort.

In total, the variant was found in 25 different breeds and no wild canids. Homozygotes for
the missense allele in breeds other than the Leonberger, Saint Bernard, and Labrador retriever were
identified in 46 English bulldogs, six Irish terriers, two boxers, one bullmastiff, one Peruvian hairless
dog, one Yorkshire terrier, and one golden retriever (Supplementary Table S1), all with unknown precise
health history. Additionally, two LPPN-affected mixed-breed dogs enrolled in the Michigan State
University’s GOLPP study [6] were also homozygous for the missense allele (Supplementary Table S1).

Analysis of the validation cohort that included the three breeds with available health information
(Leonberger, Saint Bernard, and Labrador retriever) demonstrated that the CNTNAP1 variant is not
present in a homozygous state in any dog apparently non-affected with LPPN (Table 2). The 18
homozygous LPPN-affected Leonbergers represent 4.1% of all as yet unexplained cases with any
age of onset that were not carrying the previously identified disease-causing variants in ARHGEF10
and GJA9. For the Saint Bernard, 10 out of 24 (41.6%) diagnosed dogs were homozygous mutant,
whereas only 4.7% of GOLPP-affected Labrador retrievers carried two copies of the CNTNAP1 variant.
The homozygous A/A CNTNAPI genotype also occurred rarely in single dogs of the population
controls from each of the three studied breeds (Table 2). Altogether, the mutant allele frequency was
estimated as 6.6% in the studied Leonbergers (1 = 2738 dogs), 13.9% in Saint Bernards (1 = 305 dogs),
and 5.2% in Labrador retrievers (n = 1524 dogs). Among the 22 other breeds segregating for this variant,
the allele frequency was highest in the English bulldogs (n = 193 dogs) and Irish terriers (n = 184 dogs),
estimated at 46.6% and 17.1%, respectively (Supplementary Table S1).

Mean age of onset in the LPPN-affected dogs was investigated for a subset of 770 dogs with
detailed health information from three breeds (596 Leonbergers, 28 Saint Bernards, and 146 Labrador
retrievers) and showed a marked difference between the cases depending on the different underlying
genetic causes (Figure 3). The average age of onset of clinical signs in the limited number of dogs
homozygous for the herein described CNTNAP1 variant was 3.4, 2.1, and 7.5 years in Leonbergers,
Saint Bernards, and Labrador retrievers, respectively. In comparison, the age of onset of clinical signs in
the previously characterized ARHGEF10-associated polyneuropathy [8] was seen in Leonbergers and
Saint Bernards with average ages of 2.2 and 1.6 years, respectively. Additionally, affected Leonbergers
with the GJA9 frameshift variant [9] had average age of onset of their clinical signs of 6.2 years.
Interestingly, the LPPN-affected Labrador retrievers that do not carry the herein identified CNTNAP1
variant and come from the GOLPP study [6] showed a higher average age of onset of 11.5 years
(Figure 3). The difference in age of disease onset between the dogs with the identified CNTNAPI
variant and the cases without known disease-causing mutation was statistically significant in all
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three breeds (Leonberger p-value = 0.000001002, Saint Bernard p-value = 0.01681, Labrador retriever
p-value = 0.002662). The difference between dogs with the CNTNAPI variant and the ARHGEF10
variant was significant in Leonbergers (p-value = 0.002538) but not significant in Saint Bernards
(p-value = 0.3095). The difference between Leonbergers with the CNTNAPI variant and the GJA9
variant was statistically significant (p-value = 0.00000001797).

Table 2. Segregation of the CNTNAP1:c.2810G>A genotypes with laryngeal paralysis and polyneuropathy
(LPPN) in three breeds with available health information.

CNTNAP1 Genotypes

Breed LPPN Status G/G G/A A/A
Affected (n = 434) 2 358 58 18
Leonberger LPN1/LPN2 (2 =192) 3 180 11 1
(n =2738) Non-affected (1 = 659) * 605 54 0
Population controls (1 = 1453) 1258 192 3
Affected (n = 24) 2 9 5 10
Saint Bernard LPN1 (n=5)° 2 3 0
(n = 305) Non-affected (n = 14) 9 5 0
Population controls (1 = 262) 213 46 3
Labrador Affected (n = 148) 132 9 7
retriever Non-affected (n = 45) 42 3 0
(n=1524) Population controls (1 = 1331) 1200 128 3

1 Includes the three herein described histopathologically confirmed cases. ? LPPN-affected dogs that tested negative
for ARHGEF10 [8] and GJA9 [9] mutations. > LPPN-affected dogs homozygous for the previously described
polyneuropathy-associated variant in ARHGEF10 (LPN1) [8], and homozygous or heterozygous for the variant in
GJA9 (LPN2) [9]. * Includes cases homozygous for the previously described leukoencephalomyelopathy-associated
variant in NAPEPLD [14].
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Figure 3. Age of onset of clinical signs for laryngeal paralysis and polyneuropathy (LPPN) differs depending
on underlying genetic variants and across the three breeds. Comparison of the age of onset of clinical signs
in the LPPN-affected dogs (1 = 770), which were genotyped homozygous for the polyneuropathy-associated
variants in CNTNAPI:c.2810G>A, or ARHGEF10:c.1955_1958+6del CACGGTGAGC [8], and homozygous
or heterozygous for the variant in GJA9:c.1107_1108delAG [9], as well as the age of onset in the yet
unexplained cases (other), is shown for Leonbergers (gold bars; n = 596), Saint Bernards (pink bars;
n = 28), and Labrador retrievers (yellow bars; n = 146). Note that the ARHGEF10 variant is only present in
Leonbergers and Saint Bernards, and the GJA9 variant only in Leonbergers.
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4, Discussion

This study has revealed strong evidence for a new potentially pathogenic variant associated
with laryngeal paralysis and polyneuropathy (LPPN) initially observed in two closely related giant
dog breeds, the Leonberger and Saint Bernard. Interestingly, the variant also explains some cases of
GOLPP in Labrador retrievers and segregates at different frequencies in 22 other unrelated dog breeds,
including English bulldogs and Irish terriers, suggesting that the derived allele predates modern breed
formation. Apparently, the variant was not purged by either selection or drift.

The affected contactin-associated protein 1 (CNTNAPI) gene has been previously implicated in
human autosomal recessive neurological diseases with a broad spectrum of clinical phenotypes and
neonatal and childhood onsets: congenital hypomyelinating neuropathy type 3 (OMIM 618186),
lethal congenital contracture syndrome 7 (OMIM 616286), and childhood-onset Charcot-Marie-Tooth
disease [32]. CNTNAPI is essential in the formation of paranodal axoglial junctions in myelinated
axons and is also involved in regulating neural progenitor cells and the development of the cerebral
cortex [33]. Pathological variants in the CNTNAPI gene may lead to defective or absent proteins
critical to development of central or peripheral nervous systems. Even though, based on the current
gnomAD [30] database, the corresponding glycine to glutamic acid exchange occurs very rarely in
humans, so far, there is no evidence reported for disease association. Human patients with other
CNTNAP1 homozygous frameshift or nonsense variants show a more severe disorder with early-onset
neurological disease, including severe respiratory compromise and early lethality, while those carrying
missense variants can survive beyond infancy [34]. This suggests that the missense alleles affecting the
myelination and development of paranodal junctions may be hypomorphic and have some residual
function. Although the precise role of the protein domains in ligand binding is not fully understood,
several missense variants were predicted to impact the domain structure and protein folding [34].

Pathological changes in semi-thin transverse resin sections of the peroneal nerves of three affected
dogs had similarities to those in published human cases, including reduced myelinated nerves and
inappropriately thin myelin sheaths for the axon diameters [35]; however, in the affected dogs, thinly
myelinated fibers were scattered and fewer in number. This may reflect the severity of disease in
neonatal onset human cases and milder disease with an adult onset in dogs. The increased population
of small fibers in the affected Labrador retriever, as compared to the affected Leonberger, may reflect
attempts at regeneration in the Labrador retriever or genetic differences in other modifying genes.
There are several limitations to the pathological studies in these dogs: The number of affected dogs with
available peripheral nerve biopsies was small; detailed study of the paranodal areas of the peroneal
nerves was limited by the retrospective nature of the study, the use of archived nerve specimens
obtained many years prior to the identification of the variant, and the necessity of preparation of
the nerves at the time of original processing for teased fibers and for longitudinal evaluation; and
the standard processing for diagnostic specimens in the laboratory of one of the authors (GDS) is in
transverse section. Future in-depth prospective studies of the peripheral nerves, including laryngeal
nerves in more cases of confirmed LPPN with the CNTNAPT gene variant in each breed, are necessary
to fully evaluate the observed pathological changes.

The neurological diseases identified in humans associated with variants in CNTNAPI support our
recent speculation, based on the enrichment of this allele in Leonbergers [7], that the herein-described
missense variant predicted in silico to be deleterious represents a promising candidate causative
mutation for inherited neurological disorders in dogs. The striking genetic association data implicate
that this mutation affects the function of the encoded protein, although we have not studied this
further. Homozygosity for the missense variant in the CNTNAP1 gene is significantly associated
with the development of LPPN in large and giant-sized dogs, indicating recessive inheritance in all
three studied breeds (Leonberger, Saint Bernard, and Labrador retriever). As yet we do not have
convincing evidence for causality in smaller dog breeds segregating for this variant, such as the English
bulldog or Irish terrier, and further study with reliably phenotyped populations is needed. However,
we hypothesize that the apparently higher allele frequency in English bulldogs may be a result of
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underdiagnosed LP due to breathing difficulties related to brachycephalic airway syndrome, including
laryngeal collapse [36] obscuring a neurodegenerative LP. The observed higher allele frequency in
Irish terriers, although without available health information, suggests that the association between the
variant and LPPN phenotype is breed-specific and may not be pathogenic in some breeds although
this needs to be evaluated. We also hypothesize that the observed later age of onset in the Labrador
retriever group, compared to the Leonbergers and Saint Bernards, might be either due to the different
genetic breed background and/or their smaller stature and correspondingly shorter laryngeal nerve
length; the latter was previously suggested by correlation between growth (specifically height) and
laryngeal neuropathy in horses [37].

5. Conclusions

In conclusion, we identified a potentially causative genetic variant in CNTNAP1 associated
with autosomal recessive younger-onset LPPN in large and giant dogs, specifically Leonbergers,
Saint Bernards, and Labrador retrievers. Our results represent the first large animal model for a
CNTNAPI-related neurodegenerative disease. The developed genetic test enables veterinary diagnostics
and selective breeding against this deleterious variant across breeds to reduce the occurrence of LPPN.
Therefore, selecting based on this additional disease-associated variant, which we have designated
LPPN3, will enable dog breeders to make even greater strides in controlling the propagation of this
devastating disorder and maintaining the health of Leonberger, Saint Bernard, and Labrador retriever
populations. However, the fact that not all LPPN cases from the three intensively studied breeds
carried the described variant, together with the broad range in age of onset of the clinical signs for
the as yet unexplained cases, indicates that still unknown genetic heterogeneity of different forms of
canine LPPN need to be studied in future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/12/1426/s1.
Figure S1: Histogram showing the axonal size-frequency distribution of myelinated nerve fibers in peroneal nerve
sections from control Labrador retrievers (average of three archived adult control dog samples), an LPPN-affected
Labrador retriever, and an LPPN-affected Leonberger. Both affected dogs were homozygous for the CNTNAP1
variant. Axons are distributed into bins determined by axonal diameter based on perimeter. Table S1: Sample
designations and detailed information of all dogs used in the study. Table S2: Sample designations and affection
status of all whole-genome sequences used for filtering variants. Table S3: The 10,000 most significant markers
sorted by p-value obtained from the across-breed genome-wide association study. Table S4: Haplotype diversity
for the LPPN-associated genome region on chromosome 9. Table S5: Variants in the region of interest obtained
from GWAS on chromosome 9. Video S1: Video illustrating the clinical phenotype of two LPPN-affected dogs:
a Leonberger and a Saint Bernard.
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: Canine leukoencephalomyelopathy (LEMP) s a juvenile-onset neurodegenerative disorder of the CNS

: white matter currently described in Rottweiler and Leonberger dogs. Genome-wide association study

: (GWAS) allowed us to map LEMP in a Leonberger cohort to dog chromosome 18. Subsequent whole
genome re-sequencing of a Leonberger case enabled the identification of a single private homozygous

' non-synonymous missense variant located in the highly conserved metallo-beta-lactamase domain of

: the N-acyl phosphatidylethanolamine phospholipase D (NAPEPLD) gene, encoding an enzyme of the

¢ endocannabinoid system. We then sequenced this gene in LEMP-affected Rottweilers and identified
a different frameshift variant, which is predicted to replace the C-terminal metallo-beta-lactamase
domain of the wild type protein. Haplotype analysis of SNP array genotypes revealed that the

: frameshift variant was present in diverse haplotypes in Rottweilers, and also in Great Danes, indicating
an old origin of this second NAPEPLD variant. The identification of different NAPEPLD variants in

: dog breeds affected by leukoencephalopathies with heterogeneous pathological features, implicates

. the NAPEPLD enzyme as important in myelin homeostasis, and suggests a novel candidate gene for

: myelination disorders in people.

The classification of human leukoencephalopathies was initially based upon pathology and biochemistry and has
been applied to disorders caused by toxic, acquired vascular, or infectious insults, as well as inherited disorders!.
. 'This scheme has recently been updated to a case definition of leukodystrophies that refer to 30 distinct disorders
: with wasting (dystrophy) of the brain’s white matter (leuko) and a consensus definition of heritable white matter
: disorders based on neuroimaging'?. Interestingly, nearly half of all patients whose neuroimaging studies indicate
. white matter disease and whose clinical manifestations suggest a genetic etiology do not receive a specific diag-
* nosis®. More than 60 distinct types of genetic leukoencephalopathies (gLE), a recently introduced broader term!,
: are associated with white matter lesions in the central nervous system (CNS), and in people these represent a
. heterogeneous group of disorders with both highly variable clinical and pathologic manifestations™. A recent
genetic screening of 118 leukoencephalopathy-related genes in 49 patients diagnosed with gLE showed evidence
for pathogenic variants in 40.8% of them®.
In humans, primary myelin disorders of CNS (so called white matter diseases) are caused by defects in
myelin formation and/or maintenance and include dysmyelinating (abnormally formed myelin) diseases,
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Figure 1. Positional cloning of the LEMP-associated locus in Leonbergers. (a) Manhattan plot for the GWAS
using 14 LEMP-affected dogs and 186 control dogs is shown and indicates a signal with multiple associated
SNPs on chromosome 18. The -log P-values for each SNP are plotted on the y-axis versus each canine autosome
and the X chromosome on the x-axis. The red line represents the Bonferroni corrected significance threshold
(—log (P)=6.35). A mixed model analysis corrected for population stratification was carried out as described
in the Methods. Inset: Corrected QQ-plot confirms that the actually observed P-values of the best associated
markers have stronger association with the trait than expected by chance (null hypothesis, red line). (b)
Haplotype analysis of SNP array genotypes of 14 cases and 28 carriers allowed fine mapping of the critical
region for LEMP to a 0.9 Mb interval. Each line represents a unique haplotype. (¢) The LEMP-associated region
contains 14 loci including NAPEPLD gene.

hypomyelinating disorders (decreased myelin production), and spongy vacuolar degeneration of myelin®. Myelin
disorders have also been reported in miscellaneous domestic animal species including various breeds of dog®”.
Although infrequently seen, during the last 40 years several breed-specific forms of myelopathy in which there
is lysis of the white matter have been described and termed leukoencephalomyelopathies (OMIA 001788-9615)
in Afghan Hounds®, Rottweilers’~'2 and Leonbergers'?, or as necrotizing myelopathy in Kooiker dogs'. Affected
dogs present clinically weak and ataxic with loss of conscious proprioception (Supplementary Video S1). Usually
these diseases occur in young animals suggesting a hereditary basis.

As similar myelin disorders are known in people, this study aimed to identify the genetic cause of canine leu-
koencephalomyelopathy (LEMP) in Leonbergers and Rottweilers as complementary models. Herein we report
the identification of a causative gene for both these forms of canine LEMP that represents a novel candidate gene
for human myelin disorders such as gLE disease.

Results

Leukoencephalomyelopathy (LEMP) in Leonbergers is associated with the region of N-acy!
phosphatidylethanolamine phospholipase D (NAPEPLD) on chromosome 18.  For the GWAS
we utilized 14 Leonberger neurological cases clinically compatible with LEMP (ages of onset 1.3-4 years), in
which seven cases were confirmed by necropsy, and one dog also confirmed via magnetic resonance imaging
(Supplementary Table S1). Additionally, we included 186 neurologically healthy Leonberger controls (eight years
and older) based on prior 170k SNP array genotyping data (Fig. 1a). A genomic inflation factor (lambda) of 2.29
indicated the presence of population stratification and possible cryptic relatedness. We performed a multidimen-
sional scaling analysis revealing no indication for clustering of cases outside the controls (Supplementary Fig. S1).
We therefore performed an association analysis using the mixed model function that resulted in lambda dropping
to 1.187. We obtained a highly significant association signal on chromosome 18 (Fig. 1a; Peorrectea = 9-06 x 1071%).
Haplotype analysis of the LEMP-affected Leonbergers showed a 3.3 Mb area of extended shared homozygosity
from positions 16.6 to 19.9 Mb (Fig. 1b).
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Figure 2. The NAPEPLD missense variant detected in LEMP-affected Leonbergers. (a) Chromatograms

of wild type, carrier, and an affected dog indicate the ¢.538 G > C variant which changes codon 180 (shown
below). (b) The variant is located in exon 3 of canine NAPEPLD that encodes a functionally important
domain of the NAPEPLD protein. (¢) The predicted p.Alal80Pro exchange affects an evolutionary conserved
residue. The multiple sequence amino acid alignment was done using accessions XP_005631036.1 (Canis
lupus familiaris), NP_001116310.1 (Homo sapiens), NP_001015680.1 (Bos taurus), XP_014594420.1 (Equus
caballus), NP_848843.1 (Mus musculus), NP_955413.1 (Rattus norwegicus), NP_001025901.1 (Gallus gallus),
XP_002933136.1 (Xenopus tropicalis) and NP_001074082.2 (Danio rerio).

Leonberger Affected” 27 27"
Non-affected*? | 574 486 82 6
Unknown® 6,485 5,470 972 43

Great Danes® 262 262

St. Bernard® 47 47

Newfoundland® 10 10

Entlebucher Mountain dog® 10 10

Appenzeller Mountain dog® 8 8

Bernese Mountain dog® 7 7

Greater Swiss Mountain dog® 6 6

Table 1. NAPEPLD ¢.538 G > C genotype frequencies in Leonbergers and 7 other related breeds. “Including
10 obligate carriers (dam/sire of LEMP cases). *Owner reported no signs of LEMP in dogs older than 8 years.
SDogs without known phenotype status that were submitted for diagnostic purposes. 'Includes the two cases
reported before!®. 2Allele frequency difference p < 1.5 x 107%.

A missense variant in the NAPEPLD gene is associated with LEMP in Leonbergers. Whole
genome re-sequencing (WGS) was performed on a Leonberger LEMP case homozygous for the associated haplo-
type. Subsequently, sequence variants in the mapped interval were called. The pedigree analysis (Supplementary
Fig. $2) and the large size of the homozygous interval indicated a relatively young origin of the variant and a
likely recessive mode of inheritance. Thus, we assumed that the causative variant should be absent from breeds
unrelated to the Leonbergers. A total of 32 variants in the interval unique to the sequenced case remained after
filtering against 201 control genomes of 66 different dog breeds and three wolves (Supplementary Table S2).
Only a single variant (chr18:8.16987520 G > C) was predicted to affect the coding sequence of an annotated gene
(Supplementary Table $3). Sanger sequencing confirmed the presence of this variant (Fig. 2a) and its nearly
perfect association to the LEMP phenotype (Supplementary Fig. $2). This private non-synonymous variant
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Figure 3. The NAPEPLD frameshift variant detected in LEMP-affected Rottweilers. (a) Chromatograms of
wild type, carrier, and an affected dog indicate the ¢.345_346insC variant. (b,c) The schematic representation of
the canine NAPEPLD gene indicates that the 1bp insertion islocated in exon 3 and leads to a frameshift which
is predicted to produce a novel 186 amino acid long C-terminus of NAPEPLD and replaces the metallo-beta-
lactamase domain of the wild type protein.

Rottweiler Affected” 4 4
Non-affected” |72 64 8
Unknown® 157 148 9

Great Danes® 262 238 24

St. Bernard® 47 47

Newfoundland® 10 10

Entlebucher Mountain dog® 10 10

Appenzeller Mountain dog® 8 8

Bernese Mountain dog® 7 7

Greater Swiss Mountain dog® 6 6

Table 2. NAPEPLD c.345_346insC genotype frequencies in Rottweilers, Great Danes and 6 other related
breeds. $Dogs without known phenotype status that were submitted for diagnostic purposes. Includes the two
cases reported before!"'2. 2Allele frequency difference p < 2.4 x 10717,

in the N-acyl phosphatidylethanolamine phospholipase D (NAPEPLD) gene (¢.538 G > C) is located within the
metallo-beta-lactamase domain of the encoded protein (Fig. 2b). It is predicted to alter the sequence of codon
180 resulting in the replacement of alanine by proline (p.Ala180Pro). Multiple species amino acid sequence align-
ment showed that the wild type residue at the affected position is conserved across NAPEPLD orthologues in
vertebrates including the zebrafish (Fig. 2¢). Software-based analysis of the NAPEPLD amino acid exchange char-
acterized the variant as probably damaging (PolyPhen 2), deleterious (SIFT), pathogenic (MutPred2) or disease
causing (Mutation Taster). An mRNA-seq experiment on a spinal cord sample of a LEMP-affected Leonberger
was carried out and revealed no evidence for alternative splicing of NAPEPLD in comparison to a spinal cord
sample from a control dog (not shown).

To further investigate the frequency of the NAPEPLD variant in Leonbergers, and its segregation with dis-
ease, we genotyped in total 7,086 dogs (Table 1). This includes all 200 dogs from the GWAS, two previously
described cases®, 11 additional LEMP-affected Leonbergers, as well as 574 dogs with owner reported health
updates indicating no neurological problems within the first eight years of life. There was a highly significant dif-
ference in NAPEPLD allele frequencies between LEMP cases and these controls using a standard chi-square test
(p < 1.5 x 10%). The absence of affected heterozygotes in this large cohort supports a recessive mode of inher-
itance (standard chi-square test p < 7.9 x 1071%). However, approximately 1% (6/574) of non-affected dogs at
eight years of age were homozygous for the mutant allele, indicating reduced penetrance (Table 1). Furthermore,
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Figure 4. Across breed haplotype analysis in Rottweilers and Great Danes indicates an old mutation event. (a)
Diverse haplotypes were detected exploring SNP array genotypes of four LEMP-affected Rottweilers (RO) and
23 heterozygous carriers of the NAPEPLD frameshift variant in Rottweilers and Great Danes (GD). Each line
represents a unique haplotype. (b) A 50 kb-sized identical haplotype in all dogs contains segments of the canine
NAPEPLD and ARMCI10 genes.

we genotyped nearly 6,500, mostly young, Leonbergers with unknown phenotype status, that were submitted
for diagnostic purposes, which well represents the global population of the breed. The genotype frequency of
homozygous mutant dogs in this cohort was 0.6%. Altogether, the mutant allele frequency in the global popula-
tion of 7,086 Leonbergers was estimated as 8.5%.

Finally, the analysis of 28 heterozygous dogs carrying the LEMP-associated NAPEPLD allele identified shorter
versions of the variant-containing haplotype due to recombination events. This enabled narrowing of the shared
region surrounding the NAPEPLD allele on chromosome 18 to approximately 0.9 Mb (bp position 16,611,402 to
17,559,984; Fig. 1b). This shared haplotype contains 13 annotated protein-encoding genes and one pseudogene
(Fig. 1c).

A frameshift variant in the NAPEPLD gene is associated with LEMP in Rottweilers and also
occurs in Great Danes. We utilized a total of four LEMP-affected Rottweilers to evaluate whether the
NAPEPLD gene harbored possible disease-causing variants in this breed. This cohort includes the two previously
described cases!''? and two additional dogs (Supplementary Table $4). All four coding exons of the NAPEPLD
gene were Sanger sequenced in the LEMP-affected Rottweilers. All were clear of the Leonberger missense variant,
but a frameshift variant in exon 3 (c¢.345_346insC) was discovered in which the four LEMP-affected Rottweilers
were homozygous (Fig. 3a). This 1 bp insertion is predicted to replace the C-terminal metallo-beta-lactamase
domain of the wild type protein by a recoded peptide of 186 amino acids (p.Glul116ArgfsTer186) without any
sequence similarity (Fig. 3b,c). The NAPEPLD frameshift allele (chr18: g.16987327_16987328insC) frequency
in a population of 229 non-affected Rottweilers was 3.7% with no homozygous mutant dogs observed (Table 2).
To confirm the focus on the NAPELD gene we performed a GWAS with 3 affected Rottweilers with passing
SNP genotyping call rate and identified the same chromosome 18 locus (prectea=7-06 x 1071%) as found in
Leonbergers, that spanned the NAPEPLD gene (Supplementary Fig. $3). Further, WGS of an LEMP-affected
Rottweiler confirmed the 1bp insertion which was identified via Sanger sequencing and showed no further var-
iants in the NAPEPLD gene. We also screened related breeds for the presence of this frameshift variant and
identified non-affected heterozygous dogs in Great Danes, and an allele frequency of 4.5% in this breed cohort
(Table 2). This variant was not present among the 201 sequenced control genomes of 66 different dog breeds and
three wolves (Supplementary Table S2).

Subsequent haplotype analysis of 170k SNP array genotypes revealed that the NAPEPLD frameshift variant
was present on three diverse haplotypes in affected Rottweilers (Fig. 4a). We then genotyped additional het-
erozygous Rottweilers and Great Danes to study the haplotype diversity in a 1.5 Mb interval surrounding the
NAPEPLD gene. This revealed a collection of extended haplotypes associated with the frameshift variant (Fig. 4a).
Nonetheless, an identical 50kb sub-haplotype containing segments of the canine NAPEPLD and ARMCI0 genes
was identified in all homozygous and heterozygous dogs (Fig. 4b).

Variable histopathological phenotype in NAPEPLD homozygous dogs within and across breeds.
After variant identification we histopathologically re-evaluated eight neurologically affected Leonbergers gen-
otyped as homozygous mutant for the ¢.538 G > C variant, including the two previously described cases'?, and
three neurologically affected Rottweilers genotyped as homozygous mutant for the ¢.345_346insC variant,
including two reported LEMP-affected dogs from Germany'! and the US!2 Stained tissue sections available for
re-evaluation varied between dogs, however clear variation in histological lesions was observed. Nine out of
these eleven dogs had histopathological lesions compatible with LEMP (Leonberger cases L1-6 (Supplementary
Table S1), Rottweiler cases R1-3 (Supplementary Table $4)). In all nine dogs the spinal cord was affected.
Additionally, in four LEMP-affected dogs, of which the brain was also available, a specific pattern with lesions
involving the spinal tract of the trigeminus, cerebellar peduncles, cerebellar medulla, pyramids, crus cerebri,
and optic tract was observed. No lesions were present in the spinal nerve roots. Generally, the nine dogs com-
patible with LEMP suffered marked loss of myelin (Fig. 5). The myelin was replaced by numerous fibrillary and
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Figure 5. Phenotypic variability of transverse spinal cord sections of LEMP-affected dogs. Combined luxol fast
blue/hematoxylin & eosin stain of paraffin sections. (a) Thoracic spinal cord of a Leonberger case L1 with typical
LEMP lesions as previously described!®. Note the bilateral-symmetrical loss of myelin in the corticospinal tracts
as indicated by the loss of the blue color. (b) Cervical spinal cord of a previously described'? Rottweiler case R1
with similar lesions as in (a). This dog had severe white matter loss in some areas combined with axonal loss,
infiltration by macrophages and capillary hypertrophy. (¢) Thoracic spinal cord of Leonberger case L3. The
quality of lesions is similar as in (a), but the distribution is different with lesions being most severe in the dorsal
tracts. (d) Thoracic spinal cord of Rottweiler case R3 showing similar lesions, which are less defined and more
widespread encroaching into lateroventral tracts.

Figure 6. Histopathology of the spinal cord of LEMP-affected dogs. Combined luxol fast blue/hematoxylin &
eosin stain of paraffin sections. (a,b) Spinal cord sections of previously described!! Rottweiler case R2 showing
deep blue staining of the normal myelin in an unaffected area (a) and an affected spinal cord area (b) exhibiting
loss of blue myelin staining, vacuoles (asterisk), and large gemistocytic astrocytes (arrow). (c) Affected spinal
cord area of the previously described Rottweiler case R1'2 exhibiting severe loss of blue myelin staining,
vacuoles (asterisk), infiltration by macrophages (black arrowhead), capillary hypertrophy (brown arrowhead)
and large gemistocytic astrocytes (arrow).

gemistocytic astrocytes (Fig. 6). Within and around the gliotic area scattered dilated myelin sheaths containing
gitter cells were present, and a few scattered swollen axons were observed. Minimal Wallerian-like degeneration
was observed in areas distant from the areas of myelin loss. Lesions were predominantly bilaterally symmetrical
(Fig. 5), although in some areas a marked asymmetry could be observed.

There was variation in severity and topography between cases. Three cases (L1, L2, and R2) exhibited lesions
predominantly affecting the lateral corticospinal tract and encroaching on the dorsal spinocerebellar, rubrospinal
and the lateral spinothalamic tracts as previously described. In three dogs (R1, L5, and L6) lesions were similar in
distribution, but very severe, being characterized by severe loss of white matter with infiltration of macrophages
and capillary prominence. In three other cases (R3, L3 and L4) the distribution was different with lesions being
most severe in the dorsal funiculi or being more widespread. In most dogs, axonal changes were relatively mild
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and confined to the areas of severe myelin loss indicating a primary myelin disorder. In contrast, one Rottweiler
case (R3) with severe white matter lesions exhibited more conspicuous axonal degeneration, and Bielschowsky
stain revealed reduced axonal density in these areas.

Interestingly, two Leonbergers exhibited histopathological lesions not compatible with LEMP. One Leonberger
case (L8) suffered axonal degeneration in the peripheral nerves associated with denervation atrophy of the skele-
tal muscle (Supplementary Fig. $4) compatible with Leonberger polyneuropathy'®. Additionally, this dog exhib-
ited scattered axonal degeneration in the spinal cord without conspicuous myelin loss (Supplementary Fig. S4).
The second deviating Leonberger case (L7) had no lesions in the examined spinal cord section, but a well-defined,
plaque-like area of demyelination and gliosis in the corona radiata (Supplementary Fig. S5).

Discussion

We investigated a possible genetic basis for leukoencephalomyelopathy (LEMP) in Leonbergers and Rottweilers.
The pathological lesions in both breeds were reported clearly to be demyelinating but the distribution, restricted
to the white matter of brain and spinal cord, remained unclear!""*. Our studies revealed two independent
non-synonymous variants affecting the canine NAPEPLD gene, a gene with no known role in myelination or
myelinogenesis of oligodendrocytes.

The endocannabinoid system consists of endocannabinoids, cannabinoid receptors and enzymes, such as
NAPEPLD, involved in the synthesis and degradation of endogenous ligands'®. It is a widespread neuromod-
ulatory system which plays important roles in central nervous system development, synaptic plasticity, and the
response to endogenous and environmental insults'®. Some endocannabinoids are supposed to have a neuro-
protective function'”. The NAPEPLD protein is a membrane-bound phospholipase D type enzyme that cata-
lyzes the release of N-acylethanolamine from N-acyl-phosphatidylethanolamine'®, and in so doing generates
N-arachidonoylethanolamine, a ligand of cannabinoid and vanilloid receptors'®. NAPEPLD is the enzyme cata-
lyzing the production of arachidonoylethanolamine in animal tissues, and is structurally different from other
known phospholipases D'. Nonetheless, it belongs to the zinc metallohydrolase family of the beta-lactamase
fold, which is involved in a variety of biological events including antibiotic resistance, DNA repair and RNA
maturation®. Several single point mutants, affecting highly conserved histidine and aspartic acid residues in the
metallo-beta-lactamase domain involved in the binding to Zn?*, are known to be catalytically inactive or have
reduced enzyme activity*>?'. The NAPEPLD protein forms a homodimer composed of two interconnected subu-
nits, partly separated by an internal channel, and uniquely adapted to associate with phospholipids?2. Recently, it
was found that binding of bile acid enhances dimer assembly, and stimulates the NAPEPLD enzyme to favor the
selective production of the endocannabinoid anandamide and other fatty acid ethanolamides?.

Mice with a targeted disruption of the NAPEPLD gene were viable and healthy, but displayed reductions in
very long-chain saturated and mono-unsaturated N-acyl ethanolamines in the central nervous system?*. Brain
tissue from mice lacking GDEI and NAPEPLD showed a near-complete loss in N-acyl-phosphatidylethanolamine
conversion to N-acyl ethanolamines, but bulk brain levels of N-acyl ethanolamines were unaltered®. It was con-
cluded that, both GDE1 and NAPEPLD make partial contributions to the biosynthesis of anandamide and other
N-acyl ethanolamines in vivo®™. No brain pathology was investigated in these knock-out mice. Pharmacological
administration of agonists and antagonists of cannabinoid receptors in rats showed that the activation of both
receptors is needed to augment the expression of myelin basic protein in the subcortical white matter?. Although
most studies have focused on the role of endocannabinoids in neuronal differentiation, essential data suggest
that these signalling lipids are also important in myelination of long-range axons to increase their conductance
velocity?. Therefore we speculate that disruption in the production of endocannabinoids by a mutation in the
NAPELPD gene could be a mechanism of demyelination. Recently, a marked upregulation of type-2 cannabinoid
receptors in the spinal cord of dogs showing SODI-associated degenerative myelopathy was reported, support-
ing the assumed neuroprotective function of the endocannabinoid system in neurodegenerative disorders. For
the first time, our study implicates a significant role of the NAPEPLD enzyme, and thereby the endocannabi-
noid system, in maintaining the white matter. In LEMP-affected dogs it was previously speculated that the pri-
mary defect might be located in neurons or axons®. Therefore the NAPEPLD enzyme could be involved in the
axon-myelin crosstalk and might improve the understanding of the currently poorly characterized molecular
and cellular mechanisms that impact the differentiation of oligodendrocytes and myelination?. Furthermore,
there is as yet no association known for involvement of the NAPEPLD gene in myelin disorders in people'®. The
group of heterogeneous leukoencephalopathies, characterized by white matter abnormalities affecting the CNS,
is associated with various genes; still, the genetic cause in about every second patient is unknown®®*'. We suggest
the NAPEPLD gene is worthy of investigation as a possible molecular basis of genetic leukoencephalopathies.

There are 173 observed human NAPEPLD coding region variants depicted in Exac Browser®: 43 are synony-
mous, 123 are missense, and 4 are loss of function; with 3 CNVs. The synonymous, missense and CNV variants all
have positive Z scores, indicating increased intolerance to variation and fewer variants in the gene than expected.
The probability of loss of function intolerance is pLI =0.06, which places NAPEPLD gene variants as most likely
being recessive, where heterozygous loss of function variants are often tolerated®. One missense human SNP
(rs367936558) alters the same position of the human NAPEPLD protein as the variant found in Leonbergers;
however the alanine residue is exchanged by valine (p.Ala180Val), not by proline as found here. This human vari-
ant is present in only 1 out of 60,704 patients, and in heterozygous state (allele frequency of 8.237¢7%)32,

The two disease-associated canine NAPEPLD variants affect the highly conserved metallo-beta-lactamase
domain: changing a single amino acid in LEMP-affected Leonbergers, and removing the entire domain by a
frameshift in Rottweilers. Interestingly, with the exception of two dogs, the general disease phenotype in these two
breedsis very similar, although we have noticed a certain variability comparing dogs within the affected breeds shar-
ing the identical homozygous mutant genotype. This could be explained either by disease progression over time,
or by the individual genetic background and epistatic effects to unknown variation in possible modifier genes™.
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Recently it was shown that variations in SP110-mediated gene transcription may underlie, at least in part, the var-
iability in risk for developing canine degenerative myelopathy among Pembroke Welsh Corgis that are homozy-
gous for the disease-related SODI mutation®’. Similar efforts might be carried out to identify modifier genes
explaining the observed variability in developing LEMP in Leonbergers. In addition, by genotyping several thou-
sand Leonbergers, we noticed about 1% of dogs harboring the homozygous mutant genotype with no reported
clinical manifestation (Table 1). This indicates a reduced penetrance of the NAPEPLD missense variant and sup-
ports recent findings in human genetics indicating that incomplete penetrance for presumed Mendelian diseases
is likely more common than previously believed®.

Furthermore, the neuropathological examination of eight NAPEPLD homozygous mutant Leonbergers
indicated that one dog had a primary axonal disorder, not a myelin disorder, which was first noticed clini-
cally as late as 7.5 years of age (Leonberger case L8, Supplementary Table S1). As we have learned recently in
polyneuropathy-affected Leonbergers, where only approximately every third polyneuropathy-diagnosed
Leonberger can be explained by the reported ARHGEFI10 or GJA9 variants®*®?7, this case could possibly be
explained by an independent mutation in an unknown gene causing polyneuropathy, although a possible effect of
the NAPEPLD genotype could not be ruled out. Altogether, this nicely highlights the limits to precisely clinically
diagnosing neurological diseases in dogs. Furthermore, we noticed in Leonbergers that some dogs were initially
diagnosed as polyneuropathy-affected, although in fact they were suffering from LEMP. Disease awareness has to
be taken into account as well, when dogs that have not been diagnosed by a board-certified neurologist are used
for genetic studies. Finally, variation in histopathological phenotypes and genotype-phenotype correlations in the
population may also be influenced by the fact that the samples available were examined retrospectively from dogs
of varying age and geographic locations.

In the Rottweilers it is unclear whether the truncated NAPEPLD protein produced by the frameshift variant,
with more than 70% of the normal protein missing, is actually expressed. Furthermore, it is very unlikely that
the predicted mutant protein with a recoded peptide of 186 amino acids before the newly encoded stop codon,
without any sequence similarity to the normal protein (Supplementary Fig. $6), would fulfill any physiologi-
cal function. This mutant protein would also have the functionally important metallo-beta-lactamase domain
missing (Fig. 3). It is therefore more likely that the mutant mRNA is targeted by non-sense-mediated decay, thus
the deleterious canine NAPEPLD variant represents the most likely causative variant in the four LEMP-affected
Rottweilers.

Our results provide strong evidence for allelic heterogeneity in canine LEMP, where two independent
NAPEPLD variants were found in Leonbergers and Rottweilers. In addition, we found several Great Danes
being heterozygous carriers of the variant identified in Rottweilers, but so far we have not seen a homozygous
mutant dog in this third breed. Although all three breeds are part of the Molossian section of the World Canine
Organization classification, Leonbergers belong to the Mountain type dogs, and both Rottweilers and Great
Danes represent the group of Mastift type dogs. According to a recent study on the development of modern
dog breeds all three breeds belong to separate clades, but show significant haplotype sharing®®. This example of
a similar canine disease occurring in different breeds caused by independent variants affecting the same gene,
is comparable to what has been shown before, for example, in canine NDRG1-related polyneuropathy (OMIA
002120-9615)*+4, The missense variant detected in Leonbergers is probably caused by a recent mutation event as
the associated haplotype encompasses a 0.9-Mb-sized region. On the other hand, the frameshift variant detected
in LEMP-affected Rottweilers and in Great Dane carriers most likely has a quite old origin, as it exists on a rela-
tively small-sized common haplotype of 50kb.

In conclusion, here we report the identification of two NAPEPLD-associated variants in LEMP-affected dogs.
Our results indicate a recessive mode of inheritance in each, albeit with a slightly reduced penetrance, and enable
the development of genetic tests for veterinary diagnostic and breeding purposes. Our study describes a canine
neurological disease with distinctive pathological features and implicates the NAPEPLD protein as an important
enzyme in myelin homeostasis. Finally, our results reveal a novel candidate gene for myelin disorders such as the
genetic leukoencephalopathies in humans.

Methods

Animals. Written consent was obtained from all dogs’ owners. Dog samples were obtained primarily via elec-
tive owner submission for diagnostic purposes or were submitted for genotyping of the previously reported pol-
yneuropathy-associated variants in Leonbergers. Most of these dogs do not have complete medical information
and were used only for a population study. Blood collection from dogs does not require anesthesia and the study
was approved according to the national guidelines for animal welfare by the Institutional Animal Care and Use
Committees (IACUC) of the University of Minnesota, and by the Cantonal Committee for Animal Experiments
(Canton of Bern; permits 23/10, 48/13 and 75/16) for the University of Bern.

All invasive procedures were performed post-mortem either on animals that had died of natural causes, or after
euthanasia, thus no ethical evaluation was required. All methods were performed in accordance with the relevant
guidelines and regulations of the University of Minnesota and the University of Bern.

Genomic DNA was isolated from blood using either the Gentra PureGene blood kit (Qiagen) or the Maxwell
RSC whole blood DNA kit (Promega). The phenotypic characterization of LEMP in Leonbergers and Rottweilers
has been described elsewhere and the previously established criteria to select cases and controls were applied®.
Samples from a total of 7,086 Leonbergers, including 213 dogs with detailed phenotype records (Supplementary
Table S1), and 233 Rottweilers, including four dogs with detailed phenotype records (Supplementary Table $4)
were used during this study. All Leonbergers were genotyped for the polyneuropathy-associated ARHGEF10 and
GJA9 variants as previously described*®*” to test for underlying neurological disease. Furthermore, DNA samples
of 262 Great Danes, 47 St. Bernards, 10 Newfoundlands, 10 Entlebucher Mountain dogs, 8 Appenzeller Mountain
dogs, 7 Bernese Mountain dogs, and 6 Greater Swiss Mountain dogs were taken from the Vetsuisse Biobank.
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Histopathology. Histopathological samples of eight Leonbergers and four Rottweilers were examined. Two
to five um thick sections from 10% neutral-buffered formalin fixed and paraffin-embedded brain and spinal cord
were retrieved from histopathological archives of different diagnostic labs. These included combined luxol fast
blue/hematoxylin and eosin stained sections or combined luxol fast blue/periodic acid Schiff stained sections. In
five cases, Bielschowsky silver stained sections and in one case sections labeled with PGP 9.5 immunohistochem-
istry were available for evaluation of axonal density. Tissue sections were examined by light microscopy.

SNP array genotyping. Genomic DNA samples of 200 Leonbergers, 10 Rottweilers, and 17 Great Danes
were genotyped with the [llumina CanineHD BeadChip array by GeneSeek/Neogen for 173,662 SNP markers.
In Leonbergers we performed pruning of genotyping data as described previously® and 112,833 SNPs remained
for genome-wide association study (GWAS). Fourteen LEMP-affected dogs and 186 controls (i. e. dogs eight
years and older that showed no signs of neurological disease) were analyzed with the mixed model from the
GenABEL library*! and the hglm package* in the R environment that corrects for the population stratification.
Multidimensional scaling analysis was carried with the GenABEL*". We used 173k SNP data of additional 147
Rottweilers as controls, which were publically available from previous projects®*, to perform GWAS. Due to the
limited number of cases in Rottweilers, only a fast score test (GenABEL) for association corrected for possible
stratification by principal components was performed. Haplotypes around the significantly associated locus were
constructed using fastPHASE®. All genome positions refer to the CanFam3.1 reference sequence assembly.

Whole genome sequencing. We performed a whole-genome sequencing of a LEMP-affected Leonberger.
Briefly, we prepared a fragment library with 300 bp insert size and collected ~200 million 2 x 100 bp paired-end
reads on a HiSeq. 2000 instrument (Illumina, San Diego, USA), which corresponds to roughly 17x coverage. The
reads were mapped against the dog reference genome assembly (CanFam3.1) as described before®. The anno-
tation version CanFam3.1.75 (http://www.ensembl.org) was used to predict the functional effects of detected
variants as described previously®. In addition, whole-genome sequencing of a LEMP-affected Rottweiler (case
R2; 13 % coverage) was performed accordingly.

The IGV-viewer software was used for visual inspection of sequence variants to exclude any structural var-
iants in the critical region. For variant filtering we used 204 control genomes, which were either publicly availa-
ble” or produced during other projects of our group. A list of these control genomes is given in Supplementary
Table S2.

Gene analysis. We used the dog CanFam 3.1 reference genome assembly for all genomic analyses. The chro-
mosome 18 reference sequence has a gap after NAPEPLD exon 4 and does not include exon 5 (Supplementary
Fig. §7). A partial sequence of intron 3, the entire exon 4, intron 4 and exon 5 are retrievable on the unplaced con-
tig Un_JH373889 of the CanFam 3.1 assembly (Supplementary Fig. 7). Numbering within the canine NAPEPLD
transcript corresponds to the mRNA sequences within study accession PRJEB22251. The predicted effects of the
mutations were evaluated by PolyPhen2%, SIFT*, Mutation Taster*®, and MutPred2°!.

RNA-seq. Weisolated total RNA from spinal cord samples from a single LEMP-affected Leonberger and a
Labrador control using the RNeasy Fibrous Tissue Mini kit (Qiagen). Prior to RNA extraction, the tissue was
mechanically disrupted using the TissueRuptor device (Qiagen). The RNA samples were transformed into
Nlumina TruSeq libraries and 2 x 150 bp sequencing reads were obtained on a HiSeq3000 instrument (Illumina).
RNA-seq data analysis was done as described before>2

Sanger sequencing. We used Sanger sequencing to confirm the candidate NAPEPLD variant ¢.538 G > C
in the affected Leonberger and to amplify the coding exons of the NAPEPLD gene in the affected Rottweilers. We
amplified PCR products (primers are shown in Supplementary Table S5) using AmpliTaqGold360Mastermix
(Life Technologies) and purified PCR products were directly sequenced on an ABI3730 capillary sequencer (Life
Technologies). The sequence data were analyzed using Sequencher 5.1 software (GeneCodes).

Data Availability. Genome sequencing data were deposited in the European Nucleotide Archive (ENA,
http://www.ebi.ac.uk/ena): The LEMP-affected Leonberger (sample accession number SAMEA103935360 within
study accession PRJEB16012) and the LEMP-affected Rottweiler (sample accession number SAMEA3121337
within study accession PRJEB7735). RNAseq data were deposited in the ENA under sample accession number
SAMEA103936001 within study accession PRJEB20118. The mRNA sequences for the canine N-acyl phosphati-
dylethanolamine phospholipase D (NAPEPLD) gene were deposited in the ENA under sample accession number
LT906616 and LT906617 within study accession PRJEB22251.
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ABSTRACT Canine neuroaxonal dystrophy (NAD) is a recessive, degenerative neurological disease of
young adult Rottweiler dogs (Canis lupus familiaris) characterized pathologically by axonal spheroids pri-
marily targeting sensory axon terminals. A genome-wide association study of seven Rottweilers affected
with NAD and 42 controls revealed a significantly associated region on canine chromosome 5 (CFA 5).
Homozygosity within the associated region narrowed the critical interval to a 4.46 Mb haplotype
(CFA5:11.28 Mb - 15.75 Mb; CanFam3.1) that associated with the phenotype. Whole-genome sequencing
of two histopathologically confirmed canine NAD cases and 98 dogs unaffected with NAD revealed a
homozygous missense mutation within the Vacuolar Protein Sorting 11 (VPS11) gene (g.14777774T > C;
p.HB35R) that was associated with the phenotype. These findings present the opportunity for an antemor-
tem test for confirming NAD in Rottweilers where the allele frequency was estimated at 2.3%. VPS11
mutations have been associated with a degenerative leukoencephalopathy in humans, and VSP11 should
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additionally be included as a candidate gene for unexplained cases of human NAD.

Neuroaxonal dystrophy (NAD) is a relatively non-specific histopatho-
logical diagnosis for a group of neurodegenerative disorders character-
ized by dystrophic changes of the neuron followed by development of
axonal swellings or spheroids (Revesz et al. 2015). First described by
Cajal, (Cajal 1928) axonal swellings may occur in the central or periph-
eral nervous system and the underlying pathogenesis of the variable
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structured material found in these swellings is often poorly defined. The
dystrophic phenotype may vary depending on age of onset, clinical
manifestations, and specific disorder.

NAD can be divided into three major etiological groups: physiolog-
ical, secondary, and primary. Physiological NAD can be seen commonly
in humans and domesticated species as a component of aging
(Suzuki et al. 1979; Saito 1980; Summers et al. 1995; Borras et al.
1999; Gavier-Widen et al. 2001; Revesz et al. 2015), and secondary
NAD may be seen focally, or more widely throughout the nervous
system in response to a wide variety of conditions, including trauma,
infection, toxin exposure and metabolic disease such as vitamin E de-
ficiency or organophosphate exposure (Yagishita 1978; Summers et al.
1995; Revesz et al. 2015). Axonal spheroids have also been described
in human patients with amyotrophic lateral sclerosis, Alzheimer’s,
Parkinson’s disease and hereditary spastic paraparesis. Primary
NAD is generally associated with a group of genetically heteroge-
neous, inherited neurodegenerative diseases where the presence of
neuroaxonal dystrophy is a major pathological component of the
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disease. In human patients, neuroaxonal dystrophic pathology has been
associated to varying degrees with several genetically defined disease
syndromes, most prominently in Infantile Neuroaxonal Dystrophy
(INAD) and Pantothanate Kinase-associated Neurodegeneration asso-
ciated with alterations in the PLA2G6, and PANK2 genes respectively.
Many of the human NAD syndromes are also associated with brain
iron accumulation, including alterations in the PLA2G6, PANK2, FTL,
C1901f12, FA2H, and WDR45 genes (Revesz et al. 2015; Arber et al.
2016). Neuroaxonal dystrophy in humans without iron accumulation is
seen in Wilson’s disease and Nasu-Hakola disease involving the ATP7B
and DAP12/TREM2 genes respectively, and in “neuroaxonal leukoen-
cephalopathy with axonal spheroids” which has no defined genetic
cause to date (Revesz et al 2015). Primary NAD has been reported
in most domesticated species including dogs (Clark et al. 1982;
Chrisman et al. 1984; Blakemore and Palmer 1985; Evans et al. 1988;
Sacre et al. 1993; Franklin et al. 1995; Bennett and Clarke 1997; Siso
et al. 2001; Nibe et al. 2007; Fyfe et al. 2010; Fyfe et al. 2011; Hahn et al.
2015; Pintus et al. 2016; Degl'Innocenti et al. 2017; Tsuboi et al. 2017),
cats (Woodard et al. 1974; Carmichael et al. 1993; Rodriguez et al. 1996;
Résibois and Poncelet 2004), cattle (Hanshaw et al. 2015), sheep (Cordy
et al. 1967; Nuttall 1988; Harper and Morton 1991; Kessell et al. 2012;
Finnie et al. 2014), pigeons (Barrows et al. 2017), mice (Bouley et al.
2006), and horses (Beech 1984; Blythe et al. 1991; Aleman et al. 2011;
Finno et al. 2013; Finno et al. 2016), where an association with vitamin
E deficiency, along with a genetic susceptibility, has been reported.

In dogs, breed related NAD has been reported as fetal onset in Giant
Schnauzer-Beagle mix breed dogs (Fyfe et al. 2010; Fyfe et al. 2011),
juvenile onset in Dachshund mix breed dogs (Pintus et al. 2016), Border
collies (Clark et al. 1982), Chihuahuas (Blakemore and Palmer 1985;
Degl'Innocenti et al. 2017), Jack Russell Terriers (Sacre et al. 1993),
Papillons (Franklin et al. 1995; Nibe et al. 2007; Tsuboi et al. 2017),
Spanish Water Dogs (Hahn et al. 2015), and young adult or adult onset
in Rottweilers (Cork et al. 1983; Chrisman et al. 1984; Evans et al. 1988;
Bennett and Clarke 1997; Siso et al. 2001) and English Cocker Spaniels
(McLellan et al. 2003). NAD in Cocker Spaniels is accompanied by
retinal degeneration and is associated with vitamin E deficiency
(McLellan et al. 2003). Specific genetic mutations associated with the
PLA2G6, TECPR2 and MFN2 genes have been identified in the Papil-
lon, Spanish Water Dog and Schnauzer-Beagle cross dogs respectively
(Fyfe et al. 2011; Hahn et al. 2015; Tsuboi et al. 2017).

Rottweiler NAD was first reported in the early 1980s and is char-
acterized by a young adult age of onset with mild progression of clinical
signs, typically including postural deficits, ataxia, hypermetria, intention
tremor and nystagmus (Cork et al. 1983; Chrisman et al. 1984). Clinical
signs reflect the predominantly sensory topographical distribution of
pathology within the central nervous system (CNS) consisting of mild
cerebellar atrophy, large numbers of axonal spheroids, and demyelin-
ation of axons in the vestibular nucleus, lateral and medial geniculate
nuclei, sensory nucleus of the trigeminal nerve, gracilis and cuneate
nuclei, and in the spinal cord dorsal horn (Cork et al. 1983; Chrisman
et al. 1984). Based on a small pedigree, it was hypothesized to be an
autosomal recessive disorder (Cork et al. 1983).

Defining underlying genetic mechanisms for breed related neuro-
axonal dystrophies in dogs has the potential to provide biological insight
and potential translational models for the heterogeneous disease phe-
notypes seen in human patients (Shearin and Ostrander 2010; Hyténen
and Lohi 2016). A genome-wide association was therefore performed
with samples from the original four reported Rottweiler cases (Cork
et al. 1983; Chrisman et al. 1984) and three additional cases, together
with whole-genome sequencing of selected cases to identify candidate
genes for NAD in Rottweilers.
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MATERIALS AND METHODS

Canine Samples

Buccal swabs or blood samples were collected from privately owned dogs
through the William R. Pritchard Veterinary Medical Teaching Hospital
at UC Davis. Collection of canine blood samples was approved by the
University of California, Davis Animal Care and Use Committee
(protocol #16892). Additional Rottweiler DNA samples were pro-
vided by the University of Minnesota and the University of Bern,
Switzerland. These studies were approved according to the national
guidelines for animal welfare by the Institutional Animal Care and
Use Committees (IACUC) of the University of Minnesota, and by the
Cantonal Committee for Animal Experiments (Canton of Bern;
permits 23/10, 48/13 and 75/16) for the University of Bern. Owners
specified the breed of each dog. Genomic DNA was extracted using
the Qiagen kit (QIAGEN, Valencia, CA). Neurological phenotypes
were determined by a veterinarian and confirmed postmortem via
necropsy when available.

Genome-wide SNP Genotyping

Genome-wide SNP genotyping was performed on seven cases and
42 controls, using the Illumina CanineHD 220k BeadChip (Illumina,
San Diego, CA, USA). All samples had a genotyping rate of = 90%.
62,193 SNPs were excluded due to a minor allele frequency = 5% and
7,421 SNPs were excluded due to a high genotype failure rate (= 10%),
leaving 151,799 SNPs after quality control. A Chi-square analysis and a
genomic inflation factor (\) was calculated with PLINK (Purcell et al.
2007). Homozygosity throughout the associated interval was analyzed
by visual inspection assisted by color-coding homozygous genotypes in
Excel. Homozygosity in the affected dogs, that passed the Bonferroni
threshold (P = 3.29x1077), was used to narrow down the regions of
association and was visualized using Haploview (Barrett et al. 2005;
Barrett 2009; Clarke et al. 2011). Figures were made in R using the
ggplot2 package (Wickham 2009).

Whole-Genome Sequencing

Whole-genome sequencing was performed as described on 100 canine
genomes, (Brown et al. 2017) with two histopathologically con-
firmed Rottweiler cases and 98 dogs unaffected with NAD, across
25 different breeds, including two Rottweilers. Sequencing was
performed on the Illumina HiSeq 2000 using 100bp paired-end
reads with approximately 8.7x coverage per sample. The reads were
aligned to the canine reference genome (CanFam3.1) (Lindblad-Toh
et al. 2005). Local realignment and variant calls were performed using
the Genome Analysis Tool Kit (GATK version 2.5-2gf57256b)
pipeline (McKenna et al. 2010). Biological consequences of variants
were predicted using Ensembl’s Variant Effect Predictor (VEP),
PolyPhen-2 (v2.2.2r398), and SIFT (Adzhubei et al. 2010; Sievers
et al. 2011; Sim et al. 2012; Adzhubei et al. 2013; McLaren et al.
2016;).

Genotyping by Sanger Sequencing

Primers were designed using Primer3 (Rozen and Skaletsky 2000) to
validate the putative functional mutation uncovered in VPSII (F:
CTGCAGGTCCCTGTCCTAAG; R: TGTACCTGGCTCTTGGCTCT).
PCR products were sequenced using the Big Dye termination kit on an
ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Sequences were evaluated using Chromas (Technelysium, South Bris-
bane, QLD, Australia). Sequences were aligned to CanFam3.1 using
BLAT (UCSC Genome Browser). Allele frequency was calculated
excluding the seven affected cases.

-%.G3 Genes| Genomes | Genetics



RNA Extraction and cDNA Sequencing

RNA was isolated from liver using Qiagen QIAamp Blood Mini Kit
tissue protocols (QIAGEN, Valencia, CA). RN A was reverse transcribed
into cDNA using Qiagen QuantiTect Reverse Transcription Kit. Ubiq-
uitously expressed VPS1I (F: TGGTCCAAAAACTGCAGAAA; R:
CTCAAAGCAGTGTTGGTGGA) and the housekeeping gene RPS5
(Brinkhof et al. 2006) cDNA were PCR amplified from liver tissue from
two affected Rottweilers, one Gordon Setter, and one mixed breed dog.
RPS5 was amplified in liver to ensure equivalent amounts of cDNA
were produced. The PCR products were sequenced on an ABI 3500 Ge-
netic Analyzer and analyzed using Chromas (Technelysium, South
Brisbane, QLD, Australia). The sequences were aligned to Can
Fam3.1 using BLAT (UCSC Genome Browser) to confirm the missense
mutation in the cDNA of VPSI1.

Data Availability

The SNP genotyping data can be found in files Supplemental 1 (File S1),
and Supplemental 2 (File $2). Whole-genome sequencing files reported
in this paper can be found in the NCBI Sequence Read Archive (SRA
Bioproject no. PRINA377155). Sequences from four Pugs were made
available in 2012 by TGEN (https://www.tgen.org/patients/canine/).
Supplemental material available at Figshare: https://doi.org/10.25387/
23.6214010.

RESULTS

Case Definition

DNA samples were available from the four original NAD affected
Rottweilers from Cork et al. (Cork et al. 1983) and three additional cases.
One case was evaluated at the Veterinary Medical Teaching Hospital
VMTH (University of California, Davis) with neurologic deficits and
histopathological findings at necropsy consistent with previously report-
ed cases. Blood samples from two additional dogs were submitted by
their respective owners. Both dogs were presented to veterinarians with a
history and clinical signs consistent with NAD and were noted to be
“clumsy” as puppies. One dog was presented at approximately 1 year of
age with generalized ataxia and hypermetria and absent menace re-
sponses. The second dog was presented for progressive ataxia and hyper-
metria that had been present for several years. Both dogs were alive and
ambulatory at 2 and 5 years of age respectively. The second dog had been
tested previously for mutations associated with two other neurodegen-
erative diseases reported in Rottweilers (leukoencephalomyelopathy
(Minor et al. 2018), laryngeal paralysis-polyneuropathy (Mhlanga-
Mutangadura et al. 2016)) and was negative for both mutations.

Genome-Wide Association Study

To identify loci associated with the NAD phenotype in the Rottweiler
dog, a genome-wide association study was performed, followed by
homozygosity analysis using seven cases affected with NAD and
42 healthy controls. Four of the seven cases were directly related resulting
in a genomic inflation (\) value of 1.52. A chi-square analysis of the
151,799 SNPs, identified preliminary associations on canine chromo-
somes (CFA) 4, 5,12, 14, 16, 19, and 37 (Figure 1A). The lowest P value
was on CFA 5 (P = 1x10714) and 26 SNPs in this region were more
associated than on the next highest chromosomal location. Since this
disease is uncommon and pedigree analysis was consistent with a re-
cessive mode of inheritance, a homozygosity analysis was performed in
the cases. To identify regions of homozygosity in the cases, P values
from markers with an allele frequency of 1 in the cases were plotted.
There were 45 markers that met the Bonferroni correction (P = 1x10~4),
and all but one (CFA 34; P = 3.71x10~°) were on CFA 5, making it the
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Figure 1 GWAS for Rottweiler NAD. A) Manhattan plot for the NAD
GWAS showing the -log10 of the raw P values (Y axis) for each gen-
otyped SNP by chromosome (X axis). Genomic inflation (A) was 1.52. B)
SNPs with an allele frequency of 100% in cases were plotted; with the
-log10 of the raw P values (Y axis) for each SNP by chromosome
(X axis). C) Plot of the -log10 of the raw P values (Y axis) for each
SNP on canine chromosome 5 (CFA 5). D) Haplotypes observed in
the seven cases, showing homozygosity throughout the associated
region. Runs of homozygosity are marked by the gray horizontal bars.
The critical interval is marked by the shared homozygous haplotype in
between the black bracket (CFA5: 11.29 Mb - 15.75 Mb).

only statistically significant region of association that met the allele
frequency criteria (Figure 1A-C). Homozygosity throughout the as-
sociated interval was used to narrow down the region of interest to
4.46 Mb (Chr5:11,282,754-15,754,443; CanFam3.1).
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Whole-Genome Sequencing

Variants within the critical interval, identified in the GWAS, were
analyzed for association using 98 dogs unaffected with NAD and two
Rottweilers histopathologically confirmed to have NAD. Within the
critical interval, there were 73 genes, and 31,749 SNPs and 17,421 indels
were identified. 164 SNP variants and 15 indels segregated with the
phenotype were within the region identified on CFA 5. Onlya single SNP
was found to be protein coding (CFA 5:14,777,774) among the segre-
gating variants. The remaining variants were 3" UTR (n = 4), down-
stream (n = 23), intergenic (n = 74), intronic (n = 56), a non-coding
transcript (n = 5), or upstream variants (n = 16).

VPS11 Non-Synonymous Variant

A non-synonymous variant was identified on CFA 5 (g.14777774T > C;
CanFam3.1) in the Vacuolar Protein Sorting 11 (VPSI1) gene. The
variant leads to an amino acid change (p.H835R) in the Zinc RING
finger domain of the protein (Figure 2B), which is ultimately predicted
to be deleterious (VEP: moderate; PolyPhen-2: 0.999; SIFT: 0).
The cDNA of VPSI11 was sequenced from liver from two NAD af-
fected Rottweilers, one Gordon Setter, and one mixed breed dog,
(Figure 2.A) to confirm the presence of the mutation in the mRNA
(VPS11c.2504A > G). VPSII is highly conserved across species
(Table S1), with humans and dogs having 98.2% conservation at the
amino acid level (Figure 2.B).

VPS11 Variant Genotyping

440 dogs, consisting of 288 Rottweilers, and 152 dogs from 19 other
breeds, were genotyped for the VPSII mutation (Table 1). Of the
288 Rottweilers, 13 were identified as heterozygous for the mutation,
seven were homozygous for the mutation (cases as described above),
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and the remaining 268 Rottweilers, along with the 152 other dogs, were
all homozygous for the reference allele. Of the Rottweilers genotyped,
211 were from the United States of America (204 wild type, three
heterozygous, and seven homozygous mutants); 75 were from Europe
(65 wild type and 10 heterozygous). The frequency of the mutant allele
in this population is estimated to be 2.3%.

DISCUSSION

Seven Rottweilers that presented with clinical signs consistent with the
NAD phenotype were homozygous for a non-synonymous mutation
within the RING-finger domain of the Vacuolar Protein Sorting
11 (VPS11) gene (Figure 2). In order to overcome significant population
stratification based on relatedness of the affected cases, a genome-wide
association followed by homozygosity mapping was used. This type of
approach has been used successfully in the past to identify breed spe-
cific Mendelian recessive diseases in dogs (Drogemiiller et al. 2009;
Kropatsch et al. 2010; Forman et al. 2016).

Sorting and degradation of internalized cell surface proteins and
lipids in eukaryotic cells is controlled through the “endocytic network”
(Balderhaar and Ungermann 2013; Spang 2016), such that surface
proteins may progress through early and late endosomes before they
are degraded in lysosomes, or may be sorted and recycled. Disposal and
recycling of cytoplasmic components is similarly achieved through the
autophagosome-lysosome pathway during autophagy (Levine and
Klionsky 2004; Nixon 2013) (Figure 3).

Two VPS class C complexes, CORVET and HOPS, each composed of
multiple different VPS proteins are essential for control of the membrane
fusion machinery and trafficking of material through these endosome-
lysosome organelles. CORVET and HOPS act as tethers, in coordina-
tion with other key proteins such as RAB5 and RAB7, and bring
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Table 1 VPS11 (g.14777774T > C) MUTATION GENOTYPING
RESULTS

VPS11/  VPS11/  vpsll/
BREED TOTAL VPS11 vps11 vps11
Boston Terrier 2 2 0 0
Boxer 33 33 0 0
Brittany 3 3 0 0
Bulldog 5 5 0 0
Dachshund 1 1 0 0
French Bulldog 3 3 0 0
German Shorthaired 4 4 0 0
Pointer
Golden Retriever 39 39 0 0
Great Dane 2 2 0 0
Irish Setter 1 1 0 0
Labrador Retriever 17 17 0 0
Mixed Breeds 6 6 0 0
Newfoundland 4 4 0 0
Nova Scotia Duck 13 13 0 0
Tolling Retriever
Pug 5 5 0 0
Rottweiler 288 268 13 7
Saluki 2 2 0 0
Weimaraner 5 5 0 0
West Highland White 2 2 0 0
Terrier
Whippet 5 5 0 0

appropriately targeted vesicles into close proximity with the target
membrane (Richardson et al. 2004; Balderhaar and Ungermann
2013; Perini et al. 2014; van der Kant et al. 2015; Spang 2016). Both
CORVET (class C core vacuole/endosome tethering complex) and
HOPS (homotypic fusion and protein transport) contain a four-
subunit core consisting of VPS11 (PEP5), VPS16, VPS18 (PEP3),
and VPS33, which are conserved across yeast, insects, plants, and
mammals (Nickerson ef al. 2009). VPS11 has been shown to have a
key role in determining selective binding to either early or late endo-
somes, and as an integrator of the complex assembly (Plemel et al.
2011; van der Kant et al. 2015). The RING domain of VPS11 that
harbors the non-synonymous mutation in Rottweiler NAD has been
shown to be important specifically in fusion at the vacuole (lysosome)
in yeast (Plemel et al. 2011).

Mutation of the VPS1I gene in humans is associated with an in-
fantile onset neurological syndrome characterized by hypomyelination
and variable neurological deficits including motor and cognitive im-
pairment, dystonia, ataxia, visual deficits, and seizures (Figure 2.B)
(Edvardson et al. 2015; Hortnagel et al. 2016; Zhang et al. 2016). His-
topathological characterization has not been done. However, the syn-
drome is classified as a leukoencephalopathy based on MRI (magnetic
resonance imaging) findings, and skin and bone marrow biopsies were
suggestive of a lysosomal storage type disease (Hortnagel et al. 2016).
Consistent with the known function of VSP11 (Plemel et al 2011),
in vitro studies of the mutant human protein resulted in disruption
of late endosome/vacuole fusion and the autophagic pathway
(Edvardson et al. 2015; Zhang et al. 2016). Although the Rottweiler
VPS11 mutation is in a similar location to one of the documented
human mutations within the VPS11 RING finger domain (Figure 2.B)
(Edvardson et al. 2015; Zhang et al. 2016), the clinical phenotypes
appear to have distinct differences, most notably the apparent white
matter vs. gray matter distribution of lesions in humans vs. dogs. The
human VPS11 syndrome also appears to be characterized by lysosomal
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Figure 3 Schematic representation of the endosome-autophago-
some-lysosome pathway. VPS11 is a key constituent of the VPS class
C complexes CORVET (red) and HOPS (blue). Disruption of the
CORVET/HOPS tethering complexes, and subsequently the mem-
brane fusion processes required for appropriate trafficking, would be
consistent with both the lysosomal storage and NAD phenotypes seen
in human and dog disease, secondary to accumulation of membrane
and cytosolic constituents. Blue arrows represent fusion events
mediated by HOPS, red arrows represent fusion events mediated by
CORVET, dashed gray arrows represent pathways of exocytosis and
plain gray lines represent pathways of endocytosis.

accumulations compared to axonal spheroids (Hortnagel et al. 2016),
although detailed histopathological characterization of human CNS
lesions is not available. However, this spectrum of intracellular accu-
mulations of varying types is within the rational consequences of dis-
ruption of the endosome-autophagosome-lysosome system predicted
following VPS11 (CORVET/HOPS) dysfunction. Additionally, species
and site specific differences in pathological phenotype for mutations
within the same gene are well documented across a broad range of
genetic diseases. For example, a variety of clinical and pathological
phenotypes have been reported for alterations within the same genes
that cause some of the neuroaxonal dystrophy syndromes in humans
(Revesz et al. 2015; Arber et al. 2016); PLA2G6 gene mutations can give
a spectrum of disease phenotypes as well as classical INAD including
dystonia-parkinsonism syndromes and spastic paraplegia (Gregory
et al. 2008; Ozes et al. 2017). Similarly, alterations in the MFN2 gene
give rise to fetal onset NAD in dogs (Fyfe et al. 2010; Fyfe et al. 2011);
however, human alterations result in peripheral nervous system syn-
dromes (Charcot-Marie-Tooth disease type 2A2 and hereditary motor
and sensory neuropathy type 6A (Del Bo et al. 2008)), while mouse
knockouts and transgenic overexpression and cattle with altered MFN2
have CNS and PNS neurodegeneration but do not have NAD
(Drogemiiller et al. 2011). Protein site-specific effects, species differ-
ences in pathological responses (such as lack of iron accumulation in
canine NAD), and differences in gain or loss of function mutations may
all contribute to the phenotypic heterogeneity.

Despite this heterogeneity within the NAD disease phenotype,
common pathological pathways are implicated in many NAD syn-
dromes, including the primary and secondary diseases. Vitamin E
deficiency has been associated to varying degrees with axonal dystrophy
in both experimental and clinical settings, in several species including
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dogs, rodents, horses and primates (Nelson et al. 1981; Pillai et al. 1994;
McLellan et al. 2003; Finno et al. 2013; Finno et al. 2016). The impor-
tance of the complex relationship between pathways controlling reac-
tive oxygen species (ROS) and autophagy has been well documented
(Underwood et al. 2010; Fang et al. 2017), and the autophagy pathway
is particularly important in the context of the highly metabolic neuron
(Nixon 2013). Previously defined genes associated with NAD in dogs
(PLA2G6, TECPR2 and MFN2) as well as many human NAD related
genes have been proposed as potential modulators of the autophagy
pathway (Fyfe et al. 2011; Hahn et al. 2015; Meyer et al. 2015; Arber
et al. 2016; Tsuboi et al. 2017), and the currently described VPSII gene
alteration in Rottweiler NAD would be predicted to affect the autopha-
gic, as well as other lysosomal pathways. High conservation of VPSI1
between species, the essential role VPSI1 plays in the endosomal-auto-
phagy-lysosomal pathways, and the impact of mutations in VPSII
leading to neurodegenerative diseases, provides strong support for
the missense mutation identified in Rottweiler NAD to be causative
for the disease and a potential candidate for unexplained forms of
human NAD. Detailed biological analysis of the Rottweiler VPSII
specific mutation will be needed to fully understand the apparent spe-
cies/mutation differences in disease expression and its potential value as
a translational model.
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Abstract: Spinocerebellar ataxias is an umbrella term for clinically- and neuropathologically-heterogeneous
early-onset hereditary neurodegenerative diseases affecting several dog breeds. The purpose of this
study is to identify the causative genetic variant associated with ataxia, tremor, and loss of balance in
Alpine Dachsbracke dogs. We investigated two related litters in which four cases were reported.
Neuropathology of two dogs revealed spongy degeneration associated with axonal degeneration.
Combined genetic linkage and autozygosity analyses in four cases and eight related controls showed
one critical disease-associated interval on chromosomes 27. Private whole-genome sequence variants
of one ataxia case against 600 unrelated controls revealed one protein-changing variant within the
critical interval in the SCN8A gene (c.4898G>T; p.Gly1633Val). Perfect segregation with the phenotype
was confirmed by genotyping >200 Alpine Dachsbracke dogs. SCN8A encodes a voltage-gated sodium
channel and the missense variant was predicted deleterious by three different in silico prediction
tools. Pathogenic variants in SCN8A were previously reported in humans with ataxia, pancerebellar
atrophy, and cognitive disability. Furthermore, cerebellar ataxia syndrome in the ‘jolting” mutant mice
is caused by a missense variant in Scnda. Therefore, we considered the SCN8A:c.4898G>T variant to
be the most likely cause for recessively inherited spinocerebellar ataxia in Alpine Dachsbracke dogs.

Keywords: Canis familiaris; sodium channel; central nervous system; ataxia; Alpine Dachsbracke

1. Introduction

Hereditary ataxias in humans are described as a clinically- and genetically-heterogeneous group of
neurodegenerative diseases usually associated with cerebellar degeneration. They are phenotypically
characterized by features such as gait abnormalities, imbalance, and associated movement abnormalities
including incoordination of eye and hand movements, visual loss, seizures, behavioral symptoms,
and peripheral neuropathy [1]. Different modes of inheritance have been described in cerebellar ataxias,
with autosomal dominant (usually adult-onset) and autosomal recessive (typically juvenile-onset)
being the most prevalent groups. Causative variants in more than 50 genes, which have been previously
reported [2,3], reflect the large amount of clinical heterogeneity. Several pathophysiological mechanisms
have been implicated including impaired ion channels function, failure of protein homeostasis, defects
in the DNA repair system, or mitochondrial dysfunction [4].
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Similar to humans, cerebellar ataxias in dogs are neurodegenerative disorders with variable age
of onset, neuropathology, and disease severity. Cerebellar dysfunction is considered an important
cause of movement disorders in purebred dogs [5]. However, to date, the number of described genes
harboring the underlying genetic variants is significantly lower in dogs than in humans (VLDLR,
SPTBN2, SNX14, SEL1L, RAB24, KCNJ10, ITPR1, GRM1, CAPN1, ATP1B2, ATG4D). These have been
implicated in autosomal recessive ataxias of several dog breeds (OMIA 001947, 002092, 002034, 001692,
001913, 002089, 002097, 000078, 001820, 002110, 001954). Currently, canine neurodegenerative disease
classification is based mainly on clinicopathological features, which due to lack of consensus may
potentially lead to confusion and misdiagnoses. Therefore, itis important to improve the understanding
of the underlying genetic and molecular mechanisms of inherited ataxias [5]. In this study, we aimed
to identify the causative genetic variant associated with cerebellar ataxia, tremor, and loss of balance in
Alpine Dachsbracke dogs.

2. Materials and Methods

2.1. Ethics Statement

All animal experiments were performed according to the local regulations. All animals in this
study were examined with the consent of their owners. Sample collection was approved by the
Cantonal Committee for Animal Experiments (Canton of Bern; permit 75/16).

2.2. DNA Samples and Single Nucleotide Variant Genotyping

A total of 216 blood samples from Alpine Dachsbracke dogs were collected. These included
animals from two litters in which puppies affected by ataxia were observed (one dam, two sires,
four cases, and eight healthy littermates). Genomic DNA was isolated from EDTA blood samples
using the Maxwell RSC Whole Blood DNA kit (Promega, Diibendorf, Switzerland). DNA from the
12 selected dogs (4 affected and 8 closely related dogs, Supplementary Table S1) were genotyped
using Illumina CanineHD BeadChip array (Illumina, San Diego, CA, USA) by GeneSeek (Neogen,
Lincoln, NE, USA) for 220,853 single nucleotide variant (SNV) markers. Quality control filtering steps,
as well as parentage control, were carried out using PLINK v1.9 [6]. Markers with call rate <90% were
excluded, all individuals had call rates >90%. The pruned dataset consisted of 12 individuals and
213,288 markers.

2.3. Pathology

Brain from two affected puppies (Supplementary Table S1) and an eye from one affected puppy
were collected and fixed in 4% buffered formaldehyde solution, embedded in paraffin, and sectioned
at4 um. Sections were stained with hematoxylin and eosin (HE) and examined by light microscopy.
Furthermore, selected sections of brains were stained with Bielschowsky silver stain.

2.4. Linkage and Autozygosity Analyses

Linkage and autozygosity analyses were performed in order to find critical disease-associated
intervals. Parametric linkage analysis was carried out under a fully penetrant, recessive model of
inheritance using the Merlin software [7] to test for co-segregation of any chromosomal regions and
the ataxia phenotype. The dataset for linkage analysis included one complete family of seven dogs
representing the first litter (sire, dam, two affected and three unaffected offspring). Five additional
littermates from the second litter (two affected and three unaffected) were added to the analysis carried
out with PLINK v1.9 [6] to determine intervals of extended homozygous regions with alleles shared by
all four affected dogs as well as individual homozygous intervals in the control animals (Figure 1).
The circos plot was created using OmicCircos package [8].
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Figure 1. Pedigree of Alpine Dachsbracke dogs used for genetic mapping of spinocerebellar ataxia.
Filled symbols represent spinocerebellar ataxia-affected dogs. The blue background indicates animals,
which were genotyped on the single nucleotide variant (SNV) array, and the red contour indicates
an affected dog selected for whole-genome resequencing. A common ancestor in both maternal and
paternal lineages was identified. The crosses intersecting the connection lines represent the number of
generations to the common ancestor. Note that the male “AD149” sired the first litter and is also the
grandsire of the second litter produced by his son “AD180".

2.5. Whole-Genome Resequencing

Whole-genome sequence (WGS) data at 23x coverage was obtained from a single affected Alpine
Dachsbracke dog (Supplementary Table S1) after preparation of a PCR-free fragment library with
a 450 bp insert size and collection of 206,013,034 paired-end reads (2 x 150 bp) using NovaSeq6000
Sequencing System (Illumina). The sequence data analysis and variant (SNVs and small indels) calling
including the prediction of functional effects were performed as described before [9]. The dog reference
genome assembly CanFam3.1 and NCBI annotation release 105 was used. The whole-genome sequence
data from the Alpine Dachsbracke case was compared to the Boxer reference genome (CanFam3.1),
592 publically available control dogs of 124 various breeds, and 8 wolves (Supplementary Table S2).
The Integrative genomics viewer (IGV) software [10] was used for visual inspection and screening for
structural variants in the region of interest of the affected dog’s WGS.

2.6. Targeted Genotyping

Polymerase chain reaction (PCR) and Sanger sequencing were used to validate and genotype
the variants identified from whole-genome resequencing. PCR products from genomic DNA were
amplified using AmpliTaq Gold 360 Master Mix (Applied Biosystems, Foster City, CA, USA) and
the purified PCR amplicons were directly sequenced on an ABI3730 capillary sequencer (Applied
Biosystems). The SCN8A missense variant (XM_022411522.1:¢.4898G>T) was genotyped using the
following primers: GGCCAATGTTGAACAGAGCA (forward) and ACTTAAGGGCTCCAGTGTCA
(reverse). The sequence data were analyzed using Sequencher 5.1 software (GeneCodes).

2.7. Protein Predictions

PON-P2 [11], PROVEAN [12], and MutPred2 [13] were used to predict biological consequences of
the discovered variant on protein. All references to the canine SCNSA gene correspond to the accessions
NC_006609.3 (NCBI accession), XM_022411522.1 (mRNA), and XP_022267230.1 (protein). The canine
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protein has the same length as the human SCN8A protein (NP_055006.1): 1980 amino acids from which
1966 (99.3%) are identical between dog and human. The Genome Aggregation Database (gnomAD) [14]
was searched for corresponding variants in the human SCNSA.

2.8. Availability of Data and Material

The whole-genome data of an affected Alpine Dachsbracke dog has been made freely available
(sample accession number SAMEA4848713) at the European Nucleotide Archive (ENA). All accession
numbers of the control genomes are available in the Supplementary Table S2.

3. Results

3.1. Phenotype and Pedigree Analysis

We investigated two closely related litters of Alpine Dachsbracke dogs in which four puppies
affected by ataxia were reported. All three parents of the affected dogs were phenotypically normal.
A single female was sired with two related males (father and son) and pedigree analysis revealed
a common ancestor within a maximum of five generations in both maternal and paternal lineages
(Figure 1). Therefore, we assumed a monogenic autosomal recessive mode of inheritance.

Clinical signs of cerebellar dysfunction in the four puppies (one male, three females) were
observed immediately when their normal littermates started to move in a coordinated fashion, so after
approximately three weeks of age. The affected dogs exhibited ataxia, tremors, loss of balance, falling
and other movement problems (Supplementary Video S1). Furthermore, the dog breeder reported
that the vision of the affected dogs might be impaired. The severity of the clinical signs resulted in
euthanasia of all cases by the age of 10-12 weeks.

Pedigree of Alpine Dachsbracke dogs used for genetic mapping of spinocerebellar ataxia.

3.2. Pathological Findings

Neuropathological analysis revealed mild and scattered white and grey matter vacuolization
indicating myelin splitting in the entire brain including the optic chiasm (Figure 2). The gross architecture
of the cerebellum appeared normal, and no significant degeneration or loss of Purkinje cells and
granule layer neurons was observed (Figure 2a). However, mild astrogliosis of the molecular layer
and scattered vacuoles were present (Figure 2b). Additionally, mild to severe diffuse astrogliosis was
observed in both white and grey matter, rarely associated with the presence of large axonal spheroids
or axonal degeneration (Figure 2d,e). These changes were most severe in the vestibulocochlear nucleus,
cerebellar nuclei, thalamus, and brainstem. In addition, the histopathological examination of the eye of
one affected dog was carried out and showed no abnormalities.
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Figure 2. Neuropathology of a spinocerebellar ataxia-affected Alpine Dachsbracke dog. (a) Overview
of the cerebellum showing a normal architecture. HE staining; (b) Cerebellar cortex with normal
Purkinje cell layer. The molecular layer exhibits a slightly increased cellularity due to mild astrogliosis.
Astrocytes have rather open-faced nuclei. Note the single, clearly delineated empty vacuole in the
granule cell layer. Hematoxylin and eosin (HE) staining; (c) Cerebellar cortex with normal Purkinje cell
layer. No empty baskets are observed. Bielschowsky stain; (d) Vestibulocochlear nucleus with marked
astrogliosis and two axonal spheroids (arrows). HE staining; (e) Cerebellar nucleus showing marked
astrogliosis and a single dilated myelin sheath with a central myelinophage (arrow). HE staining;
(f) Corona radiata exhibiting diffuse astrogliosis and multiple clearly delineated empty vacuoles.
HE staining; (g) Optic chiasm with multiple clearly delineated empty vacuoles. HE staining.

3.3. Positional Cloning of the Spinocerebellar Ataxia-Associated Locus

Parametric linkage analysis for a recessive trait was performed in the complete litter and resulted in
23 linked genome regions with a positive logarithm of the odds (LOD) score (Supplementary Table S3).
Based on the pedigree analysis we assumed that the affected dogs were inbred to a common founder
and identical by descent (IBD) for the causative genetic variant and flanking chromosomal regions.
Therefore, autozygosity mapping approach was used to determine regions of homozygosity shared
across all four cases. Four genome regions with a total of ~22.4 Mb were identified (Supplementary
Table S4). By overlapping the linked and homozygous intervals, four chromosomal segments (one on
chromosomes 1, two on chromosome 27, and one on chromosome 31) remained as plausible regions of
interest (Figure 3). Analyzing the homozygous regions in eight genotyped control dogs including six
normal littermates and two parents revealed 144 blocks of homozygosity across the whole genome
(Supplementary Table S5). We further looked for intervals showing both linkage and homozygosity
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in affected dogs and no homozygosity in any control dog. Only a single interval on chromosome 27,
containing 269 SNVs and spanning ~5.5 Mb (chr27:3,154,712-8,679,881), remained as the most likely
critical region for spinocerebellar ataxia (Figure 3).

Figure 3. Positional cloning of the spinocerebellar ataxia-associated variant. The canine chromosomes
are depicted in the left half of the circle as black bars. Below, the 3 circular tracks from outside to
inside indicate: (i) 23 genome segments from linkage analysis in orange, (ii) four homozygous blocks
shared in affected dogs in blue, (iii) homozygous blocks found in unaffected dogs in blue. The initial
four segments overlapping in cases are indicated by a blue background. Only a single interval on
chromosome 27 showed both linkage and homozygosity in affected dogs and no homozygosity in
unaffected dogs. Therefore, it was considered the critical region for spinocerebellar ataxia (red arrow).
The right half of the circle displays a close-up view of this region (chr27:3,154,712-8,679,881) with
3 circular tracks below showing from outside to inside: (i, ii) gene content showing the 165 genes
(grey boxes) annotated on both, the positive (outer circle) and negative (inner circle) strand, (iii) location
of private intergenic (grey), intronic (black), and exonic (red) SNVs depicted as vertical lines. For clarity,
only the names of six genes, in which an intronic or exonic SNV was found, are shown. Note the red
ellipse highlighting the single protein-changing SNV in the SCN8A gene.

3.4. Identification of the Causative Variant

In total, 165 genes were annotated in the disease-associated ~5.5 Mb critical interval on chromosome
27 (Figure 3). No structural variants were found by visual investigation of this genomic region in the
whole-genome sequence of an affected dog. Filtering of the WGS data for private variants present in
ahomozygous state in the affected dog and absent in 600 control dog and wolf genomes yielded 21 SNVs
within the critical interval (Supplementary Table S6). Six variants were located in introns of five genes
(DIP2B, FAM186A, CERS5, NCKAP5L, and ARID?2) while 14 others were intergenic. Only one exonic,
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protein-changing variant in a compelling functional candidate gene SCN8A (chr27:g.3,179,029C>A)
was found (Figure 3).

The detected variant (SCN8A:c.4898G>T) alters the encoded amino acid of SCN8A residue 1633
(p.Gly1633Val) with a predicted moderate impact on the resulting protein (Figure 4a). The missense
variant is located in the last exon of the sodium voltage-gated channel « subunit 8 gene (Figure 4b)
and affects the conserved ion transport domain 4 of SCN8A protein (Figure 4c). The « subunit consists
of four homologous ion transport domains, each of which is organized in six transmembrane segments
and contains a pore loop between the last two segments [15] (Figure 4c). The amino acid is highly
conserved across species (Table S7) and the glycine to valine substitution was predicted pathogenic
and deleterious by several in silico prediction tools (PON-P2 probability for pathogenicity: 0.891,
MutPred2 score: 0.930, PROVEAN score: —7.256). Furthermore, there is no non-synonymous variant
in the human SCN8A coding region at the corresponding position depicted in the gnomAD [14].

Affected

Unaffected carrier

Unaffected control

C.4898G>T

A l i\

WA 1,\
A ;’F‘H\ /\\(
RATAATATAUIA

MY

WA /\/\A/\A

A AAGTT CGTCSC

A AAGKT CGTCTC

A AAGGTCGTCTOC
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b
SCN8A
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L L i i L L L
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Figure 4. Spinocerebellar ataxia-associated SCN8A missense variant in Alpine Dachsbracke dogs.
(a) Chromatograms of an affected, carrier, and wild type individual dogs, indicate the c.4898G>T
variant, which changes codon 1633 (shown below); (b) SCNSA gene structure showing the variant
location in exon 27 (red arrow); (¢) Schematic representation of SCN8A protein and its four ion transport
domains, which are separated by cytoplasmic loops and a short inactivation gate, each domain contains
six transmembrane segments S1-S6 (adapted from [15]). Our p.Gly1633Val variant affects the positively
charged 54 of the last domain (red star and arrow).

The perfect segregation of the detected SCN8A variant with the observed disease phenotype was
further confirmed by genotyping all 216 available Alpine Dachsbracke dogs. Only the four affected
dogs were homozygous for the variant allele, three obligate carriers, eight tested littermates in addition
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to eight controls were heterozygous carriers of the variant, whereas it was absent in 193 controls
(Table 1).

Table 1. Segregation of the SCN8A:c.4898G>T genotypes with spinocerebellar ataxia in Alpine
Dachsbracke dogs.

Disease Status G/G G/T T/T

Affected (n = 4) 0 0 4
Non-affected (n =212) 193 191 0

! includes 3 obligate carriers and 8 littermates of the affected dogs.

4, Discussion

Based on clinicopathological data a novel congenital form of spinocerebellar ataxia was diagnosed
in four Alpine Dachsbracke dogs. The neuropathological examination of two affected dogs indicated
clear, even though not extremely severe, structural changes in the brain. Nevertheless, the observed
pathological changes showed similarities to other spinocerebellar ataxias, such as KCNJ10-related
spongy degeneration with cerebellar ataxia (SDCA1) in Belgian Shepherd Dogs (OMIA 002089) [9],
and the vacuolization with marked astrogliosis indicated intramyelinic edema, which was compatible
with an ion channel defect. We have used genome-wide SNV data for positional cloning of the
disease-associated locus. Because of the population structure of the studied purebred Alpine
Dachsbracke dogs, we were able to narrow down the locus by linkage analysis and autozygosity
mapping to four chromosomal segments. Additionally, the normal related control dogs shared three of
these homozygous intervals with identical alleles, which allowed us to focus on the ~5.5 Mb region
on chromosome 27. Further molecular genetic analysis using current sequencing methods revealed
a single most likely causative variant in a functional candidate gene.

SCN8A encodes the « subunit of a voltage-gated sodium channel Nay1.6, which is important
for sodium ion transport to neurons in the central as well as peripheral nervous systems. However,
it is most abundant in the maturing nodes of Ranvier in myelinated axons of the central nervous
system, in which it contributes to nerve conduction velocity [16,17]. Nay1.6 was also found at the
axon initial segment of excitatory and inhibitory neurons, where it regulates the formation of action
potentials, which is essential for membrane depolarization [18]. Voltage-gated sodium channels consist
of one « subunit forming the pore and up to two  subunits. The « subunit is organized in four
repeated domains linked by cytoplasmic loops, and each domain is made up of six transmembrane
segments (51-56). First four segments of each homologous domain form the primary voltage sensor for
activation, and last two segments together with the pore loop form the ion pore. After depolarization,
the positively charged 54 rotates and initiates a conformational change, which is important for opening
the sodium channel pore. [16].

Altering of the sodium channels leads to abnormally, either increased or decreased, neuronal
signaling as previously described in human patients suffering from epileptic encephalopathy [19].
Mutations of the Nay 1.6 channel are described in ~1% of almost 1500 children affected by early-onset
epileptic encephalopathies [20]. Protein-changing SCN8A variants have been previously associated with
clinically similar movement disorders including cerebellar ataxia, pancerebellar atrophy, and cognitive
disability in humans. Interestingly, all known SCN8A-associated human neurodegenerative diseases
are caused by dominant acting variants (OMIM 600702).

The effects of loss of Nay1.6 channel have been extensively studied in spontaneous mouse mutants
and can cause movement abnormalities, including ataxia, tremor, muscle weakness, and atrophy;,
or dystonia. Mice with null mutations exhibit hind limb paralysis, motor impairments, and early death,
while heterozygous carriers show milder phenotypes [21]. A missense mutation in Scn8a is associated
with cerebellar ataxia in the so-called ‘jolting” mutant (Supplementary Table S7) and is a result of a shift
in voltage dependence of the channel opening [22].
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The herein described substitution in the Alpine Dachsbracke dogs alters a conserved position
predicted to be in the transmembrane segment 54 in the fourth homologous domain; i silico analysis
predicts the variant to be probably damaging to the protein structure/function. Heterozygous carriers
do not exhibit a visible clinical phenotype, as they can most likely compensate due to the presence,
albeit at a reduced level, of the normal proteins. As we identified a non-synonymous variant in a highly
plausible functional candidate gene, our mapping analyses and whole-genome resequencing data
combined with the current knowledge on SCN8A function in humans and mice strongly support
the causality of SCN8A:c.4898G>T variant in the Alpine Dachsbracke breed. However, follow-up
functional experiments would be needed to fully show the deleterious effects of the putative causal
variant on the gene function.

In conclusion, our results provide strong evidence for a breed-specific missense variant in SCN8A
gene as the most likely causative genetic variant for monogenic recessive spinocerebellar ataxia in
Alpine Dachsbracke dogs. This is the first report of an SCN8A-associated form of ataxia in dogs.
Our results enable the development of a genetic test for veterinary diagnostic and breeding purposes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/5/362/s1,
Table 51: Detailed information and genotypes of 216 Alpine Dachsbracke dogs, Table 52: Sample designations and
breed information of all whole-genome sequences, Table S3: Genome regions with positive LOD scores for linkage
to ataxia in the Alpine Dachsbracke family, Table S4: Shared homozygous regions across the four analyzed Alpine
Dachsbracke ataxia cases, Table S5: Genome-wide homozygous regions in the eight analyzed control Alpine
Dachsbracke dogs, Table S6: List of private variants of the sequenced Alpine Dachsbracke case in the region of
interest on chromosome 27, Table S7: Alignment of SCN8A in vertebrate species. Video S1: Video illustrating the
clinical phenotype of an affected Alpine Dachsbracke dog.
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Abstract: Dogs provide highly valuable models of human disease due to the similarity in phenotype
presentation and the ease of genetic analysis. Seven Saluki puppies were investigated for neurological
abnormalities including seizures and altered behavior. Magnetic resonance imaging showed a
diffuse, marked reduction in cerebral cortical thickness, and symmetrical T2 hyperintensity in
specific brain regions. Cerebral cortical atrophy with vacuolation (status spongiosus) was noted on
necropsy. Genome-wide association study of 7 affected and 28 normal Salukis revealed a genome-
wide significantly associated region on CFA 35. Whole-genome sequencing of three confirmed
cases from three different litters revealed a homozygous missense variant within the aldehyde
dehydrogenase 5 family member Al (ALDH5A1) gene (XM_014110599.2: ¢.866G>A; XP_013966074.2:
p.(Gly288Asp). ALDH5AT encodes a succinic semialdehyde dehydrogenase (SSADH) enzyme critical
in the gamma-aminobutyric acid neurotransmitter (GABA) metabolic pathway. Metabolic screening

Genes 2020, 11, 1033; doi:10.3390/genes11091033 www.mdpi.com/journal/genes
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of affected dogs showed markedly elevated gamma-hydroxybutyric acid in serum, cerebrospinal fluid
(CSF) and brain, and elevated succinate semialdehyde in urine, CSF and brain. SSADH activity in the
brain of affected dogs was low. Affected Saluki dogs had striking similarities to SSADH deficiency in
humans although hydroxybutyric aciduria was absent in affected dogs. ALDH5A1-related SSADH
deficiency in Salukis provides a unique translational large animal model for the development of novel
therapeutic strategies.

Keywords: inborn error of metabolism; encephalopathy; SSADHD; ALDH5A1;, GABA;
4-hydroxybutyric acid; succinic semialdehyde; encephalopathy; whole-genome sequencing; precision
medicine; GWAS; inherited

1. Introduction

Inborn errors of metabolism (IEMs) are a group of diseases caused by an enzymatic deficiency
in a metabolic pathway, most commonly caused by a genetic mutation. While individually these
diseases are rare, as a group they are relatively common, with more than 500 IEM diseases reported in
people [1]; in animals, they are becoming increasingly recognized [2-6]. In diseases caused by an IEM,
clinical signs are due to the reduced or lack of production of a biochemical product, or accumulation of
an abnormal amount of substrate or substrates produced by alternative metabolic pathways, secondary
to the enzymatic deficiency. The diagnosis of an IEM may be a challenging, as clinical signs can be
vague and non-specific, and targeted diagnostic testing is required [7]. IEMs are often recognized in
young people and animals, and many have neurological manifestations [8,9].

Seizures are a common neurological sign in dogs [10]. Disorders causing seizures arise either
extracranially (reactive seizures), or intracranially [11] Epilepsy is a brain disease characterized by
a lasting predisposition to generate seizures, which is classified in dogs as structural epilepsy or
idiopathic epilepsy (OMIA 000344-9615) [11]. Causes of structural epilepsy include inflammation
(e.g., granulomatous meningoencephalitis), neoplasia, nutritional alterations (e.g., thiamine deficiency),
infection, anomalous entities (e.g., hydrocephalus), inborn errors of metabolism and trauma [11].
Dogs with idiopathic epilepsy (IE) are typically 6 months to 6 years of age and usually have normal
physical and neurological examinations between seizures [12]. Dogs younger than 6 months or older than
6 years of age usually have reactive seizures or structural epilepsy, rather than idiopathic epilepsy [12].

A seizure disorder reported in Salukis is called central nervous system status spongiosus in
Saluki dogs (SSSD). There are only brief reports of this disease in the literature [13,14]. One affected
8-month-old male puppy from a litter of 9 was reported with a 5 month history of seizures and
behavioral changes. The sire and dam were full siblings. All nine puppies and the sire were euthanized;
pathological changes were noted in the affected puppy and in two clinically normal littermates,
and the rest of the puppies and the sire were pathologically normal. Pathological changes in the
clinically affected puppy included widespread bilaterally symmetrical status spongiosis of the cerebrum,
brainstem and cerebellum at the grey—white matter junction, which extended into both the grey and
white matter. There were also lesions in the thalamus, optic nerve and internal capsule but no lesions
were noted in the spinal cord [13].

Recognized causes of early-onset symmetrical brain lesions include metabolic, nutritional and
toxin-induced diseases [15]. In Saluki dogs with SSSD, the clinical signs and lesions on MRI and
pathology appear to be breed specific, identical in distribution and type, and diagnosed in multiple
dogs over a long period of time (1987 [13] to 2020). Clinical signs developed while puppies were still
with the breeders, making toxicity a less likely cause; pathology differed from previously reported
nutritional [16] or toxic [17-19] central nervous system problems, and thus a genetic cause was
considered most likely. Although a metabolic disorder was not identified by routine diagnostic testing
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in affected Salukis, an underlying genetic abnormality causing a metabolic problem was most likely
based on the age of onset of clinical signs.

The purpose of this study was to define the phenotype of Salukis with SSSD and to determine
the underlying genetic cause in this breed. Comprehensive evaluations including MRI and necropsy,
as well as metabolic and enzyme activity testing, were performed on urine, serum, cerebrospinal fluid
and brain tissue from four affected puppies from two litters from the USA and a litter with three
affected puppies from Germany. All seven affected dogs were used for a genome-wide association
study (GWAS) followed by whole-genome sequence analysis of three affected puppies, which identified
a private homozygous missense variant in the canine ALDH5AT gene.

2. Materials and Methods

2.1. Affected Dogs

From 2005 to 2015, seven Saluki dogs affected with SSSD from the USA (4) and Germany (3)
had DNA collected. Four dogs were examined—three dogs at the William R. Pritchard Veterinary
Medical Teaching Hospital at the University of California Davis (UCD) and one dog was evaluated at
Fachtierarzt fur Kleintiere, in Wiesbaden, Germany. All 4 dogs were presented by their breeders for
examination. A fifth Saluki dog affected with SSSD from the USA had a necropsy completed at UCD
Two additional German dogs were not evaluated clinically beyond the breeder’s description of the
clinical signs.

2.2. Control Dogs

2.2.1. MRI Evaluation

Four unaffected Saluki dogs related to the affected USA Saluki dogs were examined and had
magnetic resonance imaging of their brain and completed at Advanced Veterinary Medicine Imaging
in Los Angeles, California.

2.2.2. Targeted Metabolic Testing

Archived urine = 4, serum = 4, cerebrospinal fluid (3) and brain tissue (4) from 15 different
non-Saluki dogs unaffected by SSSD were utilized as control samples.

2.3. Affected Saluki Dogs

Blood work (complete blood count, and serum biochemical profile) was performed by the referring
veterinarians in two dogs (dogs 3 and 4). Cerebrospinal fluid sample (CSF) was collected in two
dogs (dogs 1 and 5). One CSF sample was routinely analyzed in Germany and the other sample
was collected at UCD and frozen at —80 degrees for further analysis. Two dogs had quantitative
urine organic acid testing completed at the University of California San Diego Biochemical Genetics
Laboratory (dogs 1 and 2). Urine was shipped to the lab by the breeder and was analyzed by the
lab 18 days later. Four dogs had complete necropsies completed at UCD, and one had a necropsy at
Ludwig Maximilians Universitiat Miinchen in Germany. The owners consented to the necropsy and
processing of postmortem samples. Following necropsy, the brain was immediately immersed in 10%
neutral buffered formalin followed by standard paraffin embedding. Selected regions were sectioned
at 5 um slice thickness and stained with hematoxylin-eosin and luxol fast blue-cresyl violet.

MRI and Histopathology

Six Saluki dogs underwent MRI of the brain—two affected Saluki dogs underwent magnetic
resonance imaging (MRI) of the brain at UC Davis, and four unaffected Saluki dogs had imaging of the
brain at Advanced Veterinary Medicine Imaging in Los Angeles, California. Both locations used a
1.5 T MRI system (GE Signa, GE Healthcare, Waukesha, WI, USA), with paired 5” general purpose
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radiofrequency coils. Sagittal T1-weighted (TTW) and T2-weighted (I2W) images, transverse T1W,
T2W, fluid attenuating inversion recovery (FLAIR), and T2*-weighted (T2¥W) images, and dorsal T2W
images were acquired of the brain. Sagittal, transverse, and dorsal TIW images were repeated after
intravenous administration of 0.1 mmol/kg gadopentetate dimeglumine (Magnevist, Bayer, Whippany,
NJ, USA).

2.4. Sample Collection and DNA Extraction

Blood samples, pedigree, and phenotype information were collected from 7 affected dogs and
18 close relatives of affected dogs including 4 parents (Figure 1). Additional samples were collected
from 48 healthy Saluki dogs. Healthy dogs of other breeds (1 = 228) were used that were part of a
DNA repository at UC Davis. DNA was extracted from EDTA whole blood samples using Gentra
Puregene DNA purification extraction kit (Qiagen, Valencia, CA, USA). Collection of canine samples
was approved by the University of California, Davis Animal Care and Use Committee (protocol #18561)
and the Cantonal Committee for Animal Experiments (Canton of Bern; permit 75/16).

common
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Figure 1. Pedigree of seven succinic semialdehyde dehydrogenase deficiency (SSADHD)-affected
Saluki dogs. Females are depicted by circles and males by squares. Black fill indicates affected puppies.
Numbers indicate 25 dogs from which samples were available. The blue contour indicates animals
that were genotyped on SNP array, and the red contour the three affected dogs selected for the WGS.
Note that the two litters on the left were seen in the USA and the third litter on the right in Germany.

A common male ancestor illustrates the genealogical relatedness.

2.5. Genome-Wide Association Scan

SNP genotyping was performed using the Illumina Canine HD 174,000 SNP array (Illumina, San Diego,
CA, USA) for 7 affected cases and 28 neurologically normal adult Saluki controls. Genome-wide association
analysis was performed using Plink [20]. SNPs were pruned from analysis if the minor allele frequency
was <5% and the call rate <90%. Chi-square association analysis, Bonferroni adjustments, and genomic
inflation calculations were performed in Plink. Figure 5 was made in R using ggplot2 [21,22].

2.6. Whole-Genome Sequence

Whole-genome sequencing (WGS) was performed on the two affected Salukis from the USA and
compared to 98 controls dogs from various breeds as reported, and coverage was 6.4x for 1052 and
5.3x for 5813 SRA: SRR5311685 and SRR5311664 (study: PRINA377155) [23]. Segregation of variants
was performed using 2 cases compared to 98 controls within the homozygous interval identified by
visual inspection of genotype calls from the array data. Variant Effect Predictor (VEP), as employed
in Ensembl using Refseq annotation and additional EST/CCDs, was used to predict the effect of
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segregating variants [24]. Polyphen2 [25] and SIFT [26] were used to evaluate the severity of the
missense variants.

In one German Saluki (dog 5), whole-genome sequencing using genomic DNA isolated from the
blood sample of the affected dog was performed as described previously [27]. Data corresponding
to approximately 15X coverage of the genome was collected on an Illumina HiSeq2000 instrument
(2x 100 bp). Read mapping and variant calling were carried out as previously described [28],
with respect to the CanFam3.1 genome reference assembly and the NCBI annotation release 105.
Variant filtering was performed against 581 dog and 8 wolf genomes which were publicly available [28].
WGS data of the affected dog was made available under study accession PRJEB16012 at the European
Nucleotide Archive (www.ebi.ac.uk/ena; sample accession SAMEA4504825).

Annotations within the canine ALDH5A1 gene refer to the NCBImRNA accessionno. XM_014110599.2
and the protein accession no. XP_013966074.2. Annotations within the GPLDI gene refer to the NCBI
mRNA accession no. XM_005640079.3 and the protein accession number XP_005640136.1. Annotations for
the putative PTCHD3 gene refer to the mRNA accession no. ENSCAFT00000039442.3 and the protein
accession no. ENSCAFP00000035301.

2.7. Genotyping

The variant in ALDH5A1 disrupted a Sau961 restriction enzyme site, allowing rapid genotyping
by PCR-RFLP analysis. PCR primers were designed using primer 3 [29] to amplify an 872 bp product,
which upon digestion with Sau96I produced 700 and 150 bp fragments for the variant allele and
550 and 150 bp fragments for the wild-type allele. All PCR was carried out using Qiagen HotStart
DNA polymerase kit (Qiagen, Valencia, CA, USA) at an annealing temperature of 58 degrees using
the following PCR primers: F TCCCGAGTTAGGGGTTCTTT, R_TCACGTTTTCCTGATTTCACC.
The same primers were used to verify the mutation by Sanger sequencing on an Applied Biosystems
3500 Genetic Analyzer using the Big Dye Terminator Sequencing Kit (Life Technologies, Burlington,
ON, Canada).

2.8. RT-PCR

RT-PCR was performed for liver cDONA from a case and control. RPS5 was included as a
housekeeping gene control [27]. Primers were designed using Primer3 (SAL_2F: TTGTATTTGACAGC
GCCAAC, SAL_2R: CAAGGCCAGATTGCTTCAC) except for RPS5, in which the primers were as
recommended [30]. Each reaction included 13.9 pL of water, 2 uL of 10x buffer with MgCly, 1 uL.
of ANTP, 1 puL of each forward and reverse primers (20 uM), 1 uL. of HotStarTaq DNA Polymerase
(Qiagen, Valenica, CA, USA), and 1 pL of cDNA made from 1000 ng of RNA. Amplified products were
visualized on a 2% agarose gel.

2.9. Targeted Metabolic Testing

Gamma-hydroxybutyrate (GHB) and succinate semialdehyde (SSA):

GHB and SSA in fluids and brain tissue were quantified by isotope dilution mass spectrometric
methodology, as previously described [31,32].

The 4,5-dihydroxyhexanoic acid (DHHA):

Analysis of DHHA in fluids and brain was comparable to that for GHB as previously described [31],
with some modifications. 2Hz-DHHA was used as the internal standard and the samples were extracted
a single time with ethylacetate. For quantitation, positive chemical ionization was employed.

Succinic semialdehyde dehydrogenase (SSADH) activity:

SSADH activity was quantified fluorometrically in brain tissue samples using the NADH/NAD
couple and SSA as substrate, as previously described [33].
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3. Results

3.1. Affected Dogs

Four dogs from two litters from the USA were closely related, and the third litter from Germany
was distantly related to the other two litters. There were four females and three males affected
(Figure 1).

3.2. Clinical Phenotype

The breeders of affected Saluki puppies noted that puppies were first abnormal between six and
ten weeks of age. Historical clinical signs included seizures, abnormal behavior such as episodes of
vocalization (VideoS1, Supplementary Materials), and difficulty being aroused from sleep. Four puppies
(dogs 1 and 3-5) were evaluated by a board-certified veterinary neurologist (Table 1). No abnormalities
were noted on physical examination. On neurological examination, puppies had mild generalized ataxia
with thoracic limb hypermetria (two puppies) (Video S2, Supplementary Materials), absent menace
reflex in both eyes and delayed proprioceptive positioning in all four limbs, consistent with a multifocal
disease process. Two dogs (dogs 3 and 4) had a normal CBC and serum biochemical profile completed
by their referring veterinarian, and two dogs had normal quantitative urine organic acid analysis
(Biochemical Genetics Laboratory, University of California San Diego, San Diego, CA, USA). One dog
(dog 5) had a normal cisternal cerebrospinal fluid analysis. Five dogs were treated for seizures with
oral phenobarbital or levetiracetam. Although clinical signs did not progress, all affected dogs were
euthanized as puppies at the request of the breeders when they were still in their care. Puppies were
euthanized between three and nine months of age for quality of life concerns, primarily due to the
recurrent episodes of vocalization. Five dogs (dogs 1-5) had necropsies completed.

3.3. MRI and Histopathology

Two affected dogs (dogs 1 and 2) and four other related but unaffected dogs had an MRI of the
brain. All four unaffected dogs had unremarkable MR images. Both affected dogs exhibited prominent
sulci (Figure 2A,C-E) compared to normal dogs (Figure 2F), consistent with diffuse cortical atrophy.
Bilateral, symmetrical, T2 and FLAIR hyperintensity was present in the diencephalon, deep cerebellar
nuclei (Figure 2A-C), midbrain (Figure 2D), and multiple basal nuclei (Figure 2E). Multifocal, symmetrical
T2 and FLAIR hyperintensity was also present in the deep cortical laminae of the grey matter throughout
the cerebral cortex (Figure 2A-F).

No hypointense lesions or signal voids were observed associated within the brain parenchyma on
T2*W images.

Histopathologically, there was severe bilaterally symmetric spongiform change, worse within
the mesencephalon (Figure 3), brainstem, and deep cerebellar nuclei, but also severe in the thalamic
nuclei and deep cortical grey matter. The corpus striatum was less affected but exhibited similar
lesions most notably in the entopeduncular nuclei and putamen. Neurons exhibited single to multiple,
clear, well-demarcated vacuoles that compressed and displaced the nucleus (Figure 4). There was
marked proliferation of enlarged astrocytes associated with the spongiform change, and both neurons
and astrocytes appear affected. The grey matter was more severely affected, particularly at the
grey-white matter junction. The spinal cord was not affected.
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Figure 2. MRI abnormalities in SSADHD-affected Saluki Dogs. Transverse T2-weighted (A,C-F)
and FLAIR (B) MR images at the level of the cerebellum (A-C), midbrain (D,F) and corpus striatum
(E) demonstrating symmetrical involvement of predominantly grey matter structures. Images from
dog 1 (A,B,D,E), dog 2 (C) and an unaffected littermate (F). Consistent bilateral symmetrical T2
hyperintensity of the deep cerebellar nuclei ((A—C); white arrowheads) is the most prominent finding.

Similar bilaterally symmetrical hyperintensity is seen involving the tectum and dorsal tegmentum ((D);
black arrowhead) and endopeduncular (medial) and lentiform nuclei ((E); white arrowheads) but not
present in unaffected dog images (F). Sulci are prominent (D) compared to an unaffected age matched
control (F), consistent with atrophy of cortical grey matter. Hyperintensity of deep cortical grey mater
laminae is evident on T2-weighted and FLAIR images at all levels (white arrows) is not present on
unaffected dog MR images (F).

3.4. Genetic Analysis

Both sexes are affected and in-depth pedigree analysis revealed the presence of a common male
ancestor connecting the American and European families (Figure 1). As all parents of affected offspring
show no clinical signs, it could be speculated that the observed disease phenotype follows autosomal
monogenic recessive inheritance. Genome-wide association was performed using DNA samples from
the seven affected dogs (Figure 1) and 28 phenotypically normal Saluki controls. After quality control,
there were 108579 SNPs available for association. A single genome-wide significant association signal
based on a pponferroni (0.-006) on CFA 35 (chr35: g23,654,869; praw 5.27 X 1078) was identified (Figure 5).
Furthermore, a 2.683 Mb region of homozygosity was identified in the seven affected dogs on CFA 35:
21,925,974-24,608,949 bp (CanFam3.1).

In order to identify a causative variant, initially paired-end whole-genome sequences of 2 affected
puppies from two American litters (1052, 5813: Figure 1) and 98 unaffected controls from various
breeds were investigated in the associated interval. There were 35,982 single-nucleotide variants
(SNVs) and 16,832 insertion/deletion (indel) variants identified within the critical interval defined by
homozygosity: CFA 35: 21,925,974-24,608,949 bp (CanFam3.1). There were 259 SNVs and 41 indels
that segregated with the phenotype in the 100 animals. There were three coding variants identified:
a synonymous variant (g.22,506,956G>A) in the GPLD1 gene, and two protein-changing missense
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variants, g.22,572,768G>A in the ALDH5A1 gene, and g.23,908,560T>C in the putative PTCHD3 gene.
The synonymous variant in GPLD1 was not investigated further.

The twomissense variants in ALDH5AT (XM_014110599.2: ¢.866G>A; XP_013966074.2: p.(Gly288Asp))
and PTCHD3 (ENSCAFT00000039442.3: ¢.1247T>C; ENSCAFP00000035301: p.(Is0416Thr)) were
evaluated to identify whether the substitutions were potentially deleterious. There is a gap in the
canine genome assembly that likely contains at least one additional exon of the ALDH5A1 gene.
Aligning the predicted canine ALDH5A1 protein sequence with the human protein sequence places
the canine missense variant at amino acid 381 in human (NP_001071.1). Both PolyPhen2 [25] (probably
damaging—1.0) and SIFT [26] (deleterious—0.0) predicted this amino acid substitution to be deleterious.
It occurs in a well -conserved portion of the protein (Figure 6B). The missense variant in PTCHD3 is not
predicted to affect the protein based on PolyPhen2 [25] (benign-0.436) and SIFT [26] (tolerated-0.05).
Inaddition, based on the known functions of these two proteins and the independent findings presented
below, the ALDH5A1 variant was the only one pursued further.

A B
*
* % *
* %k
* %k
* %
C DL %
1 »
B §
]
L ——— :' _\

Figure 3. Histopathology of mesencephalon and brainstem from dog 1. (A) Bilaterally, the mesencephalic
nuclei of cranial nerve V (*), the red nuclei (**), and the substantia nigra (***) exhibit decreased staining
intensity (H&E). (B) Bilaterally, the deep cerebellar nuclei (*), the dorsal nuclei of the trapezoid body (**),
and the reticular formations (***) exhibit decreased staining intensity (H&E). (C) Higher magnification of
(A), inset. The substantia nigra shows prominent vacuolation of affected neurons. (D) Higher magnification
of (B), inset. The interposital nucleus shows reactive astrocytes (arrow), some of which also contain

prominent cytoplasmic vacuolation (arrowhead).
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Figure 5. GWAS for SSADHD-affected Saluki dogs. (a) Manhattan plot showing —log10 of the raw
p-values for each genotyped SNP by chromosome (x-axis). Genomic inflation was 1.25. Line denotes
genome-wide significance based on Bonferroni-corrected p-values. (b) Q-Q plot of samples used in
GWAS showing the —log10 of the expected versus the observed p-values. The SNPs on CFA35 are

shown in light grey.
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Figure 6. SSADHD-associated ALDH5A1 missense variant in Saluki dogs. (A) The electropherograms
from a normal dog (top panel), a heterozygous dog (middle panel) and a dog homozygous for the
variant in ALDH5AT indicated by an arrow. (B) The amino acid alignment around the missense variant
in ALDH5A1 (XP_013966074.2: p.(Gly288Asp)). Yellow boxes indicate 100% conservation across the
species listed to the left and blue boxes indicate 75% conservation. The variant amino acid residue is
boxed and the variant allele detected in affected Salukis is shown in red. (C) The PCR-RFLP genotyping
assay for the ALDH5AT missense variant is shown. After PCR amplification, the products were digested
with Sau96l. L is the DNA ladder, WT stands for wild type (542 bp), C for carrier and M for mutant
(702 bp).

Independently, the genome of an affected puppy (dog 5) from the German litter was sequenced.
No private variants were found in the GPLD1 and PTCHD3 genes. Furthermore, only one protein-
changing missense variant (ALDH5A1: XM_014110599.2: ¢.866G>A) remained after filtering for
homozygous private variants in the region of interest on chromosome 35 against the 589 control
genomes from the Dog Biomedical Variant Database Consortium (DBVDC) variant catalog [27].

The ALDH5A1 variant was confirmed by Sanger sequencing of genomic DNA (Figure 6A). In order
to genotype the ALDH5A1 missense variant, a PCR-RFLP genotyping assay was used (Figure 6C).

Genotyping of the ALDH5A1 missense variant was performed in the seven affected dogs used for
the GWAS, and the four available parents (Figure 1). The variant was homozygous in all cases and
heterozygous in the parents. Siblings and other relatives, as well as unrelated Saluki dogs, were genotyped;
13 were heterozygous carriers and 48 were homozygous wild type. The segregation of the ALDH5A
variant fits perfectly with the assumed monogenic recessive Mendelian inheritance within the studied
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family. In-depth pedigree analysis revealed the presence of a common male ancestor connecting the
American and European families (Figure 1). To experimentally determine whether the ALDH5A variant
was a common canine variant, 228 dogs from various other breeds were genotyped and all were found
to have the wild-type allele, which was also confirmed by the absence of the variant in 581 dogs from
125 breeds and eight wolves of the DBVDC cohort [27].

The presence of the variant in cDNA of an affected dog was verified by Sanger sequencing of
RT-PCR product from liver of an affected Saluki compared to a control unaffected dog. There was no
obvious difference in expression level between the case and the control. Quantitative evaluation was
not possible since only one affected dog sample was available. Our results have been integrated in the
Online Mendelian Inheritance in Animals (OMIA) database (https://omia.org/OMIA002250/9615/).

3.5. Targeted Metabolic Testing

Targeted quantitative organic acids were analyzed on urine, serum, CSF, and brain tissue (Table 2)
in affected (1 = 1 to 4) and control dogs (1 = 2 to 4). Compared to control dogs, there were marked
elevations in urine succinate semialdehyde (SSA) and urine 4,5-dihydroxyhexanoic acid (DHHA) but
levels of gamma hydroxybutyrate (GHB) in the urine were normal. Serum GHB and serum DHHA
from affected dogs were markedly elevated compared to controls. Serum SSA could not be measured in
either affected or control dogs. In cisternal cerebrospinal fluid (CSF) and brain, SSA, GHB and DHHA
were markedly elevated in the affected dog compared to controls, with the CSF GHB having the highest
elevation (by a factor of at least 4800). Activity of succinate semialdehyde dehydrogenase (SSADH)
was absent or markedly reduced to 0.18% of normal in the affected dogs compared to control dogs.
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4, Discussion

A pathogenic variant in the canine ALDH5A1 gene associated with recessive SSADH deficiency,
formerly known as status spongiosus in Saluki dogs (SSSD) [13]. Seven Saluki puppies from two
continents had an onset of multifocal cranial neurological signs at 10 weeks of age or younger.
Blood work was normal. On MRI of the brain, lesions were similar in all dogs, with bilateral and
symmetrical lesions of the cerebrum, brainstem and cerebellum, predominantly affecting grey matter
structures. Because this disorder occurred in purebred Saluki puppies from different environments
with a consistent clinical phenotype and a normal extracranial work up, structural epilepsy from an
inborn error of metabolism was considered the most likely etiology. Using genome-wide association,
followed by whole-genome sequencing, a missense mutation in the ALDH5A1 gene was identified as
the presumed cause of status spongiosus in Saluki dogs, previously reported in Saluki puppies [13].
The mutation segregated completely in family members as an apparently fully penetrant monogenic
recessive disorder.

The ALDH5A1 gene encodes the mitochondrial enzyme succinic semialdehyde dehydrogenase
(NAD+) (SSADH), which is involved in the catabolism of the inhibitory neurotransmitter gamma-
aminobutyric acid (GABA) (Figure 7). GABA is the major inhibitory neurotransmitter in the central
nervous system(CNS), where it is utilized in up to 30% of cerebral synapses [34]; it is also found in
non-nervous-system tissue. GABA is synthesized from L-glutamate via glutamate decarboxylase
(GAD). The first step in GABA metabolism is by GABA-transaminase (GABA-T) to form succinic
semialdehyde (SSA). SSA is then oxidized by the mitochondrial protein succinic semialdehyde
dehydrogenase (NAD+) (SSADH) to succinic acid, which then enters the tricarboxylic acid (TCA)
cycle for energy generation (Figure 7). In people, recognized disorders of GABA synthesis are GAD
deficiency, and recognized disorders of GABA degradation are GABA transaminase deficiency and
succinic semialdehyde dehydrogenase (NAD+) (SSADH) deficiency.

The SSADH protein is expressed in the mammalian brain, as well as liver, pituitary, heart, ovary
and kidney [35]. In people, the ALDH5A1 gene is located on chromosome 6p22, and is 10 exons
long extending over 38 kb [36]. Succinic semialdehyde dehydrogenase (NAD+) is an enzyme which
is member of the aldehyde dehydrogenase family of proteins. In people with SSADH enzyme
deficiency, SSA is not catabolized to succinic acid, and thus excess levels of SSA build up in tissues
and fluids (Figure 7). Excess succinic semialdehyde is converted to 4-hydroxybutyric acid (GHB) by
succinic semialdehyde reductase. Excess SSA may also interact with an intermediate in the pyruvate
dehydrogenase complex to form 4,5-dihydroxyhexanoic acid (DHHA). People with a deficiency of
SSADH have elevations of SSA, DHHA, and GHB in body fluids [35]. The activity of SSADH is reduced
in people, and thus levels of SSA rise, with associated high levels of GHB and DHHA (Figure 7) [37].
The hallmark of SSADH deficiency in people is persistent and elevated levels of the GHB in urine,
plasma and CSF [37]. The diagnosis is confirmed by molecular genetics by sequencing the ALDH5A1
gene for pathogenic variants. There is no effective therapy [37].

In Saluki dogs with SSADH deficiency, levels of SSA and DHHA are elevated in urine, serum,
CSF and brain, and GHB is elevated in serum, CSF and brain. Unlike in people, where GHB is elevated
in urine, the level of GHB in urine in Saluki dogs with SSADH deficiency is normal. Since the activity of
succinate semialdehyde dehydrogenase (NAD+) (SSADH) was absent or markedly reduced, along with
elevated levels of SSA, DHHA and GHB, we believe that the previously described central nervous
system status spongiosus in Saluki dogs should be more appropriately termed succinic semialdehyde
dehydrogenase deficiency (SSADHD).

In people, SSADH deficiency is a rare autosomal recessive neurological disorder caused by a
mutation in the ALDH5A1 gene, reported in 1981 (OMIM 271980) [38]. There are 44 unique mutations in
the ALDH5A1 gene, which occur in exons 1-10; there are no other mutations in genes other than ALDH5A1
associated with SSADH deficiency in people [36]. The clinical features in people include developmental
delay, hypotonia, intellectual disability, ataxia, seizures, hyperkinetic behavior, aggression and sleep
disturbances. Approximately 50% of patients have seizures, 45% have neuropsychiatric problems such
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as sleep disturbances, and many patients also have behavioral abnormalities [34], which all worsen with
age [39]. The encephalopathy is considered non-progressive and has wide phenotypic heterogeneity
from mild to severe. Symptoms are first noted at a mean of 11 months (range 044 months of age),
with a mean age at diagnosis of 6.6 years (range of 0 to 25 years) [40]. On MR imaging in people with
SSADHD, MR images may be normal, or there may be hyperintensities on T2-weighted imaging in the
globus pallidus, cerebellar dentate nuclei and brainstem [41]. A small percentage of people are reported
with cerebral white matter hyperintensity on MR imaging as well [41]. There is one single case report
of the pathology of SSADH deficiency in a young adult, where there was discoloration of the globus
pallidi, congestion of the leptomeninges and scar tissue in the cerebral cortex [42].

gamma aminobutyric acid (GABA)

GABA

transaminase

\
succinic semialdehyde (SSA) f

succinic
semialdehyde
reductase
GHB succinic pyruvate
reductase X semialdehyde dehydrogenase
dehydrogenase . comple.x
4-hydroxybutyric f (SSADH) intermediate
acid (GHB)

\J

succinic acid

4,5-dihydrohexanoic 1
acid (DHHA)

tricarboxylic

acid cycle

Figure 7. GABA catabolism pathway. In Saluki dogs with SSADH deficiency, levels of SSA and DHHA
are elevated in urine, serum, CSF and brain, and GHB is elevated in serum, CSF and brain (red arrows)
as in people with SSADH deficiency. Unlike in people, where GHB is elevated in urine (red arrow),
the level of GHB in urine (red *) in Saluki dogs with SSADH deficiency is normal.

The pathophysiology of SSADH deficiency in people is complex. The disease is thought to
be caused primarily by the elevation of GHB in the brain, particularly during neurodevelopment
or due to the imbalance of neurotransmitters [43] but also potentially from oxidative stress in the
brain [44]. GHB is a neuromodulator with a wide array of pharmacological effects [45]. It was initially
produced as an injectable anesthetic agent but is now longer utilized for this purpose due to adverse
effects but is prescribed to treat cataplexy in narcolepsy/cataplexy, opiate dependency and alcoholism,
and is a drug of abuse, where its street names include Grievous Bodily Harm, Liquid Ecstasy and
Soap [46]. GHB may cause anxiolytic, hypnotic and euphoric effects as well as short-term memory loss
and CNS depression, causing sedation [44,47]; intoxication may cause bradycardia, myoclonus and
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seizures, hypoventilation, coma and death from respiratory depression [33]. GHB is a monocarboxylate
that is primarily cleared from the plasma via metabolism in a dose-dependent fashion through the
Kreb’s cycle. Renal clearance of GHB is minor and non-linear, due to the carrier-mediated saturable
renal reabsorption of GHB through the proximal tubules via sodium-dependent and pH-dependent
monocarboxylate transporters. Methods to increase the renal excretion of GHB have been investigated
in animals as part of a treatment plan for people with GHB intoxication, such as with the intravenous
administration of L-Lactate which increases the renal excretion of GHB [48,49].

As there are no effective specific treatments for SSADH deficiency in people, treatment is
currently aimed at managing the clinical signs of seizures and neurobehavioral disturbances [34].
Broad-spectrum anticonvulsants are generally utilized, avoiding valproate which inhibits SSADH
which may worsen GHB accumulation and clinical signs [50]. However, there are many therapeutic
options under investigation which include pharmacological (e.g., targeting neurotransmitter receptors),
enzyme-replacement therapy, gene therapy and treatment with pharmacological chaperones [51,52].

In animals, SSADH has been produced in knockout mice; clinical signs are progressive ataxia,
failure to thrive, seizure and death at a young age [53,54], and thus they are utilized as a model
for the severe and poor survival phenotype in humans. There are no reports of the MR imaging
features of SSADH-knockout mice [51] and, on pathology, there are no reported abnormalities on
routine hematoxylin and eosin staining, but detailed neuropathological examinations have not been
performed [55]. There is a single case report of a dog with suspected SSADH deficiency, which had a
progressive encephalopathy with profound and persistent lactic acidosis, elevated urine GHB and
a 30% reduced activity of SSADH measured in cultured lymphoblasts compared to normal dogs.
Intracranial MR imaging of the brain was not performed; on histopathology of the brain, there was a
spongiform change in the cerebral cortex [56].

Saluki dogs have a more severe phenotype of SSADHD than people, but with very similar
clinical signs of seizures, abnormal behavior, abnormalities of sleep and multifocal brain disease
on neurological examination. Like people [42], affected Salukis have multifocal abnormalities in
the brain on MR imaging, where affected dogs have identical bilaterally symmetrical T2-weighted
hyperintensities in the same anatomical areas as people such as the basal nuclei, deep cerebellar
nuclei, and brain stem. In people with SSADH deficiency, these abnormalities have considerable
consistency, and are almost universal. However, in some people, there are reports of non-specific
hyperintensities in subcortical white matter and the substantia nigra in the brainstem, as well as
cerebellar atrophy [57,58]. These abnormalities are not considered specific for SSADHD, but considered
to be imaging characteristics of cytotoxic edema, secondary to oxidative stress from the underlying
SSADHD [43]. Differently to what is noted in people, dogs have hyperintensity of the deep cortical
laminae of the grey matter of the cerebral cortex and atrophy of the cerebral cortex. On histopathology
in dogs with SSADH deficiency, there is bilaterally symmetric multifocal spongiform change in the
brainstem, deep cerebellar nuclei, but also severe in the thalamic nuclei and deep cortical grey matter.
The brain lesions in affected Salukis on MRI (two dogs) and pathology (three dogs (same two dogs that
had MRI plus one other) were identical. There is only one case report of the pathology of SSADHD in
a person where the histopathology was not described and thus the comparative pathology between
dogs and people is not possible [42].

Unlike in people with SSADHD, where GHB is elevated in the urine and therefore is an excellent
biomarker, GHB is not elevated in the urine of affected dogs. GHB is, however, elevated in the serum,
CSF and brain tissue of affected dogs. Since GHB is extensively reabsorbed from the proximal tubules in
the kidney [59], it is possible that species differences in handling GHB resulted in extensive reabsorption
of GHB and in a normal level of GHB in the affected dog’s urine. It is also plausible that since urine
GHB was evaluated in only two affected dogs, that evaluation of additional SSADHD-affected dogs
may have yielded elevated levels of urine GHB. There may also have been loss of GHB in the samples
during shipping to the lab or storage, as GHB is a volatile compound [40] and a reduction in GHB
levels is reported with storage, which varied between 10% loss at just 3 days and in excess of 20% after

118



Genes 2020, 11, 1033 17 of 20

4 weeks of storage [60]. If the activity of the D-2-hydroxyglutarate dehydrogenase in liver (non-cofactor
enzyme converting GHB to SSA and ketoglutarate to D-2-hydroxyglutarate) was very active in the
liver of Salukis, this could be a plausible explanation for why GHB was not elevated in the urine;
however, D-2-HG was not measured in affected or control dogs. Otherwise, aside from serum SSA that
we were not able to measure in dogs with SSADHD, dogs are similar to human patients in regards to
elevated body fluid levels of SSA, DHHA and GHB, and zero to low levels of brain SSA activity.

5. Conclusions

Saluki dogs with SSADHD have a disease phenotype resembling SSADHD in people, although it
appears to be more severe clinically. On the other hand, it appears to be less severe than the phenotype
described in in knockout mice, which is lethal [58]. Furthermore, GHB may not be an acceptable
biomarker for the disease in dogs; alternatively, urine SSA or GHB in serum may be more appropriate
biomarkers. Compared to mice models of human disease, dog models have naturally occurring disease,
are more similar to humans in regards to size, and have more longevity than mice. Dogs are proven and
valuable models of human disease, particularly in the field of lysosomal storage diseases [6]. This first
ALDHb5AT-related large animal model for SSADHD may provide an opportunity for evaluation of
potential therapeutics for this rare orphan disease in people. Dogs may be a more appropriate disease
model than the murine SSADH model, as dogs appear to have a more similar disease phenotype and
similar MR imaging features to people. The identification of the pathogenic ALDH5A1 variant will
allow the screening of carriers to avoid producing further affected puppies and thereby contribute to
maintaining breed health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/9/1033/s1.
Video S1: A Saluki puppy (dog number 5) showing an episode of abnormal vocalization, Video S2: A Saluki
puppy (dog number 1) with bilateral thoracic limb hypermetria.
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Abstract: Sporadic occurrence of juvenile-onset necrotizing encephalopathy (SNE) has been previously
reported in Yorkshire terriers. However, so far, no causative genetic variant has been found for
this breed-specific form of suspected mitochondrial encephalomyopathy. Affected dogs showed
gait abnormalities, central visual defects, and/or seizures. Histopathological analysis revealed the
presence of major characteristics of human Leigh syndrome and SNE in Alaskan huskies. The aim of
this study was to characterize the genetic etiology of SNE-affected purebred Yorkshire terriers. After
SNP genotyping and subsequent homozygosity mapping, we identified a single loss-of-function
variant by whole-genome sequencing in the canine SLC19A3 gene situated in a 1.7 Mb region of
homozygosity on chromosome 25. All ten cases were homozygous carriers of a mutant allele, an indel
variant in exon 2, that is predicted to lead to a frameshift and to truncate about 86% of the wild type
coding sequence. This study reports a most likely pathogenic variant in SLC19A3 causing a form of
SNE in Yorkshire terriers and enables selection against this fatal neurodegenerative recessive disorder.
This is the second report of a pathogenic alteration of the SLC19A3 gene in dogs with SNE.

Keywords: Canis familiaris; whole-genome sequencing; rare disease; precision medicine;
neurometabolic disorder
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1. Introduction

Subacute necrotizing encephalomyelopathy (SNE), also termed Leigh syndrome (LS; OMIM
256000) represents a devastating neurodegenerative disorder in people, characterized by a wide
variety of clinical signs, ranging from severe neurologic problems to a near absence of abnormalities
with the central nervous system most frequently affected [1]. Originally, Archibald Denis Leigh,
a British neuropsychiatrist described the condition in 1951 [2]. SNE is characterized by focal and
bilaterally symmetrical, necrotic lesions involving the thalamus, brainstem, and posterior columns of
the spinal cord [3]. In SNE, various mutations in mitochondrial respiratory chain complexes lead to
the disruption of ATP synthesis resulting in the characteristic pathology of SNE [4]. Mitochondrial
encephalomyelopathies, such as SNE or LS, represent rare inherited neurometabolic disorders showing
considerable genetic heterogeneity and associated pathogenic variants affecting over 85 different genes
of the mitochondrial or nuclear genome [3]. Therefore, they represent mitochondrial disorders with
the largest genetic heterogeneity [1].

As human SNE is rare and heterogeneous, studying domestic animal species showing resembling
conditions might add to the understanding of such a complex group of disorders. Rare forms of SNE
were described e.g., in cattle [5-7] and dogs (OMIA 001097-9615). The first report of this disorder
was described in Alaskan huskies [8,9] and subsequently, a similar form of SNE was reported in
Yorkshire terriers [10] and American Staffordshire bull terriers [11]. Neuropathologically, SNE in
Yorkshire terriers is nearly identical to the Alaskan husky form and very similar to human Leigh
syndrome [10]. Aninitial genetic investigation of SNE-affected Yorkshire terriers revealed no indication
for disease-causing variants in the mitochondrial genome [10], whereas more recently in Alaskan
huskies the pathogenesis of recessively inherited SNE was unraveled [12,13]. This breed-specific
fatal brain disorder in Alaskan huskies is associated with a deleterious loss-of-function variant in
SLC19A3 encoding for a thiamine transporter 2 (THTR2) with a predominately central nervous system
(CNS) distribution [12,13]. The SLC19A3 gene product controls the uptake of thiamine in the CNS
via expression of the thiamine transporter protein THTR2. Pathogenic variants are associated with
thiamine metabolism dysfunction syndrome-2 in people (THMD2; OMIM 607483), also known as
biotin-responsive basal ganglia disease (BBGD) or thiamine-responsive encephalopathy [14]. This
SLC19A3-related condition is an autosomal recessive disorder with childhood-onset that presents
as a subacute encephalopathy and progresses to severe cogwheel rigidity, dystonia, quadriparesis,
and eventually death if left untreated (OMIM 606152). The SLC19A3-related SNE of Alaskan huskies
was proposed as a possible large animal model that may allow prospective investigations into the
mechanisms of SLC19A3-related syndromes and the potential role of thiamine and/or biotin as a
therapeutic strategy [12,13].

To elucidate the disease mechanism underlying monogenic autosomal recessive inherited SNE
in Yorkshire terriers, we applied homozygosity mapping and whole-genome sequencing revealing a
most likely pathogenic variant in the canine SLC19A3 gene.

2. Materials and Methods

2.1. Ethics Statement

All animal experiments were performed according to the local regulations. All animals in this
study were examined with the consent of their owners. Sample collection was approved by the
Cantonal Committee for Animal Experiments (Canton of Bern; permit 71/19).

2.2. Animals

In total, 172 blood samples of Yorkshire terriers were collected. Ten dogs were diagnosed with
Leigh-like subacute necrotizing encephalopathy (SNE) according to Baiker et al. [10]. These affected
dogs were unrelated, apart from two full siblings for which their sire and dam (obligate carriers) as
well as a single normal littermate were also available. The remaining 159 dogs represented unrelated
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purebred controls. Genomic DNA was isolated from EDTA blood samples using the Maxwell RSC
Whole Blood DNA kit (Promega, Diibendorf, Switzerland).

2.3. Single Nucleotide Polymorphism Array Genotyping

Four selected SNE-affected Yorkshire terriers were genotyped on [llumina CanineHD BeadChip
array (Illumina, San Diego, CA, USA). PLINK v1.9 [15] was used to perform the quality control filtering
steps of the obtained genotyping data and the subsequent homozygosity analysis. Single nucleotide
polymorphisms (SNP) with a call rate <90% were removed leaving 167,185 markers. All individuals
had call rates >90%. Homozygosity analysis was carried out with PLINK v1.9 [15] to determine
intervals of extended homozygous regions with alleles shared by all four affected dogs.

2.4. Whole-Genome Sequencing

Whole-genome sequence (WGS) data of a single affected dog was obtained at 19.7x coverage
in order to identify the causative variant for SNE. The sequence data analysis and calling of single
nucleotide variants and small indels (SNVs) including the prediction of functional effects were
described before [16]. The dog reference genome assembly CanFam3.1 and NCBI annotation release
105 was used. Additionally, a publicly available control genomes cohort of 720 dogs from 130 various
breeds, and 9 wolves [16] was used to filter variants private in the sequenced SNE-affected dog; this
also included 60 unrelated Yorkshire terriers (Supplementary Table S1). The Integrative genomics
viewer (IGV) software [17] was used for visual inspection and screening for structural variants in the
associated regions.

2.5. Sanger Sequencing and Targeted Genotyping

Polymerase chain reaction (PCR) and Sanger sequencing were used to validate and characterize the
SLC19A3 indel variant (XM_022409850.1:c.205_210delins35) identified from whole-genome sequencing.
PCR primers were designed using primer 3 [18]. PCR products from genomic DNA were amplified using
AmpliTaqGold360 MasterMix (Thermo Fisher Scientific, Waltham, MA, USA) and the purified PCR
amplicons were directly sequenced on an ABI3730 capillary sequencer (Thermo Fisher Scientific) using
the following primers: GGCAGTCACCATCCCATAGA (forward) and GATATTGGGCAAGCCACCTA
(reverse) generating 309 bp products. The sequence data were analyzed with Sequencher 5.1 software
(GeneCodes, Ann Arbor, MI, USA). Diagnostic genotyping was performed by fragment length analysis
using a different forward primer (ATCCCTTGCAGGATGATGAC) to produce amplicons of 218 bp
or 247 bp representing the wild type or variant allele, respectively. The 29 bp size difference was
visualized on a Fragment Analyzer capillary gel electrophoresis instrument (Advanced Analytical
Technologies, Ames, 1A, USA).

2.6. Availability of Data and Material

The whole-genome data of an SNE-affected Yorkshire terrier are freely available at the European
Nucleotide Archive (ENA) under sample accession number SAMEA3928145. All accession numbers of
the used control genomes are available in Supplementary Table S1.

All genome positions are reported with respect to dog reference genome assembly CanFam3.1 and
NCBI annotation release 105. All references to the canine SLCI9A3 gene correspond to the accessions
NC_006607.3 (NCBI accession), XM_022409850.1 (mRNA), and XP_022265558.1 (protein).

3. Results

3.1. Homozygosity Analysis

Based on the clinicopathological diagnosis of Leigh-like subacute necrotizing encephalopathy
(SNE) in all examined Yorkshire terriers and the similarities to the recessively inherited conditions in
SNE-affected Alaskan husky dogs and THMD2-affected humans, as well as the available pedigree
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information of the two SNE-affected siblings, a recessive mode of inheritance was postulated. Therefore,
homozygosity mapping assuming identity-by-descent (IBD) was used to determine critical genomic
regions shared across four SNP array genotyped cases. This revealed five genome regions with a total
of ~4.1 Mb located on five different dog chromosomes (Table 1), representing 0.17% of the canine
reference sequence. Visual inspection of these regions in the WGS of the affected dog did not reveal
any evidence for copy number variants or large structural rearrangements.

Table 1. Regions of shared homozygosity detected in four subacute necrotizing encephalomyelopathy
(SNE)-affected Yorkshire terriers.

Position 1 Number of Annotated
Chromosome Start End Length (kb) Protein-Coding Genes in the Region
3 44,184,889 44,286,148 101.3 0
6 71,329,720 71,552,171 2225 1
10 20,608,121 22,376,735 1768.6 22
25 39,477,619 41,191,570 1714.0 13
31 33,337,422 33,591,249 253.8 2

1 in respect to dog reference genome assembly CanFam3.1.

3.2. Identification of the Causative Variant

Filtering the variants of a single affected Yorkshire terrier against 729 public control genomes [16],
including 60 breed controls, for single-nucleotide variants (SNVs) and short indels present in the five
identified IBD-regions resulted in only a single private protein-changing variant (Figure 1a). The indel
affecting ~45 bp is located in exon 2 of the thiamine transporter 2 (LOC486151) gene, also known as solute
carrier family 19 members 3 (SLC19A3) gene (Figure 1b). PCR and subsequent Sanger sequencing
confirmed the homozygous presence of this small structural variant in SNE-affected Yorkshire terriers
and revealed the detailed features of the indel: a 35 bp insertion replacing 6 bp and thereby disturbing
the correct reading frame (Figure 1c). There are 15 currently annotated transcript isoforms for the canine
SLC19A3, which is in reverse complementary orientation with respect to the canine reference genome.
While the canine SLC19A3 protein length is 495 amino acids, the human protein (NP_001358340.1)
has 496 amino acids, from which 408 (82.3%) are identical between dog and human. The Yorkshire
terrier variant leads to a frameshift and a premature stop codon (¢.205_210delins35; p.Pro691lefs*45)
truncating ~86% of the wild type coding sequence (Figure 1c).
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Figure 1. Subacute necrotizing encephalopathy (SNE)-associated SLC19A3 loss-of-function variant
in Yorkshire terriers. (a) IGV [17] screenshots of the genome region on canine chromosome
25 with the SLC19A3:¢.205_210delins35 variant in an affected and a control Yorkshire terrier
(NC_006607.3:40417780-40417930); The indel variant detected in the SNE-affected dog is indicated
by a red arrow. (b) Schematic representation of the canine SLCI9A3 gene showing the location of
both pathogenic variants in exon 2 (XM_022409850.1): the herein identified indel (red arrow) and the
insertion previously described in encephalopathy-affected Alaskan huskies (blue arrow) [12]. Note
that the number of 5 -untranslated exons (grey) varies between transcript isoforms, whereas the five
protein-coding 3’-exons (black) are more conserved; (¢) Sanger sequencing electropherograms illustrate
sequences of a homozygous SNE-affected Yorkshire terrier, a heterozygous carrier, and a homozygous
wild type dog. The red arrows indicate that the 35 bases shown in red are inserted, whereas the 6
bases in blue are deleted in the mutant allele. The predicted consequence of the shift in the reading
frame altering the amino acid sequence of the SLC19A3 protein and leading to a premature stop is

shown above.

3.3. Targeted Genotyping of the Variant

Genotyping by fragment size analysis of the 172 available Yorkshire terriers confirmed perfect
segregation of the detected SLC19A3 variant with the observed disease phenotype. Only the ten
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SNE-affected dogs were homozygous for the variant allele (Table 2). Two obligate carriers and one tested
normal littermate were heterozygous carriers of the variant, while 162 controls tested homozygous for
the wild type allele (Table 2).

Table 2. Segregation of the SLC19A3: ¢.205_210delins35 genotypes with subacute necrotizing
encephalopathy in Yorkshire terriers.

SNE Status wt/wt wt/var varfvar
Affected (n = 10) 0 0 10
Non-affected (12 = 222) ! 219 32 0

!including 60 dogs with WGS data 2 includes 2 obligate carriers and 1 normal littermate of the affected dogs.

4, Discussion

In this study, the obtained genetic results elucidate the underlying aetiology of the previous
clinical and pathological characterization of a Leigh-like subacute necrotizing encephalopathy in the
affected Yorkshire terriers, which resembles the human Leigh syndrome. The SLC19A3 variant found
by a combination of SNP genotyping-based homozygosity mapping and whole-genome sequencing,
confirmed by Sanger sequencing, segregated perfectly in the investigated cohort of >200 unrelated
Yorkshire terriers.

Numerous homozygous as well as compound heterozygous variants have been reported before
in different regions of SLC19A3 in human patients suffering from thiamine metabolism dysfunction
syndrome-2 [19]. SLCI9A3 is a member of solute carrier family 19 and encodes thiamine transporter
2. Together with thiamine transporter 1, it is necessary for transport and homeostasis of thiamine
that is important in brain development. [20]. Slc19a3-knockout mice showed progressive wasting and
lethargy leading to a premature death as well as a significant decrease in thiamin uptake, even though
there were no obvious histological changes in the brain [21].

The herein-described most likely pathogenic variant (XP_022265558.1:p.Pro69llefs*45) lies within
the second of 12 transmembrane domains of the SLC19A3 protein and, therefore, affects ~86% of the
wild type sequence. The SLCI9A3 gene probability of loss-of-function intolerance is pLI = 0.104 [22],
which indicates variants in SLC19A3 leading to a loss of gene function are most likely recessive, where
loss of a single copy is often tolerated but the loss of both copies is not. The herein-described variant
leads to an insertion of a premature termination in the second out of five coding exons, suggesting
that any synthesized mRNA would likely be degraded through nonsense-mediated decay, unlikely to
produce a fully functional protein. Heterozygous carriers did not show a visible clinical phenotype, as
they can most likely compensate due to the presence of the normal protein, albeit at a decreased amount.

In conclusion, our results provide strong evidence for a breed-specific deleterious variant in
SLC19A3 as the most likely genetic cause of monogenic autosomal recessive Leigh-like subacute
necrotizing encephalopathy in Yorkshire terriers, and they enable the development of a genetic
test for veterinary diagnostic and breeding decisions. Finally, this presents the second, most likely
breed-specific pathogenic variant in the canine SLCI9A3 gene in SNE-affected dogs.
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Discussion and perspectives

In this thesis, | investigated the molecular basis of seven different rare forms of canine
neurological diseases as well as the population diversity and disease prevalence of one
particular breed, the Leonberger. | was able to use different methods of genetic analysis and
in all of these studies, compelling candidate genetic variants were successfully identified. The
studied disorders represent a wide phenotypic spectrum of nervous system abnormalities and
fall into different groups of neurogenetic diseases affecting various parts of the nervous system

and diverse biological processes (Figure 5).
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Figure 5. Simplified representation of the investigated canine neurological diseases showing the

different parts of the nervous system they primarily affect, including the genes harboring the identified
variants associated with each disorder (in red).

The dramatic inbreeding situation in some dog populations often leads to breed-specific
increased prevalence of inherited diseases. In the course of this thesis, | intensively studied
the Leonberger breed as extensive genealogical, SNP array, as well as WGS data was
available for more than 140,000, 1,200, and 39 dogs, respectively. In similar studies of within-
breed diversity performed for different breeds, comparably smaller SNP array datasets have
been previously explored, e.g. 34 German shorthaired pointers [108], 48 Braque Francais
[109], 188 Bullmastiff dogs [110], or 255 Border collies [111]. Also WGS data of a limited
number of dogs, e.g. 15 Standard poodles [112] or 6 Norwegian lundehund dogs [113], have
been used before to characterize the ROH and explore fixed or enriched variants present in
the breeds. My study of the Leonberger breed provided the first comprehensive
characterization of the worldwide population and confirmed the assumed reduced genetic

diversity after a historical bottleneck, as well as recent inbreeding despite the ever-growing

133



number of dogs. Analysis of pedigree and medical records of thousands of purebred
Leonbergers revealed a serious popular sire effect, high relatedness among the dogs, a slow
continuous decrease of average life expectancy across time (from 9.4 years in 1989 to 7.7
years in 2004), and a high prevalence of various forms of cancer, orthopedic, and neurological
disorders. Using SNP array data | found no obvious subpopulations in the dataset collected
worldwide from 28 countries, and investigated the ROH to estimate the average genomic
inbreeding coefficient (Fron) of 0.28. This was expected in an inbred modern dog breed and
falls within the range reported in breeds, such as Rottweiler (Fron=0.29), German shepherd
(Fron=0.31), or Bernese mountain dog (Fron=0.30) [114]. However, many breeds show
comparably lower values, such as Czechoslovakian wolfdog (Fronw=0.17) [115], Braque
Francais (Fron=0.18), Poodle (Fron=0.18), Border collie (Fron=0.15), or Jack Russell terrier
(Fron=0.08) [114]. On the other hand, the Norwegian lundehund breed that is highly inbred
and known to be at risk for a breed-specific multifactorial life-threatening syndrome has an
inbreeding coefficient as high as 0.87 [116]. Furthermore, the WGS data provided evidence for
breed-specific non-coding variants as well as private (unique to Leonbergers) and enriched
(rarely seen in other breeds) potentially pathogenic variants in 38 Leonbergers affected by
neurological disease. In addition, only two haplotypes were detected in their mitochondrial
genomes. The overall high relatedness underlines the elevated risk for the occurrence of
recessive Mendelian diseases. On the other hand, fixation or enrichment of many
uncharacterized alleles in various genes due to the excessive usage of a few popular sires
might explain the overall general predisposition towards more complex neurological disorders
[117]. Besides the technical limitations of using only short-read sequencing methods, late-
onset forms of disorders, and possible complex underlying genetics complicate the discovery
of disease-associated variants and illustrate the limitation of current genomic approaches. In
the light of the low diversity and always new emerging diseases in the Leonberger breed,
outcrossing might be a prospective solution to increase heterozygosity and improve the overall
health and well-being of the dogs in the long term. It has to be, however, performed
continuously and ideally complemented with changes in population structure and breeding

organization to have a lasting effect [118].

Studies of inherited neuropathies are challenging due to their complexity and heterogeneity of
clinicopathological signs, as well as other features such as varying age of onset. | described
two novel forms of canine polyneuropathy and/or laryngeal paralysis (LPPN) during this thesis.
The affected dogs showed diverse phenotypes of clinical signs and severity. As known from
human medicine, the nomenclature of CMT forms is complicated and has been regularly
revised due to the continuous identification of new genetic causes [21]. In dogs, the situation
is comparably complicated and a classification based solely on clinicopathological

observations is usually not precise enough [26,31]. The success of finding the causal variant
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by genomic analysis is dependent on the available sample size, especially in the presence of
significant disease heterogeneity. In two studies of canine forms of polyneuropathy, different
strategies of GWAS combined with WGS were applied. First, we assumed a breed-specific
variant for an adult-onset form of polyneuropathy observed in Leonbergers. Using SNP array
genotypes of more than 200 cases and controls we fine-mapped the associated ~7.7 Mb-sized
genomic region in which private case-specific variants were then filtered in WGS data. This
approach revealed a private homozygous 2 bp deletion leading to a frameshift in the GJA9
gene encoding a connexin protein involved in the formation of gap junctions. This likely
pathogenic small indel was present in about a quarter of the studied cases illustrating the
challenge of genetic heterogeneity. Following segregation analysis by genotyping thousands
of Leonbergers suggested a dominant mode of inheritance with incomplete penetrance as
some heterozygous dogs did not show any clinical signs at the age of 8 years. Other gap
junction proteins have been associated with diverse nervous system disorders in humans,
including a form of CMT [119,120]. Thus, our study adds GJA9 for the first time to the list of

candidate genes for human neuropathy patients with unsolved etiology.

In the subsequently performed study aiming to detect the causes of further forms of LPPN, |
found an autosomal recessive missense variant in the CNTNAP1 gene in two closely related
dog breeds, the Leonberger and Saint Bernard, showing early signs of laryngeal paralysis as
the main disease sign. Using strict inclusion criteria for the cases and controls, across-breed
GWAS with imputed SNP array data of more than 500 dogs was successful in mapping the
disease-associated genomic region to about 1 Mb. Exploring this region in the WGS data of 5
cases from both breeds for shared variants identified a single protein-changing missense
variant in the CNTNAP1 gene. CNTNAP1 encodes a contactin-associated protein important
for the organization of myelinated axons and variants in this gene have been previously
implicated in human childhood-onset CMT, and hypomyelinating neuropathy, including vocal
cord palsy and severe respiratory distress [121,122]. The canine LPPN form seems therefore
clinically equivalent to the human disease. Only 4% of the analyzed affected Leonbergers and
42% of Saint Bernards were homozygous mutant for this variant illustrating once more the
challenge of large genetic heterogeneity of different forms of canine LPPN. Interestingly, when
searching the Dog biomedical variant database [20] of >700 publicly available dogs of 131
different breeds and wolves, | found the CNTNAP1 variant in several other unrelated dog
breeds, indicating it likely predates modern breed establishment. Using targeted genotyping
by Sanger sequencing of almost 5,000 animals, the variant occurred in 25 different dog breeds
with mostly unknown precise health history. However, we were able to evaluate available
LPPN phenotypes in one breed, the Labrador retriever, where homozygosity for the described
variant explained a portion of cases with a younger age of onset. Whether this variant is

disease-causing also in smaller dog breeds segregating for this variant needs to be evaluated
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in the future when detailed disease phenotypes are available. Furthermore, the breed
differences might be due to different genetic background and/or differences in size and
correspondingly shorter laryngeal nerves. Such relationship was previously suggested by

correlation between height and laryngeal neuropathy in horses [123].

Leukoencephalomyelopathy (LEMP) in Leonberger and Rottweiler dogs is classified as a
myelin disorder. | used similar methodological approaches in this study of a limited number of
affected dogs from the two breeds as in the previously described polyneuropathies. Within-
breed GWAS was performed and subsequent WGS and targeted genotyping by Sanger
sequencing revealed a private deleterious variant in the same gene in each breed. Both
variants, a missense and a frameshift, occurred in the NAPEPLD gene encoding an enzyme
of the endocannabinoid system showing evidence for obvious allelic heterogeneity of this
disorder in dogs. Similar heterogeneity was previously found e.g. in RAB3GAP1-related
polyneuropathy that is associated with a large insertion in Alaskan husky [124], and a
frameshift variant in Black Russian terrier and Rottweiler [125] (OMIA 001970-9615). The first
description of NAPEPLD-associated inherited defects in the endocannabinoid system might
be important for future investigation of myelin disorders, as the neuromodulatory system has
important functions in central nervous system development, synaptic plasticity, and the
response to endogenous and environmental insults [126]. Interestingly, when screening other
related breeds for the NAPEPLD frameshift variant, | found it was present heterozygously in
several unaffected Great Danes indicating an older origin of this mutation compared to the
missense variant found in Leonbergers. However, until now no homozygous mutant dog was
seen in this third breed. The identification of different independently occurring variants in the
same gene and diverse dog breeds affected by one disease with heterogeneous pathological
features implicates the NAPEPLD enzyme as important in myelin homeostasis. Therefore, this
study provides NAPEPLD as a new functional candidate gene for LEMP, a canine model for
the corresponding human myelin disorders, to establish molecular diagnosis and potential pre-
clinical trials in dogs, and highlights dog as a model to study the functions and molecular
pathology of the NAPEPLD gene.

Another herein described disease is the neuroaxonal dystrophy seen in young Rottweilers,
which has clinicopathological features in common with the human neuroaxonal dystrophy.
DNA samples from seven affected and almost 300 normal Rottweilers were available.
Interestingly, three of the cases examined during the study were not closely related, while the
other four were halfsiblings born around 1980 [127]. This suggested a relatively older mutation
event and silent transmission of the recessive disease-causing allele through many
generations. Therefore, homozygosity mapping was performed to narrow down the associated
genomic region detected by GWAS. By WGS of two cases and comparison of their data with

~100 controls of 25 different breeds, only a single case-specific homozygous protein-changing
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variant in the VPS11 gene was found. Further targeted genotyping of more than 400 dogs from
20 breeds confirmed the suspected breed-specificity of the VPS11 missense variant and an
estimated allele frequency of ~2% in the Rottweiler population. VPS11 encodes a protein with
a known function in vesicle transport to vacuoles and an essential role in the endosomal-
autophagy-lysosomal pathways [128]. In humans, VPS11 mutations are associated with an
infantile-onset neurological syndrome characterized as hypomyelinating leukodystrophy and
lysosomal storage disease [129]. The human and canine phenotypes have distinct differences,
clearly pointing out the spectrum of phenotypic heterogeneity caused by variants within the
same gene disrupting an important biological system. Therefore, VPS11 represents a potential

candidate for unexplained forms of human neuroaxonal dystrophy patients.

Spinocerebellar ataxia in Alpine dachsbracke dogs is an example of a simple monogenic
recessive disease. Four puppies from two litters showed signs of cerebellar dysfunction, while
all parents of the affected dogs were phenotypically normal. By pedigree analysis of the two
ataxia-affected litters, | revealed an obvious recent inbreeding loop. Although only a very
limited number of cases and their relatives was available, the outcome of the genetic analyses
was unambiguous. Assuming the recessive mode of inheritance, homozygosity and linkage
analyses were performed to map the ~5.5 Mb-sized disease-associated locus, followed by
WGS filtering for homozygous SNVs unique to the sequenced case. This led to the
identification of a single non-synonymous variant in the SCN8A gene, which segregated
perfectly with the phenotype in the pedigree; after further targeted genotyping of ~200
unrelated Alpine dachsbracke dogs, the variant occurred homozygously only in the original
four studied cases. SCN8A encodes a voltage-gated sodium channel [130] and variants in this
gene were previously reported in human patients exhibiting ataxia, cerebellar atrophy,
cognitive disability, as well as early-onset epileptic encephalopathies [131,132]. The developed
DNA test enables informed breeding decisions and provides an important tool in the precise

diagnosis of canine ataxia as it is a relatively non-specific condition.

Finally, | investigated two canine neurometabolic disorders, namely succinic semialdehyde
dehydrogenase deficiency (SSADHD) in Saluki dogs and subacute necrotizing
encephalopathy in Yorkshire terriers. Even though both diseases fall into the same category
of inborn errors of metabolism, they represent very different clinicopathological phenotypes,
also reflected in the diverse underlying genetics. Consequently, different samples were
available, and various methods for genomic analysis were used. In the SSADHD-affected
Saluki dogs, independent studies were initially conducted in Europe and the USA in different
Saluki litters showing the identical rare disease phenotype. Through international collaboration
the available data was then combined, strengthening the power of detection of the disease-
associated variant. All seven cases had striking similarities to SSADHD in humans, although

the canine phenotype was more severe. By in-depth pedigree analysis, | showed the presence
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of a common male ancestor connecting the American and European dog families and
suspected an autosomal recessive mode of inheritance. GWAS with only a limited number of
dogs and subsequent filtering of WGS data of cases from geographically different locations
revealed a breed-specific missense variant in the ALDH5A1 gene. This gene encodes a
mitochondrial enzyme SSADH involved in the catabolism of major inhibitory neurotransmitter
in the CNS [133]. Disruption of this metabolic pathway leads to an accumulation of potentially
toxic metabolites in brain, and was previously described in human neurological disease with
wide phenotypic heterogeneity [134]. Elevated levels of such metabolites were also detected
in the Saluki cases and can be used as biomarkers in urine or serum for canine SSADHD. As
there is no effective treatment, the dog provides a potential model for evaluation of therapeutic
approaches that have so far not been tested in SSADHD, such as pharmacological treatment
by targeting neurotransmitter receptors, enzyme-replacement therapy, or gene therapy. This
large-animal model could be especially important because of early lethality in the existing

Aldh5a™~ knockout mouse model, which makes any treatment trials problematic [135].

The second metabolic disorder occurred in ten mostly unrelated Yorkshire terriers that were
diagnosed with subacute necrotizing encephalopathy (SNE) according to the previous
neuropathological description of the condition, which closely resembled a form of SNE in a
different dog breed [136] as well as Leigh syndrome (LS) in humans [137]. Human LS is an
early-onset, often fatal progressive mitochondrial respiratory chain disease affecting the CNS
with considerable genetic heterogeneity. Apart from the mutations of respiratory chain protein
complexes, a biochemical defect in thiamine metabolism was also suggested in LS.
Pathogenic variants in over 60 different genes of the mitochondrial or nuclear genome still do
not explain all described human cases [138]. In the previous study of SNE in Yorkshire terriers,
Baiker et al. used targeted sequencing and Southern blot analysis to exclude mitochondrial
tRNA mutations and large genetic rearrangements as the possible underlying cause [137]. In
our study, | used homozygosity analysis combined with WGS comparison of the SNE-affected
dog with 60 unrelated Yorkshire terriers and more than 600 other breed controls to identify a
small structural variant in SLC79A3 gene. Sanger sequencing of the variant confirmed its
homozygous presence in all SNE-affected dogs and revealed the detailed features of this indel
that affects ~45 nucleotides and disturbs the reading frame. Notably, the initial automatic
variant calling reported a simple 8 bp deletion highlighting the need for experimental validation
of the WGS output in the lab. The SLC79A3 gene encodes a thiamine transporter 2 important
in brain development. Its disruption by homozygous or compound heterozygous variants was
previously seen in human thiamine metabolism dysfunction syndrome, also known as
thiamine-responsive encephalopathy [139,140]. A different small indel in the same gene was
also reported in Alaskan huskies with SNE [141]. The identification of a second, independent

variant in Yorkshire terriers, therefore, adds evidence to the causal relationship between
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SLC19A3 and this form of neurometabolic disorder. The availability of naturally occurring dogs
with a Leigh-like disease may provide a feasible approach for an investigation of mitochondrial

disease mechanisms, and serve as a model for further comparative and translational research.

In summary, the eight developed DNA tests (Table 6) provide breeders a tool to improve
animal health and welfare. Although directly eliminating all carriers from the breeds would
quickly decrease the mutant allele frequency, it might have negative consequences on genetic
diversity of the closed populations. Therefore, genetic testing of breeding dogs to avoid carrier
matings and slowly decreasing the allele frequency is usually recommended [117]. This
strategy has been successfully adopted in recent years as shown by the decline in the number
of affected dogs as well as the disease-associated variant frequencies within several breeds
following the commercial availability of DNA tests [142]. Notably, the various sizes of the
mapped critical regions together with the variant occurrence in other breeds support the
different assumptions about the age of mutation events, as e.g. the CNTNAP1-associated
region was almost eight times shorter compared to the GJA9 haplotype. Furthermore, recent
inbreeding loops result in relatively larger associated regions as seen in the ataxia-affected
Alpine dachsbracke dogs as opposed to a probably older and more widespread variants in the
SNE-affected Yorkshire terriers or SSADHD-affected Saluki dogs (Table 6).

Table 6. A list of likely causative variants in the seven investigated phenotypes showing the size of

mapped associated genomic regions, the total number of genotyped dogs in each study, and the
estimated variant allele frequencies in the respective cohorts of genotyped dogs.

4 Critical Associated Genotyped Variant allele

EiEsE el region (Mb) gene Variant* dogs frequency (%)
Polyneuropathy and/or laryngeal paralysis

Leonberger AD 7.68 GJA9 FS 7,455 3.2
Leonberger 2,738 6.6
Saint Bernard AR 0.98 CNTNAP1  MS 305 13.9
Labrador retriever 1,524 5.2
Myelin disorder

Leonberger 0.95 MS 7,086 8.5
Rottweiler AR 0.05 NAPEPLD FS 233 54
Great Dane 0.05 FS 262 4.6
Neuroaxonal dystrophy

Rottweiler AR 4.46 VPS11 MS 288 4.7
Spinocerebellar ataxia

Alpine dachsbracke AR 5.53 SCNB8A MS 285 4.9
Neurometabolic disorder

Saluki AR 2.68 ALDH5A1 MS 72 21.5
Yorkshire terrier AR 1.71 SLC19A3 FS 232 5.0

"MOI = mode of inheritance as follows: AR = autosomal recessive, AD = autosomal dominant.
2Type of variant as follows: MS = missense, FS = frameshift. Multiple entries correspond to different
variant types found in respective breeds.
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In theory, access to a single affected animal is sufficient to find the genetic cause of a simple
recessive condition if a candidate gene is affected by a variant that is detectable by standard
bioinformatics pipeline (i.e. SNV or small indel), and has a relatively easily predictable effect
on the encoded protein. Many more related and unrelated case and control animals are needed
for genetic analysis in situations of complex phenotypes with more complicated modes of
inheritance, presence of phenocopies, and large structural, silent, or non-coding variants with
difficult effect predictions. For example, a synonymous variant in an exon of the bovine MFN2
gene has been perfectly associated with degenerative axonopathy in Tyrolean grey cattle
[143]. The impact of such variant was unclear until further transcript analysis by Northern blot
and RT-PCR was performed, which revealed partial intron retention leading to a premature
stop codon [143]. Furthermore, the effect and impact prediction of non-coding variants has
become one of the main challenges of the NGS era. To correctly interpret and finally prove the
causality of an identified variant, several conditions should be met [144,145]. With appropriate
sample sizes and properly described phenotypes, sufficient proof of causality is usually
achieved with genomic data for highly penetrant variants following Mendelian inheritance. In
complex traits, robust evidence of pathogenicity is more challenging and often requires
additional functional validation studies with sophisticated tools such as expression studies in
different model systems, or CRISPR/Cas9 gene editing [146]. For example, successful
preservation of myelin was previously shown in a mouse model of the PMP22-associated form
of CMT after targeted editing by CRISPR/Cas9, and the approach partially rescued the axonal

demyelination even after the onset of disease [147].

Due to the small number of human patients with rare neurogenetic diseases, and the large lists
of variants identified from WGS, it might be difficult to pinpoint the pathogenic variant. Thus,
the availability of clinically relevant, reproducible, and representative animal models is crucial
[148]. Naturally occurring inherited disorders in companion animals, such as dogs and cats,
are often orthologous to those found in humans and, in comparison with mouse models,
provide a more relevant large-animal system enabling the development of e.g. accurate
biodistribution studies due to increased brain and body size, or long-term efficacy and safety
studies due to longer lifespan [148]. Several dog models of inherited musculoskeletal and
neurodegenerative disorders, such as various myelin disorders or neurometabolic diseases,
have been already described and proven invaluable for developing therapies for humans as
well as for dogs in the frame of precision medicine [44]. The usefulness of naturally occurring
canine models is evident from many examples, such as enzyme replacement therapy and
adeno-associated viral gene therapy tested in the Dachshund model of CLN2-related NCL
[149,150]. Both treatment studies showed a delay in the onset of neurological deficits and an
increased lifespan in the dogs, and led to the initiation of human clinical trials [149,150].

Globoid cell leukodystrophy (GLD) is an example of myelin disorder affecting both the CNS
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and PNS that often results in early death. As the current and only available treatment is
hematopoietic stem cell transplantation in pre-symptomatic patients, the evaluation of different
approaches in canine pre-clinical trials is important [44]. Bradbury et al. showed that adeno-
associated viral gene therapy in the naturally occurring canine model of GALC-associated GLD
improved myelination in both the CNS and PNS, delayed the onset of clinical signs, and
doubled the lifespan of GLD-affected dogs. These results may offer dramatic improvements
for treatment of human patients [151]. The herein described spontaneous canine models of
neurometabolic disorders related to SLC19A3 and ALDH5A1 defects may serve similarly in

the future.

Furthermore, the assignment of novel functions to disease-associated genes in dog studies
leads to new functional candidates for similar human conditions. Previously, for example,
SERPINH1-related osteogenesis imperfecta in Dachshunds [66] or ASPRV1-related skin
disorder in German shepherds [152] have been characterized before the first variants in these
genes were discovered in human patients with unexplained forms of the corresponding
disorders [153,154], and thus provided additional evidence to the causal relationship. The
herein described association of GJA9 with neuropathy or NAPEPLD with myelin disorders

provides a basis for such discoveries in human patients.

In conclusion, this thesis shows the great potential of WGS-based precision diagnosis in
veterinary medicine using large datasets produced with affordable NGS techniques and thus
confirms numerous similar reports in companion animals [91,155-157]. The typical structure
of dog populations allows for efficient use of high-density SNP array data in various genetic
mapping methods. With a combination of these approaches, | described the genetic etiology
of seven canine forms of rare inherited neurological diseases. My results provide an immediate
translation into breeding practice as genetic tests are adopted by breeders of the respective
dog populations to avoid producing affected dogs and eradicate the described conditions.
Beyond aspects of dog breeding and veterinary medicine, the disease association of
pathogenic variants in genes that are not yet known to be involved in corresponding human
genetic disorders provides valuable insights into the molecular mechanisms and biological
functions, and contributes novel candidate genes for human patients with unsolved genetic
etiology. Further research into different forms of canine neurological diseases, with an in-depth
description of the pathology, may help the development of therapeutic interventions benefiting

both human and canine patients.
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