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Foreword

You notice an odd tightening in your chest. You are unable to identify the problem, but you know
something is wrong. Eyes widening, you grit your teeth in hardened anticipation of the
uncontrollable. Your breath comes in quick gasps as you feel the grip of fear close tightly around
you. Faster, faster, your heart attempts to beat itself out of your ribcage, to run away from the
terror closing in. You want to run, too, and yet you find yourself frozen, unable to move, unable
to breathe, unable to think. Paralyzed by the physiological culmination of your unbridled panic,
you crumple into yourself, clutching at your stomach for comfort. Palms moist, you wipe the
sweat as it runs into your eyes. You try to open your mouth to scream yet find only faint

whimpers pushing to escape from pursed lips, gasping for air — for fortitude — for the end.

Jennifer Sachiko Yokoyama

December 10, 2010
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Abstract
Investigation of Complex Neuropsychiatric Disorders in the Domestic Dog: Genome-Wide

Surveys for Loci Underlying Noise Phobia and Adult-Onset Deafness in Purpose-Bred Dogs.

Jennifer Sachiko Yokoyama

The domestic dog offers a novel and potentially powerful genetic model for studies of complex
neuropsychiatric disease, including maladaptive behavioral conditions analogous to human
psychiatric disorders. Dogs provide two critical advantages that facilitate such studies: a)
potentially prominent genetic homogeneity due to the foundations of individual breeds; and b)
naturally occurring behavioral disorders with clinical features similar to a number of human
anxiety disorders (e.g., separation anxiety, obsessive-compulsive disorder, specific phobias).
After establishing the validity of the dog as a genetic model for studying neuropsychiatric
disorders relevant to human conditions, I will present work conducted in the context of our
laboratory’s on-going project in canine behavioral genetics. Specifically, we have conducted the
first genetic study of the canine anxiety disorder noise phobia, and the first genome-wide
association study for adult-onset deafness in dogs. We have identified multiple candidate regions
in Border collies that may confer risk for noise phobia, including loci on Canis familiaris
chromosome (CFA) 5, CFA8 and two loci on CFA10 that all appear to demonstrate epistatic
interactions. We have also identified a strong association region on CFA6 for adult-onset
deafness in Border collies. Targeted next-generation sequencing of the CFA6 deafness locus
identified multiple candidate sequence variants, including non-synonymous SNPs in putative
genes USP31 and RBBP6. Together, these findings implicate new potential risk loci for troubling
disorders, with implications for further research in larger samples of dogs of different breeds.
Additionally, our results highlight the strong potential for studies of complex neuropsychiatric
disease in the dog that may be directly relevant for analogous disorders in human populations,

providing new opportunities for scientific discovery.
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Chapter 1: Introduction to Canine Behavioral Genetics

This dissertation seeks to explore the relevance of using the domestic dog as a model for
investigating the genetic basis of mental illness, particularly as it relates to anxiety disorders in
human psychiatry. I first examine the validity of the dog as a model for studying behavior, which
includes review of recent advances in canine genetics as they relate to behavior, and the
implications of these findings for the research field. I next describe our research sample,
summarizing the behavioral phenotypes we are studying and the tools used to measure them, and
outlining the genotyping methods we use to characterize these samples genetically. I also discuss
our examination of within-breed stratification in Border collies and evaluate the use of saliva-
extracted DNA samples on the latest array-based high-throughput genotyping technologies. I then
describe the strategy and methods used to statistically determine genetic loci underlying noise
phobia in herding and working breed dogs via genome-wide association study (GWAS). After the
discussion of noise phobia, I also describe similar analytical methods used to determine genetic
loci underlying adult-onset deafness in Border collies. The investigation of deafness includes
deep sequencing of our top candidate regions for causative mutations. I conclude with further
discussion of the clinical relevance, implications, and future directions of this body of work in the

context of canine behavioral genetics research, as well as the field of human psychiatric genetics.

In this section, I will outline the development of the dog as a model organism for scientific
discovery, evaluating the dog’s validity as a model for studying behavior in a genetic manner and
briefly summarizing recent advances in canine genetics research, with emphasis placed on studies

regarding behavioral pathology.



Then, one day, graduate students will
enthusiastically espouse the “awesome power of dog genetics.”

MW Neff[1]

1.1.Man’s Best Friend in Genetics

Canis familiaris has been man’s best friend since the domestication of the dog, estimated at
15,000-100,000 years ago [2]. As early as 1872, scientists such as Charles Darwin noted the
similarities with which the canine’s behavior embodied many of the same attributes as their

human companions. In his work, The Expression of the Emotions in Man and Animals [3],

Darwin drew parallels between humans and their animal compatriots across many different
classes of emotional expression, observations that have lost nothing in their impact and utility
after over nearly a century and a half of research. Notably, he remarked this about fear:
The word ‘fear’ seems to be derived from what is sudden and dangerous...As fear
increases into an agony of terror, we behold, as under all violent emotions, diversified
results. The heart beats wildly, or may fail to act and faintness ensue; there is a death-like
pallor; the breathing is laboured; the wings of the nostrils are wildly dilated...As fear

rises to an extreme pitch, the dreadful scream of terror is heard. [3]

Some 80 years later, John L. Fuller of the Jackson Memorial Laboratory in Bar Harbor, Maine,
began publishing articles on the field of “behavior genetics” in animals such as the dog and
mouse [4]. The purpose of these studies, performed in the context of the long-range project later
known as “Genetics and the Social Behavior of Mammals,” was to assess the factor of heredity in
behavior [4]. In brief, members from five dog breeds were intensely studied by the group:
basenjis, beagles, American cocker spaniels, Shetland sheep dogs, and wire-haired fox terriers.

Numerous forms of observational experiments were carried out, including: similarity/difference



observations between breeds, observations of behavioral development, cross-fostered puppies
(between different breeds), and home versus kennel rearing. In addition, Fuller and colleagues
carried out a cross between two very distinct breeds: basenjis and cocker spaniels. They created a
three-generation pedigree including backcrosses to compare inheritance patterns of different
physical and behavioral traits, as well as assess variation within-breeds, hybrids and litters [4].
Among many other observations, the researchers concluded:
In general, the results show that heredity is an important quantitative determiner of
behavior in dogs and that genetic differences in behavior can be as reliably measured and
analyzed as can hereditary differences in physical size....Furthermore, there are relatively
few behavioral traits for which any breed is actually homozygous. Even within the
restricted samples chosen for this experiment there was a great deal of individual genetic

variability [4].

Similar to how strains of inbred mice could be evaluated for naturally occurring variation
between lines (here “naturally” refers to there being no genetic, physical or pharmacologic
intervention taken to bring about a particular characteristic or behavior), it makes sense that
researchers might also look to other species that represent great phenotypic diversity in the
context of methodical breeding practices. The domestic dog fits such a model. The dog is not only
used for other laboratory research (and thus bred in a systematic fashion), but in society has been
bred very methodically since the creation of pure breeds starting in the Victorian era and
continuing over the last 150 years [2, 5]. Registration in breed clubs such as the American Kennel
Club requires that a “pure” bred dog have parents who are both registered. Purebred dogs are thus
the product of the circular requirement that all dogs’ parents must have parents from the same,
often closed, breed group [6]. The “popular sire effect” in the dog is very common, where a single
stud is used in multiple matings in order to pass on favorable physical and behavioral attributes to

future generations of pups. This may be problematic in breeds derived from a small number of



founders, introducing reduced genetic diversity within the breed. This selective breeding within a
closed group thus propagates common genetic lines through many generations of dogs. In this
context, then, the pure breeds represent something less clonal than a pure genetic mouse strain —
where each rodent is an exact genetic match to its strain-mates — but clearly provides a more
simplified (homogeneous) genetic background compared to, for example, human populations, on

which to study gene contributions to phenotypes of interest.

Early behavior genetics research in the dog during the ‘60s and ‘70s focused mainly on the
thorough investigation of a line of “nervous” pointers starting in the Dykman laboratory at the
University of Arkansas, with research carried out predominantly by Murphree [7-12; reviewed in
20]. In sum, a line of pathologically “nervous” pointer dogs was developed through selective
breeding, and compared to a control line of the same breed. Most notably, the nervous dogs
demonstrated severe timidity and fearfulness (freezing/immobility bordering on catatonia)
towards humans, but not other dogs. Because of this response, Dykman proposed that the nervous
pointer line could be a model for anthropophobia (interpersonal relation phobia, or social phobia)
[13], though whether or not this was relevant given the distinction between social relationships

between dogs and dogs (versus dogs and people) remains in question.

Nevertheless, research on the nervous pointer lines continued over the next couple decades,
primarily by Uhde and colleagues at the Unit of Anxiety and Affective Disorders at the National
Institute of Mental Health (NIMH), who characterized different biological attributes of these dogs
[14-16]. For example, Uhde, et al. found that nervous dogs demonstrated lower body weights,
lower weight/height body ratios, and lower insulin growth factor-1 (/GF-I) serum levels as
compared to normal-behaving controls [15]. Interestingly, it was also discovered that
approximately 75% of the line of nervous pointers also suffered from bilateral deafness

(demonstrated by complete absence of brain stem auditory evoked response), though it appeared



that nervous dogs still responded the same to fear-invoking stimuli (i.e. human interaction),
regardless of hearing status [15]. Incidentally, the most recent publication on the nervous pointer
line is regarding its use as potential model for studying progressive juvenile hereditary deafness

and neuronal retrograde degeneration [19].

In addition to biological characterization of the nervous pointer lines, researchers also attempted
pharmacological intervention [17, 18]. Importantly, Tancer and colleagues found that, although
three nervous pointers showed marked improvement to short-term treatment with the antipanic
medication imipramine HCI and not placebo, chronic administration did not modify any abnormal
behavior in the affected dogs [17]. This emphasized the importance of thorough evaluation of
potential models of human anxiety disorders and how results from such studies need to be taken
in the context of the model under study (see section 1.2 for a discussion of ‘validity’ in animal
models of anxiety). Concurrently, work in the dog was also progressing in another behavioral

phenotype, narcolepsy, which will be discussed further in the gene mapping section (1.3) below.

In the 1980s, groups also sought further information on the biological foundation of behavior and
its heredity [20]. In their review of “Animal Behavior Genetics,” Wimer and Wimer bring up a
point that is as relevant now as it was then: “Because of the complex nature of social systems, it
has not been feasible to subject them to genetic analysis; instead, the approach has been to
manipulate genotype and study the effects on social systems” [20]. With regard to animal models
of human disease and behavior disorders, they note that “sometimes major gene effects on
behavior are discovered by accident, then subsequently exploited in the search for
mechanisms.... There are also models in which animals have been selectively bred for extreme
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behavioral traits, such as...the ‘nervous pointer dogs’” [20]. Again, Wimer and Wimer make
observations that are still applicable today. Regarding the nervous pointers, the authors make an

interesting point, observing that though the model existed, it was still not clear what human



behavioral disorder the animal phenotype parallels [20], though noting the primary investigators’
suggestion that the nervous phenotype observed may be similar to phobia in humans [13]. Wimer
and Wimer conclude that there is great potential for establishing brain-behavior associations in
animal models, and for discovering the impact that genes can have in living systems existing in

the real world [20].

While earlier studies focused primarily on understanding behaviors intrinsic to specific lines or
breeds of dogs, the year 1990 brought a move into more clinical settings and exploration of
treatment options. This was a logical next step in the field given the interest in pathological
behavior in the dog—particularly involving fears and phobias—as well as obsessive-compulsive
disorder-like behaviors described in the nervous pointers and other dogs [7, 21-24]. For example,
the study by Tancer, et al. sought to investigate the behavioral effects of chronic treatment of the
tricyclic antidepressant (TCA) imipramine in the genetically nervous pointers [17]. In addition,
another TCA, clomipramine, was investigated by many groups for its effects on compulsivity and
other anxiety behaviors. Importantly, Moon-Fanelli and Dodman found that within 1-12 weeks,
75% of dogs remaining in their study of compulsive tail chasing demonstrated a 75% or greater
reduction in tail-chasing behavior [25]. Similar clinical results were also seen by Seksel and
Linderman [26] and Overall and Dunham [27]. Interestingly, the use of clomipramine for canine
anxiety disorders was found to be efficacious enough to allow its manufacturer, Novartis, to
develop a canine-specific formulation, “Clomicalm®,” which was approved by the Food and
Drug Administration in 1998 (NADA #141-120). The interest in treatment prospects for canines
highlights the desire of the veterinary field to develop better treatments for thoroughly
characterized anxiety disorders commonly encountered in the clinic [28]. As such, investigations

of pharmacological interventions have continued into the 21* century [26, 27, 29, 30].



The ability to use antidepressant medications commonly used in humans for treatment of similar
anxiety disorders in dogs supports the fundamental hypothesis that there is at least some
underlying neurobiology that is shared between the two species in the systems affected by these
disorders. Here we thus see a confluence of scientific motivations towards common ends; by the
veterinary community to identify effective pharmacological treatments for anxiety disorders
commonly seen in the clinic, and for researchers investigating the neurobiological basis of
psychiatric disease in humans. In light of the latter, the NIMH held a special workshop to discuss
the development of animal models for anxiety disorders [31]. In addition to evaluating existing
and new animal models and study approaches, the workshop also sought to examine how these
models relate to clinical anxiety symptoms and syndromes and how they might impact the
research field. In summary, they concluded that it is unlikely that researchers will be able to
develop a comprehensive animal model that accurately reflects the relative influences of factors
contributing to human neuropsychiatric disease. However, ample models exist and can be better
developed, defined, and extended to improve research in this field and more effectively model the
combinatorial factors that contribute to clinical disease. Of note for our discussion, the group
pointed out that the dog may be an important naturalistic model for determining genetic
susceptibility to certain discrete anxiety syndromes that demonstrate unique behavioral,
epidemiological and treatment response profiles, suggesting different underlying neurobiological
etiology [31]. These comments provide a good transition point from which we will further
emphasize the strengths of the dog as a model for studying behavior, and in particular in the

genetic study of pathological, anxiety-related disorders.

1.2. The Dog as a Natural Model of Behavior
In the article, “Natural animal models of human psychiatric conditions: assessment of mechanism
and validity” [32], Karen Overall provides a summary of the classic animal model for human

psychiatric conditions—rodents—and notes how the behavior of such prey species may not be an



accurate model for studying anxiety in humans. Specifically, she notes that the vigilance and
avoidance demonstrated by rodents is an advantageous behavioral attribute in prey species that
must be weary of their environment in order to avoid risky situations that may result in death.
However, these normal types of avoidant behaviors would be seen as highly maladaptive in social
species like humans. This fundamental difference brings in to question the validity of studying
maladaptive anxiety disorders in rodent models — i.e., are behaviors that are adaptive in one

species but maladaptive in another representative of the same neurobiological phenomenon?

This point is highlighted by the context within which many researchers obtain their phenotypes;
many of the behavioral assessments used to measure behavior in rodent animal models rely on
paradigms that incorporate measures of innate or learned responses to aversive situations in
normal animals [31]. Though these types of studies can be very useful for pharmacological
investigations, it may be inaccurate to extrapolate from this mode of behavioral measurement of
adaptive behavior in rodents to maladaptive disorders in humans. A classic example of this may
be seen in the commonly used testing paradigm for anxiety, the open field test (OFT; first
described by Hall [33]), in which a rodent is placed in one corner of a novel, enclosed, brightly-lit
open field staging area and anxiety-induced locomotor and exploratory behaviors are monitored
for five minutes. The extent to which the test subject, for example, avoids the open center of the
test arena (versus exploring the novel environment) is evaluated as a measure of the level of
anxiety in the rodent. Although the degree to which the test subject will spend time in the
brightly-lit open space may be seen as a measure of the level of anxiety possessed by the test
subject (where more anxious individuals spend less time there), this is not necessarily an accurate
model of maladaptive behavior. Rather, this type of anxiety may be seen as an adaptive behavior
for survival by the test subject, whose innate fear of bright open spaces is justified given the
threat to its safety posed by an environment that would promote exposure to predators. Therefore,

although anxiolytics may indeed demonstrate “anti-anxiety” effects in rodents treated with them



by increasing exploratory behavior in the open space, the behavior change in itself may not be
wholly demonstrative of a socially relevant behavior modification. Further, the type of
generalizable behavior that can be measured in rodents in these testing paradigms may not be
analogous to the discrete maladaptive behaviors we would like to investigate in the context of
human psychiatric disease. The rodent may thus provide a strong genetic model for studying gene
function (in the context of transgenic or knockout models) and pharmacological model for
studying the effect of compounds on certain exploratory behaviors; however, it is likely not the
most ethologically-relevant organism for naturalistic modeling of discrete neurobiological

syndromes that comprise a specific suite of physiological behaviors [31].

As an alternative organism of study, Overall presents the domestic dog as a more effective animal
model for studying anxiety-related behavior [32]. One specific benefit of studying canines is the
spontaneous or endogenous presentation of symptomatology without the need for genetic or
neurochemical manipulation. In other words, anxiety-like behaviors are naturally observed in
dogs without means of genetic, anatomical, or pharmacologic manipulations that are often
required in rodent models. Overall evaluates the dog as a model organism on three types of
validity: (1) face validity — the extent to which the model organism is phenotypically similar to
and representative of the same symptomatology (behavioral and physiological) as the organism it
seeks to represent; (2) predictive validity — the extent to which the model organism demonstrates
the same effect to pharmacological intervention as that seen in the modeled system; and (3)
construct validity — the extent to which the model organism relies on the same underlying
neurobiological mechanism that is responsible for the same condition in the organism it models
[32]. In the context of these three forms of validity, the author suggests canine correlates or
homologues to different human psychiatric disorders. Although there is limited knowledge yet on
underlying neurobiology of anxiety syndromes, behavioral and physiological symptoms suggest

that humans and dogs share at least some fundamental underlying systems (face and construct



validity). Moreover, results of clinical studies on the effectiveness of TCAs in canines with
obsessional disorders also suggests that dogs demonstrate similar responses to pharmacological
interventions used to treat human anxiety disorders (predictive validity). Overall thus concludes
that canines may provide a naturally occurring model for studying human psychiatric conditions

in a more socially relevant framework as compared to rodents [32].

There are some disadvantages of using canines. First, phenotyping for behavioral traits or
disorders often requires either (a) direct laboratory observation, or (b) the use of questionnaires
filled out by the dog’s owner. Additionally, locus-specific genetic manipulation (transgenic or
knockout modeling, informative breeding, etc.) is socially unpalatable in community-based
samples and currently not feasible in colony populations. Finally, a limited amount is known
about canine psychobiology. However, a critical feature of the dog in terms of genetics is the
foundation of pure breeds in the dog. This greatly facilitates gene-mapping efforts as each breed
is like a genetically isolated population. Additionally, the canine is similar in physiology to
humans, which means any discoveries made in dogs may be directly applicable to further human
studies. In terms of phenotype, canines are social animals, constantly encountering both inter- and
intra-dog interactions (e.g. owners, other dogs, other household pets, etc.); anxiety-related
disorders in this social context, therefore, are maladaptive because they hinder this social
interaction and/or bring about adverse consequences. Moreover, such behavior is often the target

of negative selection (i.e., removal from breeding).

The use of dogs as models for naturally occurring behavioral disorders (“naturally occurring”
again meaning the behavior is expressed without genetic, pharmacologic, or anatomic
manipulation) is promising, not only because the presentations and pharmacological treatment
responses are often similar to those of humans, but also because of the ability to track particular

behaviors within specific pure breeds and/or several generations of pedigreed dogs. This latter
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point especially can be key in helping to identify genetic susceptibility factors of discrete
behaviors or syndromes. Naturally occurring behavioral disorders, such as those seen in the dog,
remove possible confounding factors or epiphenomena such as impaired development due to
artificial genetic manipulation. Additionally, the natural occurrence of these behaviors removes

the reliance on testing paradigms as a measure of the behavioral phenotype.

Regarding the use of owner-based questionnaires for phenotyping in canine studies, there are two
main possibilities for questionnaire development. One method is to adapt human-based
questionnaires for their utility in assessing canine behavioral disorders. Vasa, et al. [34] attempted
to evaluate just that, hypothesizing that owners of dogs experience and observe their dogs every
day, similarly to parents with young infants. Therefore, questionnaires designed to survey parents
about their infants for phenotypes such as attention and hyperactivity disorder (ADHD) may also
be effective for surveying owners of dogs with similar attention deficits and hyperactivity
problems. Owners of a total of 220 household pet dogs representing 69 different breeds were
administered a questionnaire designed to survey parents about their infants for ADHD. The
authors found that the questionnaire had high internal consistency, and all but one item measured
the purported subscale. They concluded that human questionnaires administered to dog owners
were a valid means of measuring attention deficit and activity in dogs [34]. A second method for
phenotyping dogs for behavioral traits is through the use of questionnaires developed specifically
for surveying canine behavior in general. Our lab has developed one such questionnaire for
evaluating clinical anxiety disorders in dogs, which we used for determining the noise phobia
phenotype described in Chapter 3 [35]. The questionnaire utilized by our group specifically aims
to objectively quantify observed responses by owners of their dogs’ responses to specific, discrete
situations or stimuli. In this way, we aim to avoid subjective bias introduced by owners’
perception of having a “good” or “bad” dog [35]. Other groups have also developed

questionnaires for assessing canine behavior and temperament for use in research and for
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evaluating dogs trained for working duties; the most commonly used is the “Canine Behavioral
Assessment and Research Questionnaire (CBARQ) developed by Hsu and Serpell [36, 37]. In
contrast to the questionnaire developed by our group, CBARQ incorporates measures of “owner
impression,” where owners are asked to give their opinion of their dog’s, for example,
‘aggressiveness.” In addition, behavioral categories in CBARQ are also divided into different
groups (e.g. “stranger-directed aggression” versus “owner-directed aggression”), a distinction not

utilized by the Overall questionnaire [35].

In addition to providing a more accurate representation of socially maladaptive behavioral
syndromes, the canine also offers an important genetic context within which to investigate such
behaviors as mentioned above. In “A fetching model organism,” Neff and Rine [1] expound on
the utility of the domestic dog as a model organism for studying evolution, development and
behavior. More specifically, the authors suggest the dog to be a valuable model for studying both
breed-specific behaviors (such as pointing) in addition to maladaptive behavior within a
simplified genetic structure (in the form of pure breeds). The authors emphasize the wealth and
diversity—as the dog demonstrates the largest span of phenotypic diversity of any terrestrial
species—of naturally occurring phenotypic variation that can now be investigated using new
microarray technologies that were enabled by sequencing of the canine genome and cataloguing
of millions of single-nucleotide polymorphisms (SNPs) [1]. Spady and Ostrander also highlight
the persistence of breed-specific behaviors such as herding, pointing, tracking and hunting in the
absence of training or motivation, suggesting that these behaviors are, at least in part, controlled
on a genetic level [39]. Further details highlighting the advancement of canine genetics are found

in the following section.
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1.3. Genomics of Canis familiaris

If we are to use the domestic dog as a model for studying the genetic basis of behavior, we must
first learn about the genomic structure of the dog. With the creation of “pure breeds” in Europe in
the 19™ century, concentrated selection for physical attributes and behavioral traits began in the
world of dogs. This selection has not only created the largest phenotypic diversity within any
single terrestrial species, but has also served as a real-life experimental system in which canine
geneticists explore naturally occurring traits in relatively genetically-homogeneous breeds. Pure
breeds are akin to population isolates in human genetic studies, and geneticists are ready to
exploit this opportunity to forward our knowledge of the genetic contribution to a variety of

phenotypes.

The canine genome is comparable in size to most mammalian genomes, and is composed of 38
acrocentric autosomes and two sex chromosomes. The first types of polymorphic variant to be
described in the dog for purposes of trait mapping were microsatellite markers (simple sequence
repeat polymorphisms). Ostrander and colleagues first characterized dinucleotide repeat (CA)n
markers in 1993 [39], and more were discovered in subsequent years [40]. However, studies
suggested that dinucleotide (CA) repeat variation may be significantly lower in purebred dogs as
compared to mixed-breed dogs, which may make them inadequate for linkage mapping within
pure breeds [40, 41]. Thus the discovery of a new class of tetranucleotide repeats in the dog,
(GAAA)n, was a critical addition to the canine genomic tool set, particularly given their increased
polymorphic rate compared to (CA)n repeats. Additionally, these tetranucleotide repeats
demonstrated sufficient distribution throughout the genome for linkage studies and adequate

stability for mapping of traits with simple heredity patterns in extended family pedigrees [42].
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With polymorphic marker sets in place, the tools were now available for more thorough
investigation of the canine genome. In 1996, Fischer, et al. applied fluorescence in situ
hybridization (FISH) techniques for physical mapping of the 78 canine chromosomes, identifying
six microsatellite sites, two ribosomal sites and a human chromosome-X paint in short-term
peripheral blood cultures [43]. In 1997, construction of a canine linkage map began, first with
Lingaas, et al.’s establishment of 16 linkage groups [44], then with the publication of a first-
generation linkage map by Mellersh, et al. linking 139 dinucleotide and tetranucleotide
microsatellite markers and identifying 30 linkage groups [45]. Within two years, a second-
generation linkage map was published by Neff and colleagues, extending to 276 mapped loci and
39 autosomal linkage groups [46]. To complement the canine linkage map, construction of a
whole-genome radiation hybrid (RH) panel was also in development by 1999 [47]. Creation of an
integrated linkage-RH map continued [48-50], and by 2004 an integrated FISH/RH map existed

for all canine chromosomes except the Y-chromosome [51].

Researchers utilized the tools developed for the canine genome for investigations of breed
relationships [52] as well as patterns of linkage disequilibrium (LD) between and within pure
breeds [53]. These investigations served two purposes, (1) to further describe the genetic structure
of pure breeds (i.e., to establish genetically the distinction of pure breeds as genetic ‘isolates’ and
to investigate the genetic clustering of different breeds as it may relate to breed creation), and (2)
to assess the canine genome for use in linkage studies. In 2006, Senger and colleagues published
a high-resolution 9000-rad RH panel for the dog [54]. Comparative genomics studies continue in
the field of canine genetics [55], and tools are becoming available to facilitate multi-species

studies [56].

Parker, et al. [52] investigated the genetic relationships of different breeds of dogs, hypothesizing

that genetic relationships will reflect breed histories and historical accounts for breed creation.
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Microsatellite markers were used to characterize 85 different domestic dog breeds. Phylogenetic
analysis and clustering were used to separate breeds into different putative groups and genetic
clusters of putative shared ancestry. The authors found that phylogenetic analysis separated out
several breeds of ancestral origins (Asian, African) from the remaining breeds that have more
modern European origins. These groups were also identified via genetic clustering, where first the
most ancestral breeds separated from the European breeds, then three subsets of European breeds
(mastiffs, herding-type breeds, hunting-type breeds) were also separated. These general breed
separations are in line with known breed function, geographic origin and/or morphology,
suggesting that the genetic relationships between these dogs reflect the known breed history or

purpose of the dogs [52], as hypothesized.

Also published in the same year, Sutter and colleagues characterized the LD patterns in the dog
[53]. Their goal was to survey LD in pure breeds of domestic dog and assess haplotype diversity
between and within breeds. They theorized that there would be extensive LD in pure breeds, and
long common haplotypes within but not between breeds. Five genomic intervals were surveyed
for known sequence variants in 20 unrelated dogs each for five different pure breeds (Akita,
Bernese mountain dog, golden retriever, Labrador retriever, Pekingese). Sutter, et al. found that
LD in dogs appears to be ~100x longer than that observed in humans [53]. Additionally, low
haplotype diversity is observed within regions of high LD, with small numbers of haplotypes
present within breeds and also seen across breeds (though at varying frequencies depending on
breed). This highlights the shared ancestry of all domestic dogs as they branched off from wolves
evolutionarily, with discrete bottlenecks occurring more recently upon the creation of pure
breeds. The extensive LD in the dog also suggests that many fewer markers are required for
mapping efforts in the dog compared to human, highlighting the utility of the dog in genetic

studies [53].
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Although microsatellite markers could be multiplexed to expedite analysis [57], the use of the
domestic dog for genetic mapping studies was still laborious. Additionally, the idea of utilizing
the canine for genome-wide studies of complex traits — which are predicted to have multiple loci
of modest effect — was quite daunting. Thus the publication of the genome of C. familiaris was a
welcome addition to the tool belt of canine geneticists worldwide. A 1.5X sequence derived from
a single male Poodle [58], covering about 78% of the genome was published by the Institute for
Genomic Research, and a NHGRI-funded effort to sequence the dog genome resulted in the
publication of a 7.5X draft sequence covering approximately 99% of the Boxer genome,
excluding highly repetitive regions [2]. As the fifth mammal (human, chimp, mouse, rat), and
first animal of the neighboring clade of those mammals, to be sequenced, the dog genome serves
as the first mammalian outgroup for comparative genomic searches for conserved elements and
function in the human genome. With annotation of SNPs in the canine genome, the tools would
also be in place to undergo GWAS to map traits of interest that may be relevant to the study of
human disease. Goals of the canine sequencing initiative thus included: sequencing and assembly
of a high-quality draft of the domestic dog genome; annotation of SNPs in the dog genome for
use in mapping studies; assessment of the genomic structure of the dog, particularly compared to
the genomes of the primate and rodent lineages to learn more about genomic evolution and
structure; and assessment of genomic structure in limited regions of the genome across multiple

breeds.

Whole-genome shotgun sequencing of the boxer was performed and an assembly was created
using an improved version of the ARACHNE program. The genome assembly was also aided
with information from the previously existing canine radiation hybrid and cytogenetic maps. The
“CanFam2.0” version of the genome contains 7.5X sequence coverage of 99% percent of the
putative 2.4Gb of canine genome. 2.5 million SNPs are annotated on the genome. Comparative

genomic analysis demonstrates extensive synteny between human and dog, and suggests that
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~5.3% of the human genome consists of conserved functional elements that are shared between
dog, human and mouse. Interestingly, the dog genome demonstrates more nucleotide homology
with the human genome than does the mouse, despite the fact that human and mouse are more
closely related evolutionarily [59]. However, this is likely due to the estimated 2.5X higher rate of
genomic deletion in mouse, which results in human and dog sharing more extant ‘ancestral
sequence’ [59]. LD in the dog extends across several megabases within breeds, but only extends
over tens of kilobases when looking across breeds [2]. The approximately 2.5 million SNPs
annotated on CanFam2.0 were generated by comparing the boxer genome to the previously
existing Poodle genome by Kirkness, et al. [58], observation of heterozygous loci in the boxer,
and comparison made to shotgun sequence from select chromosomal regions from dogs of nine
diverse breeds, four grey wolves and one coyote. The polymorphism rate of the current SNP map
is ~1/900bp between breeds, and ~1/1500bp within breeds, which suggests the genotyping of
~10-15 thousand SNPs across the genome will suffice for most studies attempting to identify
genetic associations to common DNA variation in population samples. This stands in distinction

to human mapping studies, in which 500,000 or more SNPs are commonly used [2].

In addition to the SNP data provided by CanFam2.0 and SNP-discovery efforts, microsatellites
also continue to be an important exploratory apparatus for understanding variation in the canine
genome [60]. Earlier this year Wong, et al. published a comprehensive linkage map of the dog
[61]. Utilizing microsatellite data, published genome data and SNP genotyping results the authors
created the first complete linkage map, which revealed marked regional and sex-specific
differences in recombination rates [61]. With these advances in dog genomics, the most important

tools are in place for rigorous genetic analyses of canine behavioral traits [2, 58].
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1.4. Gene Mapping in the Dog: Then and Now

Genetics in the dog has been characterized by a long history of traditional mapping approaches,
particularly in diseases demonstrating mendelian inheritance, and in fixed traits, with genomic
investigations of canine phenotypes and disease appearing as early as the 1960s (e.g. [62]).
Causative mutations and quantitative trait loci (QTLs) have been mapped predominantly by
investigation within single breeds, or in extended pedigrees of interrelated individuals. QTL
mapping in the dog is exemplified by the work done in Portuguese water dogs (PWDs) through
the Georgie Project by Lark and colleagues (http://www.georgieproject.com). In 2004, Chase, et
al. described two side-specific QTLs that regulate laxity in the hip joint (this type of laxity can
lead to degenerative joint disease [63]). Another QTL on Canis familiaris chromosome (CFA) 3
was also characterized for its role in regulating pathological bone remodeling and osteophyte
formation resulting in osteoarthritis [64]. QTLs for osteoarthritis of hip joints were also mapped
by Mateescu, et al. to four regions, on CFA 5, 18, 23, and 31 [65]. In addition to these
explorations of arthritis phenotypes, the PWD was also utilized in mapping of the /GF] allele as a

major QTL for size variation [66].

One of the early notable discoveries in canine disease gene mapping was the linkage analysis and
comparative mapping of canine progressive rod-cone degeneration (PRCD) by Acland and
colleagues in 1998 [67]. Acland, et al. not only mapped the locus (utilizing a panel of anchor loci
and microsatellite markers) but, perhaps more importantly for the field, demonstrated potential
locus homology with the human syndrome retinitis pigmentosa: the canine linkage region on
CFA9 demonstrated conserved synteny with the retinitis pigmentosa locus on 17q (RP17), for
which no gene had yet been identified. In 2006, Zangerl, et al. identified a homozygous mutation
in the novel gene PRCD located in their linkage region on CFA9 that was present in 18 affected

dogs of different breeds [68]. Interestingly, they also identified the same mutation in a human
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patient with retinitis pigmentosa, demonstrating the potential strength of the canine in mapping

disease loci relevant to humans.

Mapping of many other disease loci has also occurred and includes: deletion of exon 2 in the
MURRI gene via positional cloning in copper toxicosis in Bedlington terriers [69]; linkage
mapping of the primary locus for collie eye anomaly to CFA37 [70]; linkage analysis of a
susceptibility locus in canine tricuspid valve malformation in Labrador retrievers to CFA9 [71];
mutation in exon 7 of canine Birt-Hogg-Dubé (BHD) segregating with hereditary multifocal renal
cystadenocarcinoma and nodular dermotofibrosis in German shepherd dogs (the BHD locus is
also implicated in the analogous disease in humans [72]); a missense mutation in CLNS in the
neurodegenerative disease of Irish setters, neuronal ceroid-lipofuscinosis [73]. In addition to
mapping of morphological and disease traits, there has also been interest in mapping genes
underlying behavior. This interest was exemplified by the creation of a Newfoundland-Border
Collie hybrid colony in the laboratory of Jasper Rine at the University of California at Berkeley in

the early 1990s as part of the “Dog Genome Initiative” [74].

Perhaps the strongest example to date of canine research in the behavioral realm is that of the
Mignot group at Stanford University on canine narcolepsy. First described in 1973 by Knecht, et
al. [75] and then in 1974 by Mitler, et al. [76], narcolepsy-cataplexy in dogs demonstrates
pathology analogous to human narcolepsy via electrograph, with excitation due to presentation of
a plaything, food or water most frequently eliciting attacks resulting in atonia [76]. In addition to
this face validity, canine cataplexy has also been shown to be responsive to imipramine as seen in
human cataplexy [76-80] except in one study [81], demonstrating predictive validity in
narcoleptic dogs for this drug. In 1976, Stanford University established a colony of narcoleptic
dogs to evaluate the pathophysiology of the disorder [82]. Although narcolepsy observed in their

colony dogs had a very similar presentation as that in humans, it did not appear to be associated
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with the HLA region as had previously been demonstrated in humans [83]. Thus, the Mignot
group hoped to elucidate new candidate genes for narcolepsy research in humans by

understanding what causes narcolepsy in their dog colonies.

Over twenty years after the creation of its colony, the Stanford group published discovery of the
gene causing the disorder in two large colonies of lab-bred narcoleptic dogs, mapped via
positional cloning [84]. Colonies of Doberman pinchers and Labrador retrievers were raised in
the laboratory and bred to create large pedigrees of dogs that transmitted narcolepsy. They found
heritability in their Doberman pedigree to be autosomal recessive with one allele and full
penetrance. The researchers used linkage analysis to localize the causative allele on CFA12. They
eventually localized the causative gene to be hypocretin (orexin) receptor 2 (Hcrtr2). Hungs and
colleagues of the same group later went on to map the causative mutations in the Hcrtr2 gene that
appear to be responsible for narcolepsy in these pedigrees [85]. The hypocretin (also called
orexin) family of related proteins are intriguing novel candidates for sleep disorders. The
hypocretin excitatory neurotransmitters were only discovered a year prior to their linkage to
narcolepsy in dogs, and were previously thought to be involved in appetite regulation. Their role
in sleep regulation continues to be investigated in humans, although studies of hypocretin
pathway genes have not yet been found to be associated with narcolepsy in humans [86]. Though
some might argue that lack of human association brings into question the construct validity of
these canine colonies in the context of modeling human narcolepsy, the canine discovery has
clearly opened up the field for research in pathways that may otherwise have never been
investigated with regard to this disorder. Additionally, it would not be unreasonable that variation
in the hypocretin system may only play a small or modifying role (i.e., low penetrance) in human

narcolepsy.

20



Finally, there have also been advances in the relatively new field of pharmacogenetics (where
genetic variation is investigated for its effect on drug response, metabolism and toxicity) in
canine research. The best example of this is seen in the canine multidrug resistance gene (MDRI),
which codes the P-glycoprotein (Pgp) transporter that plays a critical role in drug distribution. A
mutation in MDRI was identified by Mealey and colleagues, and found to be associated with
ivermectin sensitivity in collies [87]. The mdrl-1A mutation causes toxicity to the common anti-
heartworm medication ivermectin, as well as cytotoxicity to several other anticancer agents [88,
89]. Knowledge of this mutation’s presence in dogs is critical for two reasons: (a) because of the
severity of the toxic side effects seen in dogs carrying the mutation, and (b) because dogs
carrying the wildtype alleles are unaffected and can thus be safely dosed with these medications.
Although this mutation is most common in dogs of collie lineage, it is also seen in some hounds
[88]. Thus Neff, ef al. sought to characterize this mutation in other breeds, exploiting the presence
of the mdr1-1A mutation to phylogenetically characterize the collie lineage of dogs and identify
other breeds that might be at risk for drug toxicity [90]. Utilizing this highly functionally relevant
mutation, they identified the mutation in several additional breeds of herding dogs, plus two
breeds of sighthounds not previously thought to share lineages with collie lines, the Longhaired
Whippet and the Silken Windhound [90]. Importantly, genetic testing for the MDRI mutation is
now available to identify dogs that are at risk for toxic side effects, and the list of suggested
breeds to test includes the sighthounds identified by Neff and colleagues in 2004

(http://www.vetmed.wsu.edu/depts-vcpl/).

In the last five years, there has been a burgeoning of gene mapping results as a by-product of the
publication of the 7.5X canine genome [2]. In addition to microsatellites and RH mapping, there
are now over 2 million SNPs published and available for linkage mapping purposes. Further, the
development of SNP arrays surveying the genome in a high-throughput manner can now

characterize 20,000 - over 170,000 SNPs in a single genotyping assay. Finally, next-generation
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sequencing (NGS) is increasing in popularity because of the quantity of data it can provide

(currently up to 7Gb of sequence) per single run.

As a proof of principal, Karlsson and colleagues sought to map traits with simple hereditary
patterns in a small set of cases and controls using minimal SNP marker coverage. They
hypothesized that is possible to perform GWAS in a small number of dogs using a small set of
markers to map genetic loci underlying simple traits such as morphological traits demonstrated to
have mendelian heredity patterns [91]. The ability to perform GWAS with such small numbers of
samples and markers in the domestic dog is due to the breed structure of the dog, with long
blocks of LD that allow for single markers to tag very large genomic regions. They therefore
investigated two phenotypes: ridging in the Rhodesian ridgeback (in pedigrees shown to be a
dominant trait with presumed one mutation causing ridging) and white coloring in the boxer (in
pedigrees shown to be a recessive trait with presumed two mutations required to cause full white
color, and one copy causing a middle phenotype of white-spotting). About 10 cases and 10
controls of each phenotype were compared at about 27,000 SNPs surveyed via an Affymetrix

microarray [91].

For ridging, the authors identified a single region on CFAI18 demonstrating the strongest
association that withstood permutation to correct for Type I error (raw p-value 9.6 x 10
permuted p-value 0.0014). The causative mutation for ridging was later mapped by Salmon
Hillbertz and colleagues to a duplication event involving three fibroblast growth factor genes
[92]. For white color/spotting, the authors identified a single region on CFA20 demonstrating
strongest association that also withstood permutation (raw p-value 7.1 x 10™'; permuted p-value <
3 x 107). Leegwater and colleagues localized the white color/spotting locus in boxers to a region
near the MITF gene, which is a strong candidate since the same gene in humans has been found to

cause albinism [93].
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Array-based GWAS have been successful in identifying a handful of loci playing a role in
complex disease. In diseases of simple inheritance, the power of canine genetics is highlighted by
Drogemuller, et al.’s identification of a missense mutation in the SERPINHI gene as a candidate
causative mutation for osteogenesis imperfecta (OI) in Dachshunds [94]. Remarkably, only 5
affected dogs were used for first-pass analysis to identify a single extended region of
homozygosity on CFA21. Five more obligate carriers were then used to narrow the homozygous
region, which was then investigated for functional candidate genes via annotation of the
corresponding human interval and linkage analysis in families segregating Ol. A novel mapping
approach was also taken by Wiik, et al. [95] when mapping a deletion in nephronophthisis 4
(NPHP4) associated with cone-rod dystrophy in the standard wire-haired dachshund. For the first
time, the group used a genome-wide discordant sibling study design, utilizing only 13 discordant
sib-pairs in their primary analysis [95]. Notably, Awano, et al. discovered a SODI mutation in
Pembroke Welsh Corgis that was responsible for canine degenerative myelopathy (DM) in that
and five other breeds. DM is a fatal neurodegenerative disease that may be the first naturally
occurring animal model for human a myotrophic lateral sclerosis (ALS, [96]). The SODI results
are particularly intriguing given the fact that SODI mutations are also found in about 20% of all
families with the hereditary form of ALS (http://www.alsa.org/als/genetics.cfm), though it should

be noted that only about 10% of all ALS cases are familial.

For disease phenotypes demonstrating more heterogeneity, modest results have also been
demonstrated for relatively small sample sizes. Wood and colleagues genotyped 25 golden
retrievers with atopic dermatitis and compared them to 23 healthy, matched controls at
approximately 22,000 SNPs [97]. The lowest p-value in their initial GWAS was 1.27 x 10, with
an odds ratio (OR) = 9.5. They followed up their top 40 hits in 648 additional dogs from eight

different breeds, and meta-analysis resulted in two intergenic SNPs on CFA10 and 29 meeting
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their criteria for significance, with corrected p-values of 1.4 x 10 and 0.0015 and OR = 2 and
0.6, respectively. Of note, neither of the SNPs that demonstrated significance in the eight-breed
meta-analysis were the top-ranked hit by p-value in the single breed GWAS [97]. Quite recently,
Wilbe, et al. [98] conducted a GWAS for a canine systemic lupus erythematosus (SLE)-related
disease complex in a primary sample of 81 affected and 57 control Nova Scotia duck tolling
retrievers. Their top finding in the initial GWAS for all SLE-related disease was on CFA32 with a
raw p-value of 7.9 x 10, and a permuted genomic p-value (100,000 permutations) of 0.06. A
sub-analysis of ANA-positive immune-mediated rheumatic disease rendered four hits on four
different chromosomes reaching nominal significance, with raw p-values of 2.2 x 107 to 1.5 x
10° and permuted genomic p-values of 0.18 to 0.02, respectively. Notably, these hit regions

included multiple candidate genes involved in immune function and/or human SLE disease [98].

In addition to GWAS with SNP data, other groups have used complimentary approaches that
integrate multiple different types of variant information for genome-wide mapping. For example,
Werner and colleagues mapped a novel locus on CFAS8 for an inherited form of juvenile dilated
cardiomyopathy via linkage in 16 PWD families using microsatellite, SNP and short interspersed
nuclear element (SINE) markers [99]. A combination of microsatellite and SNP analysis was also
used in the discovery of a mutation in the dynamin 1 (DMNI) causing exercise-induced collapse
in Labrador retrievers [100]. Most recently, Oberbauer and colleagues have investigated
idiopathic epilepsy in two large, extended pedigrees of Belgian shepherds using microsatellite
markers providing genome-wide coverage. They identified six QTLs on a total of four different
chromosomes for further investigation of the disorder in Belgian shepherds, highlighting the

complexity of genomic studies of polygenic disorders [101].

Along with mapping for genes related to disease, researchers have also pursued genetic

investigations of behavior. Not surprisingly, numerous researchers have investigated the “usual
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suspects” — i.e., genes related to neurotransmitters and enzymes involved in their production and
metabolism — that have been investigated in humans and rodents with regard to similar behavioral
phenotypes. In particular, many studies in the dog have focused on aggression. Studies
interrogating polymorphisms in serotonin genes (in particular, serotonin receptor genes htrla and
htr2a; the serotonin transporter gene slc6a4) for their role in aggression in golden retrievers have
not rendered any significant results, suggesting these particular variants/genes are unlikely to play

a significant role in canine aggression phenotypes [102, 103].

Numerous studies have also been performed examining the role of various dopamine-related
genes and receptors with regard to behavior. For example, the variable number tandem repeat
(VNTR) present in the dog dopamine D4 receptor gene (DRD4) has been associated with ADHD
in humans, and was therefore investigated for a role in canine activity-impulsivity. Interestingly,
association with a particular allele and increased activity-impulsivity was observed only in police
German shepherds, but not pet German shepherds [104, 105]. These results highlight the potential
effect within-breed stratification may have on the results of association studies, a point
investigated by our group and others, which is discussed in more detail in Chapter 2 [106, 107].
Although the DRD4 association with activity-impulsivity was not replicated in a group of Belgian
tervurens, the researchers did go on to find association between a different variant in DRD4 and
attention-deficit, as well as associations between variants in the dopamine transporter (DA7) and

dopamine B-hydroxylase (DBH) genes and attention-deficit [108].

Most recently, a large study on 62 SNPs in or close to 16 neurotransmitter genes were
investigated in 50 aggressive and 81 non-aggressive dogs, but did not identify any haplotypes
associated with the phenotype [109]. Takeuchi, et al. did find an association between a variant in
SLC1A42 with ‘aggression to strangers’ in a cohort of Shiba Inu (an indigenous dog breed), though

studies in other breeds are required to confirm the generalizability of these results to other breeds
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[110]. These results further highlight the genetic and phenotypic complexity of behavioral
phenotypes such as aggression, and strongly suggest that methods beyond assessment of
hypothetical candidate genes are required when investigating their genetic basis, primarily due to

the limiting requirement of preexisting knowledge of underlying neurobiology.

With regard to GWAS of behavioral phenotypes, one letter has been published in Molecular
Psychiatry [111] detailing the results of a GWAS in Doberman pinschers for canine compulsive
disorder (CCD). Ninety-two cases and 68 controls were analyzed across 14,700 SNPs, with 3
SNPs on CFA7 withstanding permutation for significance. The most significant SNP had a raw p-
value of 7.6 x 107 and a permuted genomic p-value of 0.013 [111]. The most associated SNP
after fine-mapping with 84 SNPs in the 1.7Mb region surrounding their associated SNP is located
within the cadherin 2 gene. Interestingly, the cadherin family has also been implicated in human
autism spectrum disorder, a disorder that often includes aspects of repetitive and compulsive
behaviors [112]. This study highlights the feasibility of identifying genetic risk loci for complex

behavioral phenotypes.

Now I will conclude this chapter with a brief overview of the current status of genetic research

for human psychiatric conditions relevant to the current work.

1.5.Canines Provide Sanity in the Mess of Human Psychosis

A PubMed search for “psychiatric genetics” leads to over 10,000 references for studies starting in
the 1950s through today. From twin studies to candidate gene sequencing to linkage analysis in
families, the breadth of psychiatric genetics research is far and wide, ranging from topics such as
substance abuse to sleep disorders. However, for the purposes of this introduction, I will only
briefly review genetic findings for two main areas of psychiatric research related to the topic of

this dissertation, panic disorder and specific phobia, with an emphasis on GWAS if applicable.
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Panic disorder (PD) as well as phobic disorders have been genetically investigated more
thoroughly than other, broader disorders such as generalized anxiety disorder (GAD) [113].
Numerous linkage analyses for PD, as well as for specific phobia and social anxiety (phobia)
have been reported, though research investigating putative linkage regions has made little
progress, and linkage results across groups have not converged on common genomic regions, nor
replicated in independent samples [113, 114]. Though numerous candidate genes have been
studied for their involvement in anxiety, the most consistent positive finding to date is catechol-
O-methyltransferase (COMT), though the actual associated allele has yet to be determined due to
locus heterogeneity across populations [114]. In addition to linkage studies, a GWAS of PD has
also been conducted in a Japanese sample [115]. Though the same group was not able to replicate
their top findings in an independent sample cohort at statistical significance for a multiple-testing
correction, they found two nominally associated SNPs located in the APOL3 and CLU genes,
respectively [116]. Most recently, a German group reported an association for SNPs in
TMEM132D with PD [117]. These results were demonstrated in three independent PD sample
cohorts, and expression studies in a mouse model for extreme trait anxiety also suggest a role of

TMEM132D in PD and possibly also other anxiety disorders as well [117].

Finally, a GWAS of neuroticism (a personality trait thought to confer risk toward anxiety and
depression disorders) implicated the novel gene candidate MAMDCI in both American and
German samples [118]. However, the same group was not able to replicate their own findings in a
larger, independent American cohort, despite sufficient statistical power to do so [119]. Most
recently, a GWAS for the five major dimensions of personality resulted in a suggested association
signal for neuroticism at SNAP25 in a Sardinian population isolate, though this finding was not

replicated in subsequent follow-up in an independent replication cohort [120]. These results have
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been somewhat disappointing since they involve a dimensional quantitative phenotype that is

thought to provide a potential endophenotype for human mood and anxiety disorders.

Despite relatively large sample sizes, genetic heterogeneity of human populations and
inconsistency in disease phenotyping of psychiatric disorders have likely decreased the ability to
find genetic risk loci for complex behavioral diseases related to anxiety. Although recent GWAS
studies have suggested new candidate genes that may contribute risk towards these disorders, few
of these candidates were previously thought to play a role based on known etiology, and would
demonstrate novel roles in disease should they be replicated and shown to contribute risk to the
disorder. The canine offers the possibility of overcoming some of the obstacles facing human
genetic studies in mood and anxiety disorders by allowing discovery of genetic variants that may
influence predisposition towards anxiety-related disorders, contributing vital knowledge to an

important field of research.

In the next chapter, I will outline the genetic methods utilized for conducting such an
investigation of the anxiety disorder noise phobia in the domestic dog. The intricacies of
investigating this complex behavioral trait will also be paired with the genetic investigation of
another complex disorder, adult-onset deafness, which demonstrates a case of simplified genetics
in herding Border collie dogs. Chapter 3 will describe the samples, analytical methods and results
of our genome-wide survey for loci underlying noise phobia in Border collies and other purpose-
bred dogs. Chapter 4 follows with a description of our investigation of adult-onset deafness,
which includes next-generation sequencing to follow up a strong candidate region implicated by
our GWAS in herding Border collies. Finally, I will briefly summarize these results, highlighting
the implications for genetic research of complex neuropsychiatric traits in the dog and elaborating
on future directions for this work in the context of our laboratory’s Canine Behavioral Genetics

Project.
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Chapter 2: Genetic Investigations of the Domestic Dog

This chapter represents work that sets the stage for the laboratory and analytical work described
in later chapters. Given the relative novelty of the methods we have used in this work, a series of
preliminary studies were carried out to determine suitability of various SNP genotyping
technologies for the experiments comprising the main research goals. Similarly, we carried out
our own assessments of the nature of genetic stratification in the canine genome, which would
help guide study design and analysis for my thesis work. Although the studies composing the
body of my dissertation work consist only of DNA samples obtained through whole blood, I first
present work by our group describing the validation of DNA samples obtained from saliva for use
on whole-genome genotyping arrays. The purpose of this study is two-fold; first, to demonstrate
that high-quality genotyping data can be obtained through use of saliva samples, and that these
genotypes are of high fidelity when compared to genotype data from blood of the same animal;
second, and more broadly, to validate the use of Illumina arrays for high-throughput genotyping
in the dog. The second section of this chapter follows similar themes, with a description of our
work investigating within-breed stratification in a subset of our sample dogs and the impact this
type of breed substructure can have on genome-wide association studies (GWAS). We
demonstrate validation of yet another genotyping platform — the canine array produced by
Affymetrix — as well as describing apparent substructure in our sample of Border collies. This
section also explores the consequences of including stratified samples in a GWAS, as well as

means of statistically correcting for population substructure to reduce false positives.

Our successful experiments on samples of even questionable provenance on multiple new forms
of array technology highlight the production of high-quality, reliable genotyping data that can
then be used for genome-wide surveys of genetic loci underlying complex traits. Additionally, a

thorough understanding of our samples and the substructure that exists within them due to
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sampling at different canine community events as well as across international borders allows us to
take the necessary precautions to minimize confounding due to breed stratification. With this
information in hand, I will then conclude Chapter 2 with a description of the materials and

methods used for conducting both genome-wide surveys described in Chapters 3 and 4.

2.1 Genotyping Doggie Drool: It May Not Be as Ruff as You Think"

2.1.1. Introduction

Assemblies of the Canis familiaris genome [1,2] have facilitated genomic research in the
domestic dog, fostering discovery of genetic loci influencing a range of canine traits and diseases.
Though targeted gene-mapping efforts using microsatellite markers and resequencing of
candidate genes have resulted in discoveries for traits with simple hereditary patterns, the study of
complex disease and behavioral phenotypes has proven to be very challenging. However, with
over 2.5 million single-nucleotide polymorphisms (SNPs) annotated on the canine genome, the
potential for performing unbiased surveys for genetic loci underlying traits via GWAS has
become a practical tool for canine geneticists, leading to compelling association signals for traits
with reduced genetic complexity [3-9]. Even a GWAS performed for presumably more complex
phenotypes such as canine compulsive disorder (potentially analogous to human obsessive-
compulsive disorder) has rendered promising results in a single genomic region [10], as
summarized in the previous chapter. Array-based genotyping platforms are now available and
provide data for tens- to hundreds- of thousands of SNPs across the dog genome in a single

genotyping assay.

“Portions of this section have been published in the manuscript: “Array-based whole-genome survey of dog saliva DNA
yields high quality SNP data.” Yokoyama JS, Erdman CA, Hamilton SP. PLoS One. (2010) May 25;5(5):¢10809. JSY
— study design, sample recruitment and ascertainment, data QC, statistical analysis, manuscript preparation; CAE —
sample handling, DNA extractions, contributions to extraction Methods.
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Because array-based genome-wide genotyping platforms require large quantities of high quality
genomic starting material, DNA for such studies has traditionally been obtained from whole
blood. However, with increasing demands for large sample sizes to ensure statistical power to
detect multiple signals of modest effect as is expected for complex phenotypes, obtaining whole
blood samples from large numbers of dogs becomes challenging. In fact, sampling can even
become the limiting factor when studying behavioral traits such as severe anxiety disorders where
handling by a clinician in itself causes great duress to the animal, and is often only possible with

sedation.

The utility of dog DNA obtained from buccal sampling is well established for microsatellite
marker typing, targeted SNP genotyping and limited resequencing. We have found that use of
whole-genome amplification (WGA) provided sufficient quantities of genomic material for use in
higher throughput multiplex genotyping assays surveying up to several hundred SNPs [11].
Although WGA of canine buccal DNA produces reasonable (~3 pg) quantities of total DNA [12],
previous studies by our group suggest that only 3-15% (90-450 ng) of this total WGA sample
actually represents canine DNA [11]. Use of WGA buccal DNA from dogs on genome-wide
arrays—which require 250-500 ng of genomic DNA input—presents a challenge given the level
of microbial DNA contamination. Preliminary studies by other groups have found performance of
buccal swab DNA on Illumina’s Infinium canine array to be modest, suggesting the total amount
of canine DNA present in WGA buccal samples is insufficient for high-quality data production

for use in GWAS (MW Neff, personal communication).

Another mode of DNA sampling that has gained increasing utilization is saliva collection, from
which DNA has been shown to be of equivalent quality as blood-extracted DNA [13]. The most
notable strengths of saliva collection involve convenience: 1) samples can be collected at home

by users themselves; 2) once saliva is mixed with stabilization buffer samples are stable for
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several months at room temperature; and 3) saliva can be sent through postal mail and across
international borders without infringement of shipping laws or animal welfare restrictions. Saliva
collection has a higher sample return rate than blood in human subjects [13,14]. Additionally,
bacterial DNA content has been reported to compose only 16.1% of the total DNA obtained from
canine saliva samples [15]. Perhaps most importantly, saliva collection provides a painless, non-
invasive alternative to venous draws—one of the main reasons many researchers have switched to

saliva collection for research in infants and children.

Saliva-extracted DNA has been demonstrated to be of equivalent quality as blood-extracted DNA
in humans [13]. Very recently, Mitsouras and Faulhaber [17] also demonstrated high yields of
high quality DNA from canine saliva, sufficient for PCR-restriction fragment length
polymorphism (RFLP) genotyping. We therefore proposed saliva collection as an alternative to
blood draws for obtaining DNA samples from dogs in a minimally invasive fashion for use on
genome-wide genotyping platforms to yield high-quality data for use in GWAS. We describe here
our verification of DNA yield and quality, genotyping performance, copy number variant (CNV)
calling, and data quality via comparison with blood-extracted DNA samples. We also report
owner feedback from kit usage and highlight the utility of saliva collection for future studies in

canine genetics.

2.1.2. Materials and Methods

2.1.2.a. Samples. Saliva and blood samples were collected from four bearded collies (BEC) and
one Border collie (BOC) in the context of our ongoing genetic studies of canine behavior. Saliva
only was also obtained from six additional BEC recruited for the same study. Saliva samples were
collected by owners using the Oragene-ANIMAL (OA-400 Tube Format, DNA Genotek, Ontario,
Canada) kit as per manufacturer’s instructions. Briefly, saliva was collected from dog’s mouth

using 2-3 absorbent sponges (http://www.dnagenotek.com/DNA_Genotek
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Support_Lit Ul ANIMAL.html). After sample collection, DNA was preserved by placing the
sponges in OragenerANIMAL stabilization solution, labeled, and then sent to our laboratory by
mail. All saliva samples were stored at room temperature before and after shipping. Blood
samples were obtained by 3-5 ml blood draw. All animal work was approved by the local review

committee.

2.1.2.b. DNA extraction. Extraction of dog DNA was performed as suggested by manufacturer’s
instructions except as noted based on our lab’s extensive experience with human saliva DNA.
Samples were incubated for two hours in water at 50°C. Swabs absorbed the full volume of
stabilization buffer in addition to saliva, and thus required manual extraction (‘squeezing’ with
sterile tweezers) to remove solution for use in extraction. The solution was collected in original
holding container, and then 500 pl was aliquoted via pipette into a 1.5 ml microcentrifuge tube.
Absorbent sponges were kept in remaining stabilization solution in the event that additional
extractions were required. Because twice the amount of solution was aliquoted for extractions, 20
ul of Purifier Solution was used, and the use of glycogen was omitted. The Oragene Animal
protocol contains a NaCl step to ensure efficient recovery of DNA; as this step is not in the
Human protocol and was added between the two versions of the Animal protocol that we
performed (beta testing kit courtesy of DNA Genotek vs. published version PD-PR-095 Issue
2.1), extractions were carried out both with and without the use of NaCl on the same sample
(which was not used for the reported genotyping). The single BOC sample was extracted without
the NaCl step via the beta kit instructions, whereas the ten BEC samples were all extracted using
the NaCl step from the updated protocol. For the final hydration step, 100 pl of Hydration Buffer
from the Qiagen kits used for blood extractions (Qiagen Inc., Valencia CA) was used to rehydrate
DNA, and samples were incubated for at least 24 hours at room temperature prior to final storage
at 4°C. Blood sample DNA was extracted in-house using standard methods with the Puregene

Blood Kit (Qiagen Inc.). All animal work was approved by Institutional Animal Care and Use
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Program at the University of California, San Francisco (AN079848-02). All dogs were recruited

from private owners, who consented to use of de-identified data for research purposes.

2.1.2.c. Quantification of DNA. Quantification of all extracted DNA samples was performed on a
NanoDrop (ND-1000 v3.3.0) spectrophotometer (Thermo Fisher Scientific Inc., Wilmington DE).
Quantification of saliva-extracted samples was not corrected as per notes suggested by DNA
Genotek (Laboratory Protocol PD-PR-095 Issue 2.1), but rather were reported as calculated by
the NanoDrop for direct comparison with results published by other groups for human saliva and

blood. For more details, please see (2.1.4) Discussion.

2.1.2.d. Genotyping. Samples were genotyped on the Infinium Canine SNP20 BeadChip (Illumina
Inc., San Diego CA) by the Genomics Core Facility at the University of California, San
Francisco. Genotypes were called and quality control (QC) was conducted in-house using the
GenomeStudio Data Analysis Software package (1.0.2.20706, Illumina Inc.). Clusters of all
samples with GenTrain Scores (a measure of reliable SNP detection) <0.60 were visually
assessed for quality and either manually reclustered or zeroed due to poor performance (i.e.,
excluded from the data set). Further exclusion criteria removed SNPs with call rates <95% or
minor allele frequency (MAF) <0.02. Genotyping was also performed on a subset of saliva-blood
replicate samples using the next-generation Infinium canine array, CanineHD. Genotyping was
also performed by the Genomics Core Facility and genotypes were called and QC’ed as described

above.

2.1.2.e. CNVs. Copy number variation was evaluated in silico with the GenomeStudio software
(cnvPartition v2.4.4, Illumina Inc.) using default criteria. One predicted CNV locus was also
evaluated by direct PCR of two genomic segments within the putative deletion region using the

following primer pairs: (PLSCR1exon amplicon) forward 5’-
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TCTAAACCCAGGATTAGCAAGAA-3’, reverse 5’-
CCATGTAATTTTGATAGGGTATTTCA-3> and (CFA23CNV44Mb amplicon) forward 5°-
TGTAAACCTCATTTCACTTACATGG-3’, reverse 5’-GGTCCATGGAGGACTCTCTCT-3".
Platinum-Taq was used to amplify segments with a 58°C touchdown protocol in presence of

0.4uM primer, 100uM dNTPs, 2.5mM Mg and 1mM Betaine.

2.1.3. Results

2.1.3.a. Saliva sample collection. Twelve sample kits were sent to six BEC owners who
previously consented via written communication to participate in the sample collection. Of those,
four owners representing 10 kits (dogs) returned samples to our laboratory, representing a 67%
by-owner and 83% by-dog return rate. Surveys sent out with the beta testing version of the
Oragene-ANIMAL saliva collection kits reported that owners found the collection to be very easy

overall. For all owners, sample collection was successful and took less than 10 minutes.

Source n Concentration (ng/ul) 260/280 Concordance (%)
Saliva 11 125.5 (46.9-212.4) 1.67 (1.39-1.86) -

Blood 5 384.4 (317-521.2)  1.96 (1.84-2.24) -

Saliva vs. Blood (SNP20) 4 - - 99.9 (99.9-100)
Saliva vs. Blood (HD) 11 - - 100 (99.9-100)

Table 2.1: Concentration, purity and concordance of saliva- versus blood-extracted DNA samples.
Mean values plus ranges for DNA concentration and 260/280 ratios (as a measure of purity) as calculated
by NanoDrop spectrophotometer for saliva and blood samples, and mean genotype concordance for paired
samples from the same individual. Concordance is the proportion of agreeing genotype calls over total
genotypes that were called for both samples (saliva and blood). Source — tissue source of DNA extraction;

n — number of dogs or pairs (for concordance).

2.1.3.b. DNA yield. DNA extraction was successful for all saliva samples received from owners.

For each sample, 500 pl of saliva-buffer solution was easily extractable from the swabs, with
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additional volume remaining after the liquid transfer step to the 1.5 ml tube, thus allowing for
another extraction for more DNA if necessary. The extraction protocol was very straightforward,
and DNA fibers were visible for all extractions performed. When quantified via NanoDrop
spectrophotometer, saliva-extracted samples (n = 11) had a mean concentration of 125.5 ng/ul
(Table 2.1), for an average yield of 12.6 pg of total DNA. This compares to the mean
concentration of 384.4 ng/ul for our comparison blood-extracted samples (n = 5). The 260/280
mean for all saliva-extracted samples was 1.67, as compared to blood samples that had a mean of
1.96 (Table 2.1). However, the 260/230 mean for saliva-extracted samples was much lower than
that of comparison blood samples, with an average of 0.53 for saliva versus 1.61 for blood (Table

2.2). Low 260/230 ratios suggest presence of contaminants, which absorb at 230nm.
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Saliva Samples Blood Samples

nglul | 260/280 | 260/230 g’:t"'e 'gg nglul | 260/280 | 260/230 g’:t"'e 'gg
éi?}?rrglt"ry 4691 | 179 0.44 | 0999 | 0.805 | 317.00 | 235 047 | 0.999 | 0.806
Sample 1° | 7121 | 150 034 | 0990 | 0792 | 52122 | 1.86 193 | 0942 | 0.762
Sample2 | 127.05 | 175 0.63 | 0.999 | 0.805 | 34550 | 1.88 189 | 1.000 | 0.805
Sample3 | 171.16 | 1.80 0.76 | 0.997 | 0.804 | 369.31 | 1.86 195 | 1.000 | 0.806
Sample4 | 21243 | 1.84 0.79 | 0.995 | 0.799 | 369.05 | 1.84 180 | 1.000 | 0.806
Sample 5 8393 | 1.6 037 | 1.000 | 0.806
Sample 6 | 100.38 | 1.80 0.61 | 0.997 | 0.802
Sample 7 9271 | 1.86 0.71 | 0.996 | 0.800
Sample8 | 146.41 | 158 0.44 | 0.986 | 0.786
Sample9 | 161.95 | 1.39 033 | 0.999 | 0.804
Sample 10 | 165.97 | 145 039 | 1.000 | 0.806
Mean 12546 | 1.67 0.53 | 0.996 | 0.801 | 384.42 | 1.96 1.61 | 0.988 | 0.797
miagutliera) ; ; ; ; ; ; ; ; 1.000 | 0.806
a0 einsy | 108.00 | 163 0.80 56.80 | 1.79 1.44
oo s | 23200 | 160

“Sample 1 removed as blood sample genotyping performance outlier

Table 2.2: Individual saliva and comparison blood sample statistics for DNA extraction and
genotyping compared to published data for human saliva and blood, plus manufacturer’s report.

Individual statistics are given for each saliva and comparison blood sample for DNA concentration (ng/ul),
DNA purity (260/280), contamination (260/230), post-QC genotype call rate and post-QC pl10 GenCall
score (p10 GC). Saliva vs. blood sample concordance rates are also given for every individual represented
by both tissue types. Mean values as reported in the main text are provided, as well as the published values
for human saliva and blood samples as reported by Hansen et al. [13] and dog saliva statistics as reported

by researchers from the manufacturer of the Oragene-ANIMAL collection kit, DNA Genotek [15].

2.1.3.c. Genotyping. lllumina’s Infinium Canine SNP20 genotyping array was developed by
Illumina to survey the canine genome at sufficient coverage for use in GWAS as suggested by
Lindblad-Toh et al. [2]. The array contains 22,362 SNPs with a median of 565 markers per

chromosome (mean 573.4, maximum 1,146, minimum 267). The average intermarker spacing is
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103.6kb, with median intermarker spacing of 67.8kb. Several very large gaps inflate this mean,
with the largest gap at 5.6Mb (on the X chromosome). There are 3, 4 and 27 gaps that are >3Mb,
>2Mb and >1Mb in size, respectively, and 292 SNPs with gaps >500kb. The average call rate for
the 22,362 SNPs surveyed by the Infinium CanineSNP20 array before QC of SNP data was
99.2% for saliva samples (n = 11) and 98.5% for comparison blood samples (n = 5; Table 2.3).
This compared to an average call rate of 99.4% for all blood samples genotyped on this platform
by our group (n = 192, data not shown). The mean genotyping statistics for the five comparison
blood samples included in this report are lower than the overall average we saw in our total
samples because of one poor-performing sample (see Table 2.2). When this poorly performing
sample was removed, the mean call rate was 99.6% (Table 2.3). After QC, 20,753 SNPs
remained, with average call rates of 99.6% for saliva samples and 98.8% for all comparison blood

samples (Table 2.3).

Source n #SNPs Call Rate (%)
Pre-QC

Saliva 11 | 22,362 | 99.2(98.5-99.6)
Blood 5 | 22,362 | 98.5(94.2-99.6)
Blood (no outlier) 4 22,362 99.6 (99.5-99.6)
Saliva 7 | 173,662 | 99.5(99.2-99.8)
Blood 8 173,662 | 99.7 (99.6-99.8)
Post-QC

Saliva 11 | 20,753 99.6 (98.6-100)
Blood 5 20,753 98.8 (94.2-100)
Blood (no outlier) 4 20,753 100 (99.9-100)
Saliva 7 169,361 100 (99.6-100)
Blood 8 | 169,361 | 100 (99.9-100)

Table 2.3: Genotyping statistics for saliva- and blood-extracted DNA samples before and after
marker QC.

Mean values plus ranges for the call rates for each sample type before and after marker QC. Source — tissue
source of DNA extraction; n — number of dogs; # SNPs — number of total markers used for calculating

statistics across samples; Call Rate — in percent, with range in parentheses.
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Another useful metric for evaluating sample quality and performance is the Illumina GenCall
score (GenCall Version 6.3.0), which is calculated for each genotype. GenCall scores range from
0 to 1, with smaller values representing data points that fall further from the center of the
genotype call cluster with which the sample is associated. Genotypes with a GenCall score < 0.15
received no call. Post-QC, average Illumina 10% GenCall scores—the 10" percentile (p10) of the
range of GenCall scores across all genotypes called for the individual—were 0.801 and 0.797 for
saliva and comparison blood, respectively (Table 2.3; the average for all blood samples
genotyped by our group on this platform was 0.803, data not shown). Plotting call rate versus p10
GenCall scores demonstrated that all saliva samples performed equally well as comparison blood
samples after QC (Figures 2.1-2.2). Mean genotyping statistics excluding the performance outlier
are also provided in Table 2.3, and genotyping statistics after QC for each sample are given in
Table 2.2. We have also recently observed high concordance rates (99.9999%) between blood and
saliva replicate pairs on the next generation Illumina canine array with 170,403 QC-filtered

SNPs, with a mean call rate for saliva samples of 99.78% (n = 3, Table 2.1).
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p10 GenCall

Other Blood Samples
0.77 o Saliva
® Blood

Call Rate

Figure 2.1: Plot of p10 GenCall score versus call rate after QC for saliva- and blood-extracted DNA
samples compared to full set of genotyped samples.

Sample 10% (p10) GenCall score is plotted against sample call rate as a means of visualizing overall
sample performance. Each sample is represented by one data point, with saliva samples represented by
open circles, comparison blood samples as filled circles and remaining blood samples also genotyped by
our group as grey circles (n = 192 — see section 3 of this chapter). Overall, saliva samples performed in the

same range as all blood samples genotyped. (Please note: axes do not start at the origin.)
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Figure 2.2: Cluster plots for select SNPs.
Saliva- versus blood-extracted DNA samples (by columns) are highlighted in yellow in cluster plots of
genotyped samples (n = 192 — see section 3) from GenomeStudio. Each sample is represented by one dot,

and clusters represent genotype (AA in red, AB in purple, BB in blue).
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Of the 11 saliva samples genotyped, five dogs were also represented by blood samples. For four
of the replicate samples, mean concordance of called genotypes in both samples (saliva and
blood) was 99.98% (Table 2.1). One replicate sample was dropped from our analysis due to low
concordance that suggested within-breed sample mixing (Table 2.2). We examined the
characteristics of the SNPs responsible for sample discordance in the remaining four samples to
see if particular marker characteristics may predict discordance. However, we found that only one
out of 28 discordantly called SNPs had >1 discordant call, whereas the majority were discordant
singletons (Table 2.4). Binning markers by MAF suggested a trend towards higher frequencies in
discordantly called SNPs (Figure 2.3), though the mean MAF for the 28 discordant SNPs was
very similar to that of the entire marker set (Table 2.4). It also appears that the discordant SNPs
had lower performance than the full marker set; however, the averages between the two sets were

not markedly different (Table 2.4).

Mean Call Statistics

# Call Rate Rep GenTrain p10
SNP set SNPs (%) Errors | WAF Score GC
Full Marker Set | 22362 99.4 ; 0.248 0.854 0.871
Discordant SNPs 28 98.7 1.036 0.241 - 0.763
~1 Discordant 1 96.9 2 0.449 . 0.541
calls

Table 2.4: Mean genotyping statistics for discordantly called markers compared to full marker set.
Mean statistics are provided for the full marker set (before QC) as well as for SNPs whose genotypes were
called discordantly between saliva versus blood replicate samples. # SNPs — number of total markers used
for calculating statistics across samples; Rep Errors — number of replicate errors (discordant genotype

calls); MAF — minor allele frequency; p10 GC — 10™ percentile of GenCall score range.
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Figure 2.3: Allele distributions for discordant markers compared to full marker set.
Histogram of allele frequencies for the full marker set (open bars) and discordant SNPs (solid bars).
Discordant markers appear to trend towards larger allele frequencies. X-axis — allele frequency upper

bound for bin; Y-axis — proportion of total (respective) marker set.

2.1.3.d. CNVs. Copy number variation can be readily evaluated with SNP data within the
GenomeStudio software package. CNVs called in silico were evaluated in all genotyped samples
and those appearing to specifically include a subset of the saliva-extracted samples were further
assessed for validity via manual inspection of genotype data. A region on Canis familiaris
chromosome (CFA) 23 had copy number losses predicted for Sample 2 (homozygous loss) and
Sample 5 (heterozygous loss), as well as predicted homozygous loss in three other BEC blood
samples (data not shown). To validate these calls, we investigated this region via direct PCR of
genomic samples for two amplicons located within the putative deletion region: PLSCR1exon
amplicon designed to span the 8th exon of the PLSCRI gene, and CFA23CNV44Mb amplicon
designed to span a predicted conserved region (annotated in the UCSC Genome Browser) in the
middle of a hypothesized minimally deleted region based on no-call genotypes in the three
samples predicted to have homozygous deletions (Figure 2.4a). PCR results confirmed deletion of

the hypothesized minimally deleted region in all samples with homozygous deletion calls but

55



presence of the PLSCR1exon region as expected from present genotype calls in homozygous loss

samples (Figure 2.4b).

a
CFA23 (bp) 44310556 44527314 44596301 44611642 44661686 44778679 44835248 45108651

| hypothesized minimally deleted |

| in silico predicted CNV |
—> <+— —> 4—
CFA23CNV44Mb PLSCR1exon
b Control (2) Sample 5 (1) Sample 2 (0)
1kb P C P C P C

Figure 2.4: Molecular evaluation of putative CNV region on CFA23.

(a) Two amplicons within the in silico predicted copy variable region on CFA23 were evaluated for
presence/absence in saliva samples that had called copy loss. Base position (bp) on CFA23 is given at top
of diagram (not to scale). PLSCRlexon - amplicon is an exonic region of the PLSCRI gene;
CFA23CNV44Mb - amplicon is a predicted conserved region in the middle of a hypothesized minimally
deleted block based on no-call genotypes for three SNPs spanning this region (indicated by underlined base
positions). (b) PCR amplicons visualized by UV on 2% agarose gel with 1kb DNA ladder for reference.
Predicted size is 293 and 389 bases for the PLSCR1exon (“P”’) and CFA23CNV44Mb (“C”) amplicons,
respectively. Sample identities are provided with predicted copies present in parenthesis; Control - Lab

Control blood sample predicted to have no loss (i.e. 2 copies present).

2.1.4. Discussion
Our results demonstrate that saliva collection from dogs is facile, convenient, and yields large

amounts of high-quality DNA that provide excellent performance on high-throughput whole
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genome arrays. Overall, the DNA yield our group obtained was similar to that found in a previous
study examining human saliva specimens [13]. Our mean yield was higher than another research
group’s [17] but lower than the reported yield by the kit manufacturer for canine samples,
although it should be noted that Iwasiow, et al. [15] report corrected ratios that were adjusted for
presence of turbid material that absorb at 320nm, a step that we elected not to perform. The DNA
purity we obtained (as measured by 260/280 ratios) was, however, similar to reported values for
both human and canine saliva samples (Table 2.2). Our results also suggest that the extraction
method used for saliva samples is important, and that subtle differences in extraction protocols
may produce differences in DNA purity and/or introduce contaminants, though in our case this
did not appear to alter genotyping performance. Whether or not NaCl was used in extractions
appeared to produce slight differences in yield, but did not appear to alter DNA purity or level of
contamination as measured by 260/280 or 260/230 ratios, respectively (Table 2.2). Other aspects
of quality to be explored in the future include measuring levels of contaminating RNA and
microbial DNA load, determining if DNA is of high molecular weight, and investigating long-

term stability post-extraction.

Genotype concordance between blood and saliva samples from the same individual was equally
high as that seen between replicate blood samples from the same individual (data not shown),
which further demonstrates the high fidelity of genotypes obtained from saliva samples.
However, because DNA from different tissues may produce source-specific profiles with regard
to probe fluorescence (Figure 2.2)—which may ultimately affect genotype calling—it is prudent
that samples for association studies have balanced representation of cases and controls from each
DNA source to reduce spurious associations due strictly to tissue type, sample provenance, and
genotyping batch effects [16]. Excluding the outlier sample (which was suspected of sample
mixing) and examining the SNPs that were called discordantly between highly concordant

replicates, we found only one marker that was called discordant >1 time. This suggests the
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discordance is random, and that saliva does not lead to differential discordance when compared to

blood.

Because they provide high-fidelity SNP genotypes, it appears that saliva-extracted samples can
also be used for successful CNV calling in silico. Calls are made for putative CNVs and regions
of homozygosity based on genotypes across multiple markers. It thus follows that the size of
putative copy variable regions relies on the density of the SNP data, and that the size of a reported
CNV may be artifactually large due to the requirements of the calling algorithm. Because of the
large inter-SNP distances in our data set, direct assessment of genotype calls was therefore also
used to hypothesize a minimally deleted region in our samples (where no-calls suggest absence of
region), which we verified by direct amplification of genomic DNA. Our results demonstrate that
saliva samples can also be used reliably in copy variation analysis, although similar requirements

for case-control tissue sample consistency still apply.

We found one saliva sample that demonstrated low concordance (82.6%) with its replicate blood
sample. This was likely due to switching samples of dogs within the same breed, as pair-wise
concordance between known but different dogs of the same breed was similar to that seen in our
low-concordance sample, whereas concordance between known dogs of different breeds was
much lower (Table 2.5). Further, our calculations of concordance between known related versus
known unrelated dogs suggested that sample switching likely occurred between related dogs. Our
analysis also suggested the switching was specifically in the saliva sample, as concordance
between the saliva sample and the dog’s sire was lower than that of the blood sample and sire.
The concordance we saw between the saliva versus blood samples was similar to that of distantly-
related dogs, which suggests the sample switching could have resulted from mislabeling or
sampling the wrong dog from a household with multiple related dogs (Table 2.5). Additionally,

chimeric samples due to dogs licking each other or sharing water bowls could produce
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heterogeneous genotyping results and warrants further investigation, although this would very

likely generate heterozygosity outliers.

Sample A_Tissue A Breed A Origin_Sex A| Sample B_Tissue B Breed B Origin_Sex B| # Correct # Errors _Total Rep Freq Relation comments
Lab Control ~ Saliva BOC us F [Lab Control  Blood BOC us F 22246 0 22246 1.000

Sample 1 Saliva BEC us M Sample 1 Blood BEC us M 20839 24 20863 0.999

Sample2  Salva BEC us M Sample2  Blood BEC us M 15187 7051 22238 0826 suspected different samples

Sample 3 Saliva BEC us M Sample3  Blood BEC us M 22208 0 22208 1.000

Sample 4  Saliva BEC us M Sample 4 Blood BEC us M 22157 5 22162 1.000

Sample 2  Blood BEC us M Sample6  Saliva BEC us M 17257 4841 22198 0.882 fatner-son high " tive of true

Sample2  Saliva BEC us M Sample6  Saliva BEC us M 15061 7130 22191  0.824 fatner-son lower concordance suggests saliva sample is switched
Sample 5  Saliva BEC us F Sample6  Saliva BEC us M 15313 6889 22202 0.830 1 shared grandparent known different samples, distantly related

Sample 1 Saliva BEC us M Sample3  Saliva BEC us M 14279 7706 21985 0.806 unrelated known different samples, US vs. US

Sample 11 Blood  BEC foreign M |Sample12 Blocd BEC foreign M 14511 7749 22260 0.807 unrelated known different samples, foreign vs. foreign
Sample 11 Blood BEC foreign M Sample6  Blood BEC us M 14524 7682 22206 0.809 unrelated knowm different samples, US vs. foreign

Sample 6  Saliva BEC us M |Lab Control Saliva BOC us F 11810 10385 22195 0.729 unrelated known different samples, different sex and breed
Sample 11 Blood BEC foreign M |Lab Control Blood BOC us F 11752 10500 22252 0.727 unrelated known different samples, different origin, sex, breed

Table 2.5: Replicate statistics.

Sample identification, tissue source, breed, geographic origin (US vs. foreign) and gender are given for
samples (A versus B) that were compared for replicate (concordance) statistics. Sample 2 is suspected to be
a switched sample, and demonstrates similar concordance rates as distantly related dogs of the same breed.
Samples 11 & 12 are dogs from a geographically distinct population (see section 3). BEC - bearded collie;
BOC - Border collie. # Correct — total concordant genotype calls; # Errors — total discordant genotype calls;
Total — total number of markers with genotype calls in both samples; Rep Freq — replicate frequency

(concordance rate); Relation — unrelated refers to dogs that share no grandparents.

One caveat of this work is that the blood samples were genotyped on a separate run several
months earlier than the saliva samples, which could introduce artifacts when comparing
genotypes and statistics for samples representing the same individual. However, it is more likely
that these artifacts would introduce inconsistencies between duplicated samples; this would result
in an underestimation of the total concordance seen between duplicates in our study. As our
concordances are already greater than 99% (excluding the suspected wrong sample pairing), this
suggests that even higher fidelity in genotype calls between blood- versus saliva-extracted DNA
samples may be possible if all samples are run in the same genotyping batch. The similarity of
clustering data also suggests that samples of diverse provenance can be clustered together using

Infinium data. We also observed high concordance rates between blood and saliva replicate pairs
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on the next generation Illumina 170K CanineHD arrays, further demonstrating very strong

performance by saliva-extracted DNA samples on even the most recent genotyping technologies.

One limitation to this study is the ascertainment bias introduced by our study design. Because we
required prior written assent from owners to participate in saliva sample collection prior to kits
being sent out, it is likely that our return rates are overestimates of the population at large.
However, because saliva collection is so simple and non-invasive, it is probable that return rates
would be quite significant, and likely higher than the rate of blood sample collection. Another
limitation of this study is the small number of duplicated samples. This limitation highlights the
need for replication with larger numbers of dogs from different breeds (large and small), and on
different genotyping platforms by other groups for further validation of the performance of

saliva-extracted DNA for high-throughput assays.

In summary, we demonstrate for the first time that saliva sample collection in dogs is a
noninvasive means of obtaining high quality DNA for successful use with genome-wide array
genotyping, with little danger of loss of information due to the source of data. The dual
conveniences of owner sampling in the home and ease of shipping provide alternative means of
obtaining samples from rural locales or foreign countries where collection of blood samples may
be difficult or impossible. Additionally, ease of sampling allows for collection of large numbers
of samples with minimal investment of time and manpower, creating potential for collecting an
entire study cohort at a small number of targeted sampling events. Finally, the non-invasive
nature of saliva collection makes it particularly appealing when studying dogs whose conditions
may otherwise prevent blood collection, such as high levels of anxiety or repeated use of veins
for other medical purposes related to disease status. In sum, these factors will lead to increased

sample return rates which will increase study sizes and ultimately enhance the ability for
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geneticists to detect novel genetic loci underlying disease and behavioral traits in a GWAS

framework.

2.2 Within-Breed Substructure Complicates Genome-Wide Association Studies”

2.2.1. Introduction

As mentioned in Chapter 1, the domestic dog has become an increasingly popular genetic model
for use in studies of disease and behavior. However, several assumptions are made in most
genetic association studies using purebred dogs. First, it is assumed that purebred dogs constitute
separate, closed, inbred populations exhibiting an intense founder effect. We therefore expect that
there will be limited phenotypic and genetic variation within breeds, but broad variation between
breeds. These assumptions are probably safe given registration practices for purebred dogs that
dictate a dog cannot be considered purebred unless both of its parents are registered purebreds.
However, the common expectation, which is that pure breeds make up homogeneous populations,

may be problematic.

The present section addresses the phenomenon of “breed splits” and its possible consequences for
genetic association studies. Although it is clear from previous evidence, as well as a point of
common knowledge among purebred dog owners, trainers, and handlers, that population structure
exists within breeds, this structure has not been systematically characterized. Previous studies of
population structure in dogs have focused primarily on the relationships between breeds,
incorporating relatively small samples of a large number of breeds, and using clustering methods

to compare overall degrees of similarity between samples characterized either by microsatellite

“Portions of this section have been published in the manuscript: “Intrabreed Stratification Related to Divergent
Selection Regimes in Purebred Dogs May Affect the Interpretation of Genetic Association Studies.” Journal of
Heredity (2009) 100(Supplement 1):S28-S36. Chang ML, Yokoyama JS, Branson N, Dyer DJ, Hitte C, Overall KL,
and Hamilton SP. MLC — phylogenetic analysis (not described here), pedigree analysis, manuscript preparation for
Introduction, Methods & Results of these analyses, Discussion; JSY — genotyping and data QC, clustering analysis,
GWAS simulations, manuscript preparation for Methods & Results of these analyses; CH — genetic distance analysis.
All other co-authors — sample ascertainment, funding.
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markers or small numbers of single nucleotide polymorphisms localized to a limited sampling of
the genome (e.g. [18]). Existing assessments of within-breed population structure are
characterized by restricted genomic coverage [19, 20] or were accomplished via pedigree analysis

[21].

We sought to determine if stratification may be predicted by knowledge of sample origin,
geography, or selection regime. We incorporated autosomal SNP genotype data with broad
genomic coverage, taking advantage of sizable, well-characterized samples in four breeds of
interest. We interpreted our findings in the context of owner-reported demographic and pedigree
information, in an effort to understand how we may identify probable stratification within
samples for future genetic analyses. Finally, we conducted simulations to explore the effects of
such stratification on GWAS, and explore strategies for minimizing the risks of false positive

results.

2.2.2. Materials and Methods

2.2.2.a. Sample recruitment, collection, and data generation. We recruited and collected samples
of four pure dog breeds, for investigation of within-breed stratification in the context of on-going
genetic studies of complex behavior and disease. Owners of participating dogs were recruited at
dog shows and working competitions (sheepdog trials), and through direct mail, email lists, breed
clubs, and training organizations. We drew samples from dogs on site, or asked owners to send
blood samples to our laboratory using a standardized protocol. We also collected pedigrees,

demographic data, and a detailed behavioral questionnaire [22] for each dog.

Our sample included three herding breeds of interest for a project exploring the genetic
background of canine noise phobia, a discrete behavioral phenotype with a probable genetic

component discussed in greater detail in Chapter 3: Border collies (BOC, n = 76 total genotyped),
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Australian shepherds (AUS, n = 49), and German shepherd dogs (GSD, n = 17). We also included
the Portuguese water dog (PWD, n = 17), characterized by a breed community that is
enthusiastically supportive of canine genetic studies. Our sample included unrelated dogs selected
for GWAS, extended pedigrees segregating noise phobia in two breeds (BOC and AUS), and five
small family groups (BOC and AUS, one trio and four quartets) included for assessment of

mendelization errors.

We collected whole blood samples of approximately 5 ml from each dog and extracted genomic
DNA from each sample using the Gentra Puregene Blood Kit (Qiagen, Valencia, CA). We
surveyed approximately 127,000 SNPs per dog using Affymetrix’s Canine v2.0 SNP array and
called genotypes using the BRLMM-P algorithm. We dropped X-chromosome markers due to
poor quality, and filtered the remaining markers for call rate, concordance for a single dog
between multiple (four) genotyping runs, significant deviations from Hardy-Weinberg
equilibrium, mendelization errors and MAF < 0.02, which resulted in a final dataset of
approximately 53,000 SNPs. We also generated marker subsets consisting of 2,100 and 21,000
SNPs that were spaced evenly across the genome for use in the clustering analysis. Multiple
marker sets were used to address computational limitations associated with some analyses, and to

test the consistency of different-sized marker sets.

2.2.2.b. Cluster and genetic distance analyses. Preliminary cluster analyses were conducted
because their use in previous studies [18-20] would afford us comparable assessment of our
results. We conducted a preliminary clustering analysis of 2,100 high quality SNPs (100% call
rate, median inter-SNP distance 850kb) from all 38 autosomes using structure [23-25]. This data
set included 48 BOC, 27 AUS, 17 PWD, and 16 GSD, for a total of 108 unrelated dogs and was
subjected to 30 iterations of K = 1 through K = 8, where the user-assigned value for ‘K’ is the

number of putative population groups predicted to be present in the given sample. We then used
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methods outlined by Evanno, ef al. [26] to determine the “best fit” or number of population

groups predicted given our data set.

Genetic distance analyses were then performed for comparison to previous analyses of the same
type that used limited-coverage SNP data [19]. Average genome-wide proportions of alleles
sharing identity-by-state (IBS) were calculated pair-wise for 108 dogs from four breeds (48 BOC,
27 AUS, 17 PWD, 16 GSD) across 21,000 uncorrelated SNPs covering all 38 canine autosomes.
These were used to create a distance matrix (1-IBS) of 108 x 108 individuals with PLINK v1.02
[27]. The distance matrix was visualized in R, and the number of optimal clusters “K” was
calculated with a hierarchical agglomerative clustering method (“agnes” as implemented in R).
The optimal value of clusters was calculated to be K = 8. Cluster stability was then assessed for K
= 8, as well as for K = 4 (which corresponds to the number of breeds evaluated) via bootstrapping

including outliers.

2.2.2.c. Pedigree analysis. As part of data collection for our larger study examining the genetic
basis of canine noise phobia, we collected pedigrees and questionnaire information from owners
[22], and used this information to characterize the dogs in our sample. Data that proved
particularly informative for this purpose were: pedigree information about show ring performance
of ancestors (such as show championships) and geographical origin of dogs; type of event at
which the sample was collected (i.e., working trial vs. dog show); organization with which the
dog is registered; and owner-reported information about titles achieved or activities regularly
engaged in with their dogs, as well as the type of breeder from which the dog was obtained (show
dog breeder or working sheepdog breeder). Using this information allowed us to describe the
individuals of one breed in particular, BOC, as “show dogs” or “working dogs.” These types
were correlated with different geographical origins, with show dogs tracing back to

Australia/New Zealand, and working dogs tracing back to the United Kingdom.
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2.2.2.d. Simulation studies. We conducted a simulated case-control association study (100
iterations) using observed genotypes and information about population substructure in BOC
revealed by the cluster, distance, phylogenetic (not presented in this chapter; for more
information please see published manuscript [28]), and pedigree analyses. Our sample of
unrelated BOC split into two groups across all analyses: a larger group of 43 dogs, and a small
group of five that were consistently differentiated (see Results (2.2.3), below). We randomly
assigned case-control status to the large group of 43 BOC. We then assigned case-control status
to the smaller group of five BOC as follows: split sample (two randomly assigned as cases and
three randomly assigned as controls), a/l cases (with the balance of the 43 randomly assigned
case or control status), or all controls (with the balance of the 43 randomly assigned case or
control status). We performed a genome-wide allelic association analysis on approximately
53,000 SNPs using all 48 unrelated BOCs, using the adjusted p-value calculation to obtain the
average chi-squared value and genomic inflation factor based on median chi-squared (PLINK
v1.04), and evaluated our simulated results for significantly inflated false positive association
rates. Principal components were calculated using Eigenstrat [29], and logistic regression with

covariates was implemented in PLINK v1.04.

2.2.3. Results

To summarize our results, individual dogs were correctly assigned to their respective breeds using
all methods. Related dogs that were included in some analyses consistently grouped together,
supporting the credibility of the results of the analyses. A group of unrelated BOC formed a
separate, well-supported subgroup across analyses. These five dogs are distinguished by the type
of purpose for which they were bred (show vs. working) and by geographical origin either of
themselves or close ancestors. In simulated GWAS, this stratification led to significantly inflated

false positive association rates.
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2.2.3.a. Results of cluster and genetic distance analyses. Cluster analysis of unrelated individuals
in four breeds (BOC, AUS, PWD, GSD) identified four clusters corresponding to breed in the
data (Figure 2.5a) and correctly assigned all dogs to the four reported breeds. These results
suggest some degree of heterogeneity within BOC when K = 4. At user-assigned values of K > 4,
five BOC become distinct from the rest of their breed across runs (Figure 2.5b). We also
identified clustering that suggests some proportion of AUS ancestry is shared with the BOC, a

result that would be predicted given the history of these breeds.
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Figure 2.5: Four-breed structure results.

(a) Predicted number of clusters in a sample of 108 dogs (48 BOC, 27 AUS, 16 GSD, and 17 PWD) after
Evanno et al. [26], based on 2,100 SNPs. Based on this method, K = 4 is the most appropriate for this
sample. (b) structure results using 2,100 SNPs and K = 5 suggest within-breed stratification for BOC
(yellow), with five show dogs (purple and yellow) appearing distinct. These five samples, from dogs that

are unrelated at the grandparent level, were collected at conformation shows, or were sent to us by owners
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who participated in AKC-sponsored conformation events with their dogs. The majority of our BOC sample,
by contrast, was collected at working sheepdog trials. Other breeds cluster within appropriate breed: AUS

(red), GSD (green) and PWD (blue).

The hierarchical grouping via genetic distance analysis for K = 4 demonstrated perfect stability,
with all dogs falling into their respective breed clusters (Figure 2.6a). Hierarchical grouping for
K = 8, calculated to be the “best fit” for this data set, demonstrated correct separation of dogs into
four breeds, and intra-breed stratification of AUS and BOC (Figure 2.6b). The AUS were broken
into four separate clusters, though two of those were made up of singletons. The same five BOC
that were differentiated in the cluster analyses grouped together, and were distinct from the rest of
the breed sample, forming a separate branch from the rest of the breed in the K = 8 dendrogram.
A suggestive clustering of AUS was also detectable in the K = 8 dendrogram, though the clusters

were composed of too few individuals to withstand rigorous stability testing.
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Figure 2.6: Hierarchical grouping based on the pairwise matrix of genetic identity by state (IBS).

Analyses performed by and courtesy of Dr. C. Hitte. (a) Dendrogram of 108 dogs of four breeds
constructed by pairwise genetic distance analysis for K = 4. Each dog is plotted on the x-axis with the
distance of IBS given on the y-axis. Clusters are represented by different colors, with breeds indicated in
the bottom-most panel of the x-axis. Breeds included: BOC (green), AUS (blue), PWD (black), GSD (red).
(b) Dendrogram of 108 dogs based on the distance matrix of IBS set to K = 8 hierarchical clustering. Each
dog is plotted on the x-axis with the distance of IBS given on the y-axis. The panel on the left shows the
score for different values of K (dots), with the blue dot at K = 8 demonstrating the optimal score. Clusters
are represented by different colors, with breeds indicated in the bottom-most panel of the x-axis (note -
colors are different from a): working BOC (green), show BOC (blue), AUS (red/black/yellow/pink), GSD

(purple) and PWD (orange).

2.2.3.b. Simulations. We sought to determine if intra-breed stratification would confound GWAS
by carrying out simulations using our observed genotypes. As described above, we identified a

group of BOC divergent from the larger group of BOC samples. We randomly assigned the 43
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unrelated dogs of this latter group to case or control status. When the five distinct but unrelated
BOC were split between case-control status, we obtained a near-null distribution with an average
chi-squared statistic of 1.005 and a genomic inflation factor (lambda) of 1.112 (Table 2.6). The
genomic inflation factor is expected to be 1 if there is no stratification occurring, with average
chi-squared statistics < 1. However, when all five of these outlier BOCs were assigned to either a
case or control group, average chi-squared statistics were 1.180 or 1.168, respectively, with
genomic inflation factors of 1.358 and 1.343, respectively, demonstrating significantly increased

false positive rates secondary to stratification artifact (Table 2.6).

Subpopulation assignment Test performed Genomic inflation factor Average chi-square
Australasian—split case/control” Allelic association 1.112 + 0.051 1.005 £ 0.030
Australasian—all cases’ Allelic association 1.358 t 0.060 1.180 + 0.042
Australasian—all cases’ Logistic regression w/3 covariates 10 0.829 * 0.023
Australasian—all controls’ Allelic association 1.343 * 0.055 1.168 * 0.042
Australasian—all controls’ Logistic regression w/3 covariates 10 0.831 * 0.024

Five show BOC of Australasian descent were split (2:3) between cases : controls or assigned all to cases or all to controls as noted above, with the balance of
dogs randomly assigned either case or control status. Genomic inflation factors and average chi-square values were calculated for all simulations, and
descriptive statistics of each are given for allelic association tests or logistic regression using 3 covariates to account for population structure. GWAS with all
5 divergent BOC assigned either case or control status demonstrated inflated false-positives. However, this inflation can be reduced to null by using
covariates that account for population substructure.

“22-26 Cases assigned randomly.
” 24-28 Cases assigned randomly.
“25-28 Controls assigned randomly.

Table 2.6: Results of 100 simulations of GWAS of approximately 53,000 autosomal SNPs in a total of

48 unrelated BOC. (see table for caption)

Principal components analyses (PCA) were carried out using the uncorrelated set of 21K genome-
wide markers, and the positions on each of the first three eigenvectors were used as covariates in
the simulated GWAS in the BOC samples in a logistic regression framework. This led to genomic
inflation factors of 1.0 regardless of whether the five divergent BOCs were all assigned to either

case or control status, effectively correcting for the observed stratification (Table 2.6).
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2.2.4. Discussion

The Border collie, the primary breed of interest for our studies of noise phobia and adult-onset
deafness, has a long history of selection as a working sheepdog. Breeders of working BOC have
historically followed a selection regime that prioritizes behavioral traits considered desirable for
herding. But since the 1960s, the breed has also been developed as a show dog. Conformation
breeders select for appearance, and evaluate the breedworthiness of their dogs on the basis of
success in the show ring. The full breed standard published by the Australian National Kennel
Council illustrates idealized physical attributes [30]; selection regimes based on this have resulted
in dogs of extreme homogeneity in appearance, both in Australasia and America. In general, these

dogs exhibit few or none of the behavioral characteristics desired in working sheepdogs.

Using pedigree, registration, and other demographic information, we were able to determine that
the five BOC that consistently formed a separate, well supported subgroup were distinguished
from the rest of our sample, because either they or their ancestors were successful show dogs, and
all five traced back to show champions from Australasia, either directly or within less than four
generations (see also [28]). These five samples were all collected at conformation shows, or were
sent to us by owners who participated in AKC-sponsored conformation events with their dogs.
The majority of our BOC sample, by contrast, was collected at working sheepdog trials, traces
back to British ancestors, and came from owners who use working farm dogs, or breed and train
dogs for sheepdog trial competitions, or both. Some suggestive population structure was also
found within our AUS sample, but the variation within this breed is not as straightforward to
characterize. Australian Shepherds are characterized by a long history of “dual purpose”

breeding, and the heterogeneity we found within this sample probably reflects this fact.
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It has previously been suggested that differences in geographic origin in case versus control
samples may confound genome-wide association results [19]. We suggest that differing selection
regimes may exacerbate the situation. Our results are consistent with the results of studies using
pedigree analysis or smaller marker sets to identify population substructure within single dog
breeds [20, 21], further emphasizing the importance of understanding the geographic origin and

functional context within which samples are collected for large-scale studies.

Results of previous analyses of smaller marker sets, or those sampling only a portion of the
genome are concurrent with our results using extensive genome-wide coverage. However, the
samples and methods we used in our study, utilizing dense SNP data sampling of all 38 canine
autosomes, allow us to assess relationships both between and within breeds with much finer
resolution than previous studies. Awareness of sample origin helps explain the patterns of
population substructure that were revealed through our analyses, and should allow other
researchers to avoid introducing stratification into future analyses by constructing study samples

in ways that reduce this confounding effect.

For practical reasons, it may not always be the case that balanced study samples can be obtained.
Rather than limit a study’s sample size, it may be desirable to explore and implement other means
to statistically account for population substructure. In addition to the methods outlined here, intra-
breed stratification can also be detected by multi-dimensional scaling (MDS). Covariates from
either MDS or PCA can then be used in GWAS to statistically correct for substructure, a practice
used in human studies to correct for population stratification [29]. For example, the inflated
genomic inflation factors resulting from our simulation studies were reduced to null when the
complete BOC sample including working and show dogs was instead analyzed by logistic
regression using the first three principal component vectors as covariates. Similarly, analyses

utilizing mixed model approaches can account for population stratification due to cryptic
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relatedness, which may be of particular importance in studies within single breeds where

individuals are likely to be distant relatives.

These results have important implications for genetic association studies in dogs. Contrary to
common assumptions, within-breed population structure can be significant in some breeds, and
this stratification may be explained by geographical origin, by artificial selection criteria used by
dog breeders, or both. Demographic and pedigree information should be used to guide the
collection of study samples that are free of significant within-breed population structure when
possible, and/or to inform study design when stratified samples are to be used. In addition,
genetic data gathered in the performance of genome-wide association studies can be used to
statistically measure and, when required, account for breed substructure. This last point is
particularly relevant when samples are obtained internationally, or utilize samples for which
pedigree information is not available (e.g., the noise phobia GWAS described in Chapter 3). In
these ways, genome-wide data is invaluable for characterizing cohort attributes to inform

appropriate study design.

2.3. Laboratory Methodology for Two Genome-Wide Association Studies

The sections above describe the use and validation of three distinct genotyping platforms—the
Infinium Canine SNP20 and Infinium CanineHD in section 2.1 and the Affymetrix Canine v2.0
SNP array in section 2.2—for investigating the utility of saliva samples for whole-genome SNP
surveys, and investigating the role intra-breed stratification may play in GWAS and how best to
detect and take it into consideration. We have established the validity of these new array-based

technologies for surveying several tens of thousands of SNPs across the canine genome. We have

“Portions of this section have been submitted for publication: Yokoyama JS, Chang ML, Tiira KA,
Branson N, Dyer DJ, Juarbe-Diaz S, Ruhe AL, Robertson KR, Neff MW, Lohi H, Overall KL, and
Hamilton SP. “Genome-wide association study identifies candidate loci in canine noise phobia” (submitted
to Genes, Brain and Behavior on November 24, 2010).
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also examined within-breed stratification in our primary breed of study, the Border collie, and
demonstrated the importance of taking this into consideration when conducting GWAS to reduce
the chance of obtaining false-positive results due strictly to sample stratification. These
preliminary studies provide the backdrop upon which I will now describe the main analyses
comprising my dissertation. In total, our group has genotyped over 600 different samples
collected in the context of our Canine Behavioral  Genetics  Project
(www.k9behavioralgenetics.com) to survey loci underlying complex disease and behavioral
phenotypes as well as breed diversity. In the last section of this chapter I will describe the
genotyping and quality control used for the genome-wide association studies for loci underlying
noise phobia in herding breed dogs as described in Chapter 3, and loci underlying adult-onset

deafness in Border Collies as described in Chapter 4.

2.3.1. Genotype Generation

Genotyping of SNPs providing genome-wide coverage of the dog was performed on three
different array platforms: Affymetrix Custom Canine Array v2.0 (v2.0; Affymetrix, Santa Clara
CA), or on the Illumina Infinium CanineSNP20 BeadChip (SNP20) and the Illumina Infinium
CanineHD BeadChip (HD; Illumina Inc., San Diego CA). All Infinium (SNP20 and HD)
genotyping was performed by the Genomics Core Facility at the University of California, San
Francisco as per manufacturer’s instructions. The Affymetrix genotyping was performed in-house
utilizing equipment available for use by the Institute for Human Genetics (University of
California, San Francisco) using a modified protocol based on the Sty fraction of the Affymetrix
Human 500K protocol, as recommended by the Broad Institute who developed the v2.0 canine
array. Genotypes were called using the BRLMM-P algorithm in Affymetrix Power Tools (apt-
1.12.0) on all Affymetrix samples or with Illumina’s GenomeStudio Data Analysis Software

Package (1.0.2.20706, I1lumina Inc.) for SNP20 and HD samples.
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2.3.2. Genotype Quality Control

Genotype QC was first implemented on each platform’s dataset using the same criteria for each
dataset. Exclusion criteria were: call rates by marker and by individual < 95%, concordance of
replicate control sample genotypes across all genotyping runs < 100%, X-chromosome markers
due to poor quality data, Hardy-Weinberg equilibrium p < 0.001 (for the previously unvalidated
Affymetrix platform — as a means of filtering out SNPs with high heterozygosities), MAF < 0.02,
mendelization errors of >5% per SNP and >10% per family. This resulted in datasets of about
40,000 SNPs for Affymetrix, 22,000 SNPs for SNP20, and 125,000 SNPs for HD. After the
single-platform SNP data was cleaned, two merged datasets were created. Affymetrix v2.0 and
SNP20 datasets were merged to create a dataset with ~12,000 SNPs common to both platforms
after QC. The three cleaned datasets were also merged across ~9,000 SNPs that were common to
all three platforms after QC to create the final dataset. Strand and reference alleles were matched
using SNP annotation data, genotype information from replicate samples genotyped across all
platforms, and breed-specific allele frequency data. Further QC also required all SNPs to
demonstrate 100% concordance for duplicate sample genotypes across all platforms included in
the combined datasets. QC for SNP20 and HD samples was performed using GenomeStudio
software. QC for Affymetrix samples, plus data merging for v2.0/SNP20 and v2.0/SNP20/HD
datasets was performed using Statal0.1/MP (StataCorp LP, College Station TX) and PLINK

(v1.06-1.07 [27]).

Now that I have described the genotyping and QC methods used for both of the association

studies presented in this dissertation, I will move on to describe our studies of noise phobia

(Chapter 3) and adult-onset deafness (Chapter 4).
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Chapter 3: Genome-wide Association Study Identifies Candidate Loci for the Canine

Anxiety Phenotype Noise Phobia™"

Chapter 3 describes our genome-wide association study (GWAS) for the anxiety disorder noise
phobia in Border collies and other breeds of dog. After providing background on current noise
phobia research, I describe the results of our primary GWAS, in addition to a fine-
mapping/replication performed in an independent sample of Border collies. I also detail our
investigation of noise phobia in multiple breeds, and highlight the challenges we’ve faced with
between-breed heterogeneity. Finally, I discuss the relevance of these findings for future studies

of complex behavioral traits in the domestic dog.

3.1. Introduction

The domestic dog offers a novel and potentially powerful genetic model for studies of behavior,
including complex suites of selected behaviors as well as maladaptive behavioral conditions
analogous to human psychiatric disorders [1]. Dogs provide two critical advantages that facilitate
such studies: a) potentially prominent genetic homogeneity due to the foundations of individual
breeds; and b) naturally occurring behavioral disorders with clinical features similar to a number
of human anxiety disorders (e.g., separation anxiety, obsessive-compulsive disorder, specific
phobias). As mentioned in previous chapters, Dodman and colleagues recently demonstrated the
potential of studies of behavioral disorders in dogs for allowing identification of possible risk
alleles as well as facilitating insights into human psychiatric illnesses [2]. In a genetic

investigation of canine compulsive disorder in Doberman pinschers, they examined 92 cases and

““Portions of this section have been submitted for publication: Yokoyama JS, Chang ML, Tiira KA,
Branson N, Dyer DJ, Juarbe-Diaz S, Ruhe AL, Robertson KR, Neff MW, Lohi H, Overall KL, and
Hamilton SP. “Genome-wide association study identifies candidate loci in canine noise phobia” (submitted
to Genes, Brain and Behavior on November 24, 2010). JSY — sample and phenotype ascertainment, data
generation and QC, final study design, all statistical analyses, manuscript preparation, MLC — conception
of study idea and basic study design with SPH; MLC and all other co-authors — sample and phenotype
ascertainment, technical support, funding.
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68 controls across 14,700 SNPs, and demonstrated a putative risk locus on canine chromosome 7,
with fine-mapping confirming localization to the canine homologue of the CDH2 gene, which
encodes neuronal cadherin, a calcium dependent cell-cell adhesion glycoprotein. Based on the
role of this gene in neuronal functioning [3], canine gene-mapping has potentially provided

access to the molecular mechanisms of compulsivity.

The focus of our study is noise phobia, a canine anxiety disorder characterized by excessive fear
or panic responses to sound stimuli such as thunder, fireworks and gunshots, resulting in attempts
to avoid or escape from the sound [4]. It has been estimated that 40-50% of dogs show signs of
fear to noises, and noise phobia has thus been suggested to be a major welfare problem in dogs
[5]- This disorder can be severe enough to adversely impact the working utility or quality of life
of dogs affected by it, and can sometimes even be the cause of euthanasia. Noise phobia is
strikingly analogous to specific phobia in humans, where marked and persistent fear is invoked
by a specific stimulus or situation resulting in avoidance [6] and genetic predisposition plays a

measurable role [7].

Although noise phobia occurs across breeds of dogs, there is some suggestion of enrichment in
herding breeds [8, 9]. Apart from genetic causes, noise phobia may also develop from
environmental factors such as trauma, lack of habituation, stress-induced dishabituation,
sensitization and social transmission [5]. Some studies of noise phobia have focused on
characterization of clinical manifestations and treatment [10, 11]. For example, Seksel and
Lindeman [11] found that use of the psychiatric medication clomipramine improved anxiety
symptoms in dogs diagnosed with one or more of three anxiety disorders when used in
conjunction with a behavioral modification program. In addition to these clinic-based studies,
Branson and Rogers investigated the role of handedness in dogs as a potential predictor of noise
phobic predisposition, finding that dogs with decreased lateralization (i.e. ambilateral paw
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preference) demonstrated more reactivity to the noises of thunderstorms and fireworks than dogs
with either left- or right-paw preferences [12]. The results were consistent across repeated sound
stimuli exposures. These findings are in line with previous research in humans suggesting that
reduced lateralization may be associated with anxiety, depression and psychosis [13, 14].
Importantly, Branson and Rogers [12] also found that owner questionnaire responses regarding
their dogs’ noise reactivity were highly correlated with experimenter-observed reactivity in a
controlled setting. This suggests that the familiarity of owners with the behavior of their dogs can

be reliably captured by questionnaire.

Although noise phobia is suggested to have increased prevalence in certain breeds of dogs, and
anecdotal and pedigree evidence suggests that it segregates in families, no formal genetic
epidemiological investigations have yet been undertaken. We hypothesized a genetic risk and
conducted a genome-wide survey for associated loci. Because it has been suggested that noise
phobia is enriched in herding breeds, we performed our primary studies in Border collies
collected mostly from working bloodlines, with additional samples collected from related herding

and utility breeds to afford multi-breed analyses.

3.2. Materials and Methods

3.2.1. Samples. A total of 211 dogs, unrelated at the grandparental level had noise phobia
phenotypes and were of sufficient numbers to include in the primary mapping analysis (=5
individuals in each category of case/control per breed). Samples from the following breeds were
used for primary and exploratory secondary analyses, where n is the size of the sample with noise
phobia phenotypes: Australian shepherd (AUS, n = 17), Border collie (BOC, n = 84), bearded
collie (BEC, n = 26), Belgian shepherd (BES, n =16), Belgian tervuren (BGT, n = 16), great Dane
(GRD, n = 22), and German shepherd dog (GSD, n = 30). Gender and mean ages for cases and
controls are provided in Table 3.1.
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cases controls
breed dataset N | n..ce female male avg age (yr) | Nncontror female male n_,,, avg age (yr)
AUS v2.0/SNP20 17 6 2 4 9.6 11 6 5 3 5.9
AUS (
BEC SNP20 26 15 7 8 5.5 11 3 8 2 6.1
BEC 3 (
BES HD 16 7 7 0 9.8 9 4 5 0 4
BGT HD 16 11 6 5 6.5 5 5 0 0 6.3
BOC v2.0/SNP20 | 84| 47 24 23 8 37 22 15 3 4.7
..BOC | strict controls | 76] 47 .24 23 8 ... 29 ... 17 12 0 ... 3.2 ...
BOC HD 50| 31 18 13 6.8 19 12 7 1 4.7
BOC | strict controls 45| 31 18 13 6.8 14 9 5 0 4.9
GRD HD 22 8 5 3 4.1 14 7 7 3 4.2
GRD (
GSD |v2.0/SNP20/HD | 37 7 5 2 5.7 30 16 14 8 3.4
GSD (

Table 3.1: Sample demographics.

A detailed breakdown of the sample demographics is given for each breed analyzed, including sex
distribution and mean age of sample group (divided by case/control status). In addition to the control
criterion described in section 3.2.1, stricter control criterion (0% frequency response to thunder, fireworks
and gunshots and >2 years old) were also assessed post hoc to test whether utilizing strict control samples
would enhance association signal strength in the BOC primary analysis and fine-mapping/ replication
samples. In grey are the numbers for the stricter control criterion for AUS, BEC, GRD and GSD samples,
although these were not assessed in the current study due to sample size limitations. Numbers are not
provided for BES and BGT because all control samples in these groups already met the stricter criterion in
the main analysis. Breed: AUS — Australian shepherd, BEC — Bearded collie, BES — Belgian shepherd,
BGT - Belgian tervuren, BOC — Border collie, GRD — great Dane, GSD — German shepherd dog. Dataset —
array type on which samples were genotyped, N — total number of samples (case+control), ng,. — total
number of case samples, female — number of females in given group (case or control), male — number of
males in given group (case or control), avg age (yrs) — mean age of cases or controls, Neeneol — total number
of control samples, given in years, n<,, — number of control samples under the age of 2 years at the time of

phenotypic assessment.
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An additional 50 purebred BOC collected from an American sheepdog herding trial and an
American breed specialty were also used for a replication/fine-mapping analysis. Complete
pedigrees were not available for all dogs, so we also addressed relatedness by analysis of
genotype data. Two individuals—one from each of two pairs—were removed based on a genome-
wide estimate of identity-by-state (IBS > 0.50), which suggested each pair was closely related.
Whole blood samples (3-8 ml blood draw by veterinarians or licensed veterinary technicians)
were collected at trialing events, conformation events and breed specialties, or were sent directly
to the laboratory by owners and breeders in the context of ongoing genetic studies of canine
behavior and complex disease. DNA was extracted from all blood samples using standard

protocols. All procedures were approved by local institutional review boards.

3.2.2. Phenotypic assessment. We ascertained which dogs were affected with the noise phobia
phenotype using a published behavioral questionnaire developed by our group [4]. Cases were
defined as dogs that responded >60% of the time to at least one of three noises (thunder,
fireworks, gunshots) with one or more observable reaction(s): salivate, defecate, urinate, destroy,
hide, tremble, vocalize, pace, escape, freeze, or pant. Controls were defined as dogs that
responded <60% of the time to all three problem noises. Controls were vetted to ensure that they
had experienced problem noises regularly. All dogs studied had normal hearing. Most controls
had a 0% frequency response to thunder, fireworks and gunshots (Table 3.1). As the mean age of
onset of noise phobia has been reported as 2 years of age [15], the majority of controls were >2
years old at the time of sampling. Based on owner response, we omitted cases where there was
the possibility of noise trauma at an early age. Finnish samples were collected using the same,
translated questionnaire (the noise phobia section), however in addition to reactions: salivate,
defecate, urinate, destroy, hide, tremble, vocalize, pace, escape, freeze, and pant, “tail between
the legs” was also added to reactions that qualified cases. Only one dog (Belgian tervuren) had
“tail between the legs” scored as the only reaction to loud noises. All other Finnish dog owners
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that had the “tail between the legs” reaction indicated also had indicated other behavioral
reactions on the questionnaire. For samples collected in Finland, owners delivered the blood

samples taken by a veterinarian or a veterinary professional to the Finnish research group.

3.2.3. Association analysis. Genotypes for all samples were attained by the methods described in
Chapter 2, Section 2.3.1. After marker quality control (QC, described in Chapter 2, Section
2.3.2), primary GWAS for noise phobia was performed on unrelated BOC only using the
v2.0/SNP20 combined dataset of ~12,000 SNPs. Efficient mixed-model association (EMMA)
analysis of the 84 unrelated BOC with noise phobia phenotypes was performed using the program
EMMA eXpedited (EMMAX). EMMAX uses a variance component approach that accounts for
population substructure and cryptic relatedness by utilizing empirically estimated pair wise
relatedness in a computationally efficient manner [16]. Correction for population stratification
within the BOC sample was performed given evidence for within-breed substructure (Figure

3.1a).
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Figure 3.1: MDS 1 x MDS 2 plotted for all unrelated BOC.

(a) Multi-dimensional scaling (MDS) covariates were calculated using data from all unrelated BOC
genotyped for the 12K 2-platform dataset. Those for which noise phobia phenotypes were available at the
time of analysis are indicated as control (blue) or case (red). The two 'arms' extending from the central
cluster of samples at the origin suggest within-breed stratification. Samples in gray were not utilized in this
study. (b) BOC replication sample. MDS covariates were calculated using an LD-trimmed whole-genome
dataset of approximately 83K SNPs. There is clear stratification within this cohort, warranting use of

covariate 1 for the fine-mapping logistic regression analysis.

EMMAX was used to estimate heritability, or “pseudoheritability”, which is calculated as the
fraction of phenotypic variance explained by the relatedness matrix that was empirically
estimated by the provided genotypic data [16]. To assess empirical significance, permutations
were performed in PLINK (v1.07) under a logistic regression framework, utilizing one multi-
dimensional scaling (MDS) vector as a covariate to correct for within-breed stratification.
Replication/fine-mapping was performed using 3,260 SNPs from the CanineHD array
corresponding to four genomic regions demonstrating the greatest statistical support from among
the top 100 ranked p-values (i.e., the top 100 associated hits were tallied for chromosome

representation, and the chromosomes with the most representation were utilized for
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replication/fine-mapping). The windows of SNPs that were investigated for replication were
demarcated by the outer limits of the largest cluster of top-ranked findings for that chromosome
in the primary GWAS. These SNPs were then evaluated for association in an additional 50 BOC
of equal relatedness in PLINK (mean pi-hat = 0.028 + 0.04 for 1,225 pairs). There was no

significant difference in relatedness among controls versus cases (Table 3.2).

Between-group IBS (mean, SD) = 0.73, 0.02

In-group (2) IBS (mean, SD) = 0.73, 0.02

In-group (1) IBS (mean, SD) = 0.73, 0.02

Approximate proportion of variance between group = 0.008
IBS group-difference empirical p-values:

T1: Case/control less similar p=0.03
T2: Case/control more similar p=0.97
T3: Case/case less similar than control /control p=0.91
T4: Case/case more similar than control/control p=0.09
T5: Case/case less similar p=0.94
T6: Case/case more similar p=0.06
T7: Control/control less similar p=0.21
T8: Control/control more similar p=0.79
T9: Case/case less similar than case/control p=0.95
T10: Case/case more similar than case/control p =0.05
T11: Control/control less similar than case/control p=091

T12: Control/control more similar than case/control ~ p=0.09

Table 3.2: Test for balanced IBS of controls and cases in BOC replication sample.

In PLINK the --ibs-test command was used to determine whether there was a significant difference in
relatedness in the controls versus the cases in the BOC replication sample. Modest differences (p ~ 0.05)
are highlighted in bold. We found a modest difference in relatedness between cases and controls, with cases
more similar to cases than controls are to controls. However, this is not unexpected if there is a true
association for noise phobia, as one would expect cases to be more similar to one another given shared risk

loci.

In the replication set, one MDS vector was associated with the phenotype. The vector was used in
a logistic regression to correct for population stratification (Figure 3.1b). In addition to the

logistic regression analysis, set-based permutation, haplotypic logistic regression (with one MDS
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covariate) and epistasis analyses were all tested using PLINK. AIl MDS covariates were
calculated from sample data for which the specific analysis was performed using a subset of
genome-wide, unlinked (r* < 0.8) markers (i.c., the covariate used in the replication was

independent of that calculated for the primary association analysis).

Analyses among other (non-BOC) breeds were also performed with EMMAX with SNP data
from each platform (BEC — SNP20; BES, BGT and GRD - HD; AUS and GSD -
v2.0/SNP20/HD combined dataset, 9,000 SNPs). Meta-analysis was performed in PLINK (v1.07)
with EMMAX beta values and the “no-allele” option since information about reference alleles is
not provided in the EMMAX output. Only markers represented in three or more breed analyses
are reported. The numbers of cases and controls for each analysis, as well as the array type used

for genotyping are presented in Table 3.3.

Breed # SNPs Array n Cases Controls Pseudoheritability
BOC 12,208 v2.0/SNP20 84 47 37 0.76
BOC 12,208 v2.0/SNP20 76 47 29 0.82
BOC 3,260 HD 50 31 19 n/a
BOC 3,260 HD 45 31 14 n/a
AUS 9,152 v2.0/SNP20/HD 17 6 11 0.000012
BEC 21,797 SNP20 26 15 11 0.99
BES 141,443 HD 16 7 9 0.99
BGT 141,443 HD 16 11 5 0.27
GRD 141,443 HD 22 8 14 0.99
GSD 9,152 v2.0/SNP20/HD 37 7 30 0.000010

Table 3.3: Samples and pseudoheritability estimates.

Number of samples, markers and genotyping platform for each breed analyzed, in addition to the
pseudoheritability for noise phobia in that breed as calculated by EMMAX. Using stricter control criterion
removed 8 control samples from the primary GWAS sample and slightly increased the pseudoheritability
for noise phobia (for more details, see text and Table 3.1). Utilizing the same criterion removes 5 controls
from the replication analysis. AUS and GSD were dropped from the study because the pseudoheritability ~

0). BOC - Border collie, AUS - Australian shepherd, BEC - bearded collie, BES - Belgian shepherd, BGT -
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Belgian tervuren, GRD - great Dane, GSD - German shepherd dog; v2.0 - Affymetrix Custom Canine
Array v2.0, SNP20 - Illumina Infinium CanineSNP20 BeadChip, HD - Illumina Infinium CanineHD

BeadChip.

3.2.4. Multi-breed visualization analysis. For the noise phobia analysis, results from breed
analyses were compared to each other by scoring the 300 top-ranked findings (where the most
associated finding was scored as 300, and the 300" finding was scored as 1) and visualizing those

rankings with the Integrative Genomics Viewer (IGV v1.5, http://www.broadinstitute.org/igv/).

3.3. Results

3.3.1. Primary analysis in Border collies. We first sought to calculate a “pseudoheritability”
value for noise phobia in BOC. This is not a true heritability calculation since the estimated pair
wise relatedness does not correspond exactly to the kinship coefficient [16]. Calculations of
pseudoheritability are also found in the livestock literature, for example when estimating
heritability for quantitative traits using a Poisson distribution [17, 18]. In our dataset, the
pseudoheritability for noise phobia in BOC was estimated by EMMAX to be 0.76 (Table 3.3).
Interestingly, using the stricter criterion for controls, the pseudoheritability increased to 0.82

(Table 3.3).
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Figure 3.2: Manhattan plot of BOC noise phobia analysis in EMMAX.

Chromosome

Each SNP is represented by a dot, with markers plotted along the x-axis in order by chromosome. The y-

axis is the —log;o(p-value). Red line indicates genome-wide significance at a Bonferroni threshold.

Association analysis of 84 BOC, including 47 cases and 37 controls for the noise phobia
phenotype, demonstrated no results that reached a level of genome-wide significance at a
Bonferroni correction for 12,208 tests (p < 4.1x 10°). A plot of the genome-wide results is shown
in Figure 3.2, and the top 25 findings ranked by p-value are given in Table 3.4. The strongest
association in BOC was at SNP chr26.18210457 with p = 1.10 x 10™*. Additionally, two markers
on Canis familiaris chromosome (CFA) 5 represented the only multiple findings for a single
chromosome within the ten highest ranked findings (chr5.54587936 and chr5.33995804 were
ranked 7™ and 8", respectively). There was modest regional support for association on CFA8 and
CFA10, though only one SNP from CFA8 was among the ten best findings (Table 3.4). Allele
frequencies in cases and controls are shown in Table 3.4. The allele frequency differences range
from 0.14 - 0.32 between cases and controls, suggestive of a strong effect by the respective top

associated loci (odds ratios (OR) are not calculated in EMMAX).
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CFA BP SNP P A1 CASE-freq CTRL-freq
26 18210457 chr26.18210457 1.10E-04 A 0.37 0.69
37 28614773 chr37.28614773 1.76E-04 C 0.21 0.45
32 6940786 chr32.6940786 2.82E-04 T 0.30 0.53
28 18779050 chr28.18779050 4.23E-04 A 0.29 0.57
20 55413165 chr20.55413165 4.27E-04 C 0.22 0.53
25 16005438 chr25.16005438 4.62E-04 T 0.33 0.64
5 54587936 chr5.54587936 6.87E-04 C 0.22 0.06
5 33995804 chr5.33995804 7.09E-04 T 0.31 0.07
8 28181714 chr8.28181714 8.81E-04 G 0.04 0.24
13 53367679 chr13.53367679 9.98E-04 A 0.49 0.23
32 23294467 chr32.23294467 0.0010 G 0.22 0.41
27 17997320 chr27.17997320 0.0010 T 0.45 0.73
23 48778821 chr23.48778821 0.0011 C 0.50 0.77
23 49142150 chr23.49142150 0.0011 T 0.26 0.57
10 59670840 chr10.59670840 0.0012 T 0.09 0.32
23 50635945 chr23.50635945 0.0014 G 0.11 0.31
5 55987596 chr5.55987596  0.0018 C 0.16 0.38
6 78683285 chr6.78683285 0.0019 T 0.49 0.26
27 6570682 chr27.6570682 0.0020 C 0.30 0.54
34 12715014 chr34.12715014 0.0021 A 0.10 0.34
10 36535452 chr10.36535452 0.0024 T 0.02 0.24
5 33902404 chr5.33902404 0.0025 A 0.33 0.12
17 37690609 chr17.37690609 0.0026 G 0.39 0.70
20 53644425 chr20.53644425 0.0027 A 0.00 0.18
14 55161655 chr14.55161655 0.0031 A 0.03 0.18

Table 3.4: Noise phobia in BOC.

Top 25-ranked findings for noise phobia analysis performed in EMMAX. P-values are given with each
SNP in addition to genomic location information. Allele frequencies are provided for cases and controls
with respect to a reference allele. Large differences in allele frequencies between cases and controls suggest
a strong genetic effect. CFA — canine chromosome; BP — base pair, SNP — marker; p — p-value from
EMMAX analysis; Al — reference allele; CASE-freq — allele frequency for Al in noise phobia cases;

CTRL-freq — allele frequency for Al in controls.

We performed 100,000 permutations under a logistic regression framework with one MDS
covariate to correct for stratification; no signals were significant hits at a threshold of pgenome <
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0.05 (data not shown). We sought to address the possibility that our controls were enriched with
cases since we included dogs with some noise response, although below our chosen threshold.
When we removed these dogs from the analysis (n = 8), the results remained largely unchanged
(Figure 3.3 and Table 3.5), although the signal on CFAS5 was more apparent in the analysis

utilizing the stricter control criterion.

~log1o(p)
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Chromosome

Figure 3.3: Manhattan plots of BOC noise phobia analysis with stricter control criterion.
Red line indicates genome-wide significance at a Bonferroni threshold. Findings on CFAS are stronger in

the strict-control phenotype sample.
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CFA BP SNP Petrict A1 CASE-freq CTRL-freq.yic

26 18210457 chr26.18210457  3.60E-05 A  0.3696 0.7241
37 28614773 chr37.28614773 8.02E-05 C  0.2128 0.5

5 42453935 chr5.42453935 1.38E-04 A  0.2979 0.5862
5 42976185 c¢chr5.42976185 1.71E-04 T 0.4891 0.1724
25 16005438 chr25.16005438 2.34E-04 T 0.3298 0.6607
5 40827188 chr5.40827188 2.63E-04 T 0.4149 0.1379
5 40640574 chr5.40640574 5.16E-04 A  0.4787 0.7586
20 55413165 chr20.55413165 5.34E-04 C  0.2234 0.5345
27 18708815 chr27.18708815 5.98E-04 C  0.2553 0.4655
32 6940786  chr32.6940786 @ 6.05E-04 T 0.3043 0.5345
10 59670840 chr10.59670840 9.56E-04 T & 0.08511 0.3448
13 53367679 chr13.53367679  0.0010 A 0.4894 0.2069
13 17819909 chr13.17819909  0.0010 G 0.4022 0.7069
23 49142150 chr23.49142150 0.0011 T 0.2553 0.5862
11 47448928 chr11.47448928  0.0012 A 0.2979 0.06897
17 7827093  chr17.7827093 0.0015 G 0.3191 0.08621
32 23294467 chr32.23294467  0.0015 G 0.2234 0.4138
11 28185376 ' chr11.28185376  0.0015 A 0.04255 0.1897
8 28181714 | chr8.28181714 0.0015 G 0.04255 0.2414
5 41978918  chr5.41978918 0.0015 C  0.4149 0.7241
23 50635945 chr23.50635945  0.0016 G 0.1064 0.3276
5 50218801 @ chr5.50218801 0.0016 A 0.09783 0.3448
12 3285545 | chr12.3285545 0.0018 T 0.4681 0.7241
1 102282421 chr1.102282421 0.0018 T 0.2128 0.4655
5 44606853 chr5.44606853 0.0019 A 0.2553 0.06897

Table 3.5: GWAS of Noise phobia in BOC with stricter control criterion.

Top 25-ranked findings for noise phobia analysis performed in EMMAX using stricter control criterion. P-
values are given with each SNP in addition to genomic location information. Allele frequencies are
provided for cases and controls with respect to a reference allele. Stronger associations are observed in the
sample set utilizing the stricter control criterion. CFA — canine chromosome; BP — base pair, SNP —
marker; psict — p-value from EMMAX analysis; Al — reference allele; CASE-freq — allele frequency for Al

in noise phobia cases; CTRL-freqsqis — allele frequency for Al in strict criterion controls.

We interrogated regions of suggestive association to test for regional support of association with
greater power and resolution. Secondary association was assessed with a higher density SNP
panel and an independent sample of herding BOC. A total of 3,260 SNPs from the regions on
CFA 5, 8 and 10 showing the strongest regional evidence for association were analyzed. The top

25 ranked findings are presented in Table 3.6.
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CFA SNP BP OR L95 U9s P Pstrict in 12k?

10 | chr10.31603131 31603131
10 | ¢chr10.57383571 57383571
10 chr10.58630360 58630360
10 | chr10.36054599 36054599

0.0075 0.0006469 0.08694 9.09E-05 2.67E-04 no
0.04572  0.006877 0.304  0.001414 0.003187 no
0.04624  0.006971 0.3067  0.001451 0.003269 no
0.08014  0.01497 0.4289 0.003186 0.009063 no

10 ' ¢chr10.58018214 58018214 0.06519 0.01 0.4248 0.0043 0.01214 0.76
10 chr10.58041409 58041409 0.06519 0.01 0.4248 0.0043 0.01214 no
10 | chr10.58071141 58071141 0.06519 0.01 0.4248 0.0043 0.01214 no
10 chr10.58088621 58088621 0.06519 0.01 0.4248 0.0043 0.01214 no
10 | chr10.58110655 58110655 0.06519 0.01 0.4248 0.0043 0.01214 no
10 chr10.58250922 58250922 0.06519 0.01 0.4248 0.0043 0.01214 no
10 chr10.58635986 58635986 0.06519 0.01 0.4248 0.0043 0.01214 no
10 | ¢chr10.58667130 58667130 0.06519 0.01 0.4248 0.0043 0.01214 no
10 chr10.58673713 58673713 0.06519 0.01 0.4248 0.0043 0.01214 no
10 | chr10.58680393 58680393 0.06519 0.01 0.4248 0.0043 0.01214 no
8 ¢chr8.22135168 22135168 6.29 1.645 24.05 0.007197 0.01046 no

8 ¢chr8.21861892 21861892
10 | chr10.56874515 56874515

0.2542 0.08997 0.718  0.009728 0.004291 no
0.08913  0.01402 0.5664  0.01039 = 0.03269 no

5 chr5.54582216 54582216 4.6 1.418 14.92 0.01101 0.02542 no
8 | chr8.21835629 21835629 3.774 1.35 10.55 0.01136  0.008071 no
8 chr8.21842264 21842264 3.774 1.35 10.55 0.01136  0.008071 no
8 ¢chr8.21875109 21875109 3.774 1.35 10.55 0.01136  0.008071 no

10 | chr10.48582562 48582562
10 | chr10.49715500 49715500
10 chr10.56982895 56982895
10 | chr10.57950063 57950063

0.2035 0.0587 0.7055  0.01208 = 0.00803 no
0.1512 0.03446 0.6631  0.01226  0.008735 no
0.09255  0.01415 0.6052  0.01299 = 0.04695 no
0.09255  0.01415 0.6052  0.01299 = 0.04695 no

SO>S >>O0>>>>>0H40>0>00>>X2

Table 3.6: Top 25 results from fine-mapping/replication.

Results have been combined for all the chromosomes included in fine-mapping, with indications of whether
the SNP was present in the original GWAS (12K) dataset. If the SNP was in the original GWAS, the p-
value for association at that marker in the original sample is provided (n = 1 SNP). P-value only is also
given for marker association signals in the analysis utilizing the stricter control criterion sample set. CHR -
chromosome, SNP - snp name, BP - base pair, OR - odds ratio, SE - standard error of the odds ratio, L95 -
lower 95% confidence interval, U95 - upper 95% confidence interval, P - p-value of association for that

SNP, Pyt - p-value of association in stricter-control sample set.

Support for association of a region on CFA10 persisted in the second sample set of BOC. The
strongest finding was at chr10.31603131, with a p-value of 9.09 x 10 and a strong “protective”
OR of 0.008 (95% confidence interval 0.0006 — 0.09). The next strongest signal was detected on
CFA10 at chr10.57383571, with a p-value of 0.001, OR 0.46. Additional local support was also

found for both of these CFA10 regions (Table 3.6). The next most supported region was at 22Mb
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on CFAS; the strongest association for CFA8 was ranked 16™ at chr8.22135168, with a p-value of

0.007, OR 6.29.

Rank CFA SNP OR P Neet Permp . Set

0.008 (0.0006 - chr10.31603131, chr10.36054599, chr10.34179508,
Tst 10 chrf0.31603131 0.09) 9.00E-:05 427 0.002 chr10.32495782, chr10.35153426, chr10.35778878
chr10.57383571, chr10.48582562, chr10.49715500,
0.46 (0007 - chr10.55339145, chr10.49593364, chr10.51831584,
2nd 10 chrios7asaszt OO0 0.001 749 0.174 chr10.54559962, chr10.49745955, chr10.56254773,
: chr10.57685226, chr10.51540995, chr10.50733918,
chr10.49267100, chr10.48824301, chr10.55800066

chr8.22135168, chr8.21861892, chr.21875109,

6.20 (1.65 - chr8.25072329, chr8.22122802, chr8. 27445059,

15th 8 chr8.22135168 A 0.007 619 0.4458 chr8.23383100, chr8.23279180, chr8. 28626478,

: chr8.23536911, chr8.22944048, chr8.22391661,

chr8.28821931

chr5.54582216, chr5.52683997, chr5.51683930,
18" 5 chr5.54582216 4.6 (1.42 - 14.92) 0.010 1465 0.702 ¢chr5.40293087, chr5.46408387, chr5.38703372,
chr5.53701768, chr5.53687444, chr5.52671293

Table 3.7: Top associations for each replication/fine-mapping chromosomal region.

Top associated hit for each chromosomal region, plus permuted p-value for the fine-mapping SNP set.
There are several associations in the two CFA10 regions that demonstrate association in the replication
sample. The 35Mb sets’ permuted p-value reaches a level of significance for 4 sets tested (p < 0.0125) and
includes a SNP (bold) implicated in epistatic interactions with the CFA10 at 58Mb region and with the
CFA5 51.6Mb region (SNPs also in bold). Fine-mapping rank - rank by p-value of association for 3,260
SNPs in fine-mapping/replication analysis (all chromosome sets combined). CFA - chromosome, SNP -
marker name (chromosome and base position), OR - odds ratio with 95% confidence interval in
parenthesis, P - p-value of point-wise association, Ny, - number of SNPs in set, Perm pg - permuted p-

value for set (EMP1), set - list of markers making up set.

Since this was not a true replication, a traditional p < 0.05 threshold for significance may not be
applicable for this analysis; however, a Bonferroni correction for 3,260 tests (significance
threshold p < 1.53 x 10”) may be too strict considering these regions were chosen based on
previous suggested association in the primary analysis. We thus performed set-based permutation
analysis (four total sets — CFAS, CFA8, CFA10-35Mb, CFA10-55Mb) as another means of

evaluating statistical significance. This analysis calculates the number of times a permuted set-
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statistic exceeds the statistic for an original set composed of independent (r* < 0.5) SNPs that all
reach a p < 0.05 threshold. The empirical p-value of the highest performing set was 0.002, which
meets the significance threshold set at 0.0125 for four total sets tested. This set was composed of
6 SNPs spanning the region ~31.6Mb — 36Mb on CFA 10 (Table 3.7). The difference in coverage

across platforms precluded a joint analysis with overlapping SNPs.

CFA BP first SNP last SNP P
10 57353121 - 57383571 chr10.57353121 chr10.57383571 0.0014
10 57362025 - 57384581 chr10.57362025 chr10.57384581 0.0014
10 58667130 - 58680393 chr10.58667130 chr10.58680393 0.0043
10 58673713 - 58688936 chr10.58673713 chr10.58688936 0.0043
10 58635986 - 58650185 chr10.58635986 ' BICF2G630492166 0.0057
10 58641713 - 58667130 chr10.58641713 chr10.58667130 0.0057
10 59368167 - 59391859 chr10.59368167 chr10.59391859 0.0130
10 58018214 - 58041409 chr10.58018214 chr10.5804 1409 0.0151
10 58029905 - 58071141 chr10.58029905 chr10.58071141 0.0151
10 58041409 - 58075689 chr10.58041409 chr10.58075689 0.0165
10 58071141 - 58088621 chr10.58071141 chr10.58088621 0.0165
10 58650185 - 58673713  BICF2G630492166  chr10.58673713 0.0168
10 48496503 - 48530062 chr10.48496503 chr10.48530062 0.0185
8 21835629 - 21861892 chr8.21835629 chr8.21861892 0.0192
8 21842264 - 21875109 chr8.21842264 chr8.21875109 0.0192
10 58088621 - 58110655 chr10.58088621 chr10.58110655 0.0194
10 56874515 - 56891092 chr10.56874515 chr10.56891092 0.0223
5 51624631 - 51670566 chr5.51624631 chr5.51670566 0.0242
5 51639046 - 51683930 chr5.51639046 chr5.51683930 0.0242
8 22135168 - 22155172 chr8.22135168 chr8.22155172 0.0267
8 22314192 - 22337065 chr8.22314192 chr8.22337065 0.0271
10 54668066 - 54696119 chr10.54668066 chr10.54696119 0.0282
8 22288469 - 22326392 chr8.22288469 chr8.22326392 0.0290
10 58484252 - 58501054 chr10.58484252 chr10.58501054 0.0292
10 58500421 - 58520322 chr10.58500421 chr10.58520322 0.0292

Table 3.8: Top 25 hits for 3-SNP haplotypic logistic regression with 1 MDS covariate.
The majority of top hits are in the CFA10-58Mb or CFA8-21Mb regions. CHR - chromosome, bp - base
position range represented by haplotype, first SNP - first SNP of 3-SNP haplotype, last SNP - last SNP of

3-SNP haplotype, p - p-value for haplotypic association.

We investigated the two CFA10 candidate regions further to determine whether associations

resulted from extended linkage disequilibrium (LD) in the region. Our findings suggested that the
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signals were in fact in modest but extended LD, with r* = 0.07 and D' = 0.43 for chr10.31603131
and chr10.57383571, which are the top SNPs for each region and the top two associations in the
fine-mapping analysis. A 3-SNP haplotypic logistic regression demonstrated further support for
the ~58Mb region on CFA10, with the strongest signal ~57.3Mb, p = 0.001 (Table 3.8 and Figure
3.4, top panel). There was also modest haplotypic support on CFA8 around the 22Mb region

(Table 3.8 and Figure 3.4, bottom panel) and on CFAS5 at ~51.6Mb, with p-values around 0.02

(Table 3.8).
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Figure 3.4: Manhattan plot of the 58Mb region on CFA10 and the 22Mb region on CFAS8 for BOC

noise phobia replication/fine-mapping.

For the 3-SNP haplotypic logistic regression with 1 MDS covariate in an independent sample of 50 BOC,

the -logio(p-value) is plotted in red on the corresponding UCSC genome browser’s putative genomic

position on canFam2. Genes annotated in other species are shown below the plotted line. For CFA10, the

strongest signal (2.85) is ~65kb upstream from the gene ARFI (as annotated in other species). The second

strongest haplotype signal (2.37) lies over the putative SPTBNI gene region, a gene that is highly expressed

in the brain. There is also haplotypic support on CFAS8 (lower plot, signal =

LRFNS (as annotated in other species), which is only expressed in the brain.
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We assessed the relationship between these four candidate regions for epistatic interactions. We
first analyzed only the SNPs present in the four regional sets (n = 43, Table 3.7). The top epistatic
interaction was between chr5.51683930 and chr10.35153426, with a p-value of 0.01 and
ORingeraction = 0.13. Interestingly, the next strongest interaction was between the same CFA10
~35Mb marker, chr10.35153426 and a SNP in the other CFA10 region, chr10.57685226 at a
similar p-value = 0.01 and strong ORjyeraction = 23.52. Of note, these two markers appear to be in
modest, but distant LD (r*= 0.02, D' = 0.35), which is consistent with the LD findings for the top
two fine-mapping association hits. We also detected an interaction at p ~ 0.05 between
chr5.53701768 and chr8.22135168, with ORiyeraction = 0.14. As with the primary analysis, we
explored a stricter definition of controls and found the results did not differ overall, although
significance levels were lower in the strict-controls analysis, likely due to the reduction in sample

size (Table 3.9).
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rank _ CFA SNP BP OR Ptict N.ot Perm Petstrict set

chr10.31603131, chr10.36054599, chr10.33534843,

1st 10 chr10.31603131 31603131 0.01 (0.0009 - 0.12) 2.67E-04 427 0.024 chr10.32495782, chr10.32130810, chr10.33913149,
chr10.33188495
¢chr10.57383571, chr10.49745955, chr10.48582562,
chr10.49715500, chr10.51831584, chr10.49593364,
2nd 10 chr10.57383571 57383571 0.05 (0.006 - 0.36) 0.003 749 0.186 ¢chr10.57685226, chr10.56254773, chr10.51540995,
chr10.49819838, chr10.55892034, chr10.52667964,
chr10.51715584, chr10.52729290, chr10.49315986
5th 8 chr8.21861892 21861892 0.17 (0.05 - 0.57) 0.004 619 0.1734 chr5.54783511, chr5.46408387, chr5.54231348
chr8.21861892, chr8.21842264, chr8.22135168, chr8.22122802,
chr8.23069662, chr8.25139379, chr8.22391661, chr8.22016264,
46th 5 chr5.54783511 54783511 6.10 (1.27 - 29.28) 0.024 1465 0.761 chr8.25072329, chr8.27445059, chr8.27921468, chr8.25667093,
chr8.22944048, chr8.30342375, chr8.23536911, chr8.28100809,
chr8.21472660, chr8.26910112, chr8.28821931, chr8.27895878
CFA BP first SNP last SNP Pyict

10 57353121 - 57383571 ¢chr10.57353121 chr10.57383571 | 0.0032
10 57362025 - 57384581 ¢chr10.57362025 chr10.57384581 | 0.0032
8 22288469 - 22326392 chr8.22288469 chr8.22326392  0.0068
10 48496503 - 48530062 chr10.48496503 chr10.48530062 @ 0.0092
10 58635986 - 58650185 chr10.58635986 BICF2G630492166 0.0120
10 58641713 - 58667130 chr10.58641713 chr10.58667130 @ 0.0120
10 58667130 - 58680393 chr10.58667130 chr10.58680393 @ 0.0121
10 58673713 - 58688936 chr10.58673713 chr10.58688936 @ 0.0121
8 21835629 - 21861892 c¢chr8.21835629 chr8.21861892  0.0124
8 21842264 - 21875109 chr8.21842264 chr8.21875109 | 0.0124

Table 3.9: Findings for replication/fine-mapping with stricter control criterion.

(Upper panel) Top associated hit for each chromosomal region, plus permuted p-value for the fine-mapping
SNP set. No sets reach a level of significance for 4 sets tested (p < 0.0125). Fine-mapping rank - rank by p-
value of association for 3,260 SNPs in replication/fine-mapping analysis (all chromosome sets combined).
CFA - chromosome, SNP - marker name, BP - base position, OR - odds ratio with 95% confidence interval
in parenthesis, Py - p-value of association in stricter-control sample set, Ny - number of SNPs in set,
perm Peersuict - permuted p-value for set (EMP1) in stricter-control sample set, set - list of markers making
up set. (Lower panel) Top 10 hits for 3-SNP haplotypic logistic regression with 1 MDS covariate for the
finemapping regions in stricter-control sample set. In the analysis utilizing stricter control criterion there is
more support for the CFAS8 region. BP - base position range represented by haplotype, first SNP - first SNP
of 3-SNP haplotype, last SNP - last SNP of 3-SNP haplotype, Py - p-value of association in stricter-

control sample set.

3.3.2. Secondary analysis in multiple breeds. Within-breed analyses were performed in an

additional six populations. Pseudoheritability values were used to assess breeds for which noise
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phobia might be heritable (Table 3.3). Two populations were dropped (AUS and GSD) from
analysis because of low estimates of pseudoheritability. BEC, BES, BGT and GRD were
examined with the primary BOC sample in a meta-analysis to increase power and to evaluate
trends for shared associated regions across breeds. We chose a meta-analysis over other methods
because the distinct clustering of each breed (Figure 3.5) would have required numerous

covariates to correct for inter-breed stratification.
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Figure 3.5: MDS plots for samples from all breeds analyzed for noise phobia.

Fifteen MDS covariates were calculated utilizing the 3-platform merged dataset of roughly 9,000 SNPs for
ALL dogs genotyped, and the first four MDS covariates for only dogs included in the noise phobia analysis
are shown here. Each breed, indicated by a different color, clusters separately, with BOC demonstrating the
most within-breed variation. BEC - bearded collie, BES - Belgian shepherd, BGT - Belgian tervuren, BOC

- Border collie, GRD - great Dane.

Meta-analysis with the five breeds resulted in a null effect in all regions where the BOC-only
analysis demonstrated modest association signals, with no findings reaching genome-wide
significance (Table 3.10). Each single-breed analysis demonstrated top findings around the same
order of magnitude as the primary BOC analysis, and pseudoheritability calculations suggested

that noise phobia was heritable within each sample (Table 3.3).
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CFA  BP SNP
3 90817113 chr3.90817113
34 37492667 chr34.37492667
36 26082312 chr36.26082312
5 35897353 chr5.35897353
5 35915206 chr5.35915206
5 35920124 chr5.35920124
4 52782032 chr4.52782032
29 16961809 chr29.16961809
13 50291953 chr13.50291953

N P  OR" = Q  BOC BEC GRD BGT BES
3 02776 05343 097  NA NA 04482 0.6356 0.5354
3 0.2989 1.8216 0.9688 NA NA  1.6214 22357 1.6675
3 03044 05527 0965 NA NA  0.4788 0.6845 0.5151
3 0.3084 1.8004 0.9806 NA NA 1711 21095 1.6171
3 0.3084 1.8004 0.9806 NA NA 1711 21095 1.6171
3 0.3084 1.8004 0.9806 NA NA 1711 21095 1.6171
2 03096 04875 0.9999 NA NA 04876 NA  0.4875
3 0312 05578 0.9567 NA NA 04474 06801 0.5704
3 03124 1.7919 0.9484 NA NA 15494 2.3367 1.5891
13 50293358 chr13.50293358 3 0.3124 1.7919 0.9484 NA NA 15494 2.3367 1.5891
8 38066966 chr8.38066966 3 0.3127 0.5583 0.9619 NA  0.6529 04474 NA  0.5956
1 29638584 chr1.29638584 3 0.3137 1.789 0.9781 NA NA  1.7791 2.0819 1.5458

3

3

3

3

3

2

2

2

3

2

3

3

3

8 45460871 chr8.45460871 0.3155 0.5602 0.9543 NA NA  0.4474 0.6889 0.5704
36 26076543 chr36.26076543 0.3165 0.5608 0.9553 NA NA  0.4788 0.7153 0.5151
28 19196259 chr28.19196259 0.3184 1.7789 0.963 NA NA 1.5494 2.2214 1.6357
23 12966846 chr23.12966846 0.3227 0.565 0.908 NA NA  0.4474 0.8039 0.5015
36 26027420 chr36.26027420 0.3233 0.5654 0.9589 NA NA  0.4921 0.7153 0.5134
4 72670494 chr4.72670494 0.326  2.0028 0.9415 NA NA 1.9015 2.1095 NA
21 45312922 chr21.45312922 0.326 2.0028 0.9415 NA NA 1.9015 2.1095 NA
25 38139032 chr25.38139032 0.326  2.0028 0.9415 NA NA 1.9015 2.1095 NA
20 28257988 chr20.28257988 0.3275 1.76  0.9637 NA NA 1.5731 2.1974 1.5771
6 19178071 chr6.19178071 0.3278 1.9976 0.9386 NA 18916  NA 21095 NA
18 41416245 chr18.41416245 0.3282 1.7587 0.9742 NA NA  1.5494 2.1095 1.6643
28 19101982 chr28.19101982 0.3288 1.7573 0.9704 NA NA  1.5494 2.1413 1.6357
28 19226244 chr28.19226244 0.3288 1.7573 0.9704 NA NA 1.5494 2.1413 1.6357

Table 3.10: Top 25 results from meta-analysis.

Results are reported for SNPs seen in >3 breed analyses. CHR - chromosome, BP - base pair, SNP - snp
name, N - number of breeds in analysis, P - p-value, OR - odds ratio, Q - p-value for Cochrane's Q statistic;
BOC - OR in Border Collie GWAS, BEC - OR in Bearded Collie GWAS, GRD - OR in Great Dane
GWAS, BGT - OR in Belgian Tervuren GWAS, BES - OR in Belgian Shepherd GWAS. *p-values and OR

for fixed effect vs. random effect model were the same and thus are listed only once.

We thus explored an alternate hypothesis of genetic heterogeneity for noise phobia across breeds.
We compared the top findings from each breed-specific analysis to detect patterns in association
between breeds. Because sample size and SNP coverage differed from breed to breed, we
visualized findings based on ordinal rank rather than strength of p-value. When comparing
EMMAX results from the five different breed analyses — BEC, BES, BGT, BOC, GRD — we
found suggestions of both locus and allelic heterogeneity (Figure 3.6). Some chromosomes
demonstrated top findings in every breed analysis, but at different SNPs within a ~10-200kb

region in each breed, suggesting allelic heterogeneity (Figure 3.6a). However, in other regions an
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association was only suggested by one or a subset of breeds while other breeds demonstrated no
support in their top 300 findings (Figure 3.6b). Upon closer examination of the top findings for
each breed, we found that only five (0.3%) of the top ranked findings were seen across two

different analyses (and none were seen in more than two analyses).
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Figure 3.6: Visualization of top results from five different breed GWAS’s for noise phobia.

Height of bar represents rank (1st is tallest, 300th is shortest) in top findings of breed-specific GWAS for

noise phobia. (a) Support for association with CFAS is seen across all five breeds but at varying locations.

(b) Support on CFAS is seen in BOC and only three of four other breeds at modest levels. (c) Whole-

genome results demonstrate some regional support across multiple breeds but some breed-specific signals

as well. For example, CFA10 demonstrates multiple top association signals in BOC but support is not

demonstrated in the other four breeds. BOC - Border collie, BEC - bearded collie, BES - Belgian shepherd,

BGT - Belgian tervuren, GRD - great Dane.

3.4. Discussion

Our study of noise phobia in small samples of herding- and utility-breed dogs suggests that this

behavioral disorder is moderately heritable. Although none of our results reached genome-wide

significance, these findings nevertheless suggest multiple genomic regions of potential interest,

though much larger sample sizes of single breeds would be required given the heterogeneity

observed across our multi-breed sample.
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We identified two regions on CFA10 that demonstrate associations with noise phobia in BOC,
plus continued support for associations on CFAS and CFAS8. While the findings for these regions
in the original sample demonstrated only modest associations, their continued support in an
independent sample of BOC suggests that genes in these regions may play a role in increased
susceptibility to noise phobia in this breed. The first region on CFA10 is from ~31.6 — 36Mb, and
contains one SNP, chr10.35153426 that appears to have epistatic interactions with two different
SNPs: one on CFAS, chr5.51683930, and one in the second CFA10 candidate region around
58Mb, chr10.57685226. Chr10.35153426 is located in the predicted intronic region of RFX4,
which encodes a transcription factor important in early brain development [19, 20]. This SNP is
part of the only marker set that reached statistical significance in the set-based permutation
analysis (Table 3.7). Chr5.51683930 is located in the predicted intronic region of NFIA (as
annotated in other species), a DNA-binding protein and a member of a family of key regulators of
central nervous system development and brain function [21]. Nfia knockout mice display a
striking brain phenotype that includes agenesis of the corpus callosum and malformations of
midline glial populations, which are required to guide axons of the corpus callosum across the
midline of the developing brain [21]. Lower signal intensity in the corpus callosum has been
reported in adolescents and adults with bipolar disorder [22]. Chr10.57685226 is located between
two putative genes, ARFI and ASB3 (as annotated in other species). ARF'I is ~340kb away and is
an ADP-ribosylation factor that is highly expressed in the brain and plays a critical role in
eukaryotic cells regulating Golgi-membrane trafficking in the secretory pathway. ASB3 is ~170kb
away and thought to be a negative regulator of TNF-R2 —mediated cellular responses to TNF-a

[23].

In addition to suggestive epistatic findings, there is also regional haplotypic support around this
genomic region (Figure 3.4, Table 3.8). This includes a haplotypic signal above the putative gene
SPTBNI, a gene that is highly expressed in brain and leads to altered TGF-B signaling when
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disrupted [24]. Finally, the 22Mb region on CFAS also shows continued support in the fine-
mapping analyses, with haplotypic support (Figure 3.4) and a suggested interaction at
chr8.22135168 and a SNP on CFAS, chr5.53701768. Chr8.22135168 is located 60kb upstream of
the putative protein METTL3 and 200kb upstream of putative LRFN5 (both annotated in other
species). METTL3 is a critical subunit in a multicomplex enzyme that catalyzes methylation of
internal adenosine residues in eukaryotic mRNA. LRFN5 is expressed exclusively in the brain,
and long-distance epigenetic silencing of LRFN5 in a patient with a rare translocation is

hypothesized to be the cause of the patient’s autism [25].

Using Gene Ontology annotations, we found that both NFIA and RFX4 are DNA-binding
dependent transcription regulators. These roles, in addition to METTL3’s role in RNA
methylation and in light of the multiple epistatic interactions detected between all three
chromosomes, generate hypotheses regarding a larger network of gene/expression regulation. In
particular, SPTBNI and LRFNS5, which are expressed predominantly in the brain, make attractive
candidates for altered expression, as does ARF/ with its role in vesicle-mediated transport and
receptor signaling. In fact, further analysis of all finemapping SNPs for epistasis suggests an even
more complex picture, with multiple regions on each of the three candidate chromosomes (CFAS,
8 and 10) demonstrating predicted interactions with each other. A cartoon depicting the epistatic

interactions detected between these three chromosomes is shown in Figure 3.7.

105



EPISTASIS [—m
ERIEE

Im 2 \]
/7731 |
CFAS CFAlO

Figure 3.7: Epistatic interactions between three canine chromosomes.

Epistasis analysis in the replication/fine-mapping sample suggests possible interactions (indicated by blue
arrows) between three different canine chromosomes (each represented by a different color, with position
in black, in mega-bases) in noise phobia in BOC. Candidate genes (in green) within the implicated genomic
regions include a number of regulatory genes that are expressed in the brain. Notably, there are also two
members of the same gene family — ARFI and ARF'6 — implicated on CFA10 and CFAS, respectively. Both

family members play different roles in membrane trafficking.

There are many limitations to the present study. First, our control samples were allowed to have
subclinical noise response symptoms, which raises the possibility of controls actually containing
some cases, reducing our power. Analyses utilizing a stricter definition for controls led to similar
results, with slight improvements in statistical significance. Second, the number of samples is
small, with 84 samples for our most numerous breed, and for many breeds the number of cases
versus controls is not balanced. If the genetic architecture of the phenotype is polygenic, power

will be limited even when there is prominent heritability for the trait. Our sample may simply not
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be large enough to reliably detect association. In a similar study of a canine systemic lupus
erythematosus-related disease complex, GWAS of 81 cases and 57 controls led to findings that
achieved genome-wide significance only with the addition of new cases and controls [26]. Future
efforts at sample collection may thus improve our power to detect association. Our small sample
size may also artificially inflate the estimated pseudoheritability for noise phobia. Third, samples
were genotyped on three different SNP platforms. While reproducibility was demonstrated for a
common set of SNPs on all platforms, the use of three different sets of SNPs may have resulted in
the loss of genotypic information when merging datasets to obtain the maximum number of
samples to analyze. For example, in BOC genotyped on the HD platform, 10,085 SNPs
overlapped with the 12K data set (v2.0/SNP20), and those SNPs tagged an additional 49,562
SNPs (r* > 0.5 for pairwise LD within 5Mb), suggesting that those SNPs cover approximately
40.8% of the 146K SNPs genotyped (data not shown). It may be possible to increase our genomic
coverage by genotyping all samples with higher density arrays, or less optimally with genotype
imputation. Additional heterogeneity in breed-associated behavior may be due to cultural
differences between dog owners across continents, as well as to differences in the work/purpose
for which the subject dogs were intended (or not). The challenge in phenotyping—namely
determining whether a particular dog has a ‘genetic’ noise phobia or whether the cause is

traumatic experience from loud noises—may also obscure the results of genetic investigations.

Despite promising candidate genes implicated in the fine-mapping/replication analyses in BOC,
we did not see support for these loci in other breeds (Table 3.10). Our results also provide
evidence that the genetic loci underlying noise phobia in BOC are distinct from those underlying
noise phobia in other breeds. The history of selective breeding in BOC may have resulted in a
distinct subset of noise phobia risk loci that increased in frequency only within this breed. The
presence of a finding shared between BOC populations of different geographical origins suggests
a common vulnerability. This is a strong possibility given that the majority of our BOC samples
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are from the herding community, where selection regimes for specific behavioral suites may
enrich the population for traits such as reactivity that may ultimately predispose dogs to noise
sensitivity [9]. The observed locus heterogeneity would support the expectation that while
genetic determinants of selectively bred traits may be shared across breeds, this would not
necessarily be the case for maladaptive traits or disorders. A second possibility is that there is
allelic heterogeneity across the different breeds; in other words, although the same genomic
regions may be implicated in noise phobia across all breeds of dog, slight differences within each
breed may result in association signals at different alleles distinct to each breed. This latter
possibility, which would still demonstrate specific genomic regions as common risk loci for noise
phobia, would be undetectable in meta-analysis, consistent with the lack of association observed
in our own meta-analysis. This heterogeneity may be common. For example, Wood and
colleagues [27] observed similar results in their examination of candidate gene markers
associated with canine atopic dermatitis. In their study, meta-analysis across eight breeds
rendered only one significant association that generalized across all eight breeds, despite multiple
findings common to several (but not all) breeds within the study. Also, it has been suggested that
dogs of different breeds may display variability in response to pharmacologic substrates,
suggesting fundamental differences in physiology [28]. Such locus and allelic heterogeneity may
be critical when designing studies of complex disease and behavior, and will be very important to

consider should genetic tests ever be designed for detection of risk loci in breeding dogs.

We have provided an estimate for the heritability of noise phobia in canines, which is remarkably
similar to previous estimates for gun shyness [29, 30], and are comparable to heritability
estimates made for another behavioral disorder in dogs, aggression, utilizing an owner
questionnaire [31]. Although pseudoheritability is not a true heritability measure in the
traditional sense, it provides an estimate of the genetic contribution to the trait under study. In
fact, pseudoheritability is highly correlated with heritability for many disease and quantitative
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traits [16]. For traits or conditions such as noise phobia for which a heritability value is unclear,
or may differ between breeds, estimates of pseudoheritability provide a basis upon which further
genetic studies may be designed. In fact, we used pseudoheritability as a means of determining,
prior to meta-analysis, available breed samples for which this trait may be heritable. The
advantage of this strategy is the potential for discarding samples in which the presence of genetic
factors is less likely, although small samples may show reduced pseudoheritability. The clear
disadvantage of this strategy is, of course, that it assumes that pseudoheritability is a valid
measure of heritability. If this assumption is wrong, we may discard samples that are in fact
informative. However, because the calculation of pseudoheritability uses empirical genomic data
drawn from the sample cohort itself, we believe this approach to be a reasonable method for
determining in advance which samples to include or exclude from genetic studies to increase the

likelihood of detecting association signals.
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Figure 3.8: Q-Q plots for BOC analyses.

EMMAX plot is on the top left and logistic regression with 1 MDS covariate is on the bottom. Top right
plot represents EMMAX analysis utilizing stricter control criterion. EMMAX appears to effectively correct
for stratification within the BOC sample with less diminishment of statistical power, and stricter criterion

for controls further appears to enhance power to detect association signals.

EMMAX was able to account for within-breed stratification in our sample of BOC (Figure 3.8).
This was critical given the sample included dogs from multiple geographic locales as well as
from a diverse range of purpose-bred lines, all of which have the potential to confound GWAS
results [32, 33]. In addition, we found EMMAX to provide a better correction with less loss of

power than the more traditional logistic regression with MDS covariate method (Figure 3.8).
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Finally, we found that utilizing stricter control requirements also modestly increased our power to
detect associations (Figure 3.8), although the findings remained overall largely unchanged (Table
3.5). Taken together, these findings suggest that EMMAX is a highly effective tool for
performing GWAS in dogs in which cryptic relatedness and intra-breed stratification may be of

particular concern, although we still assume that susceptibility variants contribute small effects.

In summary, we have conducted the first genetic study of the canine anxiety disorder noise
phobia. We have identified multiple candidate regions in Border collies that may confer risk for
noise phobia, including loci on CFAS5, CFA8 and two loci on CFAI10 that all appear to
demonstrate epistatic interactions. Although none of these signals reached genome-wide
significance, we feel they are worth exploring further in larger samples of herding dog
populations, particularly given the continued support of these findings in an independent BOC
replication sample. The modest genomic coverage of our combined SNP dataset greatly reduced
our ability to identify regional support for suggestive findings in our primary analysis through
joint analysis, and highlights opportunities for future investigations that may utilize new, high-
density SNP arrays. Additionally, the genetic heterogeneity demonstrated in our exploratory
multi-breed analyses emphasizes the need for sizeable primary samples from one breed in the
investigation of complex behavioral traits. Denser coverage of a larger number of samples we are
actively pursuing in multiple breeds will likely uncover several new genetic loci, including those
regions for which this pilot study has hinted, providing important insight into a troubling disorder

for both dogs and humans.
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Chapter 4: Genome-wide Association Study of Adult-onset Deafness in Herding Border

sk

Collies Implicates Human Deafness Locus

In Chapter 4, I present our work mapping risk loci for adult-onset deafness in herding Border
collies. The motivation for this work is two-fold: first, fueled by an increasing aging human
population; second, rooted in the sheepdog herding community. Both groups seek common
answers — to identify risk loci underlying age-related hearing impairment. In this final data
chapter, [ will outline the genome-wide study that identified a strong candidate region on Canis
familiaris chromosome (CFA) 6. I will also describe the fine-mapping we performed using target
enrichment and next-generation sequencing technology. Finally, I will highlight the implications

of our findings for both the human and canine communities.

4.1. Introduction

“Deafness” is a lack or deficiency in the sense of hearing [1]. Acquired hearing loss is typically
caused by disease, toxicity or noise trauma. There are also two forms of deafness that are affected
by genetics: congenital and late onset. Congenital deafness occurs when one is born with a
hearing deficit, while late onset, as the name implies, occurs later in life. Age-related hearing loss
(ARHL, also known as presbycusis) is a continuing problem in aging human populations, and
with a prevalence of around 40% in those older than 65 years of age. ARHL can lead to problems

with communication, isolation, depression and possibly even dementia in the severely affected

“Portions of this section appear in the manuscript: Yokoyama JS, Lam ET, Erdman CA, Corneveaux J,
Ruhe AL, Robertson KR, Chang ML, Overall KL, Huentelman MJ, Lohi H, Hamilton SP and Neff MW.
“Genome-wide association study of adult-onset deafness in herding Border collies.” (In preparation) JSY -
sample ascertainment, genotype generation and QC, study design, statistical analysis for primary GWAS,
manuscript preparation, next-gen sequencing (NGS) sample prep; ETL — NGS sample prep and data
analysis, manuscript input for all NGS portions; CAE — candidate sequencing, technical support; JA and
MIJH — whole-genome NGS (not presented here); all other co-authors — sample ascertainment and/or
funding.
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[2]. Although known to have a hereditary component, much research is still required to uncover

the breadth of genetic variation that may confer risk to this common disorder.

Although a natural deterioration of the hearing system is expected with the aging process, it is
believed that exposure to ototoxins and environmental noise likely contribute the most to hearing
loss [2]. In addition, there is an extensive genetic contribution to hearing variation [3], estimated
at 35-55% [4]. There have been many studies to identify genetic contributors of risk for ARHL in
humans, which have uncovered various mutations in mitochondrial [5, 6] and autosomal DNA
[reviewed in 4]. Most recently, a genome-wide association study (GWAS) was performed in an
isolated Finnish population to discover novel risk loci for presbycusis [7]. The study identified
the candidate gene /QGAP2, and also found modest support for another, previously indentified
candidate from GWAS, GRM7 [7, 8]. Despite these advances in knowledge for ARHL, the
breadth of congenital deafness loci that have been mapped in the human genome suggests that
there are many other possible mechanisms for conferred risk to ARHL [4], which presumably
may affect pathways related to the different types of presbycusis that may arise independently:
sensory, neural, strial or metabolic, and cochlear conductive [9]. In addition to each of the four
independent types, combinations (termed “mixed” presbycusis by Schuknecht [9]) may also arise,

highlighting the heterogeneity seen in this disorder in human populations.

The domestic dog offers a unique opportunity to explore the genetics of disorders analogous to
human disease. Many disorders with low overall prevalence in humans are often enriched in a
subset of dog breeds as a by-product of the selective breeding regimes set up approximately 200
years ago [10]. Increased disease prevalence within certain breeds may suggest a genetic
component conferring a large effect. Increased prevalence also allows for the collection of larger
numbers of affected dogs for studies that are hoped to ultimately inform researchers and breeders

alike in the genetic components underlying troubling disorders. Genetic studies of this nature can
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be particularly informative when the disorder of interest is more simplified in the context of the
dog. Information gleaned from such studies would thus inform on both genetic risk factors as well
as underlying biological pathways that may be involved in overall disease presentation or

pathology.

Genetic investigations of deafness in the dog have been predominantly related to congenital
sensorineural hearing loss, culminating most recently in strong association of markers in the
MITF gene with congenital deafness in dalmatians [11]. As mentioned in Chapter 1, in 2007,
Karlsson, ef al. [12] mapped the white color/spotting locus to the same gene, providing continuity
for a long line of research relating coat and eye pigmentation to congenital hearing loss in

different breeds [reviewed in 11].

As in humans, all dogs are expected to have some hearing deterioration related to the aging
process, with an onset around 8-10 years [14] and corresponding with physiological changes in
critical systems in the ear [15]. In the dogs examined by Shimada, et al., all morphological
changes in dogs with hearing loss demonstrated the four different types of lesions found in
humans as described by Schuknecht [9]: sensory, neural, strial and cochlear conductive. These
findings suggested that the “mixed” presbycusis described by Schuknecht [9] is also seen in the
dog [15]. Importantly, physiological measurements of hearing ability (as measured using
brainsteam auditory evoked response or BAER) in the dog do demonstrate similar patterns as
those seen in humans, where high and mid-range frequencies are most severely affected with age-
related hearing deficits [14, 16]. This latter point suggests that a similar phenotype is also
observed in both humans and dogs, although no consistent patterns of lesions were found to
correlate directly with auditory dysfunction in a sample of 23 household dogs [15]. In humans

there are marked differences in the prevalence and severity of presbycusis [17-19]; in dogs it is as
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yet unknown whether similar sex differences exist [16, 20], though the limited data that does exist

for dogs does not demonstrate a readily apparent difference [15].

Although uncommon, adult-onset deafness has become an increasing problem within the herding
Border collie (BOC) community, where dogs’ ability to hear keenly directly affects their ability
to work effectively [21]. In particular, the later onset of this disorder makes it difficult for
breeders to know in advance which dogs may be at greater risk, and thus dogs are often bred prior
to knowledge of potential hearing impairments, further propagating the problem. Adult-onset
deafness in herding BOC has an earlier onset than that resulting from physiological aging of
hearing organs, at an average of 3-5 years [21; present work]. It has been suggested that adult-
onset deafness is genetic in nature, passing through families by an autosomal dominant mode of
inheritance [21]. Anecdotally, this form of deafness is seen in family lineages, thus further
suggesting a familial component. Unlike in humans, no mitochondrial deafness has yet been
identified in dogs [20]. Given the problematic nature of adult-onset deafness in the herding BOC
community, as well as the potential to inform on the analogous human disorder, presbycusis, we

undertook a genomic investigation for risk loci for this troubling form of hearing loss in the dog.

4.2. Materials and Methods

4.2.1. Samples

Whole blood samples (3-8 ml) were collected from a total of 48 purebred BOC for the primary
GWAS. Twenty affected BOC were collected specifically for this genetic survey of risk loci for
adult-onset deafness from sheepdog herding trials. Twenty-eight unrelated (at the grandparental
level as per pedigree analysis) controls were collected at sheepdog trialing events or sent directly
to the laboratory from owners and breeders in the context of ongoing genetic studies of canine
behavior and complex disease. The 20 adult-onset deafness cases consisted of 9 males and 11

females, and the 28 controls were composed of 15 males and 13 females (mean control age = 6.6
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years). One of the cases and two controls were also sequenced using next-generation sequencing
(NGS) technology. All DNA was extracted in-house using standard protocols. As outlined in
Chapter 2, SNP genotyping was performed on the Affymetrix Custom Canine Array v2.0, a
perfect-match only array targeting 127K SNPs chosen from the SNP list generated as part of the

dog genome project (Affymetrix, Santa Clara CA).

4.2.2. Phenotypes

‘Adult-onset deafness’ phenotypes were assigned based on owner response to verbal questioning
as to whether the sampled dog was noted to have had hearing loss that onset during adulthood
(i.e., was not present at birth). Hearing loss was demonstrated indirectly by owners’ observations
that their working dog was previously responsive to verbal and whistle commands given both in
home and working conditions, but had demonstrated significant decrease in response, or inability
to hear commands in adult life. Often, this loss of hearing ability was observed to take place over
the course of several months or years. Some owners noted that they did not notice any significant
changes in their dogs’ hearing ability until much later in the dog’s life, but suspected that the dog
was “compensating” in the work environment by observing the handlers’ physical cues, or by
moving into closer proximity of the handler when commands were being given, so as to avoid
belying any deficits in their working ability. When possible, indirect ‘proof” of the dogs’ ability
to hear earlier in adulthood was demonstrated through sheep trialing awards obtained through
competition. Controls for the adult-onset deafness study were herding BOC selected on two
criteria: (1) genetic clustering in the same region as affected dogs (i.e., “genetic matching”), and
(2) no hearing loss indicated in the health section of behavioral questionnaires completed by

owners at the time of sample collection.
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4.2.3. Next-generation Sequencing

4.2.3.a. Sample preparation. Genomic library sample preparation was performed using Illumina’s
Single-end library sample preparation kit (Illumina Inc., San Diego, CA). Sample preparation was
carried out as per manufacturer’s instructions, except the solution-capture samples’ preparation
was modified as follows: 3 pg of genomic DNA was subjected to shearing via sonication for a
total input of ~58,000 joules using the following protocol: 6 cycles of 3 minutes of sonication
with 10 second On/Off pulses at 40% power, and a 2-minute pause between each cycle (S-4000
with 2.5” diameter cup horn, Misonix, Inc., Farmingdale, NY); all purification steps were
performed using Agencourt AMPure XP magnetic beads (Beckman Coulter, Inc., Brea, CA);
seven cycles of ligation-mediated PCR were used for library amplification. Sample libraries were
run on a Bioanalyzer 2100 with manual peak integration for quantitation and confirmation of
fragment size distribution (High Sensitivity DNA Kit, Agilent Technologies, Waldbronn,

Germany).

4.2.3.b. Target-capture. For targeted sequencing of the ~6.1Mb candidate region, we performed
solution-based capture (SureSelect Target Enrichment System Kit, Agilent). Briefly, a custom
panel of 120bp cRNA oligos was designed to target 1000bp upstream and downstream of 75
predicted genes based on mammalian alignments (or in one case, frog) to CanFam?2 (version 2 of
the canine genome) in the candidate region on CFA6. Regions containing known repetitive
sequences and segmental duplications were excluded in the design. Prepared genomic libraries
were hybridized to the panel of biotin-labeled ‘bait’ oligos for 24 hours then targets were pulled
down via streptavidin magnetic beads. Targets were purified then enriched through 13 cycles of

amplification.
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4.2.4. Analysis

4.2.4.a. GWAS. Primary GWAS analysis was performed utilizing the beta version of Efficient
Mixed-Model Association eXpedited [22]. We chose to utilize a mixed model based analysis to
account for any population stratification or cryptic relatedness that may have been present in the
sample (as pedigrees were not available for the case samples). In addition, allelic association with
one million permutations were performed in PLINK (v1.07, [23]) to further assess association
strength and rule out false-positives. For this analysis, we did not correct for within-breed
stratification by incorporation of principal components or multi-dimensional scaling vectors since
the analyzed dogs were selected to be genetically matched (Figures 4.1-4.2). Finally, multi-
marker analysis was performed in PLINK (v1.07) to identify a common risk haplotype which was
visualized using the Genome Variation Server (GVS) application available for use online

(http://gvs.gs.washington.edu/GVS/index.jsp).

Unrelated BOC Adult-Onset Deafness
MDS1 x MDS2

unknown
# control

® case

Figure 4.1: Multi-dimensional scaling (MDS) vector plots of BOC used for deafness analysis.
MDS1 x MDS2 based on data from ALL unrelated BOC genotyped for common dataset (see Chapter 2,
section 2.3). Matched controls (blue) were selected based on genetic similarity (matching) to cases (red).

Samples in gray were not utilized for this study.
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Observed -logq(p)

Expected -logso(p)

Figure 4.2: Q-Q plot of GWAS analysis for adult-onset deafness in BOC.

Expected versus observed —log;o(p-value) for the primary GWAS are plotted for each marker, where the
red line indicates the null distribution. The Q-Q plot for this analysis suggests that there is minimal
population stratification in this sample, as the majority of points lie on the null distribution. Only around
2,2 does the high tail rise off the null towards higher p-values, which reflects the strong associations seen

on CFAG (these SNPs comprise only a small subset of the total number of markers analyzed).

4.2.4.b. NGS variant calling and assessment. For NGS data processing, Bowtie [24] was used for

3

read alignment against CanFam2. The “-n” mode was used with a seed length of 60 bases.
SAMtools [25], Picard (not published), BEDTools [26], and the Genome Analysis Toolkit
(GATK, [27]) were all used for post-alignment processing. Multi-sample realignment around
potential insertion/deletions (indels) and base quality score recalibration were both performed
prior to variant calling by GATK's Unified Genotyper. Indel calling was performed using Dindel
[28]. ANNOVAR [29] was used to annotate and prioritize variants found. Phastcons4way scores,

which assess conservation based on phylogenetic analysis of multiple species, were obtained

from the UCSC Genome Browser [30].
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4.3. Results

4.3.1. Samples

Exact age of onset for hearing deterioration is difficult to determine in a community environment
since subtle changes in hearing ability are likely to go unnoticed at first, and dogs may also
compensate for hearing losses [20]. Nonetheless, when samples were collected, owners were
asked to give their best estimate of when their dogs’ hearing began to deteriorate. Interestingly,
we found that the average estimated age of onset for adult-onset deafness in our cohort was 4.3
years of age, with a range of 1-9 years. Most owners estimated onset around 3-5 years; this
finding is consistent with previous work by Chu and Schmutz [21]. The average age of onset we
observed is intriguing given that presbycusis in dogs is estimated to begin around 8-10 years,
when marked increases in hearing thresholds are observed at all frequencies [14]. The earlier
onset of adult-onset deafness observed in our cohort suggests that this form of deafness may be
more severe than what is typically observed in geriatric dogs. In addition, many of the affected
dogs in our study have one or more first-degree family members that also demonstrated similar-
onset deafness phenotypes, further suggesting we may be investigating a more severe form of

ARHL demonstrating a simple inheritance pattern as previously noted by others [21].

4.3.2. Genome-wide Association Study

After quality control (QC, see Chapter 2, section 2.3.2), 30,231 SNPs remained for analysis.
Pseudoheritability, an estimate of the genetic contribution to phenotypic variation based on the
matrix of identity-by-state of analyzed samples, was estimated by EMMAX [22] to be 0.99 for
this trait. Association analysis in EMMAX rendered two regions on CFA6 demonstrating strong
regional support (Figure 4.3). In total, there were 25 markers that reached significance at a strict
Bonferroni threshold of 1.65 x 10 for 30,231 tests. The strongest hit was at chr6.25819273 with

a p-value of 1.09 x 107" (Table 4.1). The closest predicted gene to this SNP is HS3ST2 (as
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annotated in other species), about 24kb downstream. HS3S72 is a member of the heparan sulfate

biosynthetic enzyme family, and is expressed predominantly in the brain [31].

~logio(p)

K

W T

1

To o

Chromosome

Figure 4.3: Manhattan plot of GWAS for adult-onset deafness.
Markers are plotted on the X-axis in order and shaded by chromosome. The -log;o(p-value) is plotted on the
y-axis. The red line indicates significance at the Bonferroni-corrected level for ~30,000 SNPs. There is

extensive regional support for an association on CFAG6.

In addition to extensive regional support around the ~25Mb region on CFAG6, there was also
regional support for an independent association signal around the 35Mb region (Table 4.1). The
top hit for this region was the marker chr6.35491820, which was ranked 15™ overall at a p-value
of 1 x 107, This SNP is putatively located intronic to GRIN2A (as annotated in other species), an
ionotropic glutamate receptor subunit. These receptors are known to play an important role in
synaptic transmission [32]. Polymorphisms in GRIN2A have also been associated with psychiatric
disease [33, 34], while rare mutations have been found in individuals with epilepsy and mental

retardation [35, 36].
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CFA SNP BP P
6 chr6.25819273 25819273 1.09E-13
6 chr6.26517587 26517587 1.64E-10
6 chr6.24591869 24591869 4.46E-10
6 chr6.24577002 24577002 5.68E-10
6 chr6.25174415 25174415 1.07E-09
6 chr6.28753894 28753894 1.78E-09
6 chr6.25181733 25181733 2.03E-09
6 chr6.22844453 22844453 5.21E-09
6 chr6.29363433 29363433 9.45E-09
6 chr6.24570819 24570819 1.07E-08
6 chr6.21475826 21475826 1.83E-08
8 chr8.62484232 62484232 3.75E-08
6 chr6.25913101 25913101 4.14E-08
6 chr6.29470484 29470484 5.20E-08
6 chr6.35491820 35491820 1.00E-07
6 chr6.23160353 23160353 1.95E-07
6 chr6.23166082 23166082 1.95E-07
6 chr6.25900591 25900591 2.21E-07
6 chr6.26959216 26959216 2.40E-07
6 chr6.34915222 34915222 3.21E-07
6 chr6.23177930 23177930 3.48E-07
6 chr6.26917473 26917473 3.67E-07
6 chr6.24104844 24104844 3.76E-07
6 chr6.34819558 34819558 8.32E-07
6 chr6.22861769 22861769 1.58E-06

Table 4.1: Top 25 ranked findings from analysis for adult-onset deafness in BOC.
Analysis was performed in EMMAX. All top 25 hits reach statistical significance at the Bonferroni-

corrected level, and all but one are on CFA6. CFA - chromosome, SNP - single nucleotide polymorphism,

BP - base position, P - p-value of association.

To further evaluate the significance of these findings, we performed permutation testing in
PLINK. One million permutations rendered genome-wide permutated p-values (EMP2) that still
reached significance, suggesting that both regions’ findings were not due to chance (Figure 4.4).
In addition, inspection of allele frequency differences between cases and controls demonstrated
the large differences one would expect to achieve p-values at the level observed given the small

sample size resulting in odds ratios (OR) of large effect (Table 4.2).
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BOC deafness 1,000,000 permutations

2,500 5,000 7,500 10,000 12,500 15,000 17,500 20,000 22,500 25,000 27,500 30,000

.0 wem 2 0 mmm30 =040 w5 0 wemG ) we—7 () w—g () == wew]0.0 m—]] 0 ]2 ]3] m]50 c=]16.0 w17 0 w—]g 0 w—]g () w200 2] 0
w—22.0 m==23.0 =240 ==225.0 w260 w27 0 =280 ==29.0 wwm30.0 wew3] ) we=32 () wem33 0 ==m34.0 w35 0 w360 w37 0 =38.0

Figure 4.4: Manhattan Plot of Pgenome.
One-million permutations in PLINK rendered permuted p-values at the genome-wide level (EMP2) that
reach significance (p < 0.05), including numerous hits on CFAG6, further supporting primary GWAS

findings in EMMAX.

CHR SNP BP A1 F_A F_U A2 CHIsQ P OR SE L9 U95 EMP2
6 chr6.25819273 25819273 C 0.00 0.78 A 56.24 6.42E-14 0.00 inf 0.00 nan 1.00E-06
6 chr6.26517587 26517587 A 0.83 0.14 G 4437 271E-11 2829 0.56 9.35 85.57 1.00E-06
6 chr6.24577002 24577002 C 0.89 020 T 4424 291E-11 3477 0.63 10.18 118.70 1.00E-06
6 chr6.25174415 25174415 C 0.10 0.78 G 4224 8.06E-11 0.03 0.62 0.01 0.1 2.00E-06
6 chr6.25181733 25181733 G 0.89 021 A 4195 9.38E-11 31.17 0.62 9.23 105.20 2.00E-06
6 chr6.24591869 24591869 T 0.10 0.77 C 4165 1.09E-10 0.03 0.61 0.01 0.1 2.00E-06
6 chr6.28753894 28753894 A 0.78 0.13 G 4122 1.36E-10 2411 0.55 8.15 71.38 3.00E-06
6 chr6.24570819 24570819 T 0.10 0.75 G 39.5 3.28E-10 0.04 0.61 0.01 0.12 4.00E-06
6 chr6.25913101 25913101 C 0.00 061 T 37.6 867E-10 0.00 inf 0.00 nan 5.00E-06
6 chr6.29363433 29363433 T 0.78 0.15 G 37.19 1.07E-09 19.81 0.54 6.89 56.92 6.00E-06

Table 4.2: Top ten ranked findings for allelic association with 1,000,000 permutations in PLINK.

Odds ratios (OR) estimated in PLINK are very strong, which is what we would expect given the large allele
frequency differences observed in cases versus controls. All of these top findings reach genome-wide
significance after permutation (pgenome < 0.05). CHR - chromosome, SNP - marker name, BP - base
position, Al - reference allele, F A - frequency of Al in affecteds [cases], F U - frequency of Al in
unaffecteds [controls], A2 - alternate allele, CHISQ - chi-square value, p - p-value, OR - odds ratio, SE -
standard error of OR, L95 - lower 95% confidence interval of OR, U95 - upper 95% confidence interval of

OR, EMP2 - genome-wide permuted p-value.
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4.3.3. Fine-mapping

The large candidate region on CFAG6 implicated by our top findings is syntenic to human
16p12.1-p12.3, which encompasses the autosomal recessive deafness locus DFNB22 (UCSC
Genome Browser [30]). A candidate of immediate interest was the gene OTOA, found to be
defective in prelingual sensorineural deafness in a consanguineous Palestinian family [37]. We
performed PCR amplification of the 28 putative exons plus one highly conserved non-coding
region [30] for direct Sanger sequencing to identify potential mutations of interest in deaf dogs.
However, no polymorphisms or putative causative mutations discovered during sequencing

segregated specifically in affected dogs (data not shown).

Given the large region of association and lack of segregating polymorphisms in the candidate
gene OTOA, we attempted to narrow the critical region of interest in our BOC cohort for the
~25Mb region using haplotypic analysis. We found a 7-SNP haplotype that was homozygous in
all cases and only one control sample (Figure 4.5). Additionally, a larger 11-SNP haplotype was
also unique to 19 of 20 cases (and present in the same single control, Figure 4.5). We identified
two adult-onset deafness cases that were homozygous for the extended 11-SNP risk haplotype at
~25Mb that was observed in a majority of the cases, and were also homozygous for an extended
15-SNP haplotype at the second CFA6 ~35Mb candidate region (Figure 4.6). We were able to
obtain a new blood sample from one of these dogs and it was sequenced utilizing target capture as
well as whole genome NGS (data for the whole genome NGS is not presented here). In addition,
two control dogs that did not carry the risk haplotypes were identified, confirmed to be hearing
intact at the time of fine-mapping via owner correspondence, and subjected to target capture and

NGS.
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Figure 4.5: Haplotypes in CFAG6 hit region ~25Mb.

Each color box represents a different genotype as indicated by the key, with dogs listed in rows and SNPs
listed in columns. Case dogs are all homozygous for a single haplotype spanning 7 markers, and all but one
case also share an 11-SNP haplotype (for which the single dog is heterozygous). One sample used as a

control (marked with *), also carries the 11-SNP risk haplotype.
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Figure 4.6: Haplotypes in CFAG6 hit region ~35Mb.
Each color box represents a different genotype as indicated by the key, with dogs listed in rows and SNPs
listed in columns. There were three case dogs that were all homozygous for a single haplotype spanning 15

markers, and two of those three (marked with **) also carry the 11-SNP risk haplotype at ~25Mb.

We used the extended risk haplotype spanning from ~25.52-25.91Mb, to guide further fine-
mapping efforts to identify the causative mutation in this region hypothesized to play a critical
role in adult-onset deafness. Utilizing the haplotypic data, we identified ~70 candidate genes and
designed a solution-based target capture mixture to target the putative exons and upstream and
downstream untranslated regions for these candidates. Of 3.67Mbp initially selected, the oligo

capture mix was successfully designed to target 2.3Mbp. These included 74 predicted genes
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around the ~25Mb region as well as 1 gene (GRIN2A) in the ~35Mb region. The targeted 2.3Mbp
were covered utilizing approximately 43,000 probes, for a total of ~3.0X coverage with 75bp

single-end sequencing.

For the solution capture, an average of 57 pmols of about 300bp-fragments of DNA were isolated
for the targeted genomic regions and used as input for sequencing, with each sample run in one
lane. Table 4.3 shows a summary of the target-capture NGS results. Overall, all three samples
performed extremely well, with over 30 million reads per sample. Over 90% of each samples’
reads aligned to the dog genome (CanFam2). Target enrichment was also very successful,
resulting in >10X coverage for about 75% and >30X coverage in nearly 70% of the total targeted

sequence (Table 4.3).
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Lane 1 Lane 2 Lane 3
Sample CAN3148 CAN3149 1012544
Total Reads 36270529 30867026 32404825
Aligned Reads 33564330 27899663 30252775
%Aligned Reads 92.5% 90.4% 93.4%
Mean Bait Coverage 905.90 658.22 785.33
Mean Target Coverage 548.21 403.67 483.69
Fold Enrichment 868.34 759.03 835.17
%Target > 2X 77.6% 78.7% 81.6%
%Target >10X 75.7% 73.1% 771%
%Target > 20X 73.1% 68.6% 73.8%
%Target > 30X 71.1% 65.2% 71.1%
Bases on Bait 1841699115 1338166930 1596587940
Bases near Bait 158908041 135122788 168667197
Bases off Bait 550277059 647080612 533951957
Bases on Target 1997808859 1471059990 1762689753
Reads on Bait 24232883 17607460 21007736
Reads near Bait 2090895 1777931 2219305
Reads off Bait 7240488 8514219 7025684
Reads on Target 26286959 19356053 23193286
%Aligned Reads on Bait 72% 63% 69%
%Aligned Reads near Bait 6% 6% 7%
%Aligned Reads off Bait 22% 31% 23%
%Aligned Reads on Target 78% 69% 77%

Table 4.3: NGS statistics.

Each DNA sample was run in a single lane, with statistics for each provided in columns. Overall, all three

samples performed very well in the sequencing reaction. Target sequence enrichment was also quite

successful, with the majority of sequence mapping to the baited regions.

Variant calling resulted in a total of 183,289 SNPs and 1,473 indels across all three samples
across the entire genome, with breakdowns by CFA6 (versus the rest of the genome) provided in
Table 4.4. As expected, the average quality of SNP variant calls was very high since the coverage
for these variants was around 150-250X; this is in contrast to SNP calls made on the rest of the

genome (which was not baited), where average coverage around called variants was in the range
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of 10-50X (which is still quite high and thus of sufficient to pass SNP-calling criterion). These
findings reflect the utility of using even target-enriched NGS sequencing data for variant

discovery across the genome (although not one of the main aims for the current study).

CFAG6 rest of genome
All Control Control All Control Control
Case Case
samples 1 2 samples 1 2
indels 127 73 93 84 1346 443 708 270
SNPs 14706 8704 11734 11147 | 168583 34632 97901 81296
SNP quality 354 4 214.6
(avg)

Table 4.4: Variant-calling statistics.

Statistics for indels and SNPs are provided for all samples, with breakdowns by sample. Indels were called
using Dindel (results for indel analysis are not discussed in this dissertation; please refer to manuscript, in
preparation). Overall, all three samples demonstrated a large number of variants, though interestingly
Control 1 appears to have less variants called than the other two samples. This is unlikely related to sample
performance since this sample showed the highest performance for overall sequence production and baiting

(see Table 4.3).

Given the high number of SNPs called, we chose first to filter variants with regard to their
genotype in cases and controls, filtering for variants called homozygous in the case sample and
not homozygous for that variant in either controls (e.g., if the case was called homozygous
alternate allele (“1/1”), controls had to be heterozygous reference-alternate (“0/1”) or
homozygous reference (“0/0”) for that particular variant), which resulted in 2495 SNPs
remaining. We next narrowed our search to only variants within the CFA6 targeted regions (n =
1369), then performed first-pass variant assessment in exonic SNPs only (n = 32). For a

breakdown of SNPs as annotated in ANNOVAR, see Table 4.5.
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CFA6 rest of genome

total SNPs 1369 1126
SNP quality (avg) 7013.1 1467.3
downstream 24 18
exonic 32 45

ssSNP 23 17

nsSNP 8 27

stopgain 1 1

intergenic 451 759
intronic 829 265
upstream 19 15
UTR3 3 4
UTR5 11 11
ncRNA 0 10

Table 4.5: Breakdown of SNPs homozygous in cases and not in controls.

This table shows a breakdown of the SNP annotations using ANNOVAR for SNPs that were called
homozygous in cases and did not have the same (case) genotype in controls. As expected, variants on
CFA6 (which were targeted for enrichment) have higher average quality scores than those called
throughout the rest of the genome, with higher scores reflecting higher confidence in the allele being
different from the reference allele. Gray font in italics represents a breakdown of type for only exonic
SNPs. ssSNP — synonymous SNP; nsSNP — non-synonymous SNP; UTR3 — untranslated 3°; UTRS —

untranslated 5°; ncRNA — non-coding RNA.

Of the 32 putative exonic SNPs, only 8 were annotated to be non-synonymous changes (nsSNPs,
Table 4.6). Four nsSNPs were found in ABCA14, which was the gene with the most nsSNPs.
ABCAI14 is a putative ATP binding cassette transporter gene that has only been annotated in the
genomes of rodents [38]. Conservation scores for all four of these nsSNPs are quite low,
suggesting that this gene may not be active in the canine genome and thus tolerates non-
synonymous changes more readily than coding regions. Although it is possible that the
phastCons4Way (phastCons; see Table 4.6 caption for more information) scores are lower simply
because ABCAI4 is not observed in humans, we are not actively pursuing these variants at this

time.
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Table 4.6: Exonic variants for deafness on CFA6.

A list of the 32 exonic SNPs for CFA6 plus annotations appears on the preceding page. Gene annotations
and predicted amino acid (AA) changes (single letter AA abbreviations flanking AA position) are given
with reference to the gene in human unless the gene was not present in human, in which case it was given
for another species as noted (Mus — mouse, Sac — yeast, Bos — cow, Rat — rat). The stopgain SNP (marked
with an asterisk) is only exonic in the putative gene HNRNPAI annotated for cow and rat; in human, this
SNP is intronic of the putative gene ALGIL2. Non-synonymous SNPs (nsSNP) plus the strongest candidate
synonymous SNP (ssSNP) in GRIN2A are marked in bold. In addition to the called genotypes for each
sample, the sequence coverage for that SNP is also provided. Finally, the phastCons4Way score provides a
measure of conservation for the each sequence change, where values closer to 1 mean the base is more
highly conserved across species. Conservation is based on alignment with human (hgl7), mouse (mm6),
and rat (rn3). Please note: the order of samples in this table is different from previous tables. CFA — canine
chromosome; BP — base position; Ref — reference allele from genome; Alt — alternate allele observed in
sample[s]; genotype — 0 = reference allele, 1 = alternate allele; phastCons score = phastCons4Way score

from UCSC genome browser.

The strongest nsSNP candidate is located in putative exon 17 of USP31, a ubiquitin specific
peptidase. Chr6.25714052 is an A > G SNP predicted to cause an 1847V change in the resulting
protein product. Chr6.25714052 is highly conserved, with a phastCons score of 0.95 (Table 4.6).
This SNP changes the dog reference allele to the reference allele seen in other species, with
genotype calls in our samples of G/G for the case and A/A and A/G for controls, respectively.
This results in an AA change from isoleucine (the AA in dog, as per UCSC genome browser) to
valine (which is the AA found in human, primate and mouse). We used the online program, SIFT,
to evaluate whether this change may potentially affect protein function based on sequence
homology and amino acid properties [39-42]; the corresponding change in humans is predicted to
be tolerated (SIFT score = 0.66, where lower scores suggest less toleration). Also of note in

USP31 is an intronic G > T SNP at chr6.25681850 that shows very high conservation (phastCons
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=0.98) and is Sbp away from an intron-exon boundary. This SNP is called as T/T in the case and

G/G in both controls (data not shown).

Another candidate nsSNP is in putative exon 18 in RBBP6, a retinoblastoma binding protein, and
is predicted to code a threonine to asparagine change at amino acid (AA) 1397. Chr6.24500625 is
a G > T SNP, and is called T/T in the case and G/G in both control dogs. Interestingly, this SNP
changes the reference dog allele to the reference human allele at the analogous position on human
chromosome 16 (GRCh37/hg19 assembly). SIFT predicts that the corresponding allele change in
humans would be tolerated (SIFT score = 0.69). Although the conservation score for this SNP is
quite low (phastCons = 0.001), RBBP6 (also known as PACT) has been shown to play a critical

role in ear development and hearing in the mouse [43].

There are three additional genes that contain nsSNPs, but because they are not readily linked to
hearing function or expression we are not currently following them up at this time. These include:
EEF2K, ZNF434, and the stopgain variant in HNRNPH1 (annotated in rat and cow) which is

expected to be intronic to ALGIL2 (annotated in humans).

There were no predicted nsSNPs in the GRIN2A4 candidate region (Table 4.6). However, there
were three ssSNPs, which we evaluated for predicted codon usage changes. Synonymous changes
have been shown to affect protein function due to differences in tRNA codon usage [44].
Although all three ssSNPs in GRIN2A are moderately to very highly conserved (Table 4.6),
predicted codon usage is only modestly different when comparing the reference allele to the

alternate allele (Table 4.7).
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SNP chr6.35563900 chr6.35680749 chr6.35703953

predicted change T3T A595A N665N
codon/alternate ACA/G GCC/U AAC/U
case 0/0 0/0 0/0
control 1 0/1 11 11
control 2 0/1 11 0/1
ref (0) codon usage 0.28 0.40 0.53
alt (1) codon usage 0.1 0.27 0.47

Table 4.7: GRIN2A ssSNP codon usage.

The three ssSNPs in GRIN2A are listed with genotypes for case and control samples (where 0 is reference
and 1 is alternate allele). For each SNP, the predicted AA change is provided, along with the codon (listed
with the third position as “reference/alternate”), which is provided for the corresponding human reference
sequence. Human codon use frequency is provided with regard to the reference (0) or alternate (1) allele.
Please note, the human reference sequence is complementary (opposite strand) to the published dog

genome sequence, so SNP alleles in Table 4.6 are not the same as those listed in this table.

Of note, NGS alignment for the candidate gene OTOA did not result in any variants that were
homozygous in the case but not in controls, further suggesting that this gene does not play a role

in adult-onset deafness in this sample of BOC.

4.4. Discussion

Our results represent the first GWAS of adult-onset deafness in the dog. The pseudoheritability
estimated by EMMAX is consistent with the hypothesis that adult-onset deafness in Border
collies is a genetically mediated disorder of simple inheritance [21], a point further supported by
our strong association findings on CFA6. The allele frequency differences required to obtain such
strong p-values and the subsequent large OR’s associated with them highlight the magnitude of
these genetic findings (Table 4.2). Furthermore, permutation in a complementary association
framework rendered genome-wide permuted p-values at the maximum threshold for the number

of permutations performed, suggesting that spurious association is highly unlikely (Table 4.2).
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These findings are particularly relevant in the context of the relatively unsophisticated
phenotyping scheme that was utilized for collecting affected dogs. It is worth noting that, in this
case, accurate assessment of disease status was made despite heavy reliance on owner
observations only. Also, in light of the strong genetic findings, it is now possible to go back to
dogs and owners for further phenotypic characterization to identify more specific
symptomatology, physiological, morphological and/or audiometric measures that may be
particularly relevant in the clinical context. This type of phenotyping scheme has important
implications for future genetic studies of disorders that may have similar “anecdotal” roots within

breed communities.

The region implicated by our GWAS is syntenic to regions implicated in congenital sensorineural
deafness in humans [28]. Because of the size of the regions demonstrating strong association with
adult-onset deafness, and because of the multitude of strong gene candidates present in these
regions, we elected to perform NGS on the top gene candidates within the ~3.5Mb region
implicated by our top findings around 25Mb on CFA6. We additionally sequenced the strongest
candidate gene in a second region at ~35Mb on CFA6 which demonstrated independent
association signals and regional support. High-throughput sequencing allowed us to screen a large
number of candidates in a much more time-efficient manner as compared to standard Sanger
sequencing methods. There is some precedence implicating genes that may play a role in both
congenital deafness and ARHL [45], and it thus follows that any congenital hearing loss gene (or
region) may also be a candidate for ARHL [4]. This is not surprising given the complex
mechanical and neuronal orchestration required for proper sound conduction and detection, and
implies that gene modifiers likely nuance the extent to which hearing ability may be maintained
throughout the aging process. In our sample, the magnitude of our findings on CFA6 in the
primary GWAS likely overshadowed any other loci’s signals, even if they play fairly substantial

risk-modifying roles in adult-onset deafness. For the scope of this chapter, I have highlighted only
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a small selection of the most promising candidate variants discovered through our target-capture
NGS experiment. However, the wealth of sequence data provided by these next-generation
technologies provides ample opportunity for further mutation discovery in adult-onset deafness

(as well as genomic variation in BOC) in the future.

Specifically, we have identified a number of strong candidate coding and non-coding variants for
adult-onset deafness. Our top candidate is chr6.25714052, a SNP in USP3! (as annotated in
humans), a ubiquitin-related gene that has been linked to Parkinson’s disease in humans [46]. The
implication of a ubiquitin-related gene playing a role in adult-onset deafness is particularly
exciting given the histological findings of Shimada and colleagues [15], which included
ubiquitin-positive granules in the neuropil of the cochlear nuclei of aged dogs. The nsSNP in the
putative 17" exon is predicted to code a 1847V change in the protein product. This variant is
highly conserved, lies in the middle (@25.7Mb) of the region implicated by our risk haplotype
(~25.5-25.9Mb), and is approximately 100kb away from our top associated GWAS hit,
chr6.25819273. The top GWAS SNP had a 0.78 difference in allele frequency between cases and
controls, suggesting a very strong effect by this locus. In addition to the nsSNP, we also identified
the non-coding SNP chr6.25681850, which is located 5bp away from an intron-exon boundary
and may potentially play a role in splicing. We are currently sequencing both of these variants

directly to look for segregation in the full sample of cases.

There is also a nsSNP candidate variant in putative gene RBBP6. Despite low conservation and
predicted toleration of the putative T1397N change, we feel the biological implications of this
gene in hearing [43] warrant follow-up and also plan to directly sequence this SNP for
segregation analysis in cases. Finally, we have identified several ssSNPs in GRIN24 (Table 4.6).
GRIN24 is a tempting gene candidate due to its critical role in signal transduction [32]. Although

preliminary analysis suggests only modest (if any) functional impact by any of these variants on
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codon usage in humans (Table 4.7), moderate-to-high levels of conservation suggest that these
ssSNPs could still play a role modifying disease risk. Given the independent signal of the ~35Mb
region from the extended ~25Mb region, these and other variants in GRIN24 may therefore be
followed up in the future. Additionally, there is an extensive list of other potential candidate

variants (Tables 4.4 — 4.5) that have yet to be investigated.

There are several caveats to the present study. A recent human GWAS for presbycusis adjusted
their phenotypes for hearing thresholds for age and sex based on observed differences in hearing
threshold variability in male samples compared to females [7]. However, we elected not to correct
for sex in our canine study as such sexual dimorphism has not yet been determined in aging dogs
[14-16, 20]. Further, we did not adjust for age due to the earlier owner-estimated age of onset
demonstrated by our sample cohort, which is likely a specific trait of this form of hearing loss
[21]. The mean age for our control group was 6.6 years, which is still within the range of deafness
onset. Thus, it is possible that dogs categorized as “controls” may, at later stages in life,
demonstrate hearing losses similar to those observed in our case samples. However,
misclassification of cases as controls would only reduce our power to detect significant genetic
associations. Given the strength of the associations we identified on CFA6, this does not seem to
be of concern. Another caveat stems from the fact that we performed target enrichment for only
the “functional” regions (i.e., predominantly coding regions of the most biologically relevant
candidate genes) of our extended association region. This means we are potentially missing other,
non-coding and/or large structural variants within our associated region by assuming risk is more
likely conferred by a traditional coding variant. Target capture also results in uneven coverage, so
variants may still be missed since some bases are not covered as well. Finally, it is possible, as
mentioned above, that there are other genetic regions of more modest strength that may have gone
undetected in our primary GWAS given the small sample size. In the future, further loci in other

genomic regions that may be contributing modest risk could potentially be identified by
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conducting a GWAS after controlling for the signal on CFA6 (e.g., by removing the SNPs on
CFA6 demonstrating strong association) and/or utilizing control samples that are older to ensure
there is no confounding due to hearing loss. Moreover, whole-genome NGS (which our group
also performed on the same case sample, but for which results are not presented here) may
provide further insight into novel causative variants in other regions outside of those initially

targeted by this experiment.

One sample classified as a control for the GWAS was later shown to carry the 11-SNP risk
haplotype identified in deafness cases. Further inspection of the medical history reported by the
owner of this dog at the time of sample collection revealed that, though the dog demonstrated
normal hearing, it had several deaf siblings. Additional information provided by the dog’s owner
revealed that both congenital and adult-onset deafness were known to affect other members of
this dog’s extended family pedigree. Interestingly, the dog had also very recently been BAER
tested and, though still demonstrating intact hearing, was reported to have an “abnormal”
audiometric reading. This owner is still actively interested in participating in our research, and we

hope to follow the progress of this dog’s hearing through longitudinal study.

In sum, we have identified a very strong candidate region for adult-onset deafness in Border
collies on CFA6. Causative variant fine-mapping is underway, and primary candidate SNPs in
multiple exonic variants have already been identified through next-generation sequencing, many
of which are in genes that have been implicated in cochlear development and aging, hearing, and
signal transduction. For more details on the validation of these SNP findings, plus copy number
analysis (copy number variant calling using genotype data; indel calls from NGS), please refer to

the final manuscript, which is currently in preparation (December 2010).
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Chapter 5: Concluding Remarks and Future Directions

As each chapter of this dissertation represents an independent research aim, the bulk of the
research summation and future plans has already been highlighted in those sections. I will thus
now only briefly reiterate the research results as they relate to the “bigger picture” of canine
genetics research in our laboratory and beyond. I will also elaborate on the extended research
goals for the two disease investigations outlined in Chapters 3 and 4, before finally concluding

with the implications of this research for human psychiatric genetics and medicine.

5.1. Summary of Research Findings

In sum, this dissertation describes the first use of saliva-extracted dog DNA on high-throughput
genotyping arrays, the first whole-genome survey of intra-breed stratification, the first genetic
investigation of the canine anxiety disorder noise phobia, and the first whole-genome survey for
loci underlying adult-onset deafness in the dog. Collectively, however, all of these studies form
the research foundation for our laboratory’s Canine Behavioral Genetics Project, whose ultimate

goal is to advance knowledge of human neuropsychiatry.

In Chapter 2.1, we validated the use of saliva-derived DNA for whole-genome studies in the dog,
which allows for: (a) easier sample ascertainment across international borders and from rural
locales, (b) increased participation due to less invasive sample collection, and (c) less sample
shipping and storage burdens. All of these allowances will result in larger sample sizes, which are
of increasing importance due to the statistical burden of correcting for within-breed stratification
to avoid Type I error as described in Chapter 2.2. Moreover, larger samples of single breeds may
also be critical to the success of genomic studies of complex disease because of possible breed
heterogeneity, like that observed in our survey for loci underlying noise phobia in Chapter 3.

However it should be noted that required sample sizes for dog studies of complex traits are still
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orders of magnitude smaller than those required for human studies, in the range of 100 affected
dogs versus 1000 or even 10,000 affected people. Additionally, for traits with simplified genetic
structure in the dog, even relatively small samples characterized by broad phenotypes may be
used to detect associations with loci of strong effect, as was the case for our investigation of
adult-onset deafness in herding Border collies (BOC), described in Chapter 4. This latter study
highlights the distinct advantage of utilizing canine samples for genetic investigations of disease,
particularly when research may provide critical insight into the even more complex genetic

structure of the homologous disease in human populations.

5.2. Who Let the Dogs Out: The Future of Canine Genetics

Although there is much left to write in the storybook of canine noise phobia, the preliminary
findings demonstrated in Chapter 3 suggest that genetic investigations of phobic anxiety disorders
in the dog may in fact not only be doable, but also valuable. Despite small, heterogeneous
samples and lackluster multi-breed results, the informal replication of association signals on
canine chromosome (CFA) 10, plus suggestive replication signals on CFAS and 8 all implicate a
cornucopia of tantalizing candidate genes expressed in the brain and involved in membrane
trafficking, neuronal development and gene regulation. Moreover, predicted epistatic interactions
between all three chromosomes are exactly the type of picture one hopes to elucidate for complex
multigenic disorders, particularly as they remain muddled in human psychiatric studies
complicated by heterogeneous sample populations and inconsistent phenotyping methodologies.
Denser genotyping of both existing and new collections of larger samples of single breeds,
coupled with stricter control requirements, will hopefully allow for further depth and statistical
power to identify risk loci and gene candidates for noise phobia in dogs and, ultimately, specific

phobia and/or anxiety in humans.
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For the deafness study described in Chapter 4, the obvious next step will be to identify the
variant(s) that segregate in affected dogs, and then determine whether the same variants also
confer risk in an independent sample. As risk variants are confirmed through direct sequencing in
the rest of our cases as well as independent samples of BOC, it is the goal of our project to next
embark on extensive longitudinal studies of adult-onset deafness. Working with interested
breeders, we plan to systematically track hearing ability—both through observation-based owner
questionnaires and physiologically using brainstem auditory evoked response—in dogs starting at
puppyhood. This information would be used in conjunction with genetic “risk” profiles to
determine if particular genetic variants may be useful predictors of deafness onset and/or severity.
Only after proof of predictive validity will it then be reasonable to consider development of a
genetic test for adult-onset deafness, though this is the ultimate goal of our group and the BOC
herding community. However, it will be interesting to see whether the genetic results will be
generalizable to other breeds as well, or if the genetic variants identified are risk loci within the

(herding) BOC community only.

In addition to further research in the dog, it is also our hope to extend the knowledge we gain in
our canine genetic studies to the human world at large. Specifically, genes implicated in noise
phobia/anxiety and/or adult-onset deafness could be investigated in the respective corresponding
human clinical populations to test the hypothesis that the biological mechanisms underlying these
complex disorders are similar enough in dogs and humans alike that genetic findings in one
population may be informative to both. Perhaps only then will man’s best friend be truly that,
pointing the way towards scientific innovation and medical breakthroughs that are as yet

unachievable with humans alone.
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