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Abstract Annette M. McCoy 342 words

Many diseases and performance characteristics of the horse are considered to be
“complex” traits because they are influenced by both genetic and environmental factors.
Furthermore, many are polygenic in nature, reflecting the combined effects of multiple
genes. Traditional methodological approaches, such as family linkage analysis and
candidate gene sequencing are not ideal for identifying the multiple interacting alleles
underlying complex/polygenic traits. An alternative investigational approach is needed
that can account for environmental risk factors, issues related to population structure in
large study cohorts, and epistatic interactions. In the work presented here, whole-genome
approaches, including genome-wide association (GWA) analysis, whole-genome
sequencing (WGS), and high-throughput genotyping, were used to investigate the genetic
factors underlying three complex traits in Standardbred horses, a breed primarily used for
harness racing. These were 1) osteochondrosis (OC; a disease of young horses in which
the cartilage at the end of long bones does not form normally); 2) pacing (an alternative
pattern of locomotion); and 3) performance (using speed as the phenotype).

GWA analysis identified chromosomal regions of association for all three traits of
interest, although the significance of the findings for speed was marginal, reflecting the
challenge of appropriately phenotyping a complex trait such as performance. WGS
performed in eighteen horses identified thousands of variants within chromosomal
regions of association identified for OC and pacing, of which a small fraction were
predicted to have functional effect. These variants were prioritized and a subset was
selected for high-throughput genotyping in the study cohorts (180 horse phenotyped for
OC, 500 phenotyped for gait). A few of the markers selected for OC were moderately
associated with disease status, while the majority of the markers selected for gait were
highly associated with this trait. A crucial next step for interpreting these data will be
trying to understand the potential interactions between markers, using a combination of
pathway analysis and random forest analysis. Knowledge of gene variants that affect
complex traits in the horse — and how they interact with each other — may help reduce the

incidence of disease and assist selection for desirable characteristics.
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Chapter 1

Introduction and Literature Review



History and Use of the Standardbred Horse

The Standardbred breed traces its ancestry back to a Thoroughbred stallion,
Messenger, who was imported from England to the United States in 1788.%* When bred
to trotting mares, Messenger produced fast trotter offspring, and the line became popular
throughout North America. Messenger’s great-grandson Hambletonian (or Hambletonian
10), out of a Norfolk Trotter mare, was the foundation stallion for Standardbreds, but
other breeds that contributed to the Standardbred during its early history were the
Narrangansett Pacer (now extinct), the Canadian Pacer (also extinct), the Hackney, and
the Morgan.® This blend resulted in a horse that was of similar build to a Thoroughbred,
but slightly shorter, longer, and more muscled, with a large head and docile and willing
personality." The breed was widely used for light work in harness, including pulling
wagons and sleighs, and informal community competitions eventually developed into
organized harness races.

The performance standards that led to the name “Standardbred” were established
by the National Association of Trotting Horse Breeders in 18797, although harness racing
had been popular since the early- to mid-1800s."* The original requirements for
registration as a Standardbred included trotting a mile in 2 minutes 30 seconds for
stallions — slightly slower if pulling a wagon? — but the two minute mile soon became the
mark of an elite trotter.* Modern Standardbreds routinely eclipse this “miracle mile”
time?, and today pedigree, rather than speed, is a prerequisite for breed registration®, but a
“Standard Record” of 2:15 or faster (2:20 for 2-year-olds) is still dictated for actively

racing individuals.



While the origins of the Standardbred are in trotting horses, the breed is somewhat
unique in that some individuals race using an alternative gait, the pace. The ability to
pace is traditionally thought to be the legacy of Spanish blood, via the Narrangansett and
Canadian Pacers (both of which were “ambling” breeds developed in the 1700s),
although this link has never been conclusively proven.®” Trotting and pacing are both 2-
beat, symmetrical gaits, but in the trot the diagonal legs move simultaneously while in the
pace the ipsilateral limbs move together. Not surprisingly, the biomechanical differences
in these gaits result in measurable differences in performance, most notably in that pacers
are faster than trotters.*® On the track, most pacers wear hobbles attached to their
harnesses to encourage proper limb movement at race speeds, but the gait is natural to
these individuals and is demonstrated in young pacing-bred foals before any training
occurs.! Breeding practices over the past 100 years have distinctly separated pacing lines
from trotting, and the genetic differences between the two are now similar to that
between other separate breeds.’® Notably, despite this, approximately 20% of the
offspring of trotter stallions subsequently race as pacers.’ It is not known whether this is
due to natural inclination, training, or a combination of both. It is uncommon for these so-
called “double-gaited” horses to perform equally well at both gaits, although a handful of
individuals have excelled as both pacers and trotters over the past twenty-five years.* A
recently described mutation in the gene DMRT3 (an isoform of the doublesex and mab-3
related transcription factor) on equine chromosome (ECA) 23 appears to be permissive
for “gaitedness” across breeds, but this mutation is nearly fixed in Standardbred horses
despite the fact that not all Standardbreds naturally pace.** This suggests that while this

mutation is necessary, it is not sufficient for pacing ability, and thus that other modifying



genetic factors that have yet to be described exist in a subset of the population. Pacers,
who tend to race more often starting at a young age® and thus may be perceived to have
greater early earnings potential, make up approximately eighty percent of the racing
Standardbred population in North America® and are also popular in Great Britain,
Australia, and New Zealand. In contrast, only trotters, with their tendency for longer

careers®, compete in Scandinavia and the rest of continental Europe.

Factors Affecting Performance in the Standardbred Horse

Performance in the Standardbred horse is most commonly measured in terms of
race outcomes — for example, fastest speed over a mile; number of wins or order of
placing in races; or earnings, either cumulative or per start. With nearly $600 million
available in purses in the United States and Canada alone in 2012*, breeders and owners
are always looking for the perfect combination of genetic potential and training that will
result in the next big winner. Gait, age, and gender have all been established as fixed
factors influencing performance®®, but other underlying genetic influences have yet to be
defined. In an attempt to improve selection of breeding stock, breeding values based on
progeny performance (i.e. number of races started, earnings, best racing time) have been
introduced by some national breed associations.** However, the reported heritability of
performance traits varies widely, which calls into question the utility of these breeding
values. Heritability of speed, for example, was reported by Thuneberg-Solonen et al.
(1999) to be 0.28 in Finnish Standardbred trotters*® and by Tolley et al. (1983) to be 0.29
in North American Standardbreds (pacers and trotters pooled)', but it ranged from only

0.01-0.18 in a population of German trotters described by Bugislaus et al. (2006) when



age was taken into account.® Heritability of placement within a race and earnings are
reportedly even lower (0.12 and 0.09, respectively).®® Investigation into the genes and
pathways that underlie performance traits in the Standardbred horse is warranted,
however, while this new knowledge can only improve genetic selection schemes, it must
be acknowledged that even on an optimal genetic background, external influences will
always play a major role in the success of any particular individual. These external
factors include not only track and race variables such as track surface, the quality of other
individuals in the field, and driver experience®*¥* but training- and race-related injuries
as well.

When considering the performance potential of a yearling, future problems related
to the musculoskeletal system are of significant concern to prospective buyers. A system
of repository radiographs is not the standard at North American Standardbred yearling
sales as it is for Thoroughbreds, but in Europe, where young stock are frequently required
to meet certain criteria to be considered for competition and/or breeding, radiographs of
yearlings are routinely obtained. Unfortunately, the clinical significance of radiographic
findings can be difficult to determine. In large surveys of Thoroughbred yearlings, the
majority of radiographic abnormalities have not been found to correlate with early career
race performance.’®® However, because of the differences between Thoroughbred and
Standardbred racing — i.e. under saddle vs. in harness — these findings cannot be directly
extrapolated between breeds. There are few comparably large surveys broadly examining
radiographic abnormalities and race performance in Standardbreds. Robert et al. (2006)
found that in a population of French Standardbred trotters, radiographic abnormalities

directly resulted in 31% of individuals failing to qualify for competition.?! In contrast,



Courouce-Malblanc et al. (2006) reported that neither qualification nor maximal “index
of trot” (calculated as the natural logarithm of earnings per start) of French Standardbred
trotters were affected by radiographic abnormalities, but that career longevity was
reduced.”” In both of these surveys, two commonly identified lesions were
osteochondrosis (OC) of the tarsus (17% and 10.8% of individuals, respectively) and
palmar/plantar osteochondral fragments (POF) of the fetlock (22% and 18.3%,
respectively).?*? These highly prevalent lesions are the focus of the majority of studies
examining radiographic abnormalities and performance in Standardbred horses. POF
have been found to adversely affect racing performance when examined independently

from other fetlock lesions®% %2

, although this can be largely mitigated with surgical
removal unless secondary osteoarthritic changes have developed.” There are conflicting
reports regarding the effects of tarsal OC, with some demonstrating impaired

performance in OC-affected horses*?°

and others finding no significant differences in
racing success between affected and unaffected individuals.?*??° Differences in cohort
selection and definition of OC between these reports make it difficult to directly compare

the results of these studies, but it seems clear that tarsal OC has the potential to

negatively impact performance, especially in severe and/or untreated cases.

The Importance of Osteochondrosis in the Standardbred Horse

OC and POF are both classified under the recently proposed umbrella category of
“juvenile osteochondral conditions” (JOCC) although their pathophysiology is quite
distinct.*® POF occur at ligamentous attachment sites and are traumatic in origin. In

contrast, OC is a focal failure of endochondral ossification, the process by which a



cartilage template becomes bone in the limbs of a growing animal, and is thus
developmental in origin. While OC is reported across horse breeds (Table 1),
Standardbreds are considered predisposed to the condition, especially in the tarsus, with
an average reported prevalence of 14.8% in this location.**"*® By comparison, the average
reported prevalence of this particular lesion in Thoroughbreds is 5.3%.1%%°3%41

Although, as mentioned above, the significance of tarsal OC lesions in terms of
race performance is debated in the literature, OC is a concern to breeders due to the
heritable component of the disease. Heritability estimates for tarsal OC in the
Standardbred range from 0.19* to 0.52%, suggesting that between 20% and 50% of the
risk for developing disease can be attributed to genetic factors. Within individual progeny
groups, up to 70% of foals have reportedly been affected by OC.** Philipsson, et al.
(1993) reported significantly higher incidence in tarsal OC in progeny of Standardbred
sires known to be affected themselves.*” Variation in heritability estimates between
populations is to be expected for any trait due to differences in population history, gene
frequency, and environmental exposures.*® This is particularly true for OC since it is a
complex disease, with known environmental interactions, and likely has multiple genetic
alleles conferring susceptibility.

Despite strong evidence demonstrating the heritable nature of OC, the specific
genes and alleles underlying OC risk in the horses are, to date, completely unknown.
Identification of these genetic risk factors, in addition to environmental manipulation,
will be crucial in efforts to reduce disease prevalence. Although affectation with OC is
not yet a disqualifying factor for breeding in the Standardbred as it is in the Dutch

Warmblood, another highly predisposed breed, a discussion has begun in race circles



about the ethics of perpetuating this condition and the need for more informed breeding

decisions.**

Challenges to Mapping Complex Traits in the Horse

Susceptibility to diseases, such as OC, as well as economically important
performance traits in the horse, such as gait and speed, are complex, or quantitative,
traits. In contrast to simple traits that are governed by Mendelian inheritance of a single
gene, complex traits involve contributions from multiple alleles and may have important
environmental interactions. This represents a significant challenge when trying to identify
specific genes and variants that are involved in the expression of such traits. There are
two main theories about the genetic architecture of these traits. The “common trait,
common variant” theory suggests that many (hundreds to thousands) of common alleles
each contribute a very small effect to the phenotypic expression of a trait. In contrast, the
“common trait, rare variant” theory posits that a few rare variants of moderate to large
effect determine trait expression.”**® Genome-wide association (GWA) studies of many
complex diseases/traits in humans and animals have thus far only explained a small
proportion of heritability, and few specific genes of importance have been identified.*"*®
Proponents of the “common variant” theory could argue that these studies have been
underpowered, and that data from tens or hundreds of thousands of individuals would be
needed to fully explain heritability of complex traits. Conversely, since GWA by its
nature only uses common variants, those who ascribe to the “rare variant” theory could

argue that it completely misses causative variants and that an alternative approach will be

needed to find the “missing” heritability. Other factors that have been suggested to play a



role in the expression of complex traits include copy number polymorphisms, gene by
environment interactions, parent of origin effects, genetic variation in non-coding RNAs,
transgenerational genetic effects, and phenotypic robustness.**® Most of these factors
have yet to be explored in depth, in part due to limitations of current technology.
Evidence from both empirical and simulated data suggests that it is likely that different
genetic architectures (or a combination of them) underlie different complex diseases and
traits.”**® The difficulty lies in determining which architecture best explains the genetic
variance of a particular trait of interest, and therefore selection of the investigational
approach(es) that might give the best results.

Genome-Wide Association (GWA): GWA studies report the statistical association
between a trait of interest and the genotype of an individual at known polymorphic sites
throughout the genome. This approach may be equally applied to continuous and
dichotomous or “threshold” traits and has been widely applied to complex diseases and
traits in both humans and animals.*®*!® The statistical power of a GWA relies heavily on
marker coverage, the number of samples, appropriate correction for population structure,
and the quality of phenotyping.>**°

The density of markers needed for adequate coverage of the genome depends on
linkage disequilibrium (LD) within a species and is based on the concept of “tagging”
markers.>**® LD is the nonrandom association of alleles at different genetic loci.”®®
Alleles that are tightly linked tend to be inherited together, while alleles that are not
linked will segregate independently from one another. An unknown disease-causing

allele with a low frequency in the population can be identified by its linkage to a more

common allele included in a genotyping array. This genotyped allele is known as a



“tagging” marker.>****® As recombination occurs over generations, the length of LD
blocks tends to decrease, and markers must be in closer physical proximity to each other
to be reliably inherited together; thus the density of markers in a genotyping array must
be increased.*** When compared to humans, LD in domestic animal species is quite long
as a result of the relatively recent foundation of separate breeds, genetic isolation and
inbreeding, and selection for specific traits.*®***® Thus, successful association mapping
can be carried out with tens of thousands of markers, rather than the hundreds of
thousands or millions of markers used in human studies. In the horse, average LD, as
measured by the correlation coefficient between markers (%), remains high (r* > 0.2) for
100-150kb within most breeds. In the Thoroughbred, r? is greater than 0.2 for a distance
of 400kb. Long-range LD (greater than 1,200kb) is greatest in Standardbreds and French
Trotters, and a conserved haplotype block of up to 4.2Mb within individual breeds is
reported at the MC1R (chestnut coat color) locus on ECA3.*® By comparison, most
reported haplotype blocks in LD in humans range in size from 5 to 20kb, and the longest
reported block is 804kb.?® Two commercially available genotyping platforms have been
developed that capitalize on the extensive LD in the horse. The first generation “SNP
chip” (lllumina Equine SNP50) had ~54,000 informative markers (single nucleotide
polymorphisms, or SNPs) with average spacing of 43kb between markers.>® A slightly
denser chip (Illumina Equine SNP70) was recently developed to fill in some of the larger
gaps in the first chip and contains ~65,000 markers. Although these genotyping platforms
have been used successfully to identify loci of interest in a variety of association mapping

59;62-66

studies in multiple breeds , they have limitations related to sparse marker density

and gaps in coverage for certain regions of the genome, as well as potential ascertainment

10



bias because SNP discovery was carried out in only a small number of individuals (n =
8).>° These limitations are of special concern in breeds with greater admixture (e.g.
Quarter Horses) or lower LD (e.g. Mongolian Horse).*

When it comes to number of samples in a GWA study, the convention is that
bigger is better.>® Indeed, for common human diseases, thousands of unrelated
individuals are generally enrolled in a GWA study.®” However, this is neither a practical
nor an economically feasible approach when studying traits in horses. Instead, a more
family-based approach can be leveraged in this species, taking advantage of the fact that
the creation of breeds from a limited number of founder individuals tends to enhance the
number of rare alleles within a population.®®®®® This can improve the power of a GWA

study to detect association of such rare alleles with disease®®*®

, although accounting for
population structure, for example, through incorporation of a kinship matrix based on
known pedigree or marker identity by state (IBS) or through the use of one or more
principal components, is essential to avoid inflation of type | error.*®%%7074

Determining phenotype for certain quantitative production traits in domestic
animals (i.e. milk yield in cattle, litter size in pigs) is generally straightforward, but the
same cannot be said for many complex traits and diseases in the horse. Individuals may
be classified as affected with a disease (“cases”) based on a specific constellation of
clinical signs, but in fact have conditions with diverse etiologies. Alternatively, diseases
with a latent phase, or those that are difficult to diagnose using routine methods, can
result in individuals being incorrectly classified as unaffected (“controls”). Accurate

assignment of individuals as cases or controls is essential to avoid introducing

misclassification bias into a study.>® Although this bias can be offset by an increase in

11



study population size>, this is not always possible. Utilizing a more stringent case
definition, such as inclusion of only extreme examples of a phenotype or cases from a
single family, may help to improve the power of a case-control GWA (assuming
population structure is taken into account).”® Similarly, use of so-called “hypernormal”
controls has been suggested as a way to avoid misclassification bias, although one must
be careful not to introduce selection bias from having controls from a different population
than cases.”® This is especially crucial for diseases in which environment is known to
play a role. For example, a group of Thoroughbred racehorses from Kentucky that have
undergone standing magnetic resonance imaging (MRI) of the lower limb with no
significant findings may be convincingly classified as unaffected with fetlock OC, but
they would be completely inappropriate as a control group for a cohort of OC-affected
Standardbred horses from Michigan. Environmental effects can be difficult to quantify
and account for in statistical models, and this is frequently cited as a major reason for
failure of GWAS findings to be replicated in independent populations.*’>> Laboratory
conditions are of course ideal for environmental control, but this approach is impractical
in most equine research. Selection of individuals from a single farm and/or collection of
detailed information regarding environment (including diet and exercise regimens) are
potential approaches to overcome this challenge.

Next-Generation Sequencing (NGS): The availability of a high-quality draft
reference genome for the horse’®, combined with the ever-decreasing cost of next-
generation sequencing technologies has made whole-genome and whole-transcriptome
sequencing approaches feasible for the study of complex equine traits. Financially, there

is a tradeoff between number of samples and depth of coverage, and the general
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consensus seems to be that while low-coverage sequencing of a large number of
individuals is adequate for investigation of population-level parameters, deeper
sequencing of individuals is preferable for variant discovery.”*”* A combination of
approaches — i.e. sequencing a few individuals with higher coverage and a larger number
of individuals with lower coverage — may be ideal for equine studies because it allows a
larger population to be sequenced without sacrificing the ability to detect variants of
interest. Variants discovered in a small number of individuals can subsequently be
genotyped in a larger population to confirm association with the trait/disease of interest.”

Although the publically available equine genome, EquCab2, is an invaluable
resource, challenges remain related to incomplete annotation of genes and differing gene
models. Due to the limited amount of expression data available in the horse, the majority
of protein-coding genes are annotated based on in silico prediction extrapolated from the
gene structure of other species.” Different predictor algorithms have resulted in a
difference of more than 5,000 called genes between the Ensembl (20,449;
http://useast.ensembl.org/Equus_caballus/Info/Index) and NCBI (25,565;
http://www.ncbi.nIm.nih.gov/genome/145) databases. Furthermore, evidence from
transcriptome data suggests that there are genes that are completely missing from current
annotation models, and that many predicted gene models are missing one or more exons
(especially exon 1), as well as 5” and 3’ untranslated regions.” It is not unlikely that

variants related to traits and diseases of interest lie within these unannotated regions.
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Hypotheses and Specific Aims

Osteochondrosis (OC) in the Standardbred Horse

Objective 1: Identify specific genes and alleles underlying OC susceptibility in

the horse. OC is most simply defined as a failure of endochondral ossification, the
process by which a cartilage template becomes bone in the limbs of a growing animal. It
is characterized by the presence of abnormal cartilage within a joint that may be
thickened, soft or collapsed, or separated entirely from the underlying bone.”® OC is
widely recognized in young horses across breeds and is of particular interest because of
its potential to cause joint effusion and/or lameness in yearling horses preparing for sales
and entering training. Young horses affected with OC may improve with conservative
therapy alone, but in many cases surgical intervention is required. Further, severe
manifestations of this disease, or inadequate treatment of mild to moderate forms, can
lead to long-term debilitative consequences. In these cases, OC can be career- or even
life-threatening. Reduction in incidence and, ultimately, prevention of OC is an as-yet
unattained goal of the equine industry.

The presence of OC across domestic horse populations, including a feral horse
population”’, as well as shared major predilection sites and lesion morphology suggest a
unified underlying pathophysiology and shared genetic risk across breeds. The central
hypothesis of the first part of this thesis is that one or more genes of major to moderate
effect underlie OC susceptibility in horses, and further, that these risk loci are shared
across breeds. Standardbred horses were selected as a model population to capitalize on

the high prevalence and heritability of hock OC in this breed.
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In this objective, chromosomal regions associated with hock OC will be identified
using a GWAS in a group of Standardbred yearlings with a shared early environment.
The single nucleotide polymorphisms utilized for the GWAS are not expected to directly
underlie risk of disease. Thus, whole-genome sequencing in a subset of the population
will be performed for the purpose of variant discovery within the regions of interest.
Variants will be prioritized by segregation with disease status and predicted functional
effect. Putative functional variants will then be genotyped in a larger population to
confirm association with disease. This objective represents a crucial step in development
of a genetic risk model for OC susceptibility, allowing for genetic testing and
quantification of risk in individual horses. Improved risk assessment will facilitate
management changes and early intervention in high-risk horses and allow for informed

breeding decisions in high-risk breeds/pedigrees.

Gait and Performance in the Standardbred Horse

Objective 2: ldentify genetic determinants of pacing in the Standardbred horse.

Gaits are specific coordinated patterns of locomotion that can be classified in a variety of
ways, including cadence, sequence of foot-fall, and symmetry. Natural gaits in equids
include the walk (4-beat, symmetrical), trot (2-beat, diagonal, symmetrical), canter (3-
beat, asymmetrical), and gallop (4-beat, asymmetrical). However, among equids, the
domestic horse is somewhat unique in that certain breeds have the natural ability to
perform additional gaits and have been selected for this ability. These additional gaits
have been well-characterized phenotypically, but the developmental physiology and

underlying genetic determinants responsible for their expression in specific breeds are
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largely unknown. “Gaited” breeds present a diagnostic challenge to practitioners
evaluating lameness and performance issues, so an improved understanding of the genetic
and physiologic factors playing a role in unique gaits is of significant clinical importance.

The recently described DMRT3 mutation that appears to be permissive for
“gaitedness” across breeds' supports the central hypothesis that functional mutations
leading to altered neural connections in the spinal cord are responsible for alternative
locomotion patterns in the domestic horse, including the pace. However, as this mutation
is nearly fixed in Standardbred horses, we hypothesize that modifying genetic loci exist
that interact with and furthermore that these loci are shared across breeds that have been
selected for similar gaits.

In this objective, chromosomal regions associated with pacing will be identified
by performing a GWAS in a large population of Standardbred pacers and trotters.
Subsequently, variant discovery will be performed by whole-genome sequencing a subset
of horses from the GWAS population. Variants will be prioritized by segregation with
gait and by predicted functional effect. Putatively functional variants will then be
genotyped in the larger population to confirm association with gait.

Objective 3: Identify genetic determinants of performance in the Standardbred

horse. Although “performance” can be defined in a variety of ways, including number of
starts in a season or over a career, amount of earnings, or some combination of factors® ¢,
in this instance, it is defined as the fastest recorded speed over a mile. This measure is
considered particularly appropriate in the Standardbred because speed was the primary
selection criterion used during creation of the breed.** A similar methodological approach

to the one described above will be used to address this objective. A GWAS in the same
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population of Standardbred pacers and trotters used for objective 2 will be performed to
identify chromosomal regions associated with fastest speed over a mile as the outcome of
interest. Analysis of whole-genome sequencing data and/or selected sequencing of
candidate genes within regions of interest will be performed in the future to identify
putative functional variants underlying speed in this breed. Similar work carried out in
the Thoroughbred leading to the identification of the so-called “speed gene”” has
garnered significant attention in the racing community, and it is likely that the results of
objective 3 would be of similar interest among Standardbred trainers and breeders.
Beyond this, objectives 2 and 3 collectively may provide valuable insight into

developmental biology and exercise physiology in the horse.

17



Table 1: Weighted average prevalence of OC at known predilection sites as reported by

breed.
Lesion Prevalence (%0)¢
Breed range (%)] Reference
Fetlock™ 1 1joek® stifle?
(MCP/MTP)
Quarter Horse 15 5.7 2.7 80
3.3 14.7 6.3 32-38:42
+ ,
Standardbred [2.5-48] | [10.1-26.2] | [6.2-6.3]
« 12.9 5.3 4.7 19;35;39-41;81
Thoroughbred™ | re 65001 | [3.0-8.6] | [2.7-12.0]
\ 22.3 115 7.0 38:80-67
Warmblood® | 11855351 | [9.2-22.5] | [4.4-16.6]
SOC‘:*;T d(sl‘mia” 53.9 40.7 NR 8
Draft Breeds” 0.3 3.0 1.7 &
Maremmano 2.8 9.2 5.1 %
Feral 3.75 2.5 NR "

MCP = metacarpophalangeal joint; MTP = metatarsophalangeal joint; NR = not reported

+ Prevalence presented as a weighted average of the reported prevalence in the associated reference(s)

1 Includes populations from the United States, Canada, Denmark, France, and Sweden

X Includes populations from the United States, France, and New Zealand

° Includes Dutch Warmblood, French Warmblood, Swedish Warmblood, Hanoverian, and Holsteiner
breeds. These represent populations from the Netherlands, France, Sweden, and Germany.

oo Includes Clydesdale, Percheron, Belgian, and Shire. These represent populations from the United States
and Canada. The horses in this study (n=51) were all affected; prevalence was determined by dividing by
the reported total draft horse population (n=1135) seen in the reporting hospitals during the study period.

* This excludes palmar/plantar osteochondral fragments (POF), which are generally considered to be of
traumatic, rather than developmental origin.®

8 Includes all lesions within the tarsocrural joint: distal intermediate ridge of the tibia (DIRT), lateral
and medial trochlear ridges of the talus (LTR and M TR, respectively), medial malleolus (MM).

1 Includes lesions of the femoropatellar joint, but excludes subchondral bone cysts.
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Genetic Risk Factors Underlying Osteochondrosis in the Standardbred
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Abstract

Background: Osteochondrosis (OC) is a common developmental orthopedic
disease affecting both humans and animals. Despite increasing recognition of this disease
among children and adolescents, its pathogenesis is incompletely understood because
clinical signs are often not apparent until lesions have progressed to end-stage, and
examination of cadaveric early lesions is not feasible. In contrast, both naturally-
occurring and surgically-induced animal models of disease have been extensively
studied, most notably in horses and swine, species in which OC is recognized to have
profound health and economic implications. The potential for a translational model of
human OC has not been recognized in the existing human literature.

Objective: The purpose of this review is to highlight the similarities in
signalment, predilection sites and clinical presentation of naturally-occurring OC in
humans and animals and to propose a common pathogenesis for this condition across
species.

Study Design: Review

Methods: The published human and veterinary literature for the various
manifestations of OC was reviewed. Peer-reviewed original scientific articles and
species-specific review articles accessible in PubMed (US National Library of Medicine)
were eligible for inclusion.

Results: A broad range of similarities exists between OC affecting humans and
animals, including predilection sites, clinical presentation, radiographic/MRI changes,
and histological appearance of the end stage lesion, suggesting a shared pathogenesis

across species.
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Conclusion: This proposed shared pathogenesis for OC between species implies
that naturally-occurring and surgically-induced models of OC in animals may be useful in
determining risk factors and for testing new diagnostic and therapeutic interventions that

can be used in humans.
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Introduction

Osteochondrosis (OC) is a developmental orthopedic disease characterized by
clinical signs of joint pain, effusion, and dysfunction caused by the formation of clefts
extending through the articular cartilage into the subchondral bone. Extensive studies
evaluating the clinical aspects of this condition are available in both human and
veterinary medicine; however, there is limited information available regarding the
similarities and differences between OC in humans and animals.

The majority of studies aimed at describing the etiologic factors and pathogenesis
of OC in humans focus on osteochondral fragments removed surgically from adolescents
or adults presenting with clinical symptoms of OC.** By this time, the fragments have
been present for months to years. Understandably, it is nearly impossible to determine the
pathogenesis of the disease from examination of these end-stage tissues. Obtaining
osteochondral samples from juvenile human cadavers is difficult, and currently there is
no established method for screening asymptomatic children or adolescents for OC. Both
of these factors have hampered the understanding of the pathogenesis of naturally-
occurring human disease. In contrast, in the veterinary literature, OC is defined as a focal
disturbance of endochondral ossification®, the process by which a cartilage template
ossifies in the appendicular skeleton of a growing individual. Extensive studies
performed in young growing animals of several species have demonstrated early,
developing lesions at predilection sites well before the age at which clinical disease
manifests.**®> We believe that naturally-occurring and surgically-induced OC in animals
may provide valuable translational models to help understand the etiology and

pathogenesis of human disease. Our review, therefore, aims to highlight the similarities in
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signalment, predilection sites and clinical presentation of naturally-occurring OC in
humans and animals, and by doing so, propose a common pathogenesis for this condition

across species.

Disease Terminology

Evaluation of the literature pertaining to OC is complicated by the variety of
terminologies used. In 1887, Konig proposed the term *“osteochondritis dissecans” for an
underlying lesion in the joint cartilage facilitating formation of loose bodies in the
absence of significant trauma.® Subsequent histological studies have not supported a
primary inflammatory etiology for the condition, making “osteochondrosis” the more
accurate term, as suggested by Howald in 1942.°"*® However, the original phrase has
persisted, and in fact, *“osteochondrosis” and “osteochondritis” are often used
interchangeably. In the clinical literature, when a fissure or fracture in the overlying
articular cartilage is present, the condition is nearly universally referred to as
osteochondritis dissecans (OCD), although osteochondrosis dissecans would be more
appropriate. In the veterinary medical field, focal abnormalities of endochondral
ossification involving the articular-epiphyseal cartilage complex (AECC) are referred to
as osteochondrosis (or osteochondrosis dissecans, as appropriate) regardless of
anatomical location. Conversely, in the human literature, manifestations of OC at various
anatomical sites are given different names (Table 1). Additionally, the phrase “the
osteochondroses” includes conditions affecting the AECC, the physis, and various

apophyseal locations. This general phrase has also been used to describe diseases of
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primary osteonecrotic etiology, such as Legg-Calvé-Perthes disease.”® The present article

will specifically focus on articular manifestations of OC.

Clinical Aspects of Osteochondrosis in Humans and Animals

Human OC is typically not recognized in children or adolescents until the onset of
clinical symptoms, at which point the disease is advanced.'® In many cases, a lag time of
months to years may exist between the onset of symptoms and diagnosis of the disease.'®*
OC diagnosed prior to the age at which physeal closure occurs is known as juvenile OC;
however, lesions diagnosed in adulthood also most likely developed prior to physeal
closure.'® Common presenting clinical complaints include joint pain, especially with
extreme flexion or extension, swelling, and catching or locking of the joint. These
symptoms may be intermittent, especially early in the course of disease, and may be
associated with athletic activity. Continuous or more severe symptoms may be indicative
of a loose osteochondral fragment within the joint.!%%'% Bilateral disease is not
uncommon, although clinical symptoms are typically worse in one joint than the other.*®
Diagnosis is typically made by radiologic and/or magnetic resonance imaging (MRI)
examination of the affected joint. MRI more closely aligns with arthroscopic findings'®
and is also more sensitive for identification of subtle cartilage abnormalities (i.e. prior to
formation of overt osteochondral fragments), suggesting that this may be the better
imaging modality for OC, especially for early lesions.’® The preferred initial treatment
for OC when the articular surface is intact is non-surgical management, including a
combination of non-steroidal anti-inflammatory drugs, physical therapy, and modification

of activity, typically with some form of joint immobilization. If conservative therapy
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fails, or if partially or completely detached osteochondral fragments are present at the
time of diagnosis, then surgical intervention via arthroscopy is pursued.!0%041%
Although removal of the fragment/flap followed by debridement is most common,
reattachment of large osteochondral flaps using internal fixation has also been
described.’® Lesions that are not treated adequately may lead to development of
degenerative joint disease with long-term debilitative consequences for the individual,
thus, early intervention is recommended.****%’

In horses, asymptomatic OC is usually identified at an early age due to extensive
radiographic screening aimed at facilitating sale of racehorses as yearlings (before two
years of age). In more slowly-maturing breeds that usually do not undergo early
radiographic screening, OC is most often identified after 3 years of age as clinical signs,
including subtle lameness and joint effusion, develop after the commencement of regular
training. This latter presentation is strikingly similar to that noted in cases of juvenile OC
in humans, which most frequently affects young athletes and usually presents with poorly
localized pain that is exacerbated with exercise.**'*% In horses, OC lesions are most
often treated with arthroscopic removal of loose fragments followed by debridement of
the fragment bed with or without microfracture.”® Although many horses go on to
perform in their intended capacity after treatment, the prognosis for future athletic career
following surgical debridement of OC lesions diminishes as the size of the lesion
increases.’® Novel treatment modalities attempting to salvage and reattach large
osteochondral flaps have recently been introduced to address this concern.?

In commercially bred pigs, OC is considered to be an important cause of lameness

with profound economic implications.****° Clinical signs consistent with OC have been
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associated with decreased longevity of young female swine intended for breeding.*****?

Although histological changes characteristic of early articular OC have been described in
the femoral condyles of pigs as young as 6-8 weeks of age*™, clinical signs usually do
not become apparent before adolescence.'* Treatment of OC in pigs is usually not
economically feasible and severely affected animals are generally sent to slaughter. As a
result, greater emphasis is placed on prevention rather than treatment of disease, although
arthroscopic removal of an OC lesion affecting the talus has been reported in this
species.™®

It is worth noting that skeletal maturity is reached much more rapidly in the
animal species discussed above than in humans. Ossification (“closure”) of the physeal
(metaphyseal growth plate) and epiphyseal (AECC) cartilage is the hallmark of skeletal
maturity in all species. In young humans, this process occurs between 14 and 25 years of
age, depending on anatomical location.'® In contrast, growth cartilage closure in horses
begins around three months of age and is considered complete before 3 years of age.'*’
Thus, a yearling horse would be at the approximate maturity of an adolescent human,
with the onset of clinically-apparent OC in both species occurring around the time of
cessation of growth. The association of athletic activity and onset of clinical signs is also
reflected in both humans and horses, although asymptomatic lesions are undoubtedly

present earlier.

Prevalence of Osteochondrosis
Global estimates of the prevalence of articular OC are not reported in the human

literature, likely due to the tendency to regard manifestations of OC at different
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anatomical locations as separate diseases. Prevalence of elbow OC was reported as 4.1%

518 while incidence of

in one radiographic survey of 1,000 Danish men over the age of 1
knee OC was calculated to be between 15 and 30 per 100,000 in women and men
(respectively) between the ages of 10 and 20 in a single Swedish city.** In general, OC
of the knee is considered to be most common, representing approximately 75% of all
cases'®, with manifestations in the elbow (second most commonly affected location),
ankle, and hip occurring relatively uncommonly.®* However, it is likely that any estimate
of OC prevalence in humans is an underestimate, given that diagnosis is generally
delayed until the onset of clinical signs'?%; many individuals may be asymptomatically
affected and never diagnosed. In contrast, in horses, where survey radiographs are
routinely taken in many breeds before the onset of clinical signs, global prevalence
estimates range from 20% to 80%, although prevalence varies by joint and breed.®'#
Similarly, in pigs, where prevalence is determined based on post-mortem surveys, up to

70% of animals are reportedly affected.®>*?* Most of these lesions in horses and pigs are

subclinical/asymptomatic at the time of diagnosis.

Proposed Pathogenesis and Risk Factors

The underlying etiology and pathogenesis of OC have long been the subject of
controversy and speculation, and a variety of environmental and genetic risk factors have
been proposed. Historically, the major schools of thought have been divided into those
who propose trauma as the primary cause for OC and those who suggest alternative
underlying processes, including inflammation, osteonecrosis, vascular abnormalities, and

cartilage extracellular matrix abnormalities.®®%” Konig himself fell into the latter
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category, describing osteochondritis dissecans as occurring in the absence of any
significant trauma.’”® However, the inflammatory etiology suggested by the term
“osteochondritis” has not been corroborated by subsequent histological studies.®**%*
Histological results from osteochondral fragments removed during surgery also fail to
support osteonecrosis of subchondral bone as the primary lesion of OC.**!#* Instead,
necrosis of the subchondral bone is thought to most commonly occur secondary to
detachment of the osteochondral fragment, rather than being an inciting cause.'® The
production and accumulation of abnormal extracellular matrix molecules in the
endoplasmic reticulum (ER) has been suggested as the underlying cause of abnormal
mineralization (failed endochondral ossification) and subsequent OC lesions, based on
electron microscopy of surgically removed OC lesions and adjacent “normal” cartilage
biopsies from four human patients.’®® The authors hypothesized that an underlying
inherited ER storage disorder was responsible for abnormal protein production and
accumulation, although no candidate mutation was identified.'®® However, other
conditions, including local ischemia, can lead to accumulation of unfolded, but otherwise
normal, proteins in the ER.*?® Additionally, the tissues examined were end-stage, making
it difficult to determine if the ultrastructural changes were a cause or a consequence of
disease. Abnormalities in cartilage extracellular matrix maturation have also been
proposed to play a central role in the development of OC. Decreased collagen content and
alterations in collagen cross-linking were reported in cartilage samples obtained from
foals with OC compared to healthy foals, and this “immature” cartilage was considered
potentially more susceptible to external trauma.*?” Similarly, it has been suggested that

the marked changes in collagen fibril orientation and density across the epiphyseal
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cartilage, especially near nutritive cartilage canals in the ossification front may create
focal areas of biomechanical weakness.'®® However, there is little evidence that these
matrix changes are primary. Indeed, many of the matrix alterations reported by Lecocq et
al (2008) were located in or near focal regions of chondronecrosis.'?® Studies performed
in animals demonstrate that these focal regions of chondronecrosis form due to
interruption of the blood supply to the nutritive cartilage canals within the epiphyseal
cartilage of the AECC during endochondral ossification'?®, and this pathogenesis can be
reproduced experimentally.**¥3%13L Areas of chondronecrosis resist normal ossification
and degenerate, resulting in tissue that is prone to clefting or collapse under the influence
of external forces.

Proponents of an etiology for OC involving major trauma have suggested that the
preponderance of disease in young boys compared to girls is related to greater athletic
activity and tendency towards overuse injuries and trauma in males.***?° In most cases of
human OC there is no history of a single traumatic event; however, repetitive stress could
be important in the development of lesions.’® This latter hypothesis is supported
circumstantially by the fact that most patients affected with juvenile OC have a lengthy
history of participation in specific exercise regimens or sports.*? It is also possible,
however, that more active individuals are more likely to become symptomatic and are
therefore more likely to have OC diagnosed. In naturally-occurring disease in animals,
the role of athletic activity is not clear-cut and is thought to be a secondary factor. For
example, in one large study in horses, controlled exercise affected the distribution of OC
lesions within joints, but not the total number of lesions.** Another study found that

regular, limited exercise appeared to reduce the risk of OC development in young
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foals.’® Osteochondral fragments can be elicited in experimental animal models using
either repetitive impacts or acute compression and rotation'**, but these models cannot
replicate the more commonly recognized early OC lesions with intact overlying articular
cartilage.’®® The idea of major trauma as the sole etiologic agent is also brought into
question by the occurrence of OC at anatomical locations not exposed to increased stress
during physical activity, and because it cannot explain early histologic changes seen at
OC predilection sites in young animals.”*****® Thus, while trauma undoubtedly is a key
precipitating factor in the onset of clinical signs of OC (i.e. by resulting in disruption of
the articular surface and separation of an osteochondral fragment), it is less likely to be
the initiating factor in disease development.

A variety of additional environmental factors have been proposed to play a role in
the risk for development of OC in veterinary species, including nutrition, exercise,
conformation and other biomechanical factors, stress response, in utero environment, and
hormonal interactions.**”**® Of these, nutrition has been the subject of the most study. In
animal models of disease, dietary factors that have been implicated in OC risk include

139140 excess phosphorus'*!, and excess dietary energy.'*> However, the

copper deficiency
relationship between disease and nutrition is far from one of straightforward cause-and-
effect. For example, in pigs, dietary supplementation of specific amino acids and
microminerals reduced the severity, but not the incidence, of OC lesions when compared
with a control diet.**® Similarly, reducing digestible energy and increasing micromineral
concentrations reduced the incidence of OC in foals in a prospective study of 17 breeding

farms, but did not eliminate the condition.*** It is likely that “windows of susceptibility”

exist during which dietary factors may play key roles in OC manifestation**, but these
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may vary between species and anatomic location, and have yet to be clearly defined. To
our knowledge, there are no reports examining a potential relationship between OC
development and nutrition in humans.

Genetic risk factors are also thought to play an important role in the development
of OC in both humans and animals. Since the initial description of human OC, there have
been many reports of families with apparently increased incidence of disease. Many of
these initial reports were small, involving a few siblings or a parent and his/her
children.**®*" However, extended families with high incidence of OC over multiple

generations have also been reported in the literature™*®'*®

, and these suggested an
autosomal dominant pattern of inheritance with varied penetrance. Patients in these
families were often affected in multiple joints, and an association with short stature was
noted.**¥**® This condition was named Dominant Familial Osteochondritis Dissecans
(OMIM 165800), and is caused by a missense mutation in the aggrecan (ACAN) gene that
results in an aggrecan protein with a reduced ability to interact with other proteins found
in the cartilage extracellular matrix.™® However, this familial form of disease is rare, and
the ACAN mutation is unlikely to underlie other manifestations of OC. The more
common, sporadic, form of OC is likely polygenic in nature; that is, the combined effects
of multiple gene variants determine the underlying genetic risk of disease. To our
knowledge, there are no reports in the human literature attempting to identify genes
contributing to sporadic OC. However, several case reports describing identical lesions,
including nearly simultaneous timing of clinical presentation, in monozygotic twins have

been reported in the literature. >
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Heritability estimates for OC in horses and pigs range from 0.14 to 0.52,
depending on location and disease definition.**®**** Thus, between 14% and 52% of
disease risk may be attributed to genetic factors in these species. Up to 70% of foals from
a single sire have been reportedly affected with OC*, and offspring of affected sires were
more than twice as likely to develop OC than offspring of non-affected sires.*” Similarly,
boars with affected half-siblings were highly likely to have OC-affected offspring.®> Two
approaches have been taken to try to identify genetic risk factors in these species. The
first is a candidate gene approach, where genes known to play a role in skeletogenesis
and related processes are identified and subsequently sequenced to try to identify putative
risk alleles/causative mutations.”>>**® The second approach is genome-wide association
(GWA) analysis, which evaluates statistical association between allele frequency at tens
of thousands of known sites of variation throughout the genome and disease status.>*%*>
GWA studies have been performed examining both the overall occurrence of OC in
commercial pigs, and the manifestation of OC in specific locations, including the
metacarpophalangeal joint and tibiotarsal joint, in several breeds of horses including
Standardbreds, Warmbloods, Thoroughbreds, and French Trotters.>*®%% Bgth
candidate gene and GWA approaches have limitations and, to date, although several
promising candidate chromosomal regions have been identified, specific genes and
alleles underlying risk have not been definitively identified. Work in this field is ongoing,
however, and improvements in next-generation sequencing technology as well as the
formation of cross-institutional consortia will aid efforts. Genes and pathways identified
in veterinary species will not only provide insight into OC pathophysiology, but will also

become compelling biological candidates for further study in humans.
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Evidence for Disturbances of Endochondral Ossification Leading to
Osteochondrosis

Evidence from animal models most strongly supports the theory that the primary
pathophysiological process underlying the development of osteochondrosis is a
disturbance in endochondral ossification, the process by which the epiphyseal growth
cartilage of the AECC is gradually replaced by bone. It is likely that several of the
etiologic factors described above contribute to this disturbance.

In both humans and animals, nutrients are normally supplied to the epiphyseal
cartilage of the AECC and the physis via vessels running in channels called cartilage
canals (Figure 1)."%'%! The majority of these vessels arise from the perichondrium and
run parallel to the articular surface. Physiologically, as endochondral ossification
progresses and the ossification front advances in the direction of the articular surface, the
blood supply to most vessels in the cartilage canals must change from vessels originating
from the perichondrium/periosteum to vessels originating from the medullary cavity of
the secondary center of ossification. This transfer enables a consistent supply of nutrients
to the ever-thinning AECC and involves the formation of anastomoses between vessels in
the epiphyseal cartilage and vessels in the advancing ossification front. Studies performed
in animals, however, have demonstrated that this blood supply is prone to failure.*® This
failure may be due to physical instability of the newly formed anastomoses, local effects
on the vasculature by growth factors at the ossification front, or inadequate mechanical
support for the developing vasculature from the surrounding tissue.”® The impact of
mechanical forces may also be especially high at the transition between two tissue types

with very different mechanical characteristics.'* The lack of anastomoses among vessels
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182 means that failure of this transition in blood

contained within the cartilage canals
supply often results in avascular necrosis of a well-defined area of epiphyseal growth
cartilage. Failure of vascularization and mineralization of the necrotic cartilage causes
focal arrest of endochondral ossification, the hallmark of osteochondrosis.****% Indeed,
lesions resembling OC have been successfully reproduced in pigs and horses by surgical
transection of vessels contained within cartilage canals.'***3%*! The retained area of
necrotic epiphyseal cartilage is inferior to viable epiphyseal cartilage or subchondral bone
in providing support to the overlying articular cartilage, predisposing the site to collapse
and/or cleft formation that often results in clinical disease.

The focal area of cartilage necrosis in the epiphyseal cartilage is the first
histologically apparent lesion during the pathogenesis of OC and is termed
osteochondrosis latens (Figure 2) in the veterinary literature.*®® This lesion has not been
described in humans, most likely due to limited access to appropriate tissues for
evaluation and because it is not radiographically evident. As the ossification front reaches
the necrotic epiphyseal cartilage, the necrotic cartilage resists ossification and becomes
radiographically apparent as a radiolucent defect in the subchondral bone, at which point
it is designated as osteochondrosis manifesta (Figure 3).% This lesion is observed in
human medicine but is not currently recognized as a preclinical form of OC.***1% There
are two potential fates for this area of necrotic cartilage. In some cases (likely depending,
in part, on the size and location of the lesion), it will eventually undergo ossification and
resolve with minimal to no visible remnants.”® Alternatively, if the area of necrotic
epiphyseal cartilage is very large or if the overlying articular cartilage sustains excessive

trauma, as may occur during athletic activities, a fissure extending from articular cartilage
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through the underlying necrotic epiphyseal cartilage may develop, at which point the
lesion is described as osteochondrosis dissecans (Figures 4 and 5).% This lesion is most
frequently termed osteochondritis dissecans in the human literature. In both humans and
animals, this stage of the disease results in clinical signs of joint pain/dysfunction and
lameness.

As noted earlier, the majority of histological studies evaluating OC/OCD in
humans have focused on osteochondral fragments removed during surgery, which are
easily accessible but represent the end stage of the disease and rarely include evidence of
the early changes affecting the endochondral ossification process. Indeed, human studies
regard fibrous/fibro-cartilaginous tissue present at areas of separation of osteochondral
fragments from the parent bone as areas of delayed or nonunion.”* However, the
complete absence of a calcified cartilage layer and subchondral bone plate in
osteochondral fragments removed from adolescents affected by juvenile OCD®" indicates
that juvenile OCD develops while the endochondral ossification is still ongoing, thus it is
unlikely to be a primary disease of the subchondral bone.'®®®” Instead, we believe that
this fibrous/fibro-cartilaginous tissue is the remnant of necrotic epiphyseal cartilage and
accompanying reactive fibrous tissue which has been present as osteochondrosis
manifesta well before the development of clinical signs (Figure 4). This theory is
supported by histological studies in horses and pigs using specimens from young animals
undergoing active endochondral ossification and in osteochondral samples obtained from
adult animals affected by clinically apparent OCD. Histological studies in foals with
ongoing endochondral ossification demonstrated lesions consistent with subclinical OC

(osteochondrosis latens) at predilection sites of clinically relevant OC.%**% Conversely,
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studies examining the osteochondral fragments removed from adult horses affected with
OCD revealed histological changes consistent with those noted in human studies,
including fibrous tissue at the separation border.*® The similar appearance of end-stage
lesions across species suggests that the continuum of disease demonstrated in animals is

also likely present in humans.

Shared Aspects of Human and Animal Osteochondrosis

Several factors are suggestive of a shared pathogenesis of OC between humans
and veterinary species. In addition to histologically identical end-stage disease as
described previously, humans and animals share common predilection sites for
development of disease (Table 1). In humans, OC is diagnosed in the knee, elbow, and
ankle joints with decreasing frequency.'®® Within the knee, the medial femoral condyle is
the most commonly affected area, whereas in the ankle, OC affects the talus'™® more

commonly than the tibial plafond.!

OC of the elbow joint usually involves the humeral
capitellum.'®® Similarly, in swine, the disease is most commonly seen in the medial
condyle of the femur and the medial aspect of the sagittal ridge of the humeral condyle.*
Lesions are also found, at a lower frequency, in the shoulder, hip, and tibiotarsal (ankle)
joints of swine. The most commonly affected sites in horses are the tibiotarsal, stifle
(knee), and metacarpo/metatarsophalangeal joints.**!"? Similar to humans, the most
commonly affected sites in the tibiotarsal joint in the horse are the distal intermediate
ridge of the tibia and the lateral trochlear ridge of the talus (Figure 6).1”® In the stifle, the

lateral trochlear ridge is the most commonly affected structure in the horse®*'"? but

involvement of the medial femoral condyle has been described as well (Figure 7).}"* OC
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also infrequently affects the shoulder, carpal, and hip joints of both humans and
hOfSGS 172;175

Clinically apparent bilateral involvement in both humans and animals is widely
reported, although the frequency of occurrence varies between joints. Bilateral juvenile

OC of the knee is reported in 13 — 30% of human patients™®

, and 10% of human subjects
are affected bilaterally with osteochondral lesions of the talus.'”® Similarly, in
Thoroughbred racehorses, bilateral involvement of the stifle (knee) occurs in 17.5 -
20.5% of affected animals, while incidence of bilateral disease in the tibiotarsal joint is 6
— 10%.%**° Many more human patients may have clinically silent lesions in the
contralateral joint visible on MRI, although the importance of these lesions has been
recently been called into question.’®* However, based on studies in animals, it is highly
likely that the majority of the “ossification variants” identified in the MRI studies in

patients under the age of eight'®

were, in fact, actually osteochondrosis manifesta
lesions. The lack of progression of these “ossification variants” into clinically apparent
OC, and their occurrence in young patients, corresponds with observations made in
animals, where the high ratio of subclinical (osteochondrosis manifesta) to clinical
(OCD) lesions suggest that the majority of lesions undergo complete healing (Figure
5).%122 Indeed, healing of radiographically apparent juvenile OCD is reported to occur in
approximately 50% of human patients.'?®

The apparent potential for healing of subclinical OC lesions has been
demonstrated in swine and horses as well. In young swine, subclinical osteochondrosis

manifesta lesions affecting the trochlea of the humerus and/or the distal femur were

found in up to 70% of animals, whereas clinically apparent OCD lesions were noted in

39



only 7%.% Similarly, in horses, resolution of subclinical but radiographically apparent
changes consistent with osteochondrosis manifesta of the distal intermediate ridge of the
tibia, the lateral trochlear ridge of the talus, and the lateral trochlear ridge of the distal
femur may occur before 5, 5, and 8 months of age, respectively. Lesions which remain
present beyond these ages, however, become permanent.!’? Experimental studies, in
which chondral fractures were created in the cartilage of the femoral condyles in
skeletally immature rabbits demonstrated that cartilage flaps are capable of healing if
they are stable and have a wide pedicle containing abundant cartilage canals. However,
unstable fragments, attached only by a narrow isthmus devoid of cartilage canals, are
unlikely to heal completely and result in a fragment that closely resembles OCD.*"”

The gender distribution of OC is similar between humans and swine. In humans,
females are affected less frequently than males, accounting for approximately 20-40% of
all cases of OC.'%%* Similarly, in pigs the incidences of osteochondrosis manifesta and
osteochondrosis dissecans are significantly lower in females.”®> Conversely, the incidence
of OC in horses does not appear to differ between females and males.*’****’® The reason
for this difference in gender predilection in the horse compared to other species is

unknown.

Conclusion

A broad range of similarities exists between OC affecting humans and animals,
including predilection sites, clinical presentation, radiographic/MRI changes, and
histological appearance of end-stage (OCD) lesions, suggesting a shared pathogenesis

among the various species. Histological findings from examination of sequential early
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naturally-occurring and experimentally-induced OC lesion in young animals strongly
supports that this pathogenesis is characterized by localized avascular necrosis of the
epiphyseal cartilage of the AECC leading to focal retardation and/or failure of
endochondral ossification. Further investigation of early, subclinical OC in human
subjects using in vivo imaging and post mortem histological evaluation of predilection
sites should confirm or refute the role of vascular compromise and necrosis of epiphyseal
cartilage of the AECC in the development of OC affecting humans. If indeed, this is the
case, then naturally-occurring or surgically-induced cases of OC in animals will provide
an excellent opportunity to develop and test diagnostic and treatment modalities for this

increasingly recognized condition.
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Table 1: Disease names for manifestations of osteochondrosis at specific anatomical

locations as reported in human literature. For comparison, location of predilection sites in

pigs and horses is also presented.

| Disease Name (Human) Location Pig | Horse
Articular
Theimann’s Disease proximal and distal interphalangeal
joints (fingers and toes)
Panner’s Disease elbow (humeral capitellum) X
osteochondritis dissecans elbow (humeral capitellum), knee
(medial or lateral femoral condyle), X X
ankle (medial talus)
Freiberg’s Disease metatarsophalangeal joint (head of 2™ X
metatarsal)
Non-articular/apophyseal
Sinding-Larsen-Johansson knee (inferior pole of patella) X
Disease
Kohler’s Disease ankle (tarsal navicular bone)
Iselin Disease ankle (base of 5" metatarsal)
medial epicondyle apophysitis elbow (medial epicondyle)
Physeal
Blount Disease (tibia vara) proximal tibial physis
Scheuermann’s Disease vertebrae X X

Human: 99;102;106;179

Pig: 11°

Horse: 172;180
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All figures reprinted with permission

500 pm

Figure 1: Photomicrograph depicting normal cartilage canals (arrows) containing blood
vessels in the articular-epiphyseal cartilage complex in the medial femoral condyle of a

14-week-old pig (hematoxylin and eosin stain).
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500 pm

Figure 2: Photomicrograph of an osteochondrosis latens lesion (dashed line), including
necrotic blood vessels and surrounding necrotic cartilage, involving the medial femoral
condyle of a 14-week-old pig. Inset: viable chondrocytes are present in the left half of the
image whereas in the right half, chondrocytes are eosinophilic and contain no obvious

nucleus, consistent with chondrocyte necrosis (hematoxylin and eosin stain).
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Figure 3: Photomicrograph depicting an osteochondrosis manifesta lesion in the medial

femoral condyle of a 14-week-old pig (same animal as in Figure 2). A large area of
necrotic epiphyseal cartilage is present (dashed line) and has resulted in a focal failure of

endochondral ossification (arrowheads) (hematoxylin and eosin stain).
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500 pm

Figure 4: Photomicrograph showing an osteochondrosis dissecans lesion involving the
medial femoral condyle of a 6-month-old pig. A fissure that is partially lined by fibrous
connective tissue extends through the articular cartilage to the subchondral bone,
resulting in the formation of an osteochondral cleft. A: articular-epiphyseal cartilage
complex; B: subchondral bone; arrowheads: fibrous tissue. Inset: Remnants of necrotic
cartilage are present adjacent to the cleft and are accompanied by chondrocyte clones.

Arrowheads: necrotic chondrocytes; arrow: chondrocyte clone; F: fibrous tissue

(hematoxylin and eosin stain).
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Figure 5: Diagram demonstrating the pathogenesis of osteochondrosis dissecans
(modified with permission from Figure 7°%). Panel A: normal endochondral ossification.
Panel B: Development of osteochondrosis latens lesion due to failure of cartilage canal
blood supply causing necrosis of the epiphyseal cartilage (circled area). Panel C:
Osteochondrosis manifesta lesion appears as a delay in the progression of the ossification
front. Panels D and E: healing of osteochondrosis manifesta lesion by incorporation into
the subchondral bone. Panels F and G: Development of osteochondrosis dissecans lesion
due to trauma causing collapse of the articular cartilage overlying areas of necrotic

epiphyseal cartilage.
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Figure 6: Osteochondrosis dissecans lesion involving the ankle (tibiotarsal joint). Panel

A: posterio-anterior radiographic image of an osteochondrosis dissecans lesion (black
arrow) of the talus in a juvenile human subject. Panel B: dorsomedial-plantarolateral
oblique radiographic image of an osteochondrosis dissecans lesion (white arrow)
involving the lateral trochlear ridge in a horse. Panel C: lateromedial radiographic image
of an Ooteochondrosis dissecans lesion (black arrow) involving the distal intermediate

ridge of the tibia in a horse.
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Figure 7: Osteochondrosis dissecans lesion of the medial femoral condyle. Panels A

(coronal plane) and B (transverse plane) depict MRI findings from a human subject with
osteochondrosis dissecans of the medial femoral condyle (white arrows). Panel C: CT
image of an osteochondrosis dissecans lesion (black arrow) of the medial femoral
condyle of a horse obtained in the transverse plain. (Image is courtesy of Dr. Bergman,

VetCT-Lingehoeve Diergeneeskunde, Netherlands)
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Chapter 3

Short- and Long-Term Racing Performance of Standardbred Pacers and Trotters After

Early Surgical Intervention for Tarsal Osteochondrosis
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Summary

Reasons for Performing Study: Osteochondrosis (OC) is commonly diagnosed in
young Standardbred racehorses, but its effect on performance when surgically treated at a
young age is still incompletely understood. This is especially true for Standardbred

pacers, which are underrepresented in the existing literature.

Objective: To characterize the short- (2-year-old) and long-term (through 5-year-old)
racing performance in Standardbred pacers and trotters after early surgical intervention

(<17 mo. of age) for tarsal OC.

Study Design: Retrospective clinical study.

Methods: The study population consisted of related, age-matched Standardbred
racehorses (n=278; 151 pacers, 127 trotters) with (n=133) or without (n=145) one or
more tarsal OC lesions. All OC-affected horses were treated surgically prior to being
sold as yearlings. Data obtained from publically available race records for each horse
included starts, wins, finishes in the top 3 (win, place, or show), earnings, and fastest
time. Comparisons between OC-affected and unaffected horses were made for the entire
population and within gaits. A smaller related population (n=94) had the aforementioned

performance measures evaluated for their 2- through 5-year-old racing seasons.

Results: OC status was associated with few performance measures. Trotters were at
higher risk for lesions of the medial malleolus, but lower risk for lesions of the distal
intermediate ridge of the tibia compared to pacers. Horses with bilateral OC lesions and
lateral trochlear ridge (LTR) lesions started fewer races at 2 years of age than those with
unilateral lesions or without LTR lesions.
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Conclusions: OC seemed to have minimal effect on racing performance in this cohort,
although horses with bilateral and LTR lesions started fewer races at 2. There was
evidence for different distribution of OC lesions among pacers and trotters, which should

be explored further.

Potential Relevance: Standardbreds undergoing early removal of tarsal OC lesions can

be expected to perform equivalently to their unaffected counterparts.
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Introduction

Osteochondrosis (OC) is a widely recognized manifestation of developmental
orthopedic disease characterized by disruption of normal endochondral ossification at the
ends of long bones. Certain joints in the horse are considered predilection sites for OC,
including the stifle, tarsus, and metacarpo-/metatarsophalangeal joints, and the relative

d.*®! Osteochondrosis of the tarsocrural

importance of each predilection site varies by bree
joint is commonly diagnosed in young Standardbred racehorses, either on routine
radiographic studies prior to yearling sales or with the onset of clinical signs (i.e. joint
effusion and/or mild lameness) shortly after being put into race training. Prevalence of
tarsal OC in Standardbreds has been reported to range from 10.1-26.2% based on a
number of radiographic surveys, and this breed is considered predisposed to lesions in
this joint.32'34;37;38

While the high prevalence of tarsal OC is well-documented in Standardbreds, the
effect of this disease - and its treatment - on racing performance has been debated in the
literature.  Successful racing careers have been reported for 73.5%'% and 84%'% of
surgically treated horses, while a “good” outcome was reported in only 23% of
conservatively-treated Standardbreds®®*, but these reports did not include a control group
for comparison. Studies that do include matched controls variably report impaired
performance in OC-affected Standardbreds®*®® or no significant differences in
performance parameters between groups.?24#"2%3 However, the majority of these
previous studies have the limitation of either a control group made up of horses with

unknown history (i.e. some could have been OC-affected), or an affected group with

unknown treatment status (i.e. performance could be affected by treatment). To our
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knowledge, no study has reported on performance outcome in surgically-treated OC-
affected horses compared to related, age-matched OC-unaffected horses for which the
entire early history was known.

Standardbred racing in North America is somewhat unique in that horses compete
at either the trot (2-beat, diagonal, symmetrical) or the pace (2-beat, lateral, symmetrical),
whereas in Scandinavia and continental Europe only trotters race. However, while this
phenotype is well-characterized, and modern breeding distinctly separates pacing lines
from trotting, limited prospective information about relative performance of horses with
these biomechanically distinct gaits is available in the literature.***% To our
knowledge, there are no reports of how OC affects race performance in pacers, nor any
comparisons of the relative impact of the disease on pacers versus trotters.

The purpose of this study was: 1) to report early (2-year-old season) race
performance in a cohort of Standardbred yearlings that underwent surgical treatment for
removal of tarsal OC fragments prior to being sold as yearlings and to compare them to
related age-matched horses that were unaffected with OC; 2) to report long-term (2-
through 5-year-old seasons) race performance in a subset of these horses; and 3) to
compare the effect of OC on early race performance within and between pacers and

trotters.

Materials and Methods
Horses: The study population for evaluating short-term race performance was
comprised of 278 Standardbred horses raised on a single breeding farm in the Eastern

United States that were born in 2007 (n=59 horses), 2009 (n=114), or 2010 (n=105) and
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identified for inclusion in the study as yearlings being prepared for sale. Osteochondrosis
(OC) lesions were radiographically identified in one or both tarsi of 133 individuals and
were surgically removed prior to the sale preparation period (<17 months of age). One
hundred forty-five related age-matched controls were identified, all radiographically
confirmed to be free of OC. The study population for evaluating long-term race
performance was comprised of 94 Standardbred horses born and raised on the same
breeding farm described above (and 59 of which are included in the short-term
performance cohort). Thirty-two of these individuals had surgically removed OC lesions
of one or both tarsi. Of the 62 age-matched related controls, 28 were radiographically
confirmed to be free of OC and 34 were presumed unaffected because of lack of clinical
signs including effusion and lameness. Although complete radiographic examinations
(i.e. “repository films”) were not available for all individuals, horses with
musculoskeletal lesions other than tarsal OC were not knowingly included in either study
cohort. Information regarding foaling date, gender, sire, gait, sale, and sale price for all
yearlings was obtained from the farm. Distribution of OC-affected limbs, lesion location,
and surgery date for affected horses was obtained from the written veterinary records of
the attending surgeon or the farm veterinarian.

Performance Records: All 278 horses in the short-term performance cohort had
completed their 2-year-old season as of 31 December 2012. Ninety-four horses, born in
2007, had completed their 5-year-old season by this date. All available race records were
obtained from the United States Trotting Association. Thirteen horses had been exported
to Europe and records for these horses were collected from the appropriate country’s

trotting association. Collected data included number of starts, wins, and top 3 finishes

56



(win, place, or show), earnings, and fastest qualifying time over a mile for each season.
The summation of starts, wins, top 3 finishes, and earnings across 4 seasons were
calculated as career performance results, if applicable. Horses that started a race but did
not win any money were assigned a nominal earnings value of $1 to differentiate them
from horses that never started a race.

Additionally, a randomly chosen subset of all 2010 offspring from nineteen
Standardbred stallions with progeny included in the study population were selected (n =
288, representing 25% of all offspring from these stallions in the 2010 foaling season) for
comparison to the horses in the present study. Freely available records for these
individuals were obtained from the United States Trotting Association. Collected data
included yearling sale price, number of starts at 2 years, earnings at 2 years, and fastest
qualifying time at 2 years. This was done to determine if the individuals in the study
cohort were representative of their contemporaries.

Statistical Analysis: Two-year-old performance (“short-term performance”) was
evaluated in all horses (n=278) in the short-term performance study cohort. Additionally,
models were fit separately for two-year-old performance in all pacers (n=151), all trotters
(n=127), and all horses affected with OC (n=133). Performance for the two- through five-
year-old seasons (“long-term performance”) was evaluated in all horses born in 2007
(n=94). For each of these groups, outcome variables of interest were 1) whether the horse
started in a given season (yes/no); 2) number of starts; 3) number of wins; 4) number of
top 3 finishes (win, place, or show); 5) earnings; 6) earnings per start, 7) fastest recorded
time over a mile, and 8) yearling sales price. Earnings and earnings per start were

evaluated only in horses that started a race. In the long-term performance group, outcome
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variables were examined by season as well as cumulatively over 4 seasons as appropriate.
OC status (affected vs. unaffected) was evaluated as an outcome in the entire short-term
performance cohort as well as separately in pacers and trotters. In the OC-affected cohort,
lesion location (DIRT, MM, LTR) and lesion distribution (bilateral vs. unilateral) were
also examined as outcome variables.

Multiple regression was performed for all outcome variables. OC status
(categorical variable) was the primary predictor variable of interest in these models, but
other covariates included gender, gait (pace vs. trot), number of starts, fastest recorded
time, yearling sale location, and sire, as appropriate (see Supplemental Methods for a
detailed description of multiple regression model construction). When OC status (or
specific lesion location or distribution) was the outcome of interest, predictor variables
included gender, gait, and sire. Analysis of 2-year-old performance in the OC-affected
group was performed using multiple regression models that included lesion location
(DIRT, MM, LTR) and distribution (bilateral vs. unilateral) as predictor variables. In all
cases, multiple regression was performed using generalized linear regression models for
binomial (quasibinomial model) and count (negative binomial model) outcome variables
and ordinary linear regression for continuous outcome variables (see Supplemental
Methods). Selected findings of interest are reported in the main text, but full results of all
regression models are reported in Supplemental Results. Proportions (i.e. proportion of
horses starting in a given season) were compared between groups using a two-sided test.
Comparison between the short-term performance study cohort (n=278) and the randomly
chosen 2010 offspring (n=288) was performed using a Kolmogorov-Smirnov test, which

tests the entire distribution of data rather than only the population average. Examined
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variables included yearling sale price, number of starts at 2 years, earnings at 2 years, and
fastest qualifying time at 2 years. In all analyses, outcome variables reported as a dollar
amount were log-transformed to normalize the data. No other data transformations were

performed. All statistical tests were performed in the R statistical computing

187 »188

environment™ using the packages ‘car’*®® and ‘MASS’.** Significance was set at

p<0.05.

Results

Short-term performance: All horses at 2 years of age: Of the 278 horses in this
group, 156 (56.1%) were colts and 122 (43.9%) were fillies. Among the 133 OC-affected
horses, colts (n=81) appeared to be overrepresented compared to fillies (n=52), but the
proportion of affected individuals was not significantly different between genders (A
proportion = 0.093, 95% CI -0.032-0.218, p=0.156). There were 151 (54.3%) pacers and
127 (45.7%) trotters. Yearlings were sold at one of five breed-recognized sales held
between September and November of each year; two OC-affected horses were not sold
and were not included in the analysis of sale price. OC status did not significantly affect
yearling sale price (OC-affected median $20,000; range $1,500-260,000; OC-unaffected
median $25,000; range $1,500-260,000) in multiple regression analysis (p = 0.266). The
remaining predictor variables in this model, gender, sale and sire, were all significantly
associated with sale price (p <0.002) (Supplemental Results Tables 1 and 2).

Performance data for the 278 horses by OC status are summarized in Table 1.
The proportion of horses starting at least one race did not differ between OC-affected

(75/133 [56.4%]) and OC-unaffected (96/145 [66.2%]) groups (A proportion = 0.098,
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95% CI -0.023-0.22, p = 0.12). In multiple regression analysis, OC status was not
significantly associated with the number of starts, wins, or top 3 finishes, fastest time, or
earnings and earnings per start. Full regression analysis results are reported in
Supplemental Results Table 1.

To determine if the individuals in the study cohort were representative of their
contemporaries, yearling sale price, proportion of horses starting at 2 years, number of
starts at 2 years, earnings at 2 years, and fastest qualifying time at 2 years were compared
between the short-term performance group and the randomly chosen subset of 2010 foals
(n=288). There were no significant differences between the two groups for any of these
outcome measures (Supplemental Results Table 3).

Short-term performance: Pacers and trotters at 2 years of age: Irrespective of OC
status, trotters were significantly less likely to start a race at 2 years than were pacers (OR
0.56, 95% CI 0.34-0.93, p = 0.026) and started significantly fewer number of races
(Incident Rate Ratio [IRR] 0.54 , 95% CI 0.41-0.71, p < 0.001). On average, trotters were
2.9 sec slower than pacers (95% CI 1.71-4.15, p < 0.001). Earnings were significantly
different between pacers and trotters, but this effect disappeared once earnings were
adjusted for the number of starts (that is, Earnings Per Start). Gait did not significantly
affect the number of wins or top 3 finishes. The proportion of OC-affected individuals
was significantly higher in trotters (71/127 [55.9%]) than pacers (62/151 [41.1%]) (A
proportion = 0.148, 95% CI 0.024-0.272, p = 0.019). When OC was examined as an
outcome variable in a model that included the predictor variables gender, gait, and sire,

only gait was significantly associated with affectation status (p = 0.026) (Supplemental
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Results Table 4). Full regression analysis results are reported in Supplemental Results
Table 1.

Performance data for the 151 pacers are summarized by OC status in Table 2.
The proportion of horses starting at least one race did not differ between OC-affected
(41/62 [69.7%]) and OC-unaffected (62/89 [66.1%]) groups (p = 0.78, 95% CI -0.13-0.2).
In multiple regression analysis, OC status was not significantly associated with the
number of starts, wins, or top 3 finishes, fastest time, or earnings and earnings per start
(Supplemental Results Tables 5 and 6).

Performance data for the 127 trotters are summarized by OC status in Table 2.
The proportion of horses starting at least one race did not differ between OC-affected
(34/71 [47.9%]) and OC-unaffected (34/56 [60.7%]) groups (A proportion = 0.128, 95%
Cl1 -0.051-0.317, p = 0.208). Similarly to the pacers, in multiple regression analysis, OC
status was not significantly associated with the number of starts, wins, or top 3 finishes,
fastest time, or earnings and earnings per start (Supplemental Results Tables 7 and 8).

Short-term performance: OC-affected horses at 2 years of age: Average age at the
time of surgery for the 133 OC-affected horses was 11.8 months (median 12 mo.; range
7.5-17 mo.). Lesion distribution in 132 horses (264 joints) with complete records was as
follows: 134 joints (50.8%) in 93 horses (69.9%) had lesions of the distal intermediate
ridge of the tibia (DIRT), 73 joints (27.7%) in 48 horses (36.4%) had lesions of the
medial malleolus (MM), 49 joints (18.6%) in 37 horses (28%) had lesions of the lateral
trochlear ridge (LTR), and 5 joints (1.9%) in 5 horses (3.8%) had a lesion of the medial
trochlear ridge (MTR). Thirty-nine horses had two different lesions (DIRT+MM, n=15;

DIRT+LTR, n=16; MM+LTR, n=4; DIRT + MTR, n=2; LTR+MTR, n=1; MM + MTR,
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n=1). Six horses had three different lesions (DIRT + MM + LTR, n=5; DIRT + MM +
MTR, n=1). Eight horses were noted in the surgical record to have extensive lesions (2
DIRT, 2 MM, 4 LTR). In total, there were 261 lesions in 207 joints of these 132 horses.
Seventy-six of the 133 affected horses (57.1%) were affected bilaterally with one or more
types of lesion, while 57 (42.9%) were unilaterally affected. When gender and gait were
considered as predictors for individual lesion locations and distribution (bilateral vs.
unilateral) in a regression model, trotters had significantly increased odds of being
affected with a MM lesion (OR 5.01, 95% CI 2.27-11.82, p < 0.001) and significantly
decreased odds of having a DIRT lesion (OR 0.27, 95% CI 0.11-0.62, p = 0.003)
(Supplemental Results Table 9). When sire was added to the model (i.e. gender, gait,
and sire as predictor variables), gait remained significantly associated with MM and
DIRT lesions (p < 0.001 for both), but sire was significantly associated only with DIRT
lesions (p = 0.016) (Supplemental Results Tables 10-13). Lesion location and
distribution were not significantly associated with yearling sale price in this group
(Supplemental Results Tables 14 and 15).

Performance data are summarized in Table 3 by OC lesion location and
distribution. Horses with a bilateral lesion (any location) started significantly fewer
number of races (IRR 0.6, 95% CI 0.36-1.00, p = 0.03) than horses with unilateral
lesions. Similarly, horses with LTR lesions started 0.56 the number of races as horses
without LTR lesions (95% CI1 0.32-0.98, p = 0.033) Other factors significantly affecting
the number of starts at 2 among OC-affected horses were gender and gait, with mares and
stallions starting fewer races than geldings (IRR 0.58, 95% CI 0.34-0.97, p = 0.031; and

IRR 0.47, 95% C1 0.25-0.86, p=0.011, respectively), and trotters starting fewer races than
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pacers (IRR 0.45, 95% CI1 0.27-0.73, p = 0.001) (Table 4). Only three of the eight horses
with “extensive” lesions started a race at 2 years (37.5%). OC lesion location and
distribution were not significantly associated with number of wins or top 3 finishes, nor,
when only starters were considered, with earnings or earnings per start (Supplemental
Results Table 14).

Long-term performance: 2007 horses, 2- through 5-year-old seasons: Of the 94
horses in this group, 62 (66%) were colts and 32 (34%) were fillies. Colts appeared to be
overrepresented in the OC-affected group (n=25) compared to fillies (n=7), but the
proportion of affected individuals was not significantly different between genders (A
proportion = 0.184, CI -0.008-0.403, p = 0.08, 95%). Similarly to the larger cohort
reported above, OC status did not significantly affect sale price in this group. Sales price
was significantly affected by sale location and sire (p < 0.001), but, in contrast to the
larger cohort, not by gender (Supplemental Results Tables 16 and 17).

Performance data for the 2-year-old through 5-year-old seasons, as well as
cumulative data over all four race seasons, of 94 horses are summarized by OC status in
Supplemental Table 1. The proportion of horses starting at least one race in any season,
individually or cumulatively, did not differ between OC-affected and OC-unaffected
groups. When seasons were examined individually, OC status was not significantly
associated with the number of starts, or wins, fastest time, or earnings and earnings per
start. OC status was significantly associated with the number of top 3 finishes at 3 years -
horses with OC had 1.32 times the number of top 3 finishes than horses without OC in
that year (95% CI 1.10-1.59, p = 0.004) (Supplemental Results Table 20). When

cumulative performance over four seasons was considered, however, OC status was
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significantly associated with fewer wins — horses with OC won 0.76 times the number of
races as those without OC (95% CI 0.6-0.97, p = 0.028) (Supplemental Results Table
16). Other factors that were significant in these two multiple regression models were gait
(IRR 1.28, 95% CI 1.03-1.59, p=0.035 for top 3 finishes at 3 years; IRR 1.58, 95% ClI
1.22-2.04, p=0.001 for cumulative wins), number of starts (IRR 1.06, 95% CI 1.04-1.07,
p<0.001 for top 3 finishes at 3 years; IRR 1.016, 95% CI 1.011-1.021, p < 0.001 for
cumulative wins) and fastest time (0.94, 95% C1 0.91-0.97, p < 0.001 for top 3 finishes at
3 years; 0.89, 95% CI 0.85-0.93, p < 0.001 for cumulative wins). Full regression analysis

results are reported in Supplemental Results Tables 16-21.

Discussion

Osteochondrosis (OC) of the hock is highly prevalent in the Standardbred horse®*
3437138 hut its effects on performance are debated in the literature 242224-29:3%182:184 ape
we report early (2-year-old) and long-term (2- through 5-year-old) race performance in a
cohort of age-matched related horses raised on a single breeding farm where surgical
removal of OC lesions prior to yearling sales is standard of care. To our knowledge, this
is the first report of performance in a cohort of OC-affected individuals with early
surgical intervention and similar breeding to matched controls with known early medical
history. In the short-term performance cohort, OC status was not significantly associated
with any performance measure. In the smaller long-term performance cohort, OC status
was significantly associated with only two performance measures, but with opposite

effects — OC-affected individuals had a higher number of top 3 finishes at 3 years, but

lower cumulative wins over 4 race seasons. It is difficult to explain why OC would have
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opposite effects on two measures that would be expected to be somewhat correlated. For
both models, gait, number of starts, and fastest time were also significantly associated
with the outcome and likely explained the largest amount of variation between
individuals. It is possible that if other unmeasured factors (i.e. related to inherent racing
ability) could be included in a regression model that the statistical association with OC
status would disappear in this group. Since similar effects were not seen in the larger
study cohort (albeit looking at a more limited time frame), it is also possible that these are
spurious associations related to the relatively small sample size or were significant by
chance due to the multiple testing conducted within this group. Overall, OC status
seemingly had minimal effect on performance in these study cohorts.

Among OC-affected individuals, those with bilateral lesions started significantly
fewer races during their 2-year-old season when compared to those with unilateral
lesions. OC-affected horses with LTR lesions also started significantly fewer races at 2
years than did affected horses without lesions in this location. It has previously been
reported that horses with LTR lesions were not as successful after surgery as horses with

other lesions.'®

We did not detect any other effects of any specific lesion location on
performance, but it is possible that the number of lesions in this group of horses
(especially LTR and MM) was not large enough to detect such effects. It is of note that a
smaller proportion of horses with unilateral or bilateral lesions noted to be “extensive” by
the attending surgeon started a race at 2 (3 out of 8, 37.5%) when compared to the OC-

affected group as a whole (75/133, 56.4%), although the number of such individuals was

too small for a meaningful statistical comparison.
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Reports in the literature of performance in Standardbreds affected with OC are
conflicting and somewhat difficult to compare directly due to differences in cohort
selection and disease definition. In horses for which the treatment status was unknown,
OC-affected horses have been reported both to perform as well as their unaffected

22212933 and to have impaired performance.?®*® Conservative treatment

contemporaries
of hock OC has been advocated by some based on the seemingly minimal effect of the
disease on performance. Indeed, Brehm et al. reported no significant difference in
number of starts, wins, or places, amount of earnings, or fastest time in a group of 147
horses with conservatively-treated tarsal OC when compared to a randomly chosen group
of known unaffected controls over 3 racing seasons, although the proportion of horses
starting a race was not reported for either group.?® The proportion of horses in our long-
term performance cohort with OC that started at least one race over multiple seasons

26,27

(27/32; 84.4%) was higher than reported in previous survey studies™ <", and similar to the

proportion reported to race after surgical treatment of OC lesions.?**8418 |t js

impossible
to say whether the affected individuals in the present cohort would have performed as
well without surgery. However, arthroscopic removal of osteochondral fragments has
become the standard of care for treatment of most tarsal OC in young horses because of
concern over the risk for long-term degenerative changes in the joint if fragments remain
in place.”® Progressive osteoarthritis with associated pain and dysfunction has been
reported in humans®® and dogs*®* with conservatively treated OC of the ankle/tarsus, and
it is logical to conclude that similar sequelae could occur in equine patients with lesions

in this location, although the onset of signs may be delayed until after the end of a typical

racing career.
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The optimal timing of surgical intervention is a question that to our knowledge
has not been definitively addressed in the literature and cannot be fully addressed by our
study since all of the horses in our cohort underwent surgery prior to being sold as
yearlings. Based on radiographic changes of lesion appearance between 6 and 18 months
of age, an argument has been made recently for delaying surgical intervention, especially
for mild to moderate lesions, to allow for spontaneous healing to occur.**? Previous work
would suggest, however, that spontaneous healing of hock OC lesions is unlikely to occur
after 5 months of age, and that lesions are permanent after 11 months of age.'®® In cases
where clinical signs, including effusion, are present, delayed surgical intervention
decreases the chances that these signs will resolve.****** In our cohort, the majority of
individuals underwent surgery at 11 months of age or older; those who were treated
earlier typically had moderate to severe effusion of one or both joints. Examining this
question from a performance perspective, Beard et al. reported that horses undergoing
arthroscopy for tarsal OC were less likely to start as 2-year-olds compared to their
unaffected counterparts and suggested that this could have been due to an interrupted
training schedule.?® Certainly, it has been reported that young horses with “planned
training failure” related to arthroscopy lose more training days and have a lower financial
return than those not requiring such intervention.**® The proportion of OC-affected horses
in the present cohort starting as 2-year-olds (75/133; 56.4%) was markedly higher than
reported by Beard et al. (22%) for surgically-treated horses.? This difference may be due
to the fact that early surgical intervention in the present study eliminated the treatment-
related training disruption that would have otherwise occurred. Although the

pathophysiology and natural progression of OC should be taken into account when
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making a decision about surgical intervention, these data would suggest that early
removal of OC lesions — i.e. prior to yearling sales — may be desirable for Standardbred
racehorses.

Our data largely support previous reports regarding performance differences
between pacers and trotters. Trotters were slower than pacers, were less likely to start a
race, and started fewer races in their two year old season. However, contrary to previous

rep()',t58;9;185;186

, once these factors were accounted for in multiple regression models,
there were no differences in racing success as measured by wins, top 3 finishes, and
earnings per start between gaits. To our knowledge, the effect of OC on performance has
not previously been compared between pacers and trotters. In our population, trotters
were significantly more likely to be affected with OC than were pacers. Also, among OC-
affected individuals, trotters were significantly more likely to be affected with MM
lesions, while pacers were significantly more likely to be affected with DIRT lesions.
Since pacing is naturally exhibited by young pace-bred Standardbreds prior to the onset
of training, it is possible that the biomechanical differences between pacing and trotting
could affect the manifestation of OC, as well as impact its effect on performance. There
are at least three reported differences in the biomechanics of the trot and the pace that
may have biological significance.’®’ 2 An alternative explanation could be that genetic
risk factors vary between pacers and trotters, leading to the differences in disease
prevalence and lesion distribution. The effect of sire on OC status was evaluated in our
entire short-term performance population and was not found to be significant. When only

OC-affected horses were considered, sire was not significantly associated with MM

lesions, but was significantly associated with DIRT lesions. We hypothesize that pacers
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and trotters likely share genetic risk factors for disease and develop the same early
lesions, but that biomechanical differences in their natural gait patterns may determine
which lesions go on to heal and which develop into permanent OC lesions, resulting in
the different lesion locations between gaits. Ideally, a prospective evaluation of a large
cohort of Standardbred pacer and trotter foals would be carried out to evaluate this
hypothesis. However, as OC status did not affect performance outcomes in either pacers
or trotters, differences in lesion prevalence and distribution may not be clinically
significant.

There are several limitations of the present study design, including the relatively
small sample size, especially for the long-term performance cohort; it is possible that
some of the differences between groups that did not reach significance would have done
so in a larger population. Another limitation, inherent in the retrospective design, is that
although we have one to four years of race data available, direct follow-up with new
owners after the yearlings were sold was not possible, so the subsequent medical history
of these horses is unknown. Thus, there is no way to determine if performance failure in
affected horses was related to OC or not. Similarly, it is possible that horses classified as
unaffected as yearlings could have gone on to develop signs related to existing, but
previously undiagnosed OC lesions after being put into training, although it is unlikely
that this would have happened in a large number of cases. This is of greatest concern in
the long-term performance cohort, in which half of the controls did not have radiographs
and were instead considered “clinically free” of OC. It is widely accepted that some
horses with OC do not show any clinical signs, although the prevalence of this has not

been reported. Presence or absence of effusion was not recorded for all of the OC-
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affected horses in the current cohort, so it is difficult to estimate how many clinically
unaffected horses may have had a lesion. The decision was made to retain the non-
radiographed controls because it was felt that the larger population would have more
power to detect differences between groups, but we acknowledge the possible
misclassification bias in our long-term performance results. However, we did carry out
the same statistical analyses reported here in the long-term performance cohort using only
radiographed controls and still found that OC was significantly associated with few
performance measures (fewer wins at 5 years, slower time at 4 years, more top 3 finishes
at 3 years; Supplemental Table 22). Thus, we feel that it is unlikely that
misclassification of controls affected our overall conclusions.

The overall proportion of horses in this study starting at least one race during their
2-year-old season (171/278; 61.5%) as well as the overall proportion of horses starting at
least one race over multiple seasons (77/94; 81.9%) was somewhat higher than that
previously reported in randomly chosen control populations® or general radiographic
surveys of Standardbred yearlings.”®%" While this is unlikely to have been affected by
selection bias, as the horses were chosen for inclusion prior to being sold as yearlings, it
does raise the question of whether the conclusions drawn from this study are specific to
horses raised on this single breeding farm. To help address this, a randomly chosen subset
of all 2010 offspring from nineteen Standardbred stallions with progeny also included in
the short-term performance study population were selected for comparison to the horses
in the present study. There was no significant difference in any examined outcome

measure between the two groups. This suggests that our study population is similar to the
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larger population of racing Standardbreds in North America and that it is reasonable to
expect that our findings can be extrapolated to the wider population.

In summary, consistent with our hypothesis, we found that Standardbreds which
underwent early removal of tarsal OC lesions performed equivalently to their unaffected
counterparts during their 2-year-old race season as well as over 4 consecutive race
seasons (2- through their 5-year-old). Among OC-affected individuals however, those
with bilateral lesions started fewer numbers of races at 2 years than those with unilateral
lesions. Similarly, horses with LTR lesions started fewer numbers of races at 2 years than
those without lesions at this location. This suggests that even if bilateral lesions or LTR
lesions are removed at an early age (i.e. before yearling sales, as in this group of horses),
they can still negatively impact early race performance. Following a larger group of
horses over several race seasons will help to determine if this effect is maintained over
the long term. While pacers and trotters exhibited differences in race performance (as
expected), including slower record times and fewer starts in trotters when compared to
pacers, OC status did not seem to affect performance outcomes in horses of either gait.
Unexpectedly, trotters were significantly more likely to be affected with OC than were
pacers. When specific lesion locations were considered, trotters were more likely to
exhibit MM lesions than pacers, while pacers were more likely to have DIRT lesions than
trotters. Biomechanical or genetic differences between gaits may be involved in this
seemingly differing manifestation of disease between groups. Further research should be

conducted to validate this finding in a larger population of Standardbred racehorses.
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Table 1. Summary of 2-year-old performance measures for foals in the short-term

performance cohort (n=278) with (OC+) and without (OC-) surgically-treated tarsal OC

lesions.

OC+ OC-
Starting at 2 75/133 96/145
(56.4%) (66.2%)
Sale Price Mean $32,010 $34,870
Median $20,000 $25,000
Range $1,500-260,000 $1,500-260,000
Starts Mean 4.2 4.5
Median 1 3
Range 0-21 0-16
Wins Mean 0.5 0.7
Median 0 0
Range 0-7 0-8
Top 3 Finish Mean 5.4 5.8
Median 1 4
Range 0-30 0-23
Earnings Mean $26,830 $28,650
(starters only) Median $10,110 $7,742
Range $1-194,000 $1-531,900
Earnings per Mean $2,935 $3,128
Start Median $1,070 $1,216
(starters only) Range $0.25-18,450 $0.33-48,360
Fastest Time Mean 118.6 118.2
(secs) Median 118.0 118.2
Range 112.6-129.6 111.2-125.4
(n=49) (n=62)
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Table 2: Summary of 2-year-old performance measures for pacers (n=151) and trotters

(n=127) with (OC+) and without (OC-) surgically-treated tarsal OC lesions.

Pacers Trotters
OC+ OcC- OC+ OC-
Starting 41/62 62/89 34/71 34/56
at 2 (66.1%)  (69.7%) (47.9%)  (60.7%)
Sale Price | Mean $28,700 $34,390 Mean $34,980 $35,630
Median $17,000 $22,000 | Median  $22,000 $25,000
Range $1,500- $1,500- Range $1,500- $2,500-
115,000 260,000 260,000 170,000
Starts Mean 5.9 5.3 Mean 2.7 3.3
Median 4.5 5 Median 0 2
Range 0-21 0-16 Range 0-15 0-14
Wins Mean 0.6 0.9 Mean 0.5 0.4
Median 0 0 Median 0 0
Range 0-6 0-8 Range 0-7 0-5
Top 3 Mean 7.5 6.8 Mean 3.5 4.2
Finish | Median 6.5 7 Median 0 2
Range 0-30 0-23 Range 0-21 0-21
Earnings | Mean $26,800 $27,720 Mean  $26,860 $30,340
(starters | Median  $10,990 $8,901 | Median  $9,330 $3,522
only) Range $1-171,100 $1- Range $1- $1-
531,900 194,000 419,000
Earnings | Mean $2,790 $3,062 Mean $3,109 $3,249
per Start | Median $905 $1,216 | Median  $1,248 $1,202
(starters | Range $0.25- $0.5- Range $0.50- $0.33-
only) 17,110 48,360 18,450 29,930
Fastest Mean 117.9 116.8 Mean 119.6 121
Time Median 117.6 116.8 Median 1194 1215
(secs) | Range  112.6- 111.2- | Range  1158- 115.4-
126.4 125.4 129.6 125.2
(n=28) (n=42) (n=21) (n=20)
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Table 3: Summary of 2-year-old performance measures for OC-affected horses (n=133).

DIRT = distal intermediate ridge of the tibia. MM = medial malleolus of the tibia. LTR =

lateral trochlear ridge of the talus.

DIRT MM LTR Bilateral
Lesion (any
location)
Starting 56/93 26/48 17/37 39/76
at 2 (60.2%) (54.2%) (45.9%) (51.3%)
Sale Price  Mean $29,520 $31,890 $33,510 $33,580
Median $17,000 $20,000 $24,000 $17,000
Range $1,500- $1,500- $2,500- $1,500-
115,000 260,000 115,000 260,000
Starts Mean 4.4 3.2 3.1 3.6
Median 2 1 0 1
Range 0-21 0-14 0-13 0-21
Wins Mean 0.5 0.5 0.4 0.5
Median 0 0 0 0
Range 0-7 0-7 0-4 0-7
Top 3 Mean 5.7 4.1 4 4.8
Finish Median 2 1 0 1
Range 0-30 0-20 0-17 0-30
Earnings  Mean $26,300 $27,140 $19,940 $26,730
(starters | Median $8,549 $4,548 $4,750 $9,825
only) Range  $1-194,000 $1-194,000 $1-171,100 $1-194,000
Earnings  Mean $2,839 $3,039 $2,324 $3,094
per Start Median $909 $944 $1,228 $943
(starters Range  $0.25-17,640  $0.25-18,450 $1-17,110 $0.50-
only) 18,450
Fastest Mean 118.9 118.3 117.8 118.7
Time Median 118.0 117.8 118 117.8
(secs) Range  112.6-129.6 113.2-129.6 114.2-121.6  112.6-129.6
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Table 4: Multiple regression results for number of starts at 2 years for OC-affected
horses (n=133). DIRT = distal intermediate ridge of the tibia. MM = medial malleolus of
the tibia. LTR = lateral trochlear ridge of the talus; bilat = bilateral; G = gelding; M =
mare; S = stallion; P = pace; T = trot. Reference states for these binomial predictor

variables were unaffected (no) for lesion location and unilateral (bilat [no]) for lesion

distribution.
Outcome Predictor Estimate
Variable | Variable (IRR) 2.5% 97.5% | p-value
DIRT (yes) 0.922376 0.507378 1.674533 0.782
MM (yes) 0.865829 |  0.462288 1.667035 0.617
LTR (yes) 0.556934 0.321267 0.980599 0.033
Starts bilat (yes) 0.599865 0.356129 1.004136 0.03
(number) gender (G) REF n/a n/a n/a
gender (M) 0.575455 0.340365 0.969076 0.031
gender (S) 0.470114 0.25938 0.860978 0.011
gait (P) REF n/a n/a n/a
gait (T) 0450336 | 0.275834 |  0.728408 0.001
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Supplemental Table 1: Summary of performance measures for the 2-year-old through 5-

year-old race seasons for horses born in 2007 that had surgically-removed OC lesions

(OC+) or were classified as unaffected with OC (OC-). Cumulative performance is the

summation of the given measure across the 2- through 5-year-old seasons.

Race Season OC+ OC-
Yearling Sale Price Mean $20,048 $34,202
Median $14,000 $21,000
Range $1,500-87,000  $500-260,000
2-year-old Starting at 2 21/32 38/62
(65.6%) (61.3%)
Starts Mean 6.4 4.5
Median 4.5 2.5
Range 0-21 0-16
Wins Mean 0.5 0.6
Median 0 0
Range 0-6 0-5
Top 3 Finish Mean 3 2
Median 1 1
Range 0-17 0-11
Earnings Mean $17,835 $27,036
(starters only) Median $10,987 $5,606
Range $1-81,443 $1-245,280
Fastest Time Mean 120.6 119.1
(secs) Median 121.4 119.2
Range 114.6-126.4 113.8-125.4
(n=12) (n=27)
3-year-old Starting at 3 24/32 52/62
(75%) (83.9%)
Starts Mean 13.2 13.8
Median 145 15
Range 0-28 0-33
Wins Mean 2 2.1
Median 2 1
Range 0-6 0-10
Top 3 Finish Mean 6.8 5.4
Median 6 5
Range 0-18 0-20
Earnings Mean $41,888 $34,675
(starters only) Median $16,946 $16,938
Range $1-302,340 $1-369,586
Fastest Time Mean 116.8 117.1
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(secs) Median 117.3 116.5
Range 109.2-124.2 110.8-124.6
(n=20) (n=40)
4-year-old Starting at 4 20/32 37162
(62.5%) (59.7%)
Starts Mean 145 12.3
Median 16.5 8.5
Range 0-35 0-39
Wins Mean 1.9 1.9
Median 1.5 0
Range 0-7 0-13
Top 3 Finish Mean 6.1 5.1
Median 5 2
Range 0-17 0-22
Earnings Mean $35,103 $27,800
(starters only) Median $28,123 $17,738
Range $950-111,617 $1-148,974
Fastest Time Mean 116.1 117.5
(secs) Median 115.2 117.6
Range 111.6-124.6 111.8-125.2
(n=19) (n=30)
5-year-old Starting 18/32 32/62
(56.3%) (51.6%)
Starts Mean 12.8 12
Median 11 1
Range 0-40 0-43
Wins Mean 1.2 1.7
Median 0 0
Range 0-9 0-10
Top 3 Finish Mean 4.2 4.5
Median 1 0
Range 0-18 0-18
Earnings Mean $25,112 $30,153
(starters only) Median $12,269 $20,517
Range $96-127,570 $1-212,767
Fastest Time Mean 115.4 116
(secs) Median 114.2 115.9
Range 111.6-123.2 111.4-121
(n=13) (n=26)
Cumulative Starting 27132 54/62
(84.4%) (87.1%)
Starts Mean 46.9 42.7
Median 41.5 36.5
Range 0-104 0-118
Wins Mean 5.7 6.4
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Median 4.9 5.5
Range 0-21 0-23
Top 3 Finish Mean 20 17.1
Median 16.5 14
Range 0-51 0-52
Earnings Mean $93,849 $89,332
(starters only) Median $56,352 $55,425
Range $1,070-427,380  $1-570,720
Earnings per Mean $1,805 $2,020
Start Median $909 $856
(starters only) Range $221-$14,086 $1-19,024
Fastest Time Mean 115.6 116.5
(secs) Median 114.6 116.2
Range 109.2-124.2 110.8-124.6
(n=25) (n=46)
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Supplemental Methods

Multiple regression models were fit separately for five subgroups of the study

cohort:

1) All horses in the short-term performance cohort at 2 years of age (n=278);

2) Pacers at 2 years of age (n=151);

3) Trotters at 2 years of age (n=127);

4) OC-affected horses at 2 years of age (n=133);

5) All horses in the long-term performance cohort (n=94). For the long-term performance
cohort, performance was evaluated for each individual race season between 2 and 5 years
of age, as well as cumulatively over the four seasons.

Generalized linear regression (GLM) models were used for all binary and count
outcome variables. Specifically, a quasibinomal model (logit link function) was used for
binary outcomes and a negative binomial model (log link function) was used for count
outcomes. These were selected rather than binomial and poisson models, respectively, to
address the problem of overdispersion in the data. For negative binomial models, the
parameter theta (0) was estimated to minimize the AIC. Above 6 = 4, the AIC changed
minimally, so this was the maximum value used in any model. Continuous outcomes
were assessed for normality and examined using an ordinary linear regression model
(identity link function). Variables reported as dollar amounts (earnings, earnings per start,
yearling sale price) were log-transformed to normalize the data. Earnings and earnings
per start were only considered in horses that started at least one race (nominal winnings

of $1 were assigned to horses that started a race but did not win any money, to distinguish
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them from horses that never started a race). Horses that did not sell as yearlings were
excluded from evaluation of yearling sales price.

Selection of outcome and predictor variables and model assessment: Each
reported model follows the general regression equation y = p + Bx + ¢, where y is the
outcome variable of interest, u is the population average, x is a predictor variable of
interest (several may be included in a model), and ¢ is the error. The variables that were
included in the various models, as either outcomes or predictors, are listed in
Supplemental Methods Table 1.

There is an ongoing debate regarding the “best” measure of performance in
racehorses, and a variety of different performance indices have been proposed. Since
none of these have been widely accepted, we chose to report a variety of performance
outcomes, all of which have been reported in the literature, allowing for potential
comparison with other studies as well as ease of interpretation by readers. We do follow
the recommendations of Cheetham et al. (2010)° by reporting both starts and earnings as
performance outcomes for the horses in our cohort.

For all models, OC status was the primary predictor variable of interest, except in
the OC-affected group. For this group, lesion location (DIRT, MM, LTR) and distribution
(bilateral vs. unilateral) were the primary predictor variables of interest. Lesion location
and distribution were considered as independent binary variables (yes/no) because many
individuals had more than one lesion. Additional predictor variables for each model were
chosen based on based on a combination of previously published literature®® and clinical
judgment. We also had to take into account which information was readily available from

the United States Trotting Association. Gender was included in every model as a
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predictor variable, and gait was included whenever pacers and trotters were assessed
together. Track conditions were not included (reported by Cheetham et al., 2010°%), as all
of our horses raced on dirt tracks. Sire was used as a proxy for inherited genetic factors,
and was considered especially important when assessing OC status (or specific lesion
location or distribution) as the outcome of interest. We recognize that our models do not
account for every possible variable that may play a role in performance (see Discussion).
In situations where more than one model was considered for a particular outcome
variable, model fit was assessed by using AIC or adjusted R-squared, and the model with
the best fit was reported. In some cases, two models fit the data nearly equally well, and
in these cases, the simplest model was chosen. ANOVA analysis was performed to look
at the overall significance of sale location and sire when these were included as predictors
in the model. This was done both to preserve anonymity and because some individual

sale/sire groups were too small for meaningful independent statistical analysis.

1. Models assessed in the short-term performance cohort at 2 years of age (n=278)
a. Models for binary outcome variables (family=quasibinomial):
I. Started (yes/no) = p + OC + Gender + Gait + ¢
ii. OC (yes/no) = pu + Gender + Gait + Sire + ¢
b. Models for count outcomes (family=negative binomial):
I. Starts (number) = p + OC + Gender + Gait + ¢
ii. Wins (number) = p + OC + Gender + Gait + Starts + Fastest Time

+¢&
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iii. Top 3 Finishes (number) = u + OC + Gender + Gait + Starts +
Fastest Time + ¢
c. Models for continuous outcome variables (family=linear):
I. log(Earnings) = u + OC + Gender + Gait + Starts + Fastest Time +
€
ii. log(Earnings per Start) = u + OC + Gender + Gait + Fastest Time
+e
lii. Fastest Time = p + OC + Gender + Gait + ¢
iv. log(Yearling Sales Price) = p+ OC + Gender + Sale + Sire + ¢
Models assessed in pacers at 2 years of age (n=151) OR in trotters at 2 years of
age (n=127)
a. Models for binary outcome variables (family=quasibinomial):
I. Started (yes/no) = p+ OC + Gender + €
b. Models for count outcomes (family=negative binomial):
I. Starts (number) = p + OC + Gender + ¢
ii. Wins (number) = p + OC + Gender + Starts + Fastest Time + ¢
iii. Top 3 Finishes (number) = p + OC + Gender + Starts + Fastest
Time + ¢
c. Models for continuous outcome variables (family=linear):
I. log(Earnings) = u + OC + Gender + Starts + Fastest Time + ¢
ii. log(Earnings per Start) = p + OC + Gender + Fastest Time + ¢
iii. Fastest Time = p + OC + Gender + ¢

Iv. log(Yearling Sales Price) = p+ OC + Gender + Sale + Sire + ¢
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3. Models assessed in OC-affected horses at 2 years of age (n=151)
a. Models for binary outcome variables (family=quasibinomial):
I. Started (yes/no) = p+ OC + Gender + €
ii. DIRT (yes/no) = u + Gender + Gait (+ Sire) + €
iii. MM (yes/no) = p + Gender + Gait (+ Sire) + €
iv. LTR (yes/no) =p + Gender + Gait (+ Sire) + ¢
v. Bilateral (yes/no) = u + Gender + Gait (+ Sire) + €
e Lesion-specific models were run both with and without sire
included
b. Models for count outcomes (family=negative binomial):
i. Starts (number) = p + DIRT + MM + LTR + Bilat + Gender + ¢
ii. Wins (number) = p + DIRT + MM + LTR + Bilat + Gender +
Starts + Fastest Time + ¢
iii. Top 3 Finishes (number) = p + DIRT + MM + LTR + Bilat +
Gender + Starts + Fastest Time + ¢
c. Models for continuous outcome variables (family=linear):
i. log(Earnings)=pu + DIRT + MM + LTR + Bilat + Gender + Gait +
Starts + Fastest Time + ¢
ii. log(Earnings per Start) = u + DIRT + MM + LTR + Bilat + Gender
+ Gait + Fastest Time + ¢
iii. Fastest Time=p + DIRT + MM + LTR + Bilat + Gender + Gait +

€
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iv. log(Yearling Sales Price) = p+ DIRT + MM + LTR + Bilat +

Gender + Sale + Sire + ¢

4. Models assessed in the long-term performance cohort for the 2-, 3-, 4-, and 5-

year-old race seasons individually, as well as across all 4 seasons cumulatively

(n=94)

a. Models for binary outcome variables (family=quasibinomial):

Started (yes/no) = p + OC + Gender + Gait + ¢

OC (yes/mo) = p + Gender + Gait + Sire + €

b. Models for count outcomes (family=negative binomial):

Starts (number) = p + OC + Gender + Gait + ¢

for number of starts at 2 years only, Sire was also included in the

model

i. Wins (number) = p + OC + Gender + Gait + Starts + Fastest Time

+¢g
Top 3 Finishes (number) = p + OC + Gender + Gait + Starts +

Fastest Time + ¢

c. Models for continuous outcome variables (family=linear):

log(Earnings) = u + OC + Gender + Gait + Starts + Fastest Time +
€

log(Earnings per Start) = p + OC + Gender + Gait + Fastest Time
+te

Fastest Time = p + OC + Gender + Gait + ¢

log(Yearling Sales Price) = p+ OC + Gender + Sale + Sire + ¢
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Supplemental Methods Table 1: Outcome and predictor variables included in the

multiple regression models. OC = osteochondrosis; DIRT = distal intermediate ridge of

the tibia; MM = medial malleolus; LTR = lateral trochlear ridge. Reference states for sale

location and sire are not listed to preserve anonymity.

Reference State

Use

Binary Variables (yes/no)
oC

Lesion location

unaffected (no)

outcome and
predictor

outcome and
predictor

DIRT unaffected (no)
MM unaffected (no)
LTR unaffected (no)
Lesion distribution outcome and
predictor
bilateral unilateral (no)
Started at least 1 race in a given season did not start (no) outcome
Categorical Variables
Gender G predictor
mare (M)
stallion (S)
gelding (G)
Gait P predictor
pace (P)
trot (T)
Sale location anonymous predictor
Sire anonymous predictor
Count Variables
Starts outcome and
predictor
Wins outcome
Top 3 finishes (win, place, or show) outcome
Continuous variables
Earnings (log transformed) outcome
Earnings per start (log transformed) outcome
Yearling sale price (log transformed) outcome
Fastest recorded time (sec) outcome and
predictor
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Supplemental Results

Multiple regression models were constructed for the following eight outcome
variables: 1) whether the horse started in a given season (yes/no); 2) number of starts; 3)
number of wins; 4) number of top 3 finishes (win, place, or show); 5) earnings; 6)
earnings per start, 7) fastest recorded time, and 8) yearling sales price (see Materials and
Methods and Supplemental Methods). Findings related to the major predictor variable
of interest, osteochondrosis (OC) status (affected vs. unaffected), are reported in the main
text. Selected variables other than OC status found to be significant predictors of
performance outcome variables are also reported in the main text. However, for the sake
of completeness, the full results of each regression model are reported in the
supplemental tables below. For each model, the estimate (odds ratio [OR], incident risk
ratio [IRR], or linear estimate, as appropriate), 95% confidence interval, and p-value of
the included predictor variables are reported. Predictors meeting the significance
threshold of p <0.05 are marked in bold. ANOVA analysis was performed to look at the

overall significance of sale location and sire when appropriate.
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Supplemental Results Table 1: Multiple regression results for Short-term performance:

All horses at 2 years of age. OC = osteochondrosis; G = gelding; M = mare; S = stallion;

P = pace; T = trot; OR = odds ratio; IRR = incident rate ratio; time = fastest recorded

time over a mile. The reference group for effect estimates is denoted by REF.

Outcome

Predictor

Estimate

Variable Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.72 0.43 1.19 0.20
gender (G) REF n/a n/a n/a
(f,g/t,?g) gender (M) 0.75 0.43 132 0.33
gender (S) 0.64 0.32 1.28 0.21
gait (P) REF n/a n/a n/a
gait (T) 0.56 0.34 0.93 0.03
Outcome Predictor Estimate
Variable Variable (IRR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.95 0.72 1.25 0.72
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.86 0.63 1.16 0.32
gender (S) 0.82 0.59 1.25 0.41
gait (P) REF n/a n/a n/a
gait (T) 0.54 0.41 0.71 <0.001
OC (no) REF n/a n/a n/a
OC (yes) 0.82 0.61 1.10 0.19
gender (G) REF n/a n/a n/a
Wins gender (M) 0.91 0.65 1.28 0.60
(number) gender (S) 0.99 0.66 1.47 0.95
starts 1.15 111 1.20 <0.001
time 0.86 0.82 0.90 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.70 1.21 2.40 0.003
OC (no) REF n/a n/a n/a
OC (yes) 1.05 0.96 1.15 0.33
Top 3 gender (G) REF n/a n/a n/a
Finishes gender (M) 1.07 0.96 1.19 0.21
(number) | gender (S) 1.04 0.92 1.18 0.53
starts 1.15 1.13 1.16 <0.001
time 0.97 0.95 0.98 <0.001




gait (P) REF n/a n/a n/a
gait (T) 1.09 0.98 1.21 0.13
./ .|
3;22{33 Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.48 0.76 2.89 0.24
gender (G) REF n/a n/a n/a
Earnings gender (M) 1.94 0.91 4.12 0.09
(log[$]) gender (S) 1.49 0.59 3.76 0.39
starts 1.38 1.27 1.50 <0.001
time 0.70 0.63 0.78 <0.001
gait (P) REF n/a n/a n/a
gait (T) 3.52 1.63 7.59 0.002
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 1.73 0.88 3.38 0.11
Earnings Per gender (G) REF n/a n/a n/a
Start gender (M) 1.67 0.77 3.60 0.19
(log[$]) gender (S) 1.45 0.56 3.72 0.44
time 0.72 0.65 0.81 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.13 1.00 4.55 0.05
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 0.12 -1.07 1.31 0.84
. gender (G) REF n/a n/a n/a
FaSt?SS;C;'me gender (M) 1.42 276 20.09 0.04
gender (S) -1.77 -3.41 -0.14 0.03
gait (P) REF n/a n/a n/a
gait (T) 2.93 171 4.15 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 0.89 0.71 1.10 0.27
Yearling gender (G) REF n/a n/a n/a
Sales Price | gender (M) 0.67 0.53 0.85 0.001
(log[$]) gender (S) 0.93 0.69 1.26 0.66
sale see ANOVA
sire




Supplemental Results Table 2: Yearling Sales Price ANOVA, all horses (n = 278).

Predictor Sum of Degrees of

Variable Squares Frgeedom Fvalue Pr(>F)
oC 0.774 1 1.2415 0.27
gender 7.874 2 6.3169 0.002
sale 39.548 4 15.8629 <0.001
sire 49,128 45 1.7516 0.004

Supplemental Results Table 3: Summary of 2-year-old performance measures for foals

in the short-term performance cohort (n=278) and randomly selected 2010 foals (n=288).

P-value for the outcome “starting at 2” was determined by comparing proportions using a

two-sided test. P-value for the remaining outcomes was determined using a Kolmogorov-

Smirnov test, which tests the entire distribution of data rather than only the population

average.
Short-Term Randomly
Performance Selected 2010 p-value
Cohort Foals
Starting at 2 %6711 /52(;3 %gg /62;3 0.27
Mean $33,510 $33,250
Sale Price Median $22,000 $20,000 0.90
Range $1,500-260,000 | $700-450,000
Mean 4.3 3.5
Starts Median 3 15 0.36
Range 0-21 0-18
Earnings Megn $27,850 $31,740
(starters only) Median $9,102 $7,355 0.23
Range $1-531,900 $1-918,300
. Mean $3,043 $3,814
Ea(gt‘;rr‘t%srspg;f;;‘” Median $1,178 $1,319 0.39
Range $0.25-48,360 $0.20-91,830
Mean 118.4 117.9
Fastest Time Median 118.0 117.0 0.24
(secs) Range 111.2-129.6 109.4-130.8 '
(n=111) (n=77)
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Supplemental Results Table 4: OC Status ANOVA, all horses (n=278).

Predictor Degrees Residual | Residual
. of Deviance | Degrees of | Deviance | F value Pr(>F)
Variable
Freedom Freedom

NULL 277 384.87
gender 2 3.716 275 381.16 1.6342 0.20
gait 1 5.685 274 375.47 5.0004 0.03
sire 45 61.968 229 313.50 1.2113 0.18

Supplemental Results Table 5: Multiple regression results for pacers (Short-term

performance: Pacers and trotters at 2 years of age). OC = osteochondrosis; G = gelding;

M = mare; S = stallion; OR = odds ratio; IRR = incident rate ratio; time = fastest recorded

time over a mile. The reference group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable | Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.84 0.41 1.71 0.62
(f/teasr/tr?g) gender (G) REF n/a n/a n/a
gender (M) 0.80 0.36 1.75 0.58
gender (S) 0.83 0.31 2.32 0.72
Outcome Predictor Estimate
Variable Variable (IRR) 2:5% 97.:5% p-value
OC (no) REF n/a n/a n/a
o OC (yes) 1.10 0.80 1.52 0.56
(number) gender (G) REF n/a n/a n/a
gender (M) 0.88 0.62 1.25 0.48
gender (S) 0.77 0.50 1.21 0.25
OC (no) REF n/a n/a n/a
OC (yes) 0.73 0.50 1.05 0.11
Wins gender (G) REF n/a n/a n/a
(number) gender (M) 0.87 0.57 1.32 0.50
gender (S) 0.98 0.59 1.63 0.93
starts 1.15 1.10 121 <0.001
time 0.86 0.81 0.91 <0.001
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OC (no) REF n/a n/a n/a
OC (yes) 1.01 0.92 1.11 0.90
Top 3 gender (G) REF n/a n/a n/a
Finishes gender (M) 1.05 0.95 1.16 0.38
(number) | gender (S) 1.02 0.89 1.16 0.78
starts 1.13 1.12 1.15 <0.001
time 0.97 0.95 0.98 <0.001
../ .|
32?235 U:gi:g(l)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.45 0.72 2.91 0.30
Earnings gender (G) REF n/a n/a n/a
(log[$]) gender (M) 2.21 1.02 4.78 0.04
gender (S) 1.01 0.39 2.63 0.99
starts 1.31 1.20 1.42 <0.001
time 0.68 0.61 0.76 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
. OC (yes) 1.70 0.84 3.43 0.14
Eamsl?fri Per gender (G) REF n/a n/a n/a
(log[$]) gender (M) 1.83 0.84 3.99 0.13
gender (S) 0.81 0.31 211 0.66
time 0.72 0.65 0.81 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
. OC (yes) 1.15 -0.41 2.70 0.15
Fas'gsetc;l')lme gender (G) REF n/a n/a n/a
gender (M) -0.91 -2.64 0.82 0.30
gender (S) -2.16 -4.25 -0.07 0.04
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 0.97 0.71 1.33 0.86
Yearling gender (G) REF n/a n/a n/a
Sales Price | gender (M) 0.63 0.45 0.89 0.01
(log[$]) gender (S) 0.88 0.57 1.37 0.58
sale see ANOVA
sire
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Supplemental Results Table 6: Yearling Sales Price ANOVA, all pacers (n = 151).

Predictor Sum of Degrees of

Variable Squares Fr%edom Fvalue Pr(>F)
oC 0.02 1 0.0296 0.86
gender 5.167 2 3.8556 0.02
sale 21.975 4 8.1995 <0.001
sire 21.584 26 1.239 0.22

Supplemental Results Table 7: Multiple regression results for trotters (Short-term

performance: Pacers and trotters at 2 years of age). OC = osteochondrosis; G = gelding;

M = mare; S = stallion; OR = odds ratio; IRR = incident rate ratio; time = fastest recorded

time over a mile. The reference group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
Started OC (yes) 0.62 0.30 1.27 0.20
(yes/no) gender (G) REF n/a n/a n/a
gender (M) 0.73 0.32 1.64 0.44
gender (S) 0.51 0.19 1.34 0.18
Outcome Predictor Estimate
Variable Variable (IRR) 2:5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.82 0.51 1.31 0.41
Starts gender (G) REF n/a n/a n/a
gender (M) 0.87 0.51 1.49 0.62
gender (S) 0.93 0.50 1.78 0.83
OC (no) REF n/a n/a n/a
OC (yes) 1.03 0.85 1.83 0.92
gender (G) REF n/a n/a n/a
Wins gender (M) 0.98 0.52 1.85 0.95
gender (S) 1.09 0.48 241 0.83
starts 1.15 1.05 1.27 0.01
time 0.86 0.77 0.96 0.01
! /! | |
Top 3 OC (no) REF n/a n/a n/a
Finishes OC (yes) 1.19 0.99 1.44 0.08
gender (G) REF n/a n/a n/a




gender (M) 1.10 0.89 1.37 0.39
gender (S) 0.91 0.69 1.19 0.50
starts 1.21 1.17 1.25 <0.001
time 1.00 0.97 1.07 0.89
I S N A
Sgﬁ?‘ggg Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 2.33 0.57 9.49 0.23
gender (G) REF n/a n/a n/a
Earnings | gender (M) 1.51 0.30 7.52 0.61
gender (S) 1.42 0.18 11.14 0.73
starts 1.65 131 2.08 <0.001
time 0.82 0.63 1.06 0.12
! /! | |
OC (no) REF n/a n/a n/a
OC (yes) 2.07 0.47 9.05 0.32
Earnings Per | gender (G) REF n/a n/a n/a
Start gender (M) 1.28 0.24 6.97 0.77
gender (S) 411 0.54 31.35 0.17
time 0.71 0.55 0.91 0.01
! /! | |
OC (no) REF n/a n/a n/a
OC (yes) -1.28 -3.17 0.60 0.18
Fastest Time | gender (G) REF n/a n/a n/a
gender (M) -1.92 -4.03 0.19 0.07
gender (S) -1.11 -3.74 1.53 0.40
N N A
OC (no) REF n/a n/a n/a
OC (yes) 0.84 0.62 1.15 0.28
Yearling gender (G) REF n/a n/a n/a
Sales Price gender (M) 0.74 0.53 1.03 0.08
gender (S) 1.02 0.67 1.56 0.92
sale see ANOVA
sire
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Supplemental Results Table 8: Yearling Sales Price ANOVA, all trotters (n = 127).

Predictor Sum of Degrees of

Variable Squares Fr%edom Fvalue Pr(>F)
oC 0.703 1 1.1994 0.28
gender 2.404 2 2.0511 0.13
sale 18.34 4 7.8243 <0.001
sire 22.756 19 2.0438 0.01

Supplemental Results Table 9: Horses in the OC-affected group had models fit with

lesion location and distribution as outcome variables (see Materials and Methods and

Supplemental Methods). DIRT = distal intermediate ridge of the tibia, MM = medial

malleolus of the tibia; LTR = lateral trochlear ridge of the talus; bilat = bilateral; G =

gelding; M = mare; S = stallion; P = pace; T = trot; OR = odds ratio. The reference group

for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable | Variable (OR) 2.5% 97.5% p-value
gender (G) REF n/a n/a n/a
gender (M) 0.75 0.31 1.79 0.52
DIRT gender (S) 2.01 0.68 6.55 0.22
gait (P) REF n/a n/a n/a
gait (T) 0.27 0.11 0.62 0.003
gender (G) REF n/a n/a n/a
gender (M) 1.15 0.48 2.82 0.75
MM gender (S) 0.73 0.25 2.03 0.55
gait (P) REF n/a n/a n/a
gait (T) 5,01 2.27 11.82 <0.001
gender (G) REF n/a n/a n/a
gender (M) 1.08 0.46 2.56 0.87
LTR gender (S) 0.41 0.12 1.23 0.13
gait (P) REF n/a n/a n/a
gait (T) 0.88 0.40 1.95 0.76




gender (G) REF n/a n/a n/a
gender (M) 0.49 0.22 1.11 0.09
Bilat gender (S) 0.78 0.30 2.00 0.60
gait (P) REF n/a n/a n/a
gait (T) 0.96 0.47 1.96 0.92
Lesion location and distribution were also examined with sire included in the model.
Supplemental Results Table 10: DIRT ANOVA, all OC-affected horses (n=133).
Predictor Degrees _ Residual Resi_dual
Variable of Deviance | Degrees of | Deviance | F value Pr(>F)
Freedom Freedom
NULL 131 160.24
gender 2 3.133 129 157.10 1.8911 0.16
gait 1 10.053 128 147.05 12.1365 0.001
sire 35 51.112 93 95.94 1.7629 0.016
Supplemental Results Table 11: MM ANOVA, all OC-affected horses (n=133).
Predictor Degrees _ Residual Resi_dual
Variable of Deviance | Degrees of | Deviance | F value Pr(>F)
Freedom Freedom
NULL 131 173.05
gender 2 0.747 129 172.30 0.3575 0.70
gait 1 17.280 128 155.02 16.5456 <0.001
sire 35 46.314 93 108.71 1.2670 0.18
Supplemental Results Table 12: LTR ANOVA, all OC-affected horses (n=133).
Predictor Degrees _ Residual Resi_dual
Variable of Deviance | Degrees of | Deviance | F value Pr(>F)
Freedom Freedom
NULL 131 156.62
gender 2 3.528 129 153.09 1.7357 0.18
gait 1 0.098 128 152.99 0.0961 0.76
sire 35 49.914 93 103.08 1.4034 0.10
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Supplemental Results Table 13: Bilateral lesion ANOVA, all OC-affected horses

(n=133).

Predictor Degrees Residual | Residual

Variable of Deviance | Degrees of | Deviance | F value Pr(>F)

Freedom Freedom

NULL 132 181.65
gender 2 3.151 130 178.50 1.3773 0.26
gait 1 0.012 129 178.49 0.0102 0.92
sire 35 42.542 94 135.95 1.0624 0.40
Supplemental Results Table 14: Multiple regression results for Short-term

performance: OC-affected horses at 2 years of age. As all horses in this group were
affected with OC, primary predictor variables of interest in this group were specific
lesion location (DIRT, MM, LTR) and distribution (bilateral vs. unilateral). Reference
states for these binomial predictor variables were unaffected (no) for lesion location and
unilateral (bilat [no]) for lesion distribution. The reference group for effect estimates for
all other categorical variables is denoted by REF. DIRT = distal intermediate ridge of the
tibia; MM = medial malleolus of the tibia; LTR = lateral trochlear ridge of the talus; bilat
= bilateral; time = fastest recorded time over a mile; G = gelding; M = mare; S = stallion;

P = pace; T = trot; OR = odds ratio; IRR = incident rate ratio.

Outcome Predictor Estimate

Variable Variable (OR) 2:5% 97.:5% p-value
DIRT (yes) 1.68 0.64 4.53 0.30
MM (yes) 1.60 0.61 4.45 0.35
LTR (yes) 0.68 0.27 1.67 0.40

g/g/tﬁg) bilat (yes) 0.50 0.22 112 0.10
gender (G) REF n/a n/a n/a
gender (M) 0.50 0.20 1.19 0.12
gender (S) 0.55 0.20 1.50 0.25
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gait (P) REF n/a n/a n/a
gait (T) 0.45 0.20 1.02 0.06
. /! | |
Outcome Predictor Estimate
Variable Variable (IRR) 2:5% 97.:5% p-value
DIRT (yes) 0.92 0.51 1.67 0.78
MM (yes) 0.87 0.46 1.67 0.62
LTR (yes) 0.56 0.32 0.98 0.03
Starts bilat (yes) 0.60 0.36 1.00 0.03
(number) gender (G) REF n/a n/a n/a
gender (M) 0.58 0.34 0.97 0.03
gender (S) 0.47 0.26 0.86 0.01
gait (P) REF n/a n/a n/a
gait (T) 0.45 0.28 0.73 0.001
! /! | |
DIRT (yes) 0.81 0.38 1.69 0.58
MM (yes) 0.96 0.40 2.25 0.93
LTR (yes) 0.78 0.36 1.66 0.52
bilat (yes) 1.49 0.82 2.74 0.19
Wins gender (G) REF n/a n/a n/a
(number) gender (M) 1.11 0.57 2.17 0.76
gender (S) 0.70 0.30 1.61 0.40
starts 1.10 1.03 1.19 0.01
time 0.85 0.78 0.93 0.001
gait (P) REF n/a n/a n/a
gait (T) 0.72 0.96 3.11 0.08
! /! | |
DIRT (yes) 1.11 0.94 1.31 0.22
MM (yes) 1.07 0.89 0.28 0.48
LTR (yes) 1.06 0.90 1.23 0.51
bilat (yes) 1.06 0.93 1.20 0.41
Top 3 gender (G) REF n/a n/a n/a
Finishes gender (M) 1.08 0.94 1.25 0.27
(number) | gender (S) 0.91 0.77 1.08 0.29
starts 1.12 111 1.14 <0.001
time 0.97 0.95 0.98 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.13 0.99 1.28 0.08
. /! | |
32:?235 U:gi:g(l)g Estimate 2.5% 97.5% p-value
DIRT (yes) 0.58 -0.68 1.85 0.36
Earnings MM (yes) 0.09 -1.30 1.48 0.89
(log[$]) LTR (yes) -0.10 -1.29 1.09 0.86
bilat (yes) 0.51 -0.46 1.48 0.29




Earnings Per
Start

(log[$])

Fastest Time
(secs)

Yearling
Sales Price

(log[$])

gender (G) REF n/a n/a n/a
gender (M) 0.62 -0.47 1.70 0.26
gender (S) -0.46 -1.77 0.85 0.48
starts 0.27 0.16 0.39 <0.001
time -0.33 -0.46 -0.21 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.53 0.54 2.52 0.003
DIRT (yes) 0.41 -0.91 1.73 0.53
MM (yes) -0.28 -1.71 1.15 0.70
LTR (yes) -0.64 -1.83 0.55 0.28
bilat (yes) 0.22 -0.77 1.21 0.65
gender (G) REF n/a n/a n/a
gender (M) 0.18 -0.90 1.26 0.74
gender (S) -0.95 -2.24 0.34 0.14
time 0.93 -0.03 1.89 <0.001
gait (P) REF n/a n/a n/a
gait (T) -0.31 -0.44 -0.18 0.06
DIRT (yes) -0.34 -3.57 2.89 0.83
MM (yes) -3.00 -6.38 0.37 0.08
LTR (yes) -2.57 -5.37 0.23 0.07
bilat (yes) 0.68 -1.74 3.09 0.58
gender (G) REF n/a n/a n/a
gender (M) -2.51 -5.04 0.03 0.05
gender (S) -3.81 -6.72 -0.90 0.01
gait (P) REF n/a n/a n/a
gait (T) 2.02 -0.24 4.29 0.08
DIRT (yes) 0.72 0.45 1.14 0.16
MM (yes) 0.91 0.57 1.45 0.69
LTR (yes) 1.13 0.70 1.83 0.60
bilat (yes) 1.21 0.84 1.74 0.31
gender (G) REF n/a n/a n/a
gender (M) 0.87 0.59 1.30 0.50
gender (S) 1.12 0.67 1.88 0.65
sale see ANOVA

sire




Supplemental Results Table 15: Yearling Sales Price ANOVA, all OC-affected horses

(n =133).

Predictor Sum of Degrees of

Variable Squares Fr%edom Fvalue Pr(>F)
DIRT (yes) 1.385 1 2.0421 0.16
MM (yes) 0.111 1 0.1644 0.69
LTR (yes) 0.186 1 0.2744 0.60
bilat (yes) 0.709 1 1.045 0.31
gender 0.769 2 0.5665 0.57
sale 13.454 4 4.9586 0.001
sire 30.224 36 1.2377 0.21

Long-term performance: 2007 horses, 2- through 5-year-old seasons:
Performance outcome variables were examined by race season as well as cumulatively in
this group (see Materials and Methods and Supplemental Methods). The results of the
multiple regression model for yearling sales price is reported with the cumulative
performance models below. Yearlings in this cohort were sold at one of four breed-
recognized sales between September and November 2008; one OC-affected horse was

not sold and was not included in the analysis of sale price.
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Supplemental

Results Table 16:

Multiple

regression

results for

cumulative

performance, 2- through 5-year-old seasons. OC = osteochondrosis; G = gelding; M =

mare; S = stallion; P = pace; T = trot; OR = odds ratio; IRR = incident rate ratio; time =

fastest recorded time over a mile. The reference group for effect estimates is denoted by

REF.
Outcome Predictor Estimate
Variable | Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.56 0.16 2.02 0.36
gender (G) REF n/a n/a n/a
étef,t,?fj') gender (M) 0.09 0.006 0.53 0.03
gender (S) 0.05 0.003 0.30 0.01
gait (P) REF n/a n/a n/a
gait (T) 0.34 0.09 1.13 0.09
Outcome Predictor Estimate
Variable Variable (IRR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.96 0.67 1.40 0.82
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.67 0.46 1.00 0.05
gender (S) 0.66 0.42 1.06 0.08
gait (P) REF n/a n/a n/a
gait (T) 0.56 0.40 0.80 0.001
OC (no) REF n/a n/a n/a
OC (yes) 0.76 0.60 0.97 0.03
gender (G) REF n/a n/a n/a
Win gender (M) 1.00 0.77 1.29 0.98
(number) gender (S) 1.18 0.87 1.60 0.28
starts 1.02 1.01 1.02 <0.001
time 0.89 0.85 0.93 <0.001
gait (P) REF n/a n/a n/a
gait (T) 158 1.22 2.04 0.001
OC (no) REF n/a n/a n/a
Top 3 OC (yes) 0.93 0.77 1.12 0.45
Finishes gender (G) REF n/a n/a n/a
(number) | gender (M) 0.95 0.77 1.17 0.59
gender (S) 1.11 0.87 1.41 0.41
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starts 1.02 1.02 1.02 <0.001
time 0.91 0.88 0.94 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.35 1.11 1.65 0.01
../ .|
Sgﬁ?gg;g Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.82 0.56 1.19 0.29
gender (G) REF n/a n/a n/a
Earnings gender (M) 1.61 1.06 2.43 0.03
(log[$]) gender (S) 1.10 0.67 1.79 0.71
starts 1.01 1.00 1.02 0.002
time 0.73 0.69 0.78 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.83 1.89 4.22 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 0.87 0.61 1.24 0.43
Earnings Per gender (G) REF n/a n/a n/a
Start gender (M) 1.76 1.19 2.59 0.01
(log[$]) gender (S) 1.18 0.74 1.87 0.48
time 0.78 0.74 0.82 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.69 1.83 3.95 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) -0.71 -2.37 0.96 0.40
. gender (G) REF n/a n/a n/a
FaSt(iztcsT)'me gender (M) 0.97 2.76 0.82 0.29
gender (S) -1.06 -3.20 1.09 0.33
gait (P) REF n/a n/a n/a
gait (T) 3.55 1.97 5.13 <0.001
. ./ .|
OC (no) REF n/a n/a n/a
OC (yes) 0.91 0.67 1.23 0.55
Yearling gender (G) REF n/a n/a n/a
Sales Price | gender (M) 0.89 0.64 1.25 0.51
(log[$]) gender (S) 0.84 0.57 1.23 0.36
sale see ANOVA
sire
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Supplemental Results Table 17: Yearling Sales Price ANOVA, horses born in 2007 (n

=94).

Predictor Sum of Degrees of

Variable Squares Frgeedom Fvalue Pr(>F)
ocC 0.1375 1 0.3658 0.55
gender 0.3709 2 0.4933 0.61
sale 20.7153 3 18.3694 <0.001
sire 29.5974 24 3.2807 <0.001

Supplemental Results Table 18: Multiple regression results for 2-year-old season. OC =

osteochondrosis; G = gelding; M = mare; S = stallion; P = pace; T = trot; OR = odds

ratio; IRR = incident rate ratio; time = fastest recorded time over a mile. The reference

group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable | Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.13 0.44 2.99 0.81
gender (G) REF n/a n/a n/a
(f/teasr/tr?g) gender (M) 0.75 0.27 2.10 0.59
gender (S) 0.76 0.24 2.50 0.65
gait (P) REF n/a n/a n/a
gait (T) 0.41 0.16 0.98 0.05
Outcome Predictor Estimate
Variable Variable (IRR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.16 0.69 1.97 0.55
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.82 0.47 1.43 0.47
gender (S) 0.73 0.40 1.38 0.31
gait (P) REF n/a n/a n/a
gait (T) 0.55 0.34 0.89 0.01
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OC (no) REF n/a n/a n/a

OC (yes) 0.91 0.45 1.76 0.78

gender (G) REF n/a n/a n/a

Win gender (M) 0.96 0.47 1.94 0.90

(number) gender (S) 1.00 0.46 2.15 1.00

starts 111 1.03 1.20 0.01

time 0.88 0.81 0.96 0.01

gait (P) REF n/a n/a n/a

gait (T) 1.32 0.70 2.49 0.39
[ N O

OC (no) REF n/a n/a n/a

OC (yes) 0.92 0.63 1.33 0.67

gender (G) REF n/a n/a n/a

Top 3 gender (M) 1.07 0.73 1.56 0.73

Finishes gender (S) 1.00 0.65 1.54 0.99

(number) starts 1.16 1.11 1.20 <0.001

time 0.96 0.91 1.00 0.08

gait (P) REF n/a n/a n/a

gait (T) 1.02 0.72 1.45 0.91
. /! | |

32:?235 U:gi:g(l)g Estimate 2.5% 97.5% p-value

OC (no) REF n/a n/a n/a

OC (yes) 1.40 0.63 3.10 0.39

gender (G) REF n/a n/a n/a

Earnings gender (M) 1.71 0.75 3.88 0.19

(log[$]) gender (S) 1.15 0.45 2.91 0.76

starts 1.18 1.09 1.27 <0.001

time 0.76 0.69 0.84 <0.001

gait (P) REF n/a n/a n/a

gait (T) 2.24 1.09 4.60 0.03
! /! | |

OC (no) REF n/a n/a n/a

OC (yes) 1.47 0.68 3.17 0.32

Earnings Per gender (G) REF n/a n/a n/a

Start gender (M) 1.72 0.78 3.78 0.17

(log[$]) gender (S) 1.09 0.44 2.71 0.85

time 0.79 0.72 0.87 <0.001

gait (P) REF n/a n/a n/a

gait (T) 1.93 0.95 3.91 0.07
! /! | |

OC (no) REF n/a n/a n/a

Fastest Time | OC (yes) 1.49 -1.16 4.15 0.26

(secs) gender (G) REF n/a n/a n/a

gender (M) -0.42 -3.17 2.34 0.76
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gender (S) -0.66 -3.85 2.53 0.68
gait (P) REF n/a n/a n/a
gait (T) 0.93 -1.54 3.39 0.45

Supplemental Results Table 19: Multiple regression results for 3-year-old season. OC =

osteochondrosis; G = gelding; M = mare; S = stallion; P = pace; T = trot; OR = odds

ratio; IRR = incident rate ratio; time = fastest recorded time over a mile. The reference

group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.44 0.13 1.41 0.17
gender (G) REF n/a n/a n/a
(f,g/tﬁg) gender (M) 0.31 0.07 121 0.11
gender (S) 0.17 0.04 0.69 0.02
gait (P) REF n/a n/a n/a
gait (T) 0.38 0.11 1.14 0.10
Outcome Predictor Estimate
Variable Variable (IRR) 2:5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.86 0.62 1.22 0.40
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.83 0.58 1.20 0.33
gender (S) 0.65 0.43 1.00 0.05
gait (P) REF n/a n/a n/a
gait (T) 0.57 0.41 0.78 0.001
OC (no) REF n/a n/a n/a
OC (yes) 1.00 0.72 1.37 0.98
gender (G) REF n/a n/a n/a
Wins gender (M) 0.79 0.55 1.15 0.22
(number) gender (S) 1.05 0.68 1.30 0.83
starts 1.05 1.02 1.07 0.001
time 0.90 0.85 0.95 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.76 1.19 2.61 0.01
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OC (no) REF n/a n/a n/a
OC (yes) 1.32 1.10 1.59 0.004
gender (G) REF n/a n/a n/a
Top 3 gender (M) 0.96 0.77 1.19 0.72
Finishes gender (S) 1.24 0.98 1.59 0.09
(number) | starts 1.06 1.04 1.07 <0.001
time 0.94 0.91 0.97 <0.001
gait (P) REF n/a n/a n/a
gait (T) 1.28 1.03 1.59 0.04

3;22{33 Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.31 0.93 1.86 0.12
gender (G) REF n/a n/a n/a
Earnings gender (M) 1.60 1.06 2.40 0.03
(log[$]) gender (S) 1.04 0.66 1.64 0.86
starts 1.04 1.01 1.06 0.01
time 0.76 0.72 0.80 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.63 1.74 3.96 <0.001
OC (no) REF n/a n/a n/a
OC (yes) 1.26 0.91 1.74 0.17
Earnings Per gender (G) REF n/a n/a n/a
Start gender (M) 1.55 1.06 2.28 0.03
(log[$]) gender (S) 1.01 0.72 1.67 0.65
time 0.78 0.74 0.82 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.96 2.04 4.29 <0.001
OC (no) REF n/a n/a n/a
OC (yes) -0.43 -2.15 1.30 0.62
. gender (G) REF n/a n/a n/a
FaSt(ithST)'me gender (M) -2.66 455 0.77 0.01
gender (S) -1.36 -3.54 0.82 0.22
gait (P) REF n/a n/a n/a
gait (T) 3.97 2.33 5.62 <0.001
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Supplemental Results Table 20: Multiple regression results for 4-year-old season. OC =
osteochondrosis; G = gelding; M = mare; S = stallion; P = pace; T = trot; OR = odds
ratio; IRR = incident rate ratio; time = fastest recorded time over a mile. The reference

group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.81 0.29 2.26 0.69
gender (G) REF n/a n/a n/a
g/g/tﬁg) gender (M) 0.19 0.06 0.58 0.01
gender (S) 0.34 0.10 1.16 0.09
gait (P) REF n/a n/a n/a
gait (T) 0.20 0.07 0.50 0.001
Outcome Predictor Estimate
Variable Variable (IRR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 1.05 0.66 1.69 0.85
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.58 0.35 0.97 0.04
gender (S) 0.73 0.41 1.33 0.29
gait (P) REF n/a n/a n/a
gait (T) 0.56 0.36 0.88 0.01
OC (no) REF n/a n/a n/a
OC (yes) 0.77 0.53 1.12 0.18
gender (G) REF n/a n/a n/a
Wins gender (M) 1.07 0.72 161 0.73
(number) gender (S) 0.95 0.58 1.56 0.84
starts 1.05 1.03 1.08 <0.001
time 0.93 0.87 0.93 0.02
gait (P) REF n/a n/a n/a
gait (T) 1.49 1.00 2.23 0.05
OC (no) REF n/a n/a n/a
Top 3 OC (yes) 0.93 0.73 1.18 0.54
Finishes gender (G) REF n/a n/a n/a
(number) | gender (M) 0.91 0.69 1.21 0.51
gender (S) 1.01 0.73 1.40 0.97
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starts 1.07 1.05 1.09 <0.001
time 0.97 0.93 1.00 0.08
gait (P) REF n/a n/a n/a
gait (T) 1.13 0.87 1.47 0.38
3;22{33 Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.82 0.37 1.84 0.62
gender (G) REF n/a n/a n/a
Earnings gender (M) 1.18 0.47 2.98 0.72
(log[$]) gender (S) 0.47 0.16 1.38 0.17
starts 1.10 1.05 1.15 <0.001
time 0.78 0.69 0.88 <0.001
gait (P) REF n/a n/a n/a
gait (T) 3.29 1.40 7.77 0.01
OC (no) REF n/a n/a n/a
OC (yes) 0.76 0.35 1.66 0.49
Earnings Per gender (G) REF n/a n/a n/a
Start gender (M) 1.11 0.45 2.73 0.82
(log[$]) gender (S) 0.42 0.15 1.17 0.10
time 0.76 0.68 0.85 <0.001
gait (P) REF n/a n/a n/a
gait (T) 3.02 1.32 6.95 0.01
OC (no) REF n/a n/a n/a
OC (yes) -1.56 -3.57 0.46 0.13
. gender (G) REF n/a n/a n/a
FaSt(iztcsT)'me gender (M) ~1.40 3.74 0.94 0.24
gender (S) -1.99 -4.63 0.66 0.14
gait (P) REF n/a n/a n/a
gait (T) 3.11 1.12 5.10 0.003

107




Supplemental Results Table 21: Multiple regression results for 5-year-old season. OC =
osteochondrosis; G = gelding; M = mare; S = stallion; P = pace; T = trot; OR = odds
ratio; IRR = incident rate ratio; time = fastest recorded time over a mile. The reference

group for effect estimates is denoted by REF.

Outcome Predictor Estimate
Variable Variable (OR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.90 0.33 2.37 0.83
gender (G) REF n/a n/a n/a
g/g/tﬁg) gender (M) 0.21 0.07 0.60 0.01
gender (S) 0.43 0.13 1.38 0.16
gait (P) REF n/a n/a n/a
gait (T) 0.36 0.14 0.87 0.03
Outcome Predictor Estimate
Variable Variable (IRR) 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.94 0.56 1.61 0.83
Starts gender (G) REF n/a n/a n/a
(number) gender (M) 0.58 0.33 1.02 0.07
gender (S) 0.57 0.30 1.17 0.10
gait (P) REF n/a n/a n/a
gait (T) 0.55 0.33 0.90 0.02
OC (no) REF n/a n/a n/a
OC (yes) 0.67 0.45 1.00 0.06
gender (G) REF n/a n/a n/a
Wins gender (M) 1.01 0.63 161 0.97
(number) gender (S) 1.34 0.81 2.24 0.27
starts 1.05 1.02 1.08 0.001
time 0.90 0.82 0.98 0.03
gait (P) REF n/a n/a n/a
gait (T) 1.14 0.90 2.22 0.14
OC (no) REF n/a n/a n/a
Top 3 OC (yes) 0.92 0.70 1.21 0.54
Finishes gender (G) REF n/a n/a n/a
(number) | gender (M) 0.85 0.61 1.18 0.33
gender (S) 1.07 0.75 1.54 0.71
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starts 1.04 1.02 1.06 <0.001
time 0.94 0.88 1.00 0.06
gait (P) REF n/a n/a n/a
gait (T) 1.15 0.84 1.58 0.38
3;22{33 Ii/r:ﬂ;:gtl)g Estimate 2.5% 97.5% p-value
OC (no) REF n/a n/a n/a
OC (yes) 0.77 0.50 1.18 0.23
gender (G) REF n/a n/a n/a
Earnings gender (M) 0.77 0.46 1.27 0.29
(log[$]) gender (S) 0.94 0.54 1.65 0.82
starts 1.05 1.02 1.08 0.003
time 0.74 0.67 0.81 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.66 1.65 4.29 <0.001
OC (no) REF n/a n/a n/a
OC (yes) 0.78 0.52 1.18 0.23
Earnings Per gender (G) REF n/a n/a n/a
Start gender (M) 0.81 0.50 1.30 0.36
(log[$]) gender (S) 0.93 0.57 1.51 0.76
time 0.74 0.68 0.80 <0.001
gait (P) REF n/a n/a n/a
gait (T) 2.59 1.63 4.10 <0.001
OC (no) REF n/a n/a n/a
OC (yes) -0.35 -2.15 1.45 0.69
. gender (G) REF n/a n/a n/a
FaSt(iztcsT)'me gender (M) 0.48 1.63 258 0.65
gender (S) -0.17 -.233 1.99 0.87
gait (P) REF n/a n/a n/a
gait (T) 2.93 1.18 4.69 0.002
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Supplemental Results Table 22: Multiple regression results for only radiographed

individuals in the 2007 study cohort (n = 32 OC-affected; n= 28 OC-unaffected) for

which OC was a significant predictor variable. OC = osteochondrosis; G = gelding; M =

mare; S = stallion; P = pace; T = trot; OR = odds ratio; IRR = incident rate ratio; time =

fastest recorded time over a mile. The reference group for effect estimates is denoted by

REF. The comparable results in the full long-term performance cohort can be found in

the tables indicated in the last column.

Outcome Predictor | Estimate Results
Variable Variable (IRR) 2.5% 97.5% | p-value comparison
OC (no) REF n/a n/a n/a
OC (yes) 0.59 0.37 0.93 0.04
gender (G) REF n/a n/a n/a
Winsat5 | gender (M) 0.73 0.39 1.38 0.35 Suppl. Results
years gender (S) 1.36 0.74 2.50 0.32 Table 21

(number) | starts 1.06 1.03 1.10 0.004
time 0.88 0.78 1.00 0.07
gait (P) REF n/a n/a n/a
gait (T) 1.33 0.69 2.52 0.38
OC (no) REF n/a n/a n/a
OC (yes) 1.36 1.11 1.68 0.01
Top 3 gender (G) REF n/a n/a n/a
Finishes at 3 gender (M) 1.15 0.87 1.53 0.33 Suppl. Results
years gender (S) 1.34 1.03 1.75 0.04 Table 19
(number) S_tarts 1.06 1.04 1.08 <0.001
time 0.96 0.92 0.99 0.03
gait (P) REF n/a n/a n/a
gait (T) 1.04 0.79 1.36 0.79
Outc_:ome Pred_lctor Estimate 2.5% 97.5% | p-value Resul_ts
Variable Variable comparison
OC (no) REF n/a n/a n/a
OC (yes) -2.73 -5.06 -0.40 0.02
Fastest Time | gender (G) REF n/a n/a n/a Suonl. Results
at 4 years | gender (M) -2.88 -5.45 -0.31 0.03 %gtl)le 20
(secs) gender (S) -4.60 -7.78 -1.42 0.01
gait (P) REF n/a n/a n/a
gait (T) 4.32 2.06 6.58 0.001
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Summary

Osteochondrosis (OC) is a commonly diagnosed developmental orthopedic
disease in the horse, as well as other domestic animal species and humans, which is
characterized by abnormal cartilage within a joint that occurs secondary to focal failure
of endochondral ossification. This disease is commonly diagnosed on prepurchase
radiographs in yearling racehorses, although clinical signs including joint effusion and
mild lameness are often not seen until an affected individual is put into work. The
condition frequently requires surgical therapy and is of major economic importance to the
equine industry due to the cost of treatment and lost training days. While OC is
recognized across many breeds, there are differences in prevalence at various predilection
sites (including the fetlock, tarsus, and stifle) between breeds. Heritability studies in
Standardbreds and Warmbloods, both considered particularly prone to developing OC,
suggest that as much as 50% of disease risk is inherited. However, to date, specific genes
and alleles underlying risk are unknown.

Several genome-wide association studies (GWAS) for OC have been published;
however, the regions of disease association reported in these studies rarely overlap.
Reasons for these discrepancies may include differences in disease definition, presence of
confounding environmental risk factors, failure to account for population structure, or
true differences in risk alleles between breeds and/or predilection sites. To address some
of the potential weaknesses of previous reports, a GWAS was performed on a cohort of
individuals that were born and raised on a single breeding farm in the eastern United
States. Horses with OC were identified and treated surgically prior to being sold as

yearlings. The final cohort consisted of 182 horses, which were genotyped on either the
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Illumina Equine SNP50 or SNP70 beadchips. These platforms share only ~45,000 single
nucleotide polymorphism (SNP) markers, so BEAGLE software was used to impute
missing genotypes, resulting in a final pool of ~73,000 SNPs for analysis. Genome-wide
association analysis was performed using the program GEMMA, which accounts for
relatedness between individuals by incorporating a marker-based relationship matrix into
a mixed model. This analysis yielded five SNP markers that were moderately associated
with OC status (p < 5.1 x 10”). These markers were located within two distinct loci on
ECA14, from ~16.4-18.3Mb and from ~33.6-36.2Mb. Several potential candidate genes
are located within these regions, including fibroblast growth factor 1 (FGF1) and histone
deacetylase 3 (HDAC3). These putative risk loci should be followed up by validation in
an independent population and regional fine mapping to identify specific putative

functional risk alleles.
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Introduction

Osteochondrosis (OC) is most simply defined as a failure of endochondral
ossification, the process by which a cartilage template becomes bone in the limbs of a
growing animal. It is characterized by the presence of abnormal cartilage within a joint
that may be thickened, soft or collapsed, or separated entirely from the underlying bone.
In the last case, the condition is commonly referred to as osteochondrosis dissecans
(OCD).”® While OC can affect nearly any joint, certain areas of predilection are known,
including the stifle (lateral trochlear ridge of the femur), hock (distal intermediate ridge
of the tibia, lateral trochlear ridge of the talus, medial malleolus), and fetlock (distal
dorsal mid-sagittal ridge of the third metacarpus/metatarsus).’®* It has been postulated
that OC could be caused by either abnormal forces on normal cartilage or by normal
forces on abnormal cartilage?™, but the exact pathophysiology is not yet completely
understood. Evidence from experimental models suggests that abnormalities in vascular
supply to the articular cartilage and subchondral bone at predilection sites underlie the

condition®163

(see Chapter 2 for a more thorough discussion of the pathophysiology of
disease). Contributing factors that have been suggested include nutrition, exercise,
genetics, conformation and other biomechanical factors, trauma, stress response, in utero
environment, and hormonal interactions.**’**®

OC is widely recognized in young horses across breeds and is of particular
interest because of its potential to cause joint effusion and/or lameness in yearling horses
preparing for sales and entering training. Radiographic surveys reflect a range of disease

prevalence, and it is recognized that lesions are more common at one predilection site

than another in different breeds (see Chapter 1, Table 1). In Warmbloods, for example,
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average reported prevalence of OC lesions in the fetlock is 22.3%, while average
prevalence in the hock and stifle are reported to be 11.5% and 7.0%, respectively.*®2%4
By comparison, in Standardbreds, OC of the hock is most common, with an average
reported prevalence of 14.7% as compared to 3.3% and 6.3% in the fetlock and stifle,
respectively.33°373842 The reason for differences in predilection sites between breeds is
unknown, but could be due to biomechanical factors related to gait and use, modifying
genetic factors that vary between breeds, or a combination of the two.

Young horses affected with OC may improve with conservative therapy alone, but
in many cases surgical intervention is required. Further, severe manifestations of this
disease, or inadequate treatment of mild to moderate forms, can lead to long-term
debilitative consequences. In these cases, OC can be career- or even life-threatening. In
some reports, treated horses perform as well as their unaffected cohorts*®*%’  but the cost
of surgery and loss of training days still represent a significant economic burden to the
horse industry.”*® Additionally, Thoroughbreds with OC identified on pre-purchase
radiographs have been shown to command a lower price at yearling sales®* and may be
less likely to start a race as 2-year-olds.?® In a cohort of Standardbred yearlings who were
treated surgically prior to yearling sales (if affected with OC), we found that sale price
did not differ between affected and unaffected individuals. Overall, short- (2-year-old
season) and long-term (over five race seasons) racing performance was similar between
affected and unaffected individuals. However, within the OC-affected group, horses with
bilateral lesions were less likely to start a race at 2 years than those with unilateral
lesions, as were individuals with lateral trochlear ridge lesions when compared to those

with lesions in other locations (see Chapter 3).
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It is generally accepted that OC is a complex disease, with both environment and
genetics playing a major role in the development of lesions. Of the many environmental
risk factors that have been suggested for OC*¥"** diet and exercise have been the subject
of the most research. Dietary factors that have been implicated include copper

139140 " excess phosphorus™!, and excess dietary energy.'* However, while

deficiency
manipulation of diet reportedly reduced the incidence of OC in a prospective study of 17
breeding farms, these adjustments alone did not result in elimination of the condition.'**
The role of exercise is even less clear-cut. In one large study, exercise affected the
distribution of OC lesions within joints, but did not affect the total number of lesions.**?
Another study found that regular, but limited, exercise seemed to reduce the risk of OC
development.** More recently, a large multi-breed field study reported that restricted
and/or irregular exercise at a young age (< 2mo) were associated with more severe
lesions, but that turnout in large and/or rough paddocks also increased the overall risk of
being affected with OC.2%%?% Given these equivocal findings, it is perhaps unsurprising
that despite widespread awareness of disease and efforts to reduce its impact via
management changes, the prevalence of OC has remained nearly unchanged over the past
30 years.**® The limited response to environmental management alone highlights the
importance of genetics in disease development.

The genetic contribution to OC risk has been quantified in a limited number of
breeds considered to be particularly prone to the condition. Heritability estimated from
pedigree analysis has been reported to range from 0.19 to 0.52 in Standardbreds®**’ and

French Trotters.** Similarly, heritability of 0.15 to 0.46 has been reported for

Warmbloods®*®® and South German Coldbloods®®, depending on disease definition,
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although slightly lower estimates were reported from a hospital population of Swedish
Warmbloods.”®® Based on these reports, it can be estimated that between 15% and 52% of
the global risk for developing OC can be attributed to genetic factors. Within individual
progeny groups (offspring of the same sire), up to 70% of foals have reportedly been
affected by OC.* Philipsson et al (1993) reported significantly higher incidence of hock
OC in progeny of Standardbred sires known to be affected themselves with OC.*" The
variation in heritability estimates reflects the fact that OC is a complex disease, with
known environmental interactions, and likely has multiple genetic alleles conferring
susceptibility. Identification of genetic risk factors, in addition to environmental
manipulation, will be key in efforts to reduce disease prevalence.

The presence of OC across domestic horse populations, including a feral horse
population’, as well as shared major predilection sites and lesion morphology suggests a
unified underlying pathophysiology and shared genetic risk across breeds. The concept of
shared genetic risk alleles, even in very divergent horse breeds, has previously been
demonstrated in type | polysaccharide storage myopathy (PSSM1), in which a single
mutation in GYS1 results in glycogen storage disease in more than 30 different horse
breeds.?%*%" Unlike PSSM1, however, it is unlikely that a single mutation is responsible
for all OC genetic risk. Instead, genetic risk in OC is most likely due to the summation of
multiple alleles at different genes (polygenic disease). In a polygenic disease model,
differences in the heritability and prevalence of OC between breeds can be explained by
the combination of risk alleles, along with the relative frequency of those alleles, in each
breed (Figure 1). Within a single breed, not all individuals will have all or even any

major risk alleles or share identical modifying alleles, but if the breed has a high
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prevalence and high heritability of disease, it is assumed that alleles of major effect are
present at high frequency.

Despite strong evidence demonstrating the heritable nature of OC, the specific
genes and alleles underlying OC risk in the horse are completely unknown. Previous
attempts have been made to use genome-wide association studies (GWAS) to identify the
chromosomal regions harboring OC risk alleles. Three large GWAS for OC have been
reported in European Warmblood breeds.>***2% Additionally, one GWAS in Norwegian
Standardbred trotters®™, one in Thoroughbreds®, and one in French Trotters® have been
recently published. These studies and follow-up fine mapping efforts****'° have identified
multiple chromosomal loci that could potentially contribute to heritability of disease
(Table 1). However, the findings have not been consistent across studies and
investigation of only a single candidate gene has been reported based on the GWAS
findings.™®™® While a statistically significant association with disease was found,
physiological justification for this gene’s role in OC was not established and a functional
allele conferring risk was not identified. The lack of agreement in these previous mapping
studies may reflect confounding due to environmental risk factors and variability in
phenotypic criteria for OC.

The limitations of previous GWAS may be overcome, in part, by selecting a study
cohort made up of individuals with a shared early environment. This should minimize the
effect of environmental confounders on disease association. Thus, the purpose of the
present study was to utilize genome-wide association to establish chromosomal regions
associated with tarsal osteochondrosis in a cohort of Standardbred yearlings born and

raised on a single breeding farm.
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Materials and Methods

Horses (Table 2): The initial study cohort was comprised of 94 Standardbred
yearlings born in 2007 and raised on a single breeding farm in the eastern United States.
Individuals on this farm are bred from one of two well-defined lines, one trotting and one
pacing, though all are related within thirteen generations to a single breed foundation sire.
Management practices, including diet and exercise regimen, are the same for all foals at
this facility during their first year of life. Prevalence of OC on this farm ranges from 10-
20%, and is fairly consistent from year to year. Most individuals with radiographically-
diagnosed OC lesions undergo surgical correction prior to being sold as yearlings,
although horses with very mild lesions are treated conservatively. Yearlings were
identified for inclusion in the study during preparation for one of three breed-recognized
sales events. Thirty-two horses had surgically-confirmed OC lesions in one or both tarsi,
while 62 horses were identified as related age-matched controls. Twenty-eight of these
controls were radiographically confirmed to be free of OC and 34 were presumed
unaffected because of lack of clinical signs including effusion and lameness.

To address concerns about the small sample size of the original group, additional
horses from the same breeding farm were added to the study cohort over ensuing seasons.
The final study cohort included 182 individuals, nearly double the size of the original
group. In addition to the 94 yearlings born in 2007, individuals were included from the
2009 (n=16), 2010 (n=52), and 2012 (n=20) foal crops. Thus, a total of 70 OC-affected
horses were included in this group, with 112 related age-matched controls. All controls

collected after 2007 were radiographically confirmed to be free of OC.
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DNA Isolation and Whole-Genome Genotyping: Blood (2007 and 2012 foals) or
hair roots (2009 and 2010 foals) were collected for the purpose of DNA extraction while
the yearlings were housed at a single sale preparation facility. DNA was isolated from
collected samples using the Gentra® Puregene® Blood Kit (Qiagen, Valencia, CA) per
manufacturer recommendations. Briefly, for blood samples, RBC lysis solution was
added to samples at a 3:1 ratio, incubated, and centrifuged. After discarding the
supernatant, Cell lysis solution was added to the white blood cell pellet and the cells were
re-suspended, after which protein was precipitated and discarded. DNA was precipitated
in isopropanol and subsequently washed in ethanol prior to final hydration. A similar
protocol was followed for hair root samples, omitting the RBC lysis step. Quantity and
purity of extracted DNA were assessed using spectrophotometric readings at 260 and
280nm (NanoDrop 1000, Thermo Scientific, Wilmington, DE).

Genome-wide genotyping of single nucleotide polymorphism (SNP) markers was
performed by Neogen GeneSeek (Lincoln, NE) using the Illumina Custom Infinum SNP
genotyping platform. Samples from the 2007 foal crop were genotyped at 54,602 SNPs
using the first generation lllumina Equine SNP50 chip, while the remaining samples were
genotyped at 65,157 SNP markers using the second generation Illumina Equine SNP70
chip.

Genotype Imputation: For analyses which combined horses genotyped on the
Equine SNP50 and the Equine SNP70 chips, genotype imputation was performed (see
Chapter 5). The two equine genotyping platforms share 45,703 SNPs. This shared set of
markers can be extracted and the files merged into a single data set, but data from tens of

thousands of markers is lost. Genotype imputation is a technique that statistically
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estimates genotypes from non-assayed SNPs by comparing haplotype blocks in the study
population with haplotype blocks in a more densely genotyped reference population. A
pipeline for imputation of equine genotyping data was established and validated utilizing
BEAGLE?*" software for imputation (see Chapter 5). Using this pipeline, imputation
was performed in the 2007 cohort for the ~18,000 markers unique to the Equine SNP70
chip, while imputation was performed in the remaining samples for the ~9,000 markers
unique to the Equine SNP50 chip. Resulting imputed files were merged with the original
data files using the --merge command in PLINK 2%

Genome-Wide Association (GWA) Analysis: Two different GWA studies were
performed; an initial analysis utilizing only the 2007 cohort, and a second GWA using
the final cohort of horses from 2007, 2009, 2010, and 2012. The initial GWA in the
cohort of 94 horses genotyped on the Equine SNP50 chip was performed utilizing two
approaches. Initially, a logistic regression model was performed in PLINK (--logistic). To
control for multiple testing, 10,000 t-max label-swapping permutations were applied (--
mperm 10000). SNPs were pruned for minor allele frequency (MAF) below 1% and
genotyping success below 90% (--maf 0.01, --geno 0.1). To account for relatedness
among the individuals in the cohort, the analysis was repeated using sire and gender as
covariates in the model (--covar, --sex). However, because accounting for sire alone did
not reflect the entirety of the relationships among horses, GWA was also performed using
ROADTRIPS?®, which incorporates a pedigree-based relatedness matrix into a mixed
model of association. A four-generation pedigree was constructed for each member of the
study  cohort  and the Kinlnbcoef utility ~ (freely  available at

http://www.stat.uchicago.edu/~mcpeek/software/ Kinlnbcoef/index.html) was used to
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generate the relatedness matrix. Horses were identified as a member of one of two
families, depending on whether they were bred from the trotter or pacer line. A
population-level disease prevalence of 0.12 was included in the model based on the
weighted average of reports in the literature available at the time.

The second GWA in the final cohort of 182 horses from all four foaling seasons
was carried out after imputation using GEMMA (Genome-wide Efficient Mixed Model
Analysis) software.”’* GEMMA offers several advantages over the previous approaches.
It accounts for population structure through the use of a marker-based relatedness matrix,
can incorporate covariates into the model (not possible using ROADTRIPS), and is
highly efficient for large data sets. Additionally, it estimates the variance for each SNP
rather than estimating average variance across all SNPs (i.e. in the similar program
EMMAX?"). This approach is more appropriate, and improves power, when looking for
a few SNPs of moderate to major effect, as opposed to many SNPs of small effect. The
GWA was performed using the options to create a centered relatedness matrix (-gk 2) and
perform all three possible frequentist tests: Wald, likelihood ratio, and score (-fa 4). The
analysis was performed both with and without incorporation into the mixed model (-c) of
a covariate file including gender and gait (pacer or trotter). The relatedness matrix was
constructed using a linkage-disequilibrium (LD)-pruned set of markers (100 SNP
windows, sliding by 25 SNPs along the genome, pruned at r* > 0.2; PLINK command --
indep-pairwise 100 25 0.2).>° SNPs were pruned prior to GWA using the default
GEMMA parameters of MAF <1% and missingness <95%.

Association plots were generated using the base graphics package in the R

187

statistical computing environment. Based on previously published guidelines,
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uncorrected p-values of less than 5 x 107 were considered to indicate genome-wide
significant association, while uncorrected p-values between 5 x 10 and 5 x 107 were
considered to indicate moderate association.”” When permutations were applied, a p-

value of <0.05 was considered to be genome-wide significant.

Results

GWA Results for Horses Born in 2007: After pruning, 46,624 SNPs were
available for analysis in PLINK. After simple logistic regression analysis, there were no
SNPs reaching genome-wide significance (Figure 2A). The most significantly associated
SNP was located on ECA6 (chr6.24462083; p = 2.14 x 10™). The minor allele had an
odds ratio (OR) of 5.12 (95%CI 2.16-12.15), with a frequency of 0.42 and 0.17 in cases
and controls, respectively. The next eight most significant SNPs were adjacent to this
marker, delineating an approximately 400kb region of interest on ECAG6. This region
contained two named genes (TRAF3IP1 [TNF receptor-associated factor 3 interacting
protein 1] and ASB1 [ankyrin repeat and SOCS box containing 1]), with an additional
twelve genes within 500kb on either side. When 10,000 label swapping permutations
were applied, the corrected p-values for the nine top hits on ECA6 ranged from 0.458-
0.996. Table 3 gives the position, OR, and uncorrected p-value for the top 50 SNPs in the
unpermuted logistic regression analysis.

When sire and gender were included as covariates in the logistic regression model
in PLINK, there were, again, no markers reaching genome-wide significance (Figure
2B). The SNP most significantly associated with disease in this model was located on

ECA21 (chr21.55458111; p = 1.02 x 10™). Six SNPs from a 30kb region on ECA2,
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followed by four of the SNPs from the previously identified region on ECA6 were the
next most significantly associated markers. The ECA2 SNPs were located adjacent to the
gene INTS9 (integrator complex subunit 9). Table 4 gives the position, OR, and
uncorrected p-value for the top 50 SNPs in this logistic regression analysis with
covariates.

The mixed model analysis in ROADTRIPS revealed ten SNPs that showed
moderate evidence of association with OC status (p < 5 x 10™ as determined by RW, the
ROADTRIPS version of the Wq,s test) (Figure 3). Six of these SNPs were on ECAX,
while the other four were located within the previously identified region on ECAG. Five
of the six ECAX SNPs were within 5kb of each other (~79.98Mb), with a single SNP
located 3Mb away (chrX:76454458). The single SNP was within the gene DIAPH2
(diaphanous-related formin 2) while the clustered SNPs were ~10kb from ARMCX2
(armadillo repeat containing, X-linked 2). Table 5 gives the position and uncorrected p-
values using three different test statistics for the top 50 SNPs in this mixed model
analysis.

GWA Results for Final Study Cohort: Horses born after 2007 were genotyped on
the second generation equine SNP chip (Illumina Equine SNP70). In order to combine
these data with data from the original cohort (obtained on the Illumina Equine SNP50)
without the loss of marker information, genotype imputation was performed (see
Materials and Methods). Imputation was successfully carried out in the final study cohort
(n=182) using the pipeline described above and in Chapter 5. After imputation, there
were 74,595 markers in the complete data set, an increase of nearly 29,000 markers over

the shared set. SNP pruning for MAF and genotyping success was subsequently
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performed during the course of the GEMMA mixed model analysis as described above.
After pruning, 61,046 SNPs were available for GWA analysis in GEMMA. One
individual (unaffected with OC) was removed due to missing data, resulting in a final
study cohort of 181 horses. Inclusion of gender and gait as covariates did not alter the
analysis, so the results of the simpler model are presented here. The mixed model
analysis in GEMMA revealed five SNPs on ECA14 that showed moderate evidence of
association with OC status (p < 5.1 x 10 as determined by the likelihood ratio test)
(Figure 4). Several of these SNPs were found within the top 50 hits from the analyses in
the original study cohort (Table 7). An additional 24 SNPs on 12 chromosomes were
within one order of magnitude of this level of significance. Table 6 gives the uncorrected
p-values using three different test statistics for the top 50 SNPs in this mixed model
analysis. All five of the top SNPs were located on ECA14, but at two distinct loci. Four
SNPs were loosely clustered between ~16.4-17.8Mb (with a slightly less significant hit at
~18.3Mb), while a single SNP was located at 34.2Mb. This single SNP, located within
the gene ARHGAP26 (Rho GTPase activating protein 26), was flanked by three less
significantly associated SNPs, suggesting a second region of interest between ~33.6-
36.2Mb. Forty-two named genes, 13 predicted pseudogenes, and 3 non-coding RNAs

were located within the two regions of interest on ECA14 (Table 8).

Discussion
GWA analysis in the final cohort of 181 individuals identified five SNP markers
within two loci on ECA14 that were moderately associated (p < 5.1 x 10°) with OC

status. These regions have not been identified as significantly associated with OC in any
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previously published GWAS (the previously reported association on ECA14 in French
Trotters spanned a region from 67-79Mb®%). Although the most highly associated SNPs in
the final cohort could be found within the top 50 hits in previous analyses within a
smaller cohort (n=94), their statistical significance was markedly lower. The progression
of results from the various approaches to GWA in this study population demonstrate the
profound effect that population size and structure, as well as the number of included
markers, can have on association analysis and underscores the importance of appropriate
study design.

Population structure is a concern in association analysis because of the risk of

false positives.?'®

Alleles shared by affected related individuals are as likely to be due
simply to the fact that they share a common ancestor (identity-by-descent) as to their
common disease state. Although the study population described here had the advantage
of a shared early environment between cases and controls, thus reducing the confounding
effects of management factors such as diet and exercise, horses within trotter and pacer
lines were highly related to each other. A variety of approaches were used to try to
account for population structure in this study cohort, including label-swapping
permutations in PLINK, the inclusion of sire as a covariate in PLINK, use of a pedigree-
based relationship matrix in ROADTRIPS, and finally the use of a marker-based
relationship matrix in GEMMA. Although pedigree information tracing back to a single
common ancestor was available for all individuals in this study cohort, information from
only four generations of individuals could be included in the ROADTRIPS relationship

matrix. Additionally, some individuals in the third and fourth antecedent generations

were unknown and could not be included in the pedigree. It is possible that these missing
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data could have affected the association analysis. The creation of a marker-based
relationship matrix does not rely on knowing any information about individual pedigrees
and is therefore thought to be the better choice for populations in which the pedigree is
only a few generations deep, or when there are missing individuals.?*” Furthermore,
marker-based relationship matrices have been demonstrated to control for false positives
better than pedigree-based ones in association studies of complex traits.?’

A major potential limitation of this study cohort is the incomplete phenotyping of
a subset of the horses identified as controls from the 2007 foaling season. Of sixty-two
controls in this group, 34 were assumed unaffected based on lack of clinical signs alone,
while the remaining 28 were confirmed to be free of OC using radiographic examination.
As individuals with OC may not demonstrate clinical signs (e.g. joint effusion, mild
lameness) prior to being put into training, it is possible that some of these horses may
have gone on to be diagnosed with OC. This misclassification could either result in
spurious associations with disease or could mask true associations with disease. The
inclusion of additional, radiographed controls (n=50) in the final study cohort should
reduce the impact of any misclassification bias in the original cohort; however, ideally,
enough additional controls would be added to this group that the non-radiographed
controls could be removed without dramatically reducing overall study population size.

Markers identified as being associated with disease in a GWAS are unlikely to be
the variants truly conferring genetic risk. This is due in large part to the fact these SNPs
were chosen for inclusion in the genotyping panel based on their frequency within the
population and their distribution across the genome rather than on their location within

protein-coding genes. Instead, genotyped variants are likely “tagging” true risk variants
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with which they are in linkage disequilibrium (LD).>*°**® Horses exhibit extensive LD,
and Standardbreds in particular have the greatest long-range LD (> 1,200kb) among
horse breeds.” Thus, it is reasonable that a SNP demonstrated to be associated with
disease in a GWAS could be reflecting the effects of a risk variant up to 1Mb distant (or
farther) from that SNP marker.

Within the region of interest from ~16.4-18.3Mb on ECA14, there are three genes
that could be considered potential candidates for playing a role in OC risk (Table 8).
Methionine adenosyltransferase 11 beta (MAT2B) is located 0.3Mb from the most highly
associated SNP in the GWAS (chr14.16401778). MAT2B catalyzes the synthesis of S-
adenosylmethionine (SAMe). Methionine is an essential amino acid in normal
skeletogenesis™®, and exogenous SAMe is utilized therapeutically for osteoarthritis
because of its beneficial effects on cartilage, including increased proteoglycan
synthesis.”*® Hyaluronan-mediated motility receptor (HMMR) and cyclin G1 (CCNG1)
are located just downstream of MAT2B. HMMR is a hyaluronan-binding protein that has
been identified in epiphyseal cartilage, articular cartilage, and interzone cells (located in
what will become the joint space) in the developing joints of embryonic chicks, and is
believed to play a major role in synovial joint formation.””® Although the role of CCNG1
in cartilage has not been reported, members of the cyclin family have been reported to

regulate chondrocyte proliferation®*?%

, and cyclin-dependent kinase inhibitors have
been shown to mediate growth arrest in chondrocytes.?*?

The region of interest on ECA14 from ~ 33.6-36.2Mb is gene-dense, and there are
four genes that could be considered potential biologic candidates for OC risk (Table 8).

These include nuclear receptor subfamily 3, group C, member 1 (NR3C1, a
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glucocorticoid receptor), rho GTPase activating protein 26 (ARHGAP26), fibroblast
growth factor 1 (FGF1), and histone deacetylase 3 (HDAC3). An additional potential
candidate gene, solute carrier family 35, member A4 (SLC35A4), is located just outside
of this region at ~ 36.3Mb. NR3C1, which is known to interact with relaxin, a hormone
important in bone remodeling, was demonstrated to be expressed in the developing
maxilla and mandible of mice, although its role in long bones has not been reported.?**
Rho GTPases play an important role in chondrocyte differentiation and normal long bone
development, and GTPase activating proteins, such as ARHCAP26 are crucial mediators
of their activity.?”® Although ARHCAP26 is an interesting potential candidate gene for
OC risk, the highly associated SNP within the gene (chr14.3284113) is unlikely to be of
any functional significance because it is located within a large intron. FGF1, while best
known for its role in regulating bone growth, is also one of the primary growth factors
present in developing growth plate cartilage.”® Conditional knockout of HDAC3 in
osteochondral progenitor cells in mice resulted in impaired endochondral ossification and
a “runted” phenotype®®’, while knockout specifically within chondrocytes resulted in
cells that were smaller than their wild-type counterparts and produced less extracellular
matrix.””® SLC35A4 is thought to be a member of the UDP-galactose transporter family
and thus may play an important role in the formation of normal keratin sulfate chains (an
important component of articular cartilage).?® Mutations in the related gene SLC35A3
have been linked to arthrogryposis in a human family and complex vertebral
malformation in cattle.?3%%%

Although the genes described above are located within and near the chromosomal

regions on ECA14 most highly associated with OC status, and have known functions that
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make them potential candidates for involvement in disease risk, it is possible that genes
located near less significantly associated markers on other chromosomes may play a role
in disease risk as well. Increasing the marker density in the GWA may help to resolve
this question. A new commercial SNP chip with ~670,000 markers is currently under
development, and imputation using a population genotyped on this chip, or even to
whole-genome sequencing data, could be performed with the data from this study cohort
in the future. It will be important to validate the findings of the reported GWAS in one or
more independent populations before expending a significant amount of resources on
following up potential candidate genes. An appropriate second population in which to
follow up these results might be similar to the one reported by Lykkjen et al. (2010)°°;
that is, a group of Standardbreds phenotyped for tarsal OC. However, eventually,
validation of results should be attempted in Standardbreds with OC lesions in joints other
than the tarsus, and in another breed (i.e. Warmblood) affected by tarsal OC. The goal of
this would be to determine if identified putative risk alleles are specific to the
Standardbred breed, or to tarsal OC, or are universal risk alleles for OC (i.e. across all

predilection sites and breeds).
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Table 1: Other loci associated with OC in published reports. FT = French Trotter; STB =

Standardbred; TB = Thoroughbred; WB = Warmblood

Chromosome OC location Breed Reference(s)
1 hock STB Lykkjen et al., 2010
2 fetlock, hock WB Dierks et al., 2010
Lykkjen et al., 2010; Teyssédre et al.,
3 fEtIOCl.(’ hock, STB, T8, 2())/12;J Corbin et al., 201%/; Orretal.,
stifle FT, WB
2013
4 fetlo;:tl?%lzock, STB, TB | Lykkjen et al., 2010; Corbin et al., 2012
5 fetlock, hock STB, WB | Lampe et al., 2009; Lykkjen et al., 2010
9 hock STB Lykkjen et al., 2010
10 hock STB, WB | Lykkjen et al., 2010; Orr et al., 2013
13 fetlock, global FT Teyssédre et al., 2012
14 hock, global FT Teyssedre et al., 2012
15 fetlock, global FT Teyssedre et al., 2012
18 fetlock, hock, STB, TB, | Lampe et al., 2009; Lykkjen et al., 2010;
stifle WB Corbin et al., 2012
27 hock STB Lykkjen et al., 2010
28 hock STB Lykkjen et al., 2010

Table 2: Summary of included horses by foaling year, OC status, and genotyping array.
SNP50 = Illlumina Equine SNP50 chip (54,602 markers); SNP70 = Illumina Equine

SNP70 chip (65,157 markers).

Year Cases Controls Controls Genotyping
Foaled (radiographs) | (no radiographs) Array
2007 32 28 34 SNP50
2009 8 8 n/a SNP70
2010 20 32 n/a SNP70
2012 10 10 n/a SNP70
TOTAL 70 78 34 182
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Table 3: Top 50 SNPs from PLINK logistic regression in 94 individuals (not permuted,
no covariates). After pruning, analysis included 46,624 SNPs. CHR = chromosome; BP =
base pair; OR = odds ratio; SE = standard error; L95 = lower boundary of 95%

confidence interval; U95 = upper boundary of 95% confidence interval; P = p-value.

RANK CHR BP OR SE L95 U95 P
1 6 24462083 5.12 0.4411 2.157 12.15 0.000214
2 6 24528853 5.12 0.4411 2.157 12.15 0.000214
3 6 24535638 5.12 0.4411 2.157 12.15 0.000214
4 6 24537029 5.12 0.4411 2.157 12.15 0.000214
5 6 24515086 0.2719 0.3693 0.1319 0.5609 0.000422
6 6 24491977  4.008 0.3987 1.835 8.755  0.000498
7 6 24703959 4.681 0.4486 1.943 11.28 0.00058
8 6 24719195 4.681 0.4486 1.943 11.28 0.00058
9 6 24335046 4.124 0.443 1.731 9.827 0.001381
10 16 53524828  3.165 0.3633 1.553 6.45 0.001516
11 24 38034532 7.181 0.6271 2.101 24,55 0.001669
12 15 87906913 0.1719 0.5651 0.0568 0.5205 0.001836
13 15 27839435 0.3256 0.3642 0.1594 0.6648 0.002064
14 10 73629937  3.133 0.3718 1.512 6.491 0.00213
15 16 73940069 0.2535  0.4496 0.105 0.6119 0.002269
16 8 67438493  3.352 0.3968 1.54 7.296  0.002305
17 16 50579676  4.045 0.4586 1.646 9.937 0.00231
18 16 50839833  4.045 0.4586 1.646 9.937 0.00231
19 16 51098759  4.045 0.4586 1.646 9.937 0.00231
20 1 1.23E+08  2.645 0.3213 1.409 4.965 0.002468
21 9337110 2.972 0.3598 1.468 6.016 0.002468
22 6 26582849  2.701 0.3292 1.417 5.15 0.00254
23 14 17626659 0.2349 0.4819 0.09136 0.604  0.002645
24 16 63504296  3.622 0.4291 1.562 8.398 0.002704
25 10 73000129 0.3691 0.3326 0.1923 0.7083 0.002728
26 24 41552201 2.878 0.3542 1.438 5.763  0.002838
27 24 41563627  2.878 0.3542 1.438 5.763  0.002838
28 16 58842993 3.924 0.4631 1.583 9.726  0.003159
29 10 73096930 0.3429 0.3644 0.1679 0.7005 0.003315
30 10 73172265 0.3429 0.3644 0.1679 0.7005 0.003315
31 10 73509922 0.3429 0.3644 0.1679 0.7005 0.003315
32 16 74211968  2.837 0.3556 1.413 5.695 0.003368
33 19 1116053 4.618 0.5226 1.658 12.86 0.003412
34 19 1121542 4.618 0.5226 1.658 12.86  0.003412
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38
39
40
41
42
43
44
45
46
47
48
49
50

16

28
16
20
32

15
28

10

22
14

15

74441109
26929498
15461258
30303982
15154550
76454485
26302299
28682409
25786535
23408249
72307543
35045474
16839269
3280613
23454143
28105809

3.001
2.784
0.3525
0.3607
3.953
4.859
2.752
0.3408
0.2205
2.795
0.3692
4.74
3.769
0.3829
2.967
0.3182

0.3757
0.3536
0.3603
0.3529
0.4778
0.5511
0.3548
0.3782
0.5325
0.3631
0.3523
0.552
0.4715
0.3412
0.3898
0.4105

1.437
1.392
0.174
0.1806
1.55
1.65
1.373
0.1624
0.07764
1.372
0.1851
1.607
1.496
0.1962
1.382
0.1423

6.267
5.567
0.7143
0.7204
10.08
14.31
5.515
0.7152
0.6261
5.694
0.7364
13.98
9.498
0.7474
6.37
0.7115

0.003446
0.003792
0.003808
0.00386
0.004017
0.004125
0.004328
0.004425
0.004523
0.004647
0.004674
0.004821
0.004892
0.0049
0.005273
0.005282
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Table 4: Top 50 SNPs from PLINK logistic regression in 94 individuals including sire
and gender as covariates (not permuted). After pruning, analysis included 46,624 SNPs.

See Table 3 for complete legend.

RANK CHR BP OR SE L95 U95 P
1 21 55458111 0.0657 0.7006 0.01664 0.2594 0.000102
2 2 57424190 0.05795 0.7552 0.01319 0.2546 0.000162
3 2 57427278 0.05795 0.7552 0.01319 0.2546 0.000162
4 2 57430837 0.07514 0.6931 0.01931 0.2923 0.000188
5 2 57432244 0.07514 0.6931 0.01931 0.2923 0.000188
6 2 57444117 0.07514 0.6931 0.01931 0.2923 0.000188
7 2 57444354 0.07514 0.6931 0.01931 0.2923 0.000188
8 6 24462083  9.396 0.6176 2.801 31.53 0.000286
9 6 24528853  9.396 0.6176 2.801 31.53 0.000286
10 6 24535638  9.396 0.6176 2.801 31.53 0.000286
11 6 24537029  9.396 0.6176 2.801 31.53 0.000286
12 28 25961150 0.0877 0.6739 0.02341 0.3286 0.000305
13 28 15461258 0.134 0.5639  0.04438 0.4047 0.000365
14 10 73629937  9.559 0.6353 2.752 33.2 0.00038
15 24 41552201 8.736 0.6116 2.635 28.96 0.000394
16 24 41563627  8.736 0.6116 2.635 28.96  0.000394
17 28 26449798 0.1101 0.6237 0.03243 0.3739 0.000404
18 1 1.19E+08 10.55 0.6669 2.855 38.99 0.000411
19 24515086 0.1556  0.5319 0.05487 0.4414 0.00047
20 1 1.08E+08 0.0714 0.7576 0.01617 0.3152 0.000494
21 28 25672835 0.1566 0.5341  0.05496 0.446  0.000518
22 15 36771362 0.08285 0.7179 0.02029 0.3383 0.000521
23 15 37308319 0.08285 0.7179 0.02029 0.3383 0.000521
24 28 25961303 0.09746 0.6713 0.02615 0.3633 0.000524
25 10 81200428  8.279 0.6098 2.506 27.35 0.000527
26 1 1.19E+08 16.24 0.8054 3.349 78.72  0.000539
27 1.19E+08  16.24 0.8054 3.349 78.72  0.000539
28 12 10689357 0.1464  0.5565 0.04921 0.4359 0.000556
29 16 50579676  30.58 0.9923 4.373 213.8 0.000567
30 16 50839833  30.58 0.9923 4.373 213.8  0.000567
31 16 51098759  30.58 0.9923 4.373 213.8 0.000567
32 21 55460684 0.07191 0.7663 0.01601  0.3229 0.000593
33 8 24137705 0.1592  0.5352 0.05578 0.4546 0.000597
34 22 42508442  11.23 0.7046 2.823 44.7 0.000598
35 1.08E+08 0.07407 0.7618 0.01664 0.3297 0.000635
36 1.08E+08 0.1036 0.664 0.02821  0.3809 0.000641
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1.08E+08
1.08E+08
73940069
87906913
24703959
24719195
13745244
10689242
24491977
26150205
26155894
17626659
1.08E+08
42096866

0.1015
0.1015
0.0773
0.05158
7.522
7.522
6.603
0.1573
6.532
0.03849
0.03849
0.05214
0.1015
5.418

0.6708
0.6708
0.7546
0.8749
0.5959
0.5959
0.5579
0.5489
0.5571
0.9679
0.9679
0.8784
0.6815
0.5076

0.02725
0.02725
0.01761
0.009285
2.339
2.339
2.212
0.05366
2.192
0.005773
0.005773
0.009322
0.0267
2.003

0.378
0.378
0.3392
0.2866
24.18
24.18
19.71
0.4614
19.47
0.2566
0.2566
0.2916
0.386
14.65

0.000649
0.000649
0.000693
0.000703
0.000708
0.000708
0.000717
0.000754
0.000755
0.000764
0.000764
0.000772
0.000788
0.000873
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Table 5: Top 50 SNPs from ROADTRIPS mixed model analysis in 94 individuals using

a 4-generation pedigree split by gait. Analysis included 54,602 SNPs. CHR =

chromosome; BP = base pair; RM = p-value for ROADTRIPS version of Mq.s test;

RCHI = p-value for ROADTRIPS version of the corrected X, test; RW = p-value for

ROADTRIPS version of the Wq_s test.

RANK CHR BP RM RCHI RW

1 chrX 79979738 8.93E-06 1.56E-05 1.39E-05

2 chrX 76454485 2.99E-06 4.44E-06 1.63E-05

3 chrX 79979058 1.04E-05 1.50E-05 2.42E-05

4 chrX 79979395 1.04E-05 1.50E-05 2.42E-05

5 chrX 79983234 1.04E-05 1.50E-05 2.42E-05

6 chrX 79983620 1.04E-05 1.50E-05 2.42E-05

7 chr6 24462083 0.000458738 6.30E-05 4.12E-05

8 chr6 24528853 0.000458738 6.30E-05 4.12E-05

9 chr6 24535638 0.000458738 6.30E-05 4.12E-05
10 chr6 24537029 0.000458738 6.30E-05 4.12E-05
11 chrX 84859782 3.73E-05 3.53E-05 7.07E-05
12 chrX 66006952 0.00123319 3.08E-05 7.42E-05
13 chr24 38034532 0.0011476 0.000121002 9.31E-05
14 chrl5 87906913 0.000105162 0.00011991 0.00011291
15 chr6 24515086 0.000889196 5.49E-05 0.000121304
16 chrX 16579194 0.00110409 0.0013979 0.000151411
17 chr8 67438493 0.000586249 0.000275008 0.000159886
18 chrX 67327021 0.0017205 0.000109417 0.00021431
19 chrX 67146611 0.000494866 7.25E-05 0.00021877
20 chrX 16979524 4.93E-05 0.000122651 0.000234181
21 chr6 24491977 0.0011008 0.000126378 0.00023817
22 chrl4 90314622 0.000524895 0.000154027 0.000281945
23 chr6 24703959 0.00239662 0.000487405 0.000288255
24 chr6 24719195 0.00239662 0.000487405 0.000288255
25 chr20 15154550 0.00168439 0.000808136 0.000408051
26 chr6 26582849 0.00431685 0.000466756 0.000418638
27 chr20 31358687 0.0109585 0.000802162 0.000427655
28 chr28 15461258 0.032141 0.00155196 0.000455821
29 chrX 68799846 0.00441644 0.00036499 0.00046004
30 chr10 75235811 0.00191524 0.000524314 0.000474589
31 chrl0 73000129 0.000216858 0.000490672 0.000558533
32 chrl0 73629937 0.00555815 0.00102957 0.000571296
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16401778
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27710724
41552201
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73500683
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9337110

0.000152713
0.00241311
0.00478353
0.000756999
0.000756999
0.000211849
0.00306638
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0.000856651
0.00906775
0.00343848
0.000132491
0.0244048
0.00582464
0.00582464
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0.00109997
0.00126035

0.000395805
0.00113469
0.00176603
0.00101535
0.00101535

0.000626891
0.00110106
0.00110106
0.00036499
0.00331612
0.00139705

0.000350335
0.00176524

0.000595886

0.000595886

0.000595886

0.000734196

0.000632697

0.000586718
0.00059129
0.000611443
0.000617785
0.000617785
0.000626346
0.000655918
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0.000666629
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0.000784994
0.000794547
0.000796011
0.000796011
0.000796011
0.000807059
0.000809381
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Table 6: Top 50 SNPs from GEMMA mixed model analysis in 181 individuals (no
covariates). After pruning, analysis included 61,046 SNPs. Uncorrected p-values are
presented for the Wald test, the Likelihood ratio test (Irt) and the Score test. CHR =

chromosome; BP = base pair.

RANK CHR BP p_wald p_Irt p_score
1 14 16401778 1.04E-05 7.99E-06 2.34E-05
2 14 34284113 1.83E-05 1.43E-05 3.77E-05
3 14 17858976 3.49E-05 2.77E-05 6.50E-05
4 14 17866794 3.49E-05 2.77E-05 6.50E-05
5 14 17626659 6.41E-05 5.17E-05 1.09E-04
6 10 56558910 1.02E-04  8.32E-05 1.63E-04
7 14 33630011 1.09E-04  8.91E-05 1.73E-04
8 21 54501469 1.83E-04 1.51E-04 2.72E-04
9 14 34366588 1.87E-04 1.55E-04 2.77E-04
10 14 17534553 1.98E-04 1.64E-04 2.91E-04
11 1 1.18E+08 2.17E-04 1.80E-04 3.16E-04
12 14 36214363 2.21E-04 1.83E-04  3.21E-04
13 4 28769871 2.52E-04  2.10E-04  3.61E-04
14 21 48322513 3.00E-04 2.51E-04  4.21E-04
15 32 1.08E+08 3.25E-04  2.88E-04  4.74E-04
16 10 58040174 3.65E-04 3.07E-04  5.02E-04
17 2 99965882 3.93E-04  3.32E-04  5.37E-04
18 10 72307543 4.59E-04 3.89E-04  6.16E-04
19 15 28682409 4.21E-04  4.01E-04  6.33E-04
20 24 38866310 4.87E-04  4.13E-04  6.49E-04
21 20 16930188 5.55E-04 4.72E-04 7.30E-04
22 2 61394335 5.63E-04  4.78E-04  7.39E-04
23 20 55342664 5.70E-04 4.85E-04 7.48E-04
24 16 50579676 5.80E-04  4.93E-04  7.59E-04
25 16 50839833 5.80E-04  4.93E-04  7.59E-04
26 16 51040831 5.80E-04  4.93E-04  7.59E-04
27 16 51098759 5.80E-04  4.93E-04  7.59E-04
28 28 26310499 5.66E-04 5.01E-04  7.70E-04
29 14 18305845 6.06E-04  5.16E-04  7.90E-04
30 7 11538216 6.22E-04 5.34E-04  8.15E-04
31 4 9497538 6.46E-04  5.51E-04  8.37E-04
32 6 76057683 6.52E-04 5.56E-04  8.44E-04
33 20 55142573 7.07E-04  6.04E-04  9.08E-04
34 2 10012882 7.31E-04 6.25E-04  9.36E-04
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Table 7: Comparison of hits shared across analyses in the original (n = 94) and final (n =
181) study cohorts. CHR = chromosome, BP = base pair; COV = covariates (sire and

gender included in one PLINK analysis). P-value for GEMMA analysis based on

likelihood ratio test, p-value for ROADTRIPS based on modified Wg, s test (RW).

B GEMMA ROADTRIPS PLINK NO COV PLINK + COV
5 BP (final) (original) (original) (original)
RANK P RANK P RANK | P RANK | P
16401778 1 8x10® 33 | 0.00058
16839269 47 | 0.0049
14 | 17858976 3 2.8x10”
17866794 4 2.8x10”
17626659 5 5.2x10° | 44 [0.00078 | 23 | 0.0026 | 48 | 0.00077
118288481 | 11 | 0.00018
118823177 26 | 0.00054
1 | 118829656 27 | 0.00054
119086697 18 | 0.00041
122968083 41 | 0.00066 | 20 0.0025
72307543 18 | 0.00039 45 0.0047
10 | 73000129 31 | 0.00056 | 25 0.0027
73629937 32 | 0.00057 | 14 0.0021 | 14 | 0.00038
|5 | 28682409 19 0.0004 42 0.0044
27839435 48 | 0.00091 | 49 |0.00081 | 13 0.0021
50579676 24 | 0.00049 | 46 0.0008 17 0.0023 | 29 | 0.00057
16 | 50839833 25 | 0.00049 | 47 0.0008 18 0.0023 | 30 | 0.00057
51098759 27 | 0.00049 | 48 0.0008 10 0.0023 | 31 | 0.00057
42096866 37 | 0.00063 50 | 0.00087
24 | 41552201 45 0.0009 36 0.0006 26 0.0028 | 15 | 0.00039
41563627 46 0.0009 37 0.0006 27 0.0028 | 16 | 0.00039
24462083 7 4x10° 1 0.00021 | 8 0.00029
24528853 8 4x10° 2 0.00021 | 9 0.00029
24535638 9 4x10° 3 0.00021 | 10 | 0.00029
24537029 10 4x10° 4 0.00021 | 11 | 0.00029
¢ | 24515086 15 | 0.00012 5 0.00042 | 19 | 0.00047
24491977 21 | 0.00024 6 0.0005 | 45 | 0.00076
24703959 23 | 0.00029 7 0.00058 | 41 | 0.00071
24719195 24 | 0.00029 8 0.00058 | 42 | 0.00071
26582849 26 | 0.00042 | 22 0.0025
26302299 34 | 0.00059 | 41 0.0043
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Table 8: Named genes located within the top regions of association on ECA14 from the
GWAS in the final study cohort (n=181). Markers in bold are associated with p-values <
5 x 10™. Genes in bold are considered potential candidate genes based on annotated

function. Only predicted protein-coding genes are listed.

~16.4-18.3Mb  14.16401778 MAT2B, HMMR, NUDCD2, ATP10B
14.17534553 CCNG1, GABRG2, GABRAL,
14.17626659 GABRAG6, GABRB2
14.17858976
14.17866794
14.18305845
~33.6-36.2Mb  14.33630011 NR3C1, ARHGAP26, FGF1, NDUFA2, SRAL,
14.34284113 SPRY4, GNPDA1, NDFIP1, ZMAT2, CD14,
14.34366588 KIAA0141, RNF14, PCDH12, ANKHD1,
14.36214363 PCDH1, ARAP3, FCHSD1, HARS2, HARS,
RELL2, HDAC3, DIAPHLI, DND1, WDR55,
PCDHGCS5, PCDHGBA4, TMCOG,
PCDHGA2, PCDHGAL, SLC35A4,
SLC25A2, PCDHB10, APBB3, SLC4A9,
PCDHB16, PCDHB7, PCDHB?2, HBEGF,
PCDHA12, PCDHB14, CYSTM1,
PCDHB15, PCDHB3, PCDHB1, | PFDN1, NRG2,
PCDHAS, PCDHAL, PSD2, CXXC5,
PCDHAC2, PCDHB11, UBE2D2,
PCDHAS8 KCTD16, YIPF5
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Figure 1: Schematic of a hypothetical polygenic genetic risk model for OC shared across
breeds. In this model, there are 9 alleles that confer genetic risk for OC development.
Two of these are major risk alleles (A and C), shared across breeds and responsible for a
large portion of genetic risk. The other 7 alleles are termed “modifying risk alleles” (B,
D, E, F, G, H, I). In this model, each breed has a unique combination of modifying risk
alleles. Modifying alleles have a minor effect on disease risk on their own, but in
combination with the major risk alleles may be responsible for the differences in disease
manifestation between breeds. Closely related breeds (e.g. Quarter Horse and
Thoroughbred) are more likely to share some modifying risk alleles than are more

distantly related breeds (e.g. Quarter Horse and Warmblood).

Risk Alleles O Quarter Horse %)
C —
‘ Thoroughbred ‘ m%

‘ . @ Standardbred Imca
® O -
Warmblood m H‘
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Figure 2: Manhattan plot of results from logistic regression analysis in PLINK (no
permutations). A) no covariates; B) sire and gender covariates. The 31 autosomal and X
chromosome (32) are represented in different colors along the x-axis and the —log(p-
value) is on the y-axis. Each colored dot represents a SNP. Top hits vary between
analyses and do not reach genome-wide significance. See Tables 2 and 3 for specific

SNPs and p-values.
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B)

Osteochondrosis Association
94, Logistic Regression, sire and gender covariates
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Figure 3: Manhattan plot of results from mixed model analysis using ROADTRIPS. See
Figure 2 for complete legend. Top hits are on ECA6 and X, but do not reach genome-

wide significance. See Table 4 for specific SNPs and p-values.
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Figure 4: Manhattan plot of results from mixed model analysis using GEMMA. See
Figure 2 for complete legend. Top hits are on ECA14, but do not reach genome-wide

significance. See Table 5 for specific SNPs and p-values.
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Background

Two genotyping arrays are available for the horse, containing ~54,000 and
~65,000 markers, of which only ~45,000 are shared. This leads to a loss of information
when combining datasets generated on separate arrays. Genotype imputation offers a
potential solution to this problem. Our objective was to assess the accuracy of genotype
imputation for the two equine genotyping arrays across scenarios constructed to examine
factors previously reported to affect imputation success in domestic animals and humans,
including imputed population size, reference population size, reference population
makeup (similar or different from the imputed population), and length of shared

232,233

haplotype blocks (linkage disequilibrium; LD).

Methods

Genotypes from 248 horses of three breeds (Quarter Horse [QH], n = 143;
Standardbred [STB], n = 72; Thoroughbred [TB], n = 33) genotyped on the Illumina
Equine SNP70 beadchip were “masked” down to the 45,703 markers shared by the
SNP70 and SNP50 chips, and subsequently imputed back to the complete marker set for
five chromosomes (ECA 1, 6, 15, 26, and X) using BEAGLE®* with default settings
(Supplemental Methods, Figure S1). Additionally, thirty QH genotyped on the SNP50
had their genotypes masked and imputed, using a reference population of 280 horses

from thirteen diverse breeds.

Results/Conclusions
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Results for twenty SNP70 scenarios are summarized in Table S1. Overall mean
imputation success was 94.8% (individual horse range 82.2-100%). Generally, ECA1, 15,
and 26 performed better than ECA6 and X. For ECAG, this may be partly due to the fact
that a large block of imputed markers are located at the end of the chromosome and thus
do not have an ideal haplotype context for imputation. Contrary to previous reports®*>,
size of the imputed population did not impact imputation success. Imputation success
increased with larger reference population sizes (Figure S2) and when imputed and
reference populations were breed-matched. However, large mixed breed reference
populations resulted in more accurate imputation than small breed-matched reference
populations. Breeds with longer LD had higher imputation success than those with
shorter LD (TB > STB > QH) (Figure S2). These results reflect findings reported in
humans.?%%** Allelic R? the estimated squared correlation between the imputed allele
dosage and the true allele dosage for a marker, was used as a measure of confidence for
imputed genotype calls. The overall mean R* was 0.771 (range 0.582-0.981). Imputation
success and R? were highly linearly correlated (r* = 0.79). Results for the SNP50 were
comparable to the SNP70 (Supplemental Results). The total number of markers
available for analysis after imputation was 73,200, an increase of ~27,500 markers from
the set shared by the two chips. In conclusion, imputation between the two arrays was

highly accurate.
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Supplemental Material

Background

Two genotyping arrays have been designed for the horse. The first (Illumina
Equine SNP50) was designed with 60,000 markers, of which 54,602 successfully
genotyped in the commercial array. The second array (lllumina Equine SNP70) was
designed to increase genome-wide marker density and to fill in coverage gaps identified
in the SNP50 chip. Although all of the successful markers from the SNP50 were
incorporated into the 74,000 markers designed for the SNP70 chip (65,157 successful),
only 45,703 are actually genotyped with this platform. Thus, while 19,454 markers were
added in the SNP70 array when compared to the SNP50, 8,899 markers remain unique to
the older platform (Figure S3). To maximize the number of markers available for
analysis when combining data obtained from the two arrays, imputation must therefore be
carried out in “both directions” (i.e. from the SNP50 to the SNP70 and also from the

SNP70 to the SNP50).

Methods

Data were retrieved from 248 horses of three breeds (Quarter Horse [QH], n =
143; Standardbred [STB], n = 72; Thoroughbred [TB], n = 33) genotyped on the Illumina
Equine SNP70 beadchip (65,157 markers). These data were “masked” down to the list of
45,703 markers shared by the SNP70 and SNP50 chips, and subsequently imputed back
to the complete marker set using BEAGLE.?** The imputed genotypes were then

compared to the known genotypes at each location to determine imputation accuracy.
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Genotypes that were missing in the original data were excluded from analysis. On the
basis of preliminary data (Table S2), five chromosomes were chosen for validation of
imputation accuracy: equine chromosomes (ECA) 1, 6, 15, 26, and X. These were
considered representative of all of the chromosomes as they reflected a range of both
imputation success and chromosome size. Between 29% and 35% of the markers on each
chromosome were imputed. Twenty scenarios were constructed, varying the imputed
population size (range 5-30 individuals), imputed population breed (QH, STB, or TB),
reference population size (range 20-100), and/or reference population make-up (breed-
matched to the imputed population, or made up of an equal mix of all three breeds
[“mixed” population]) (Table S1).

To confirm imputation accuracy for the 8,899 markers that are present on the
SNP50 and not the SNP70 array, genotype masking and subsequent imputation was
carried out for five chromosomes, as above, in thirty QH genotyped on the Illumina
Equine SNP50 beadchip (54,602 markers). Between 11% and 37% of the markers on
each chromosome were imputed (Table S3). Based on the public availability of
genotyping data from a large number of horses of diverse breeds
(www.animalgenome.org/repository/pub/UMN2012.1130/°%*) and the success of a
large mixed breed population in the SNP70 scenarios (above), imputation accuracy in this
QH population was confirmed in a scenario using a reference population comprised of
280 horses of thirteen diverse breeds (Thoroughbred, n = 44; Andalusian, n = 19;
Arabian, n = 23; Belgian, n = 22; Franches-Montagnes, n = 20; French Trotter, n = 17;
Hanoverian, n = 19; Icelandic, n = 17; Mongolian, n = 21; Norwegian Fjord, n = 21;

Saddlebred, n = 21; Standardbred, n = 19; Swiss Warmblood, n = 17).
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BEAGLE requires three input files for each chromosome to be imputed: a
genotypes file (.bgl) for both the test population and the reference population, and a
marker file, which includes the marker name, chromosomal position, and list of possible
alleles at each locus. The marker file was generated by modifying the allele frequency
output (--freq) from PLINK.**? The genotypes files were converted from PLINK
.map/.ped format to .bgl format using the phasing pipeline utility associated with
GERMLINE.?*® BEAGLE was implemented using the default settings for unphased
unrelated data.

To maximize the impact of imputation in a real dataset, horses genotyped on each
platform (SNP50 or SNP70) should be alternately used as the reference and imputed
populations such that each individual has actual genotypes from one platform and
imputed genotypes from the non-overlapping markers from the other platform. To
complete the data analysis pipeline for these real data, BEAGLE phased output files are
converted back to PLINK .ped format using custom shell script (available at
https://github.com/schae234/Beagle2Ped) with the phasing pipeline utility (above).
Accompanying .map files must then be generated from the ordered list of markers in the
phased BEAGLE output for the imputed population. Converted imputed files are
subsequently merged with the original genotype data using PLINK (--merge). Merged
imputed files can then be utilized for any number of analyses. The complete pipeline is

illustrated in Figure S1.

SNP50 imputation results and comments
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Results for imputation for the SNP50 chip are presented in Table S3. The average
imputation success across all chromosomes was 94.2% (range for individual horses
87.4%-98.8%). When compared to results for the same size imputed population (n = 30)
in the SNP70 scenarios, imputation success in this SNP50 scenario was somewhat lower
for ECAL, higher for ECA6, and about the same for ECA 15, 26 and X. The mean R?
across all chromosomes, reflecting confidence in the imputed genotype calls, was 0.725
(range 0.680-0.795). This is lower than was found in the SNP70 scenario with a large
mixed breed population (mean 0.76). However, in that scenario, one-third of the horses in
the reference population were of the same breed as the imputed population (QH), while in
the SNP50 scenario, there were no QH in the reference population. This supports findings
reported in the main text that a reference population that is breed-matched to the imputed
population gives better results than a mixed reference population. Although the results
cannot truly be directly compared because they looked at performance of imputation in
different arrays, it is of note that nearly tripling the size of the reference population (from
100 to 280 individuals) did not result in a marked increase in imputation success. This
reflects findings reported in human data, in which increasing reference population sizes
over a threshold gave diminishing returns for improvement in imputation, except for very

low frequency polymorphisms.?****’
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Table S1: Summary of SNP70 validation scenario results. QH, Quarter Horse; STB,
Standardbred; TB, Thoroughbred; SNP, single nucleotide polymorphism (marker); r"2,
estimated squared correlation between the imputed allele dosage and the true allele

dosage for a marker; ECA, Equus caballus.

Imputed pop breed QH QH

#in imputed pop 5 10

Reference pop breed QH QH

#in reference pop 40 40
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4835 2412 2533 964 3342 | 4835 2412 2533 964 3342
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1173

Mean imputation success | 0.936 0.914 0.939 0.926 0.937] 0.945 0.922 0.933 0.934 0.914
Minimum individual
imputation success
Maximum individual
imputation success

Mean r*2 for imputed

0.909 0.896 0.903 0.907 0.886| 0.921 0.893 0.912 0.912 0.866

0.945 0.924 0.971 0.961 0.965] 0.978 0.938 0.955 0.954 0.952

0.686 0.697 0.696 0.690 0.834] 0.721 0.643 0.692 0.677 0.703

SNPs
% SNPs r"2<0.5 0.17 015 0.17 017 007 ]| 015 022 019 020 0.16
Imputed pop breed QH QH
#in imputed pop 20 30
Reference pop breed QH QH
#in reference pop 40 40
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4835 2412 2533 964 3342 | 4835 2412 2533 964 3342
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1173

Mean imputation success | 0.944 0.925 0.936 0.930 0.921] 0.941 0.918 0.932 0.928 0.925
Minimum individual
imputation success
Maximum individual
imputation success

Mean r2 for imputed

SNPs
% SNPs r"2<0.5 016 021 023 021 015] 0.18 0.24 0.17 0.22 0.12

0914 0872 0911 0.89 0.872]0.884 0.87 0.888 0.88 0.883

0.978 0.958 0.955 0.967 0.978] 0.962 0.977 0.969 0.975 0.974

0.712 0.655 0.657 0.669 0.724] 0.693 0.655 0.698 0.670 0.751
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Imputed pop breed QH QH
#in imputed pop 10 20
Reference pop breed QH QH
#in reference pop 60 60
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15ECA26 ECAX
#SNPs in reference panel | 4835 2412 2533 964 3342 | 4835 2412 2533 964 3342
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1173
Mean imputation success | 0.959 0.929 0.957 0.948 0.923] 0.955 0.936 0.954 0.947 0.927
Minimum individual
. . 0.942 0.897 0.936 0.925 0.882]0.925 0.898 0.923 0.897 0.876
imputation success
Maximum individual
. . 0.975 0.952 0.971 098 0.955]0.981 0.969 0.979 0.991 0.97
imputation success
Mean r"2 for imputed
SNPs P 0.768 0.7 0.765 0.737 0.764]0.758 0.717 0.741 0.738 0.73
% SNPs r*2< 0.5 010 018 012 013 011} 0.11 0.5 0.13 0.15 0.15
Test (imputed) pop breed QH QH
#in test pop 30 10
Reference pop breed QH QH
#in reference pop 60 100
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4835 2412 2533 964 3342 | 4835 2412 2533 964 3342
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1173
Mean imputation success | 0.956 0.931 0.952 0.941 0.935] 0.969 0.951 0.967 0.966 0.936
Minimum individual
. . 0.897 0.884 0.915 0.892 0.876 ] 0.938 0.923 0.947 0.951 0.874
imputation success
Maximum individual
. . 0.983 0.983 0.988 0.994 0.993]0988 0.972 0.98 099 0.977
imputation success
Mean r*2 for imputed
SNPs 0.76 0.711 0.739 0.718 0.772] 0.818 0.764 0.837 0.819 0.779
% SNPs r"2<0.5 012 017 014 018 010] 006 011 0.05 0.06 0.10
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Test (imputed) pop breed QH QH
#in test pop 20 30
Reference pop breed QH QH
#in reference pop 100 100
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4835 2412 2533 964 3342 | 4835 2412 2533 964 3342
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1173
Mean imputation success | 0.964 0.949 0.964 0.959 0.937] 0.969 0.945 0.968 0.953 0.953
Minimum individual
. . 0.937 0917 0.945 0.918 0.88 | 0.897 0.877 0.917 0.895 0.903
imputation success
Maximum individual
. . 0.987 0.976 0.985 0.994 0.973]10.991 0.984 0.996 0.996 0.993
imputation success
M A2 for i ted
eant SN‘:S'mp" ®@ losos 0771 0806 079 0757|0815 0.748 0.82 0.779 0.816
% SNPs r’2< 0.5 0.0 011 0.07 008 012 ] 006 0.13 0.06 0.07 o0.07
Test (imputed) pop breed QH QH
#in test pop 10 20
Reference pop breed Mixed Mixed
#in reference pop 100 100
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15ECA26 ECAX
#SNPs in reference panel | 4839 2413 2538 964 3351 | 4839 2413 2538 964 3351
# SNPs imputed 1471 768 736 365 1178 | 1471 768 736 365 1178
Mean imputation success | 0.956 0.928 0.953 0.953 0.923]0.955 0.937 0.95 0.953 0.925
Minimum individual
X X 0.93 0.907 0.936 0.925 0.878]0.927 0.883 0.927 0.904 0.879
imputation success
Maximum individual
) ) 0.978 0.943 0.968 0.983 0.965| 0.985 0.969 0.972 0.992 0.969
imputation success
Mean r"2 for imputed
SNPs 0.8 0.726 0.785 0.799 0.734]0.784 0.735 0.763 0.779 0.735
% SNPs r"2< 0.5 007 013 009 008 0.14] 0.09 0.15 0.12 0.11 0.15
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Test (imputed) pop breed QH QH
#in test pop 30 10
Reference pop breed Mixed QH
#in reference pop 100 20
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4839 2413 2358 964 3351 | 4839 2413 2538 964 3351
# SNPs imputed 1471 768 736 365 1178 | 1468 767 733 365 1173
Mean imputation success | 0.954 0.928 0.952 0.945 0.935] 0.901 0.879 0.897 0.884 0.907
Minimum individual
) ) 0.89 0.87 0.903 0.885 0.888]| 0.881 0.861 0.87 0.849 0.851
imputation success
Maximum individual
) ) 0.986 0.977 0.986 0.99 0.99 | 0.938 0.904 0.924 0.912 0.968
imputation success
Mean r*2 for imputed
SNPs 0.766 0.726 0.768 0.763 0.78 | 0.624 0.649 0.582 0.598 0.711
% SNPs r"2<0.5 011 015 010 013 010 019 0.17 023 021 0.14
Test (imputed) pop breed STB STB
#in test pop 10 10
Reference pop breed STB STB
#in reference pop 40 60
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4839 2413 2538 964 3352 | 4839 2413 2538 964 3352
# SNPs imputed 1468 767 733 365 1173 | 1468 767 733 365 1174
Mean imputation success | 0.983 0.969 0.984 0.971 0.979] 0.988 0.978 0.991 0.98 0.984
Minimum individual
) ) 0971 0946 0.971 0.914 0.953| 0.975 0.956 0.983 0.937 0.972
imputation success
Maximum individual
) . 0.996 0.989 0.996 0.994 0.994 1 0.991 0.998 0.999 0.992
imputation success
Mean r2 for imputed
SNPs 0.981 0.815 0.908 0.836 0.899]| 0.923 0.869 0.939 0.905 0.918
% SNPs r"2<0.5 002 008 002 005 003] 001 0.07 001 0.02 003
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Test (imputed) pop breed STB STB

#in test pop 10 10

Reference pop breed Mixed STB

#in reference pop 100 20
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15ECA26 ECAX
#SNPs in reference panel | 4839 2413 2538 964 3352 | 4835 2412 2533 964 3342
#SNPs imputed 1472 768 738 365 1182 | 1468 767 733 365 1174

Mean imputation success | 0.986 0.965 0.986 0.971 0.976| 0.945 0.915 0.956 0.898 0.941
Minimum individual
imputation success
Maximum individual
imputation success

0.974 0.946 0.979 0.934 0.956|0.939 0.887 0.92 0.822 0.908

0.996 0.995 0.993 0.994 0.988] 0.972 0.936 0.978 0.944 0.974

I\Z H
Mean ri2 forimputed | ) 003 0842 0906 0.818 0872|0756 0.645 0.751 0.601 0.789

SNPs
% SNPs r*2<0.5 002 008 001 005 0.05] 011 019 0.13 0.22 0.09
Test (imputed) pop breed TB TB
#in test pop 10 10
Reference pop breed Mixed TB
#in reference pop 90 20
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX | ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4839 2413 2538 964 3351 | 4839 2413 2538 964 3351
# SNPs imputed 1471 768 736 365 1177 | 1471 768 736 365 1177

Mean imputation success | 0.987 0.97 0.989 0.983 0.968 | 0.971 0.944 0.972 0.967 0.948
Minimum individual
imputation success
Maximum individual
imputation success

0.98 0.948 0.977 0.961 0.945] 0.951 0.904 0.955 0.949 0.855

0.995 0.991 0.996 0.994 0.987] 0.99 0.976 0.984 0.986 0.991

Mean r*2 for imputed
SNPs
% SNPs r"2<0.5 001 008 001 002 004] 007 009 0.08 0.09 0.03

0912 0.824 0.914 0.906 0.909] 0.84 0.802 0.832 0.837 0.926
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Table S2: Summary of preliminary imputation data. Imputation was performed on four
Standardbred horses genotyped on both the SNP50 and SNP70 platforms. The reference
population for the SNP50 — SNP70 scenario was 72 Standardbreds genotyped on the
SNP70 chip. The reference population for the SNP70 — SNP50 scenario was 94
Standardbreds genotyped on the SNP50 chip. Imputation success was calculated as: (total
# genotypes imputed - # genotype errors) / total # genotypes imputed. Chr, chromosome;
SNP, single nucleotide polymorphism (marker); # SNP errors, number of SNPs with one
or more incorrectly imputed genotypes; # genotype errors, total number of incorrectly
imputed genotypes across all SNPs in all individuals. Highlighted chromosomes are those

chosen for further follow-up, as described in the text.
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SNP50 - SNP70

# SNPs #SNP genotype imputation

#

Chr #SNPs imputed errors errors success
1 4835 1456 80 103 0.982
2 3430 1042 57 73 0.982
3 3019 860 56 70 0.980
4 2938 808 80 97 0.970
5 2737 772 49 55 0.982
6 2412 755 52 68 0.977
7 2607 745 51 66 0.978
8 2654 780 37 54 0.983
9 2336 675 35 48 0.982
10 2306 684 53 62 0.977
11 1790 554 24 35 0.984
12 876 285 27 39 0.966
13 1136 362 24 40 0.972
14 2670 710 37 50 0.982
15 2533 720 22 32 0.989
16 2416 686 65 71 0.974
17 2184 511 38 43 0.979
18 2146 554 40 60 0.973
19 1716 471 26 39 0.979
20 1778 537 41 55 0.974
21 1678 462 34 44 0.976
22 1416 383 29 36 0.977
23 1498 408 20 22 0.987
24 1401 404 24 28 0.983
25 1070 318 21 29 0.977
26 964 362 11 12 0.992
27 1066 325 18 24 0.982
28 1245 336 31 31 0.977
29 803 180 21 28 0.961
30 813 222 10 12 0.986
31 638 185 23 26 0.965
X 3342 1171 128 205 0.956
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SNP70 - SNP50

# SNPs #SNP genotype imputation

#

Chr #SNPs imputed errors errors success
1 4357 978 69 87 0.978
2 2801 413 47 62 0.962
3 2809 650 36 53 0.980
4 2549 419 28 35 0.979
5 2261 296 27 33 0.972
6 1850 193 35 51 0.934
7 2229 367 22 33 0.978
8 2159 285 30 45 0.961
9 1958 297 36 54 0.955
10 1910 288 30 53 0.954
11 1451 215 17 20 0.977
12 707 116 18 31 0.933
13 955 181 13 21 0.971
14 2222 262 32 44 0.958
15 2150 337 21 26 0.981
16 2078 348 31 34 0.976
17 1869 196 26 30 0.962
18 1908 316 23 37 0.971
19 1414 169 15 20 0.970
20 1475 234 32 46 0.951
21 1349 133 18 20 0.962
22 1177 144 20 29 0.950
23 1241 151 13 18 0.970
24 1094 97 15 22 0.943
25 924 172 11 20 0.971
26 957 355 11 15 0.989
27 871 130 11 15 0.971
28 1090 181 5 9 0.988
29 769 146 8 13 0.978

30 713 122 7 9 0.982
31 595 142 12 14 0.975
X 2530 359 68 119 0.917
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Table S3: Summary of SNP50 validation scenario results. QH, Quarter Horse; SNP,
single nucleotide polymorphism (marker); r"2, estimated squared correlation between the

imputed allele dosage and the true allele dosage for a marker; ECA, Equus caballus.

Test (imputed) pop breed QH
#in test pop 30
Reference pop breed Mixed
#in reference pop 280
Chromosome ECA1 ECA6 ECA15 ECA26 ECAX
#SNPs in reference panel | 4373 1858 2154 958 2541
# SNPs imputed 997 209 352 357 344

Mean imputation success | 0.937 0.964 0.94 0.932 0.936
Minimum individual
imputation success
Maximum individual
imputation success
Mean r*2 forimputed SNPs | 0.682 0.795 0.723 0.680 0.746
% SNPs r’2<0.5 0.25 0.08 0.17 0.23 0.14

0.884 0.924 0.908 0.874 0.895

0.978 0.988 0.968 0.979 0.965
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Figure S1: Complete pipeline for imputation of equine genotyping data. The progression
of file types is represented in ovals on the left side, while the program or utility

associated with each step is shown in the boxes on the right.
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Figure S2: Mean imputation success with an imputed population n = 10 across a range of
reference population sizes (n = 20-100) for each of three breeds (Quarter Horse [QH], red
squares; Standardbred [STB], blue circles; Thoroughbred [TB], green triangles). It
appears as though there may be diminishing returns for reference population sizes greater

than 100 individuals.
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Figure S3: Venn diagram of marker overlap between the Illumina Equine SNP50 and

SNP70 beadchips.

167



Chapter 6

Investigation of Putative Risk Alleles for Osteochondrosis in the Horse
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Summary

Osteochondrosis (OC), simply defined as a failure of endochondral ossification, is
a complex disease with both genetic and environmental risk factors that is commonly
diagnosed in young horses, as well as other domestic animal species and humans.
Although up to 50% of the risk for developing OC is reportedly inherited, specific genes
and alleles underlying risk are thus far completely unknown. Only a single candidate
gene has been investigated, and its physiological relevance to OC is questionable.

In part, the lack of candidate gene investigation may be due to difficulties inherent
to the candidate gene approach to variant discovery and validation. The increasing
affordability of whole-genome sequencing offers an alternative approach to variant
discovery that is both efficient and cost-effective. In this study, whole-genome
sequencing was completed in 18 horses to an average depth of either 6x (n = 12) or 12x
(n = 6) for the purpose of variant discovery. These horses were selected from a larger
cohort in whom a genome-wide association study (GWAS) for OC had been performed.
Variants within the chromosomal regions of association from this GWAS, as well as from
9 additional regions based on previously published GWAS for tarsal OC, were prioritized
based on predicted functional effect and segregation with OC status. Two hundred forty
variants were selected for follow-up genotyping in 180 individuals (the GWAS study
cohort) using a Sequenom high-throughput genotyping assay. After correction for
relatedness, three SNPs (one each on ECA10, 14, and 21) were highly associated with
OC status. These SNPs were located within genes whose known physiologic function
makes them feasible candidate genes for OC risk (ARHGAP26, PREP, and SEMAS5A).

These putative risk alleles should be validated in an independent population.
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Introduction

Until recently, identification of variants underlying diseases or traits of interest
was primarily accomplished by Sanger sequencing of candidate genes located within
chromosomal regions of association from linkage mapping or genome-wide association
studies (GWAS). This approach has been successful in a number of cases, notably, for
diseases caused by mutations in single genes such as type | polysaccharide storage
myopathy (PSSM1), and for traits of interest such as coat color.26?*®%1 However,
candidate gene sequencing also has weaknesses. In addition to being time-consuming and
expensive, especially for large genes, it is heavily reliant on the quality of the reference
genome. Regions for which there is missing sequence in the reference are very difficult to
sequence because of obstacles to primer design, and incomplete annotations may result in
variants of importance being overlooked entirely.

As the cost of next-generation sequencing has decreased, an alternative for variant
discovery has emerged, namely, whole-genome sequencing. There is still a trade-off
between coverage depth and number of individuals sequenced, and the general consensus
seems to be that for the purposes of variant discovery, sequencing a larger number of
individuals at a shallow depth is preferable to sequencing a smaller number of individuals
at greater depth.?*>?*® This is the approach taken by a number of large human genome
sequencing consortia, including the 1000 Genomes Project.?** The first report of variant
discovery using whole-genome sequencing in a single horse was published in 2012%**,
and since then, there has been only a single report of using whole-genome sequencing to
investigate variants in candidate genes for a disease.>*® In the latter report, this approach

resulted in discovery of a nonsense mutation causing Incontinentia Pigmenti in mares,
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supporting the feasibility of the approach, at least for Mendelian traits. The utility of
whole-genome sequencing for variant discovery in complex traits has also been
demonstrated, however. A nonsense mutation in DMRT3 (doublesex and mab3-related
transcription factor 3) thought to be permissive for “gaitedness” in the horse was
discovered through deep sequencing of two individuals exhibiting opposite haplotypes
within a chromosomal region of interest identified on GWAS."

Osteochondrosis (OC) is a common manifestation of developmental orthopedic
disease recognized in young horses across breeds, as well as many other species.
Histologic studies in animals suggest that the failure of endochondral ossification that is
the hallmark of OC is most likely due to vascular abnormalities at certain predilection
sites at the ends of long bones.?**®® Surgical transection of vessels within the epiphyseal-
articular cartilage complex in young foals can certainly lead to OC-like lesions™;
however, specific underlying risk factors for naturally-occurring disease are still
incompletely understood.

Environmental factors, particularly diet and exercise, have been widely reported
to play a role in the development of QC 3133139142202 tig\vever, reduction in disease
prevalence via management changes alone has been reported to be limited™,
highlighting the importance of genetic risk factors in the manifestation of disease.
Heritability estimates in a variety of breeds range from 0.15 to 0.52%%374284:86:204
suggesting that up to 50% of disease risk may be inherited. A number of GWAS have
been performed to identify chromosomal regions associated with OC. However, findings
have not been consistent across studies, and putative quantitative trait loci (QTLs) on 13

different chromosomes have been suggested (see Table 1, Chapter 4 for summary of
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published GWAS). Further, although many potential candidate genes within these loci
have been identified in the GWAS reports, investigation of variants within only a single
gene has been published.**®

The purpose of this study was to identify putative functional variants underlying
genetic risk for OC in the horse, using Standardbreds with tarsal OC as a model
population. The high prevalence and high heritability of OC within this breed suggest that
risk factors of moderate to major effect should be common among affected individuals.
We performed genome-wide association analyses in a cohort of individuals born and
raised on a single breeding farm in the eastern United States, which was selected
specifically to reduce the effect of environmental confounders on disease association. The
initial cohort consisted of 94 horses born in 2007 and additional horses were added over
subsequent foaling seasons. The final GWAS in 182 individuals identified two distinct
loci on ECA14 that were moderately associated with OC status (see Chapter 4). Whole-
genome sequencing was performed for a subset of the GWAS population for the purposes

of variant discovery. Subsequently, a high-throughput genotyping assay was utilized to

investigate variants in the larger population.

Materials and Methods

Horses: As described in Chapter 4, the initial study cohort was comprised of 94
Standardbred yearlings born in 2007. Over subsequent foaling seasons, 88 horses were
added to the group (born in 2009 [n=16], 2010 [n=52], and 2012 [n=20]) for a final
cohort of 182 individuals. Seventy horses were affected with OC in one or both tarsi,

while 112 were identified as controls. Thirty-four of the controls, all from the original
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cohort, were presumed unaffected because of lack of clinical signs including effusion and
lameness, while the remainder (n=78) were radiographically examined and found to be
free of disease (see Table 2, Chapter 4 for summary of entire cohort).

Selection of Horses for Whole-Genome Sequencing by Haplotype Analysis: After
difficulties were encountered during candidate gene sequencing (see Appendix 1 for
details), the decision was made to pursue whole-genome sequencing in a subset of the
study cohort. By this time, the study cohort had increased in size to 162 individuals, and a
GWAS in this new group suggested chromosomal regions of association with OC on
ECA2 and ECAL14 in addition to the region on ECAG6 previously described. As a result,
haplotypes were evaluated in these three regions to select individuals for whole-genome
sequencing. Single nucleotide polymorphisms (SNPs) within the regions were pruned for
minor allele frequency <1% (--maf 0.01) and genotyping success of >90% (--geno 0.9)
using PLINK.*2 Genotype data was computationally phased and missing genotypes were
imputed using fastPHASE 1.2.%*" Haplotype blocks were evaluated in Haploview®*® and
by manual sorting of genotypes within Excel (Microsoft Corporation, Redmond, WA).
Haplotypes were evaluated for both their absolute frequency within the OC-affected and
OC-unaffected groups and for differences in frequency between groups. For each region,
the most common haplotype within an affectation status that also exhibited a large
difference between OC-affected and OC-unaffected groups was selected as the haplotype
of interest. Individuals that exhibited these haplotypes in one or more of the regions of
interest were eligible for selection for whole-genome sequencing. Horses were

preferentially selected if they had the haplotype of interest in more than one region of
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interest; however, consideration was also given to balancing the selected cohort by
gender, gait (pace or trot), and sire.

Whole-Genome Sequencing: Genomic DNA (2-6pg) was submitted to the
University of Minnesota Biomedical Genomics Center (UMGC) for quality control,
library preparation, and sequencing. Five samples failed initial quality control; DNA was
re-isolated from hair root samples (using the standard protocol as described in Chapter
4) prior to resubmission. Samples were subjected to standard library preparation
including fragmentation, polishing, and adaptor ligation, and were prepared with an
indexed barcode for a paired-end run on the Illumina HiSeq sequencer. Depth of coverage
was determined by the calculation C = LN/G, where C is the coverage, L is the read
length, N is the number of reads, and G is the genome length. For 100bp paired-end
reads, given an approximate genome length of 3 billion base pairs, 160 million reads
results in ~12x coverage of the genome, and 80 million reads results in ~6x coverage of
the genome. Of the nine affected horses, 3 were sequenced at 12x coverage and 6 at 6x
coverage; the same distribution was used for the nine unaffected horses (Table 1).
Samples were split between all eight lanes on each of two flowcells (10 samples on one
flowcell, 8 on the other). Raw sequence data was deposited within designated storage at
the Minnesota Supercomputing Institute (MSI).

Data analysis, including quality control, alignment, and variant detection, was
carried out following published best practices®*® within the Galaxy framework hosted by
MSI. Sequence quality was assessed using the FastQC tool. Subsequently, bases with a
quality score of <28.0 were trimmed from the 3 end of the sequence (FASTQ quality

trimmer) and paired reads were re-synchronized (resynch). Quality of the trimmed and
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synchronized reads was re-assessed. Reads were then mapped to the reference sequence
(EquCab 2.0, Sept. 2007) using BWA for Illumina. Ambiguously mapped and low quality
reads were removed (filter SAM), after which reads were sorted and mate-pair
information updated (paired-read mate fixer). PCR duplicates were also removed (mark
duplicate reads) and reads were realigned around indels (realigner target creator, indel
realigner), followed by re-assessment for duplicate reads. Base quality recalibration was
performed to remove systematic bias (count covariates, analyze covariates, table
recalibration). This process was completed for the reads from each of the eight lanes for
every individual before merging the mapped and recalibrated “lane-level” BAM files into
a single “sample-level” file. Removal of duplicates and realignment around indels was
repeated on the merged file. The eighteen sample-level files were merged into three
groups of six, evenly divided between affected and unaffected individuals, for the
purposes of variant calling using the UnifiedGenotyper utility of the Broad Institute’s
Genome Analysis ToolKit (GATK) with a threshold phred-scale score of 20.0. Variants
were filtered using the following thresholds: Quality Depth (QD) < 2.0 (assesses variant
quality score taking into account depth of coverage at that variant), Read Position Rank
Sum < -20.0 (Mann-Whitney Rank Sum test on the distance of the variant from the end
of each read covering it), Fisher Strand (FS) > 200.0 (phred-scaled p-value to detect
strand bias). Filtered variant lists from the three groups were combined into a single
variant calling file (VCF) for subsequent analysis. Predicted functional effect for each
called variant was determined based on the current equine reference genome annotation
using the SnpEff tool in GATK. Frequency of variants within cases and controls, and the

significance of frequency differences, was calculated using the SnpSift CaseControl tool
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in GATK. Variants from particular chromosomal regions of interest were selected using
SnpSift Intervals and converted into Excel format for further evaluation.

Variant Prioritization and Follow-up with RFLP or Sequencing: Based on the
GWAS performed in 162 horses (i.e. as described under Selection of Horses for Whole-
Genome Sequencing by Haplotype Analysis), variants were evaluated within nine broad
chromosomal regions for 1) predicted functional effect; and 2) segregation with disease
status. Variants with a coverage depth of at least 50 that passed all quality filters were
considered for follow-up if they had a predicted functional effect within a protein-coding
gene and if they were present in at least 5 affected or unaffected individuals, but fewer
individuals of the opposite disease status (preferably with a genotypic model p-value of
<5 x 102 as calculated by SnpSift CaseControl). Primers were designed to amplify
regions surrounding 16 SNPs on four chromosomes using Primer3
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi). Restriction enzymes were
successfully designed for nine of these SNPs using NEBcutter v2.0 (New England
BioLabs, Inc., http://tools.neb.com/NEBcutter2/); the remainder of the SNPs required
genotyping by sequencing.

The master mix for each PCR reaction included 1.5ul 10x PCR buffer (QIAGEN,
Valencia, CA), 1.0ul each of [20uM] forward and reverse primer, 1.5ul [300uM] dNTPs,
0.15ul HotStarTag® DNA polymerase (QIAGEN, Valencia, CA), 8.25ul water, and 3.0pl
DNA (2.5ng/ul). PCR reaction conditions were as described in Appendix 1, with the
following exceptions: the primers for variants in TRAF3IP1 and ESPNL used an
annealing temperature of 57°C; primers for variants in GRIA2, FSTL5, and

ENSECAG00000003042 used an annealing temperature of 58°C and an extension time
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of 45sec; the primers for the variant in SCLY required a touchdown procedure (20min at
95°C followed by 24 cycles of 30sec at 94°C, 30sec at 67°C, 30sec at 72°C with the
annealing temperature dropping by 0.5°C each cycle, then 11 cycles at an annealing
temperature of 55°C, and finally 15min at 72°C). PCR products were visualized on 2%
agarose gels with ethidium bromide prior to submission for sequencing. To prepare the
PCR products for Sanger sequencing, 1ul USB® ExoSAP-IT® (Affymetrix, Santa Clara,
CA) was added to 4ul PCR product and incubated in the thermocycler for 15 min at 37°C
for PCR product cleanup followed by 15 min at 80°C for enzyme inactivation.
Subsequently, 1ul [20uM] primer and 6ul water were added and the sample (12ul total
volume) submitted to the University of Minnesota BioMedical Genomics Center
(UMGC) for sequencing. Sequence was analyzed in Sequencher and assembled against
the equine reference sequence. Enzyme digests were performed according to
manufacturer recommendation for each enzyme.

Sequenom Assay: A custom Sequenom assay was designed for high-throughput
genotyping within the study cohort. Variants were selected from within the top regions of
interest in the GWAS performed in 162 horses. Additional variants were selected from
chromosomal regions previously reported to be associated with hock OC (see Chapter 4,
Table 1 for complete summary of previously published GWAS). Regions of interest
included: ECAl1 117-119Mb, ECA2 98-100Mb, ECA3 88-114Mb, ECA4 56-60Mb,
ECA5 76-92Mb, ECA10 55-60Mb and 80-81Mb, ECA14 15-19Mb and 34-37Mb,
ECA16 6-24Mb and 33-43Mb, ECA18 35-47Mb and 74-82Mb, ECA21 5-17Mb and 43-

54Mb. Variants discovered through whole-genome sequencing were filtered to include
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only SNPs (no indels) that passed all quality control filters, and were subsequently
prioritized according to the following parameters:

1) present in 3+ more cases than controls, or vice versa;

2) not intergenic;

3) non-synonymous, then synonymous changes;

4) if intronic, close to intron-exon boundary (preferably <100bp);

5) coding genes preferred over non-coding; and

6) if upstream/downstream, as close as possible to start/stop codon.
An attempt was made to include at least one variant per coding gene within each region
of interest; if multiple variants of equally low predicted function were the only ones
available within a gene, then the one with the higher genomic p-value was selected. In
addition to the experimental SNPs, 98 ancestry informative markers (AIMs) were
included in the Sequenom assay to help control for population structure (Table 5).

Genotyping results were initially analyzed using an uncorrected association
analysis in PLINK*? (--assoc), pruning for MAF <1% (--maf 0.01) and missingness
<95% (--geno 0.95). Subsequently, they were analyzed using GEMMA (Genome-wide

Efficient Mixed Model Analysis) software®**

to account for population structure and
relatedness. The association test in GEMMA was performed using the options to create a
centered relatedness matrix (-gk2) and perform all three possible frequentist tests: Wald,
likelihood ratio, and score (-fa 4). The relatedness matrix was constructed using the

AIMs. SNPs were pruned prior to analysis using the default GEMMA parameters of

MAF <1% and missingness <95%.
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Results

Selection of Horses for Whole-Genome Sequencing by Haplotype Analysis: The
region on ECA2 spanned from ~70-79Mb and included 169 SNPs after pruning. The
region on ECAG6 spanned from ~22-28Mb and included 123 SNPs. The region on ECA14
spanned from ~15-19Mb and included 84 SNPs. There were no haplotypes that were very
common in one affectation group and absent in the other. On average, the selected
haplotypes of interest were present in twice as many affected as unaffected individuals, or
vice versa, but were present in only 15-30% of individuals overall. Eighteen horses, 9
affected with OC and 9 unaffected, were selected for whole-genome sequencing; a
summary of these individuals is in Table 1.

Whole-Genome Sequencing: Actual coverage for the twelve individuals
sequenced for a target of 6x ranged from 4.7x to 7.9x (mean 6.4x). Actual coverage for
the six individuals sequenced for a target of 12x ranged from 10x to 13.1x (mean 12.2x).
Summary metrics for sequence alignment are reported in Table 2.

After filtering, 14,588,812 variants were called, at an average of 1 variant every
162 base pairs. Of these, 13,157,608 were SNPs, 671,144 were insertions, and 760,060
were deletions. The vast majority of variants, over 14 million (99.1%), were not predicted
to have any functional effect. Of the 152,700 variants predicted to have some functional
effect, 85,916 were of low effect (mostly synonymous SNPs), 57,122 were of moderate
effect, and 9,662 were of high effect. A summary of predicted effects by type and region
is reported in Table 3. Graphical summaries of distribution of variant types, variant depth

of coverage, indel lengths, and allele frequency spectrum are shown in Figure 1.
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Variant Prioritization and Follow-up with RFLP or Sequencing: Variants
considered for follow-up are summarized in Table 4. Although primers were designed
and optimized for 16 variants (highlighted in the table), only four variants were
ultimately followed up using RFLP (SCLY) or Sanger sequencing (PER2, ESPNL,
TRAF3IP1) because of the decision to pursue high-throughput genotyping as an
alternative approach (see Sequenom Assay). After genotyping 10 cases and 10 controls,
only the variant in ESPNL continued to show any segregation with disease status. After
genotyping in an additional 10 cases and 10 controls, and including data from the horses
that underwent whole-genome sequencing, individuals with a T allele were 2.97 times
more likely to be cases than those with the C allele (95% CI 1.38-6.39). The variant was
additionally sequenced in 10 randomly selected Quarter Horses (7 C/C; 3 C/T) and 10
randomly selected Thoroughbreds (5 C/C; 5 C/T). None of these individuals had a T/T
genotype at this locus, although T is the reference allele (from a Thoroughbred).

Sequenom Assay: 240 SNPs on 10 chromosomes were included in the final
Sequenom assay design (Table 6). These SNPs were selected from regions of interest
identified in the GWAS performed in 162 horses as well as from chromosomal regions
previously reported to be associated with hock OC in other populations (see Materials
and Methods). These SNPs were multiplexed in groups of 48 for genotyping in 180
individuals; two horses from the final study cohort reported in Chapter 4 did not have
sufficient remaining DNA for genotyping. 218 SNPs were available for analysis in
PLINK; 168 SNPs passed filtering in GEMMA and were available for analysis by this
method. The top results from PLINK and GEMMA analyses are shown in Table 7. The

most significantly associated SNP in both analyses was located in the first intron of
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ARHGAP26 (Rho GTPase activating protein 26) on ECA14 (chrl4.34391965). The
alternate allele for this SNP was found in 20% of cases and 8% of controls. Other top hits
in both analyses were located just downstream of the PREP (prolyl endopeptidase) stop
codon on ECA10 (chr10.55605051; 17% of cases, 7% of controls) and in intron 13 of
SEMASA (sema domain, seven thrombospondin repeats [type 1 and type 1-like],
transmembrane domain [TM] and short cytoplasmic domain, [semaphorin] 5A) on

ECA21 (chr21.50348105; 35% of cases, 21% of controls).

Discussion

OC is a complex disease, and as such it is unlikely that a variant in a single gene
underlies all risk for disease development. Instead, it is likely that a combination of
genetic risk factors, in addition to environmental context, determines the extent of disease
expression in an individual. The variety of GWAS results that have been previously
reported may reflect differences in disease definition, environmental risk factors, and/or
computational approaches between studies, but it is also possible that they reflect real
differences in risk alleles between populations. The challenge lies in sorting out the risk
alleles of moderate to major effect that, given the shared pathophysiology of disease, are
likely shared across populations, from the modifying alleles that may be breed- or
predilection site-specific. In this study, we have capitalized on a population of
Standardbreds with a shared environment to reduce this potential source of confounding,
and have selected analytical techniques that account for population structure and
relatedness among individuals. Investigation of risk alleles based on a GWAS in this

population thus may be more fruitful than in a more heterogeneous group.
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Although many potential candidate genes within reported QTLs for OC have been
suggested, only a single candidate gene has been investigated. This gene, XIRP2 (Xin
actin-binding repeat containing 2) is located within a putative QTL on equine (ECA)
chromosome 18 reported in South German Coldbloods.?”® Two SNPs in intron 2 of
XIRP2 were found to be significantly associated with OC, with relative risks of disease
reported to be 1.3-2.4 higher in individuals homozygous or heterozygous for the
reference allele at these markers.’®® However, there was no physiologic justification for
the role of this gene, which is primarily expressed in cardiomyocytes and at the
myotendinous junction of skeletal muscle cells, in OC. Further, this gene has not been
reported to be expressed in cartilage.

The lack of intense investigation into specific candidate genes for OC may, in
part, be a reflection of the challenges inherent in the traditional candidate gene approach
to variant discovery. The process can be time-consuming and difficult, and is especially
hampered by incomplete annotation of the reference genome. We initially made an effort
to sequence a gene considered to be a strong biologic candidate for disease risk, histone
deacetylase 4 (HDAC4), but discovered that multiple approaches, including the use of
genomic DNA, cDNA isolated from cartilage and subchondral bone, and RNAseq data,
were insufficient to bridge a 20kb gap in the middle of the gene and sequence missing
exons. Attempts to identify the first exon and 5’UTR were also minimally successful (see
Appendix 1 for a summary of these efforts). Although alignment of next-generation
sequencing is also primarily reliant on the reference genome, this approach allows for de
novo assembly of unaligned reads into longer contiguous reads that can bridge gaps.

Further, in this study, the use of next-generation sequencing allowed variant discovery to
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be carried out in 18 horses, rather than just two or three. The inevitable outcome of this is
a more complete picture of what variants are present in the population, as well as a better
estimate of how those variants segregate with disease status, which helps with
prioritization for follow-up in the larger group.

Next-generation sequencing also allows for widespread variant discovery in non-
exonic sequence, something that is not particularly feasible (and is generally cost-
prohibitive) using Sanger sequencing, especially in large genes. As our understanding of
the importance of non-coding/regulatory regions of the genome improves, it is likely that
variants found outside of exons will be increasingly recognized for their roles in disease.
Indeed, many SNPs found to be associated with complex diseases in large human GWAS
have been recognized to overlap with regulatory regions annotated as part of the
ENCODE (Encyclopedia of DNA Elements) project, suggesting their plausibility as
functional alleles underlying disease risk.?® As yet, an equivalent of the ENCODE
project is not available for agricultural species, including the horse, but it is logical to
assume that regulatory elements could be of similar importance for disease development,
and this will likely become an important focus of future studies.

For this project, investigation of variants was confined to specific regions of the
genome corresponding to GWAS findings in our study cohort and selected additional
regions published by others as putative QTLs for hock OC. After an initial attempt at
variant follow-up using Sanger sequencing and RFLP, it was decided that a high-
throughput genotyping assay (Sequenom) was a more efficient and cost-effective
approach to variant investigation in this group. Using this approach, 240 variants were

investigated in a population of 180 horses. Since this was the population in which our
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GWAS was conducted, it is perhaps not surprising that the most highly associated SNPs
from the Sequenom assay were found within the chromosomal regions of interest from
that analysis. However, it is of note that the genes associated with the top three SNPs are
each viable candidates for playing a role in OC risk. GTPase activating proteins, such as
ARHCAP26 are crucial mediators of the activity of Rho GTPases, which play an
important role in chondrocyte differentiation and normal long bone development.??
Increased activity of the murine equivalent of PREP (prolyl endopeptidase) has been
reported in naturally-occurring temporomandibular joint osteoarthrosis, suggesting that it

plays an important role in cartilage metabolism.?**

Additionally, another member of the
prolyl oligopeptidase family has been shown to play important roles in tissue remodeling
within the cartilage primordia during embryonic development.®* Finally, although
SEMADBSA is primarily known for its role in axonal guidance during neural development, it
has also been shown to play an important role in angiogenesis, supporting migration of
endothelial cells from pre-existing vessels and facilitating extracellular matrix breakdown

via matrix metalloproteinase 9 (MMP9).*®

Vascular abnormalities, particularly failure to
establish appropriate anastomoses during endochondral ossification, are thought to be
central to the pathophysiology of OC®* and MMP9 is known to be an important
mediator of cartilage breakdown and plays a role in growth plate cartilage response to
injury.?>

Limitations: Although the use of next-generation sequencing allowed variant
discovery in a larger pool than Sanger sequencing would have, it was still a relatively

small group of individuals. Thus, it is possible that many variants present within the

larger population were not detected and therefore not available to follow up. This
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limitation would best be addressed by sequencing additional horses, although it is not
certain that the benefits of this approach would outweigh the additional cost.
Alternatively, the availability of a shared resource for sequence within the equine
genetics community, similar to the 1000 Genomes project, would be of great value to
individual researchers to augment project-specific sequencing. A second limitation is that
variants were selected for follow-up largely based on SnpEff annotations. Since this is
based on the current equine reference genome, which is known to be incompletely
annotated, it is possible that variants with functional effect were missed. An updated
“EquCab 3.0” with improved annotation is currently under development, however, in the
interim, this limitation could be addressed by manually annotating regions of interest by
comparison with human and mouse genomes. Finally, only variants within or near
protein-coding genes were selected for follow-up. As mentioned above, this ignores the
vast number of regulatory regions throughout the genome, and it is possible that
important risk alleles were missed. The development of “AgENCODE” (discovery and
annotation of regulatory elements in agricultural species) will help to address this
limitation, but this resource is not likely to be available for some time.

Future Directions: The results from the Sequenom analysis for individual SNPs
were only marginally significant if a conservative Bonferroni correction is applied.
However, since there are likely many alleles interacting with each other to confer risk for
OC, evaluation of individual SNPs may not be the most informative approach. An
additional approach that might be considered is Gene Set Enrichment Analysis
(GSEA).”® GSEA assesses the significance of known pathways in expression or

genotyping data and can reveal biologically relevant pathway enrichment even among
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genes that are not individually significant. A “seed” gene list is provided for this analysis
that would include genes that have been identified as important in skeletogenesis,
particularly endochondral ossification. GSEA has been used to identify pathways
involved in risk of development of other complex diseases, including lung cancer.?’
Alternatively, a computational approach could be taken to determine interactions between
SNPs and their relative contributions to the OC phenotype. In a random forest approach
to a case-control study, the predicted probability of an individual being affected or
unaffected with disease is based on the aggregation of a number of decision trees.?*®?*°
Within these decision trees, each node is an attribute — in this case, the genotype at a
given SNP. The importance of each SNP is determined by quantifying the increase of
misclassified individuals when the genotype at that SNP is randomly permuted.”® This
approach requires no prior knowledge of gene function and can accommodate multiple
variants within the same gene. Random forest analysis has been used successfully to
identify pathway-phenotype associations in complex diseases such as bladder cancer in
humans®*® and economically important traits such as feed efficiency in cattle.”® Either
approach might reveal novel interactions between genes and/or specific variants that play
a role in the development of OC.

It will be important to validate the findings reported here in one or more
independent populations before declaring the top variants from this study to be true risk
alleles for OC. As mentioned in Chapter 4, an appropriate second population in which to
follow up these results might be similar to the one reported by Lykkjen et al. (2010)%
which consists of Standardbreds phenotyped for tarsal OC. However, to determine if

putative risk alleles are specific to the Standardbred breed, or to tarsal OC, or are
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universal risk alleles for OC (i.e. across all predilection sites and breeds), validation in
Standardbreds with OC at locations other than the tarsus, and in additional breeds, will be
required. The pre-existing Sequenom assay could be applied to any number of additional
individuals. However, as only a small fraction of the discovered variants within
chromosomal regions of interest could be evaluated using this method, it is possible that
additional fine mapping may be necessary to identify the actual functional variants
underlying disease risk. The long-term goal would be to construct a genetic risk model
for OC that allows for genetic testing and quantification of risk in individual horses. This
risk model will likely contain 6-15 putative risk alleles, similar to those that have been
used successfully to predict recurrence and survival in patients with cancer.?®* Improved
risk assessment will facilitate management changes and early intervention in high-risk

horses and allow for informed breeding decisions in high-risk pedigrees.
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Table 1: Summary of 18 individuals selected for whole-genome sequencing (from a total
cohort of 162 horses). An “x” in the column of a given chromosome indicates that the
individual had the haplotype of interest for that region of interest. Depth of coverage for
whole-genome sequencing is indicated in the “coverage” column. M = mare; G =

gelding; S = stallion; P = pacer; T = trotter; OC+ = affected; OC- = unaffected.

Gender | Gait Sire ECA2 | ECA6 | ECA14 | Coverage

M P Western Ideal X X X 12x

M T Glidemaster X 6X

M P Yankee Cruiser X X 6Xx

+ G T Andover Hall X X X 12x
O M T Cantab Hall X X 6X
O M P Somebeachsomewhere X X 6X
S P Western Ideal X X X 6Xx

M T SJs Caviar X X 12x

G P Allamerican Native X 6X

S P Badlands Hanover X X X 6X

S T Cantab Hall X X X 6Xx

M P Dragon Again X 12x

, M T Credit Winner X X 6X

8 M P Somebeachsomewhere X X 12x
S T Muscles Yankee X X 6X

S T Revenue S X 12x

S P Cam’s Card Shark X X 6X

S T Windsong’s Legacy X X 6X
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Table 2: Summary metrics for whole-genome sequencing of 18 horses. High quality
reads were aligned with a mapping quality of phred-scale Q20 or higher (1/100 or smaller

chance of error). Error rate is the percentage of bases that are mismatched with the

reference in the high quality aligned reads. OC status: + = affected; - = unaffected.

OoC High Qualit Error Mean Read
Status Total Reads Aligned Reac)j/s Rate Length (bp)
M968 + 93,947,899 92,086,487 0.0038 94
M977 + 165,878,647 162,796,957 0.0038 94
M989 + 91,232,388 89,376,289 0.0038 94
M992 - 66,950,985 65,622,111 0.0041 93
M1005 - 81,144,917 79,500,675 0.004 94
M1009 + 99,788,604 97,950,326 0.0062 98
M1012 - 98,326,500 96,238,544 0.0062 98
M1027 + 166,302,245 162,966,092 0.004 93
M1048 - 99,232,541 97,442,218 0.0062 98
M5256 - 150,507,994 147,636,767 0.0038 94
M5259 + 76,150,808 74,930,615 0.0062 98
M5260 + 63,823,525 62,743,449 0.0063 98
M5269 + 140,001,498 137,479,949 0.0038 94
M5271 + 70,289,886 69,034,449 0.0063 98
M5287 - 58,972,694 57,901,005 0.0062 98
M5300 - 146,203,843 143,486,911 0.0039 94
M5304 - 67,130,607 65,827,168 0.0064 98
M5306 - 123,271,316 121,016,175 0.0038 94
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Table 3: Summary of variants by type and region. Some variants were predicted to have

more than one possible effect, so were assigned to more than one type or region.

TYPE REGION
Type Number | Percent Type Number | Percent
codon change + 119 0001 | downstream | 802,140 | 4.65
codon deletion
codon change + 66 <0.001 exon 170,216 | 0.99
codon insertion
codon deletion 155 0.001 intergenic 9,741,652 | 56.43
codon insertion 114 0.001 intron 4,438,806 | 25.71
downstream 802,140 4.65 none 1,221,763 7.08
exon 20,282 0.12 splice site 921 0.005
acceptor
exon deleted 2 <0.001 | splice site donor 1,099 0.006
frame shift 6,946 0.04 upstream 867,574 5.03
intergenic 9,741,652 | 56.43 J’UTR 13,024 0.08
intragenic 101 0.001 5'UTR 7,472 0.04
intron 4,438,806 | 25.71
none 1,221,763 7.08
nonsynonymous 56,668 0.33
coding
nonsynonymous start 16 <0.001
splice site acceptor 921 0.005
splice site donor 1,099 0.006
start gained 746 0.004
start lost 58 <0.001
stop gained 596 0.003
stop lost 40 <0.001
synonymous coding 85,097 0.49
synonymous start 3 <0.001
synonymous stop 54 <0.001
upstream 867,574 5.03
3J’'UTR 13,024 0.08
5'UTR 6,726 0.04
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Table 4: Variants of predicted functional effect within broad regions of interest based on
a GWAS performed for OC in 162 horses. Variants that were initially selected for follow-
up using RFLP or Sanger sequencing are highlighted. Eventually, only the four variants
on ECAG6 were actually followed up with these techniques. The p-value is for a genotypic

model, as calculated by SnpSift CaseControl. NS = nonsynonymous mutation; Homo =

homozygous for alternate allele; Het = heterozygous for alternate allele.

) redicted case control
Region bp P effect gene homo/het | homo/het p-value
ECAL 118292615 NS ODF3L1 5/2 8/1 4.11 x 10:2
Lievp | 118292698 NS ODF3L1 5/3 8/1 5.12 x 10_2
11829330 NS ODF3L1 5/3 8/1 5.12 x 10
72866120 NS FSTL5 1/6 0/2 9.05 x 10
ECA2 76167028 NS FAM198B 1/3 5/3 1.78 x 10
70-78Mb | 76167357 NS FAM198B 2/1 4/2 9.46 x 10
77012861 NS GRIA2 8/1 412 2.85x 10
ECA2 frame 2
93-100Mmp | 98927677 shift ENS3042 2/3 0/2 2.28 x 10
24075423 NS SCLY 2/4 6/3 2.20 x 10°
ECA6 24123697 NS ESPNL 1/4 6/2 9.87 x 10
24-26Mb | 24232581 NS PER2 2/6 712 9.05x 10
24339281 NS TRAF3IP1 2/4 6/2 6.34 x 10
-2
EcAlo | 5677884 r;:st PREP 1/2 0/0 3.20 x 10
55-57Mb | 56695299 gzif; g | AM1 112 0/1 | 6.38x102
18198820 NS GABRAG 3/3 712 1.45 x 10
ECAl4 | 18198966 NS GABRAG 2/1 3/3 1.35x 10™
15-19Mb | 18209193 NS GABRAG 0/1 0/6 1.18 x 10
18322233 NS GABRB2 2/2 6/3 5.46 x 10
35110220 NS KIAA0141 1/6 1/3 7.79x 10
ECAL4 35832132 NS PCDHB?2 0/7 1/3 2.07 x 1oj
32-30Mp 39832191 NS PCDHB2 0/8 1/3 1.03 x 10_2
36471455 NS SLC4A9 2/5 1/3 9.26 x 10
37348824 NS MATR3 0/4 0/1 9.91 x 10
ECALS 28635757 NS CCDC142 1/5 4/3 1.03 x 10';
27-20Mp 28684616 NS C2orf8l 4/4 1/4 4.89 x 10°
28685440 NS C2orf81 4/3 1/5 451 x 10*
ECA21 | 52586463 NS MED10 6/3 2/5 1.70 x 10
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47-55Mb | 5oce6465 f;ﬁ:?te MED10 8/1 26 | 3.02x10°
52586476 f;ﬁ:?te MED10 5/4 24 | 2.34% 107

ODF3L1: outer dense fiber of sperm tails 3-like 1

FSTLS: follistatin-like 5

FAM198B: family with sequence similarity 198, member B
GRIA2: glutamate receptor, ionotropic, AMPA2

ENS3042: novel predicted protein-coding ENSECAG00000003042
SCLY: selenocysteine lyase

ESPNL: espin-like

PER2: period circadian clock 2

TRAF3IP1: TNF receptor-associated factor 3 interacting protein 1
PREP: prolyl endopeptidase

AIM1: absent in melanoma 1

GABRAG6: gamma-aminobutyric acid (GABA) A receptor, alpha 6
GABRB2: GABA A receptor, beta 2

KIAA0141: KIAA0141

PCDHB2: protocadherin beta 2

SLC4AQ9: solute carrier family 4, sodium bicarbonate cotransporter, member 9
MATR3: matrin 3

CCDC142: coiled-coil domain containing 142

C20rf18: chromosome 2 open reading frame 81
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Table 5: Summary of 98 ancestry informative markers (AIMs) included on the

Sequenom assay. ECA = equine chromosome; BP = base pair.

ECA BP ECA BP ECA BP

1 26033759 6 51217265 16 30093970
1 31093333 7 30488035 16 82803597
1 36023288 7 89613245 17 21816238
1 77690698 8 6785301 17 51747591
1 98055129 8 24411688 18 14108728
1 101165799 8 76124128 18 61433985
1 114904651 8 81128171 18 78466909
1 121506138 8 91677016 19 2769487
1 122002161 9 32762141 19 40676833
1 132799749 9 50598697 19 45976675
1 171153599 9 59641922 20 23355754
1 178233312 10 15121923 20 61202862
2 570369 10 60511069 21 15019427
2 5875892 11 50758904 22 7497373
2 8981099 11 54196626 22 22921048
2 19755735 11 60287593 23 12912268
2 59537511 12 24911632 23 16879993
2 73953110 13 2038848 23 22113070
2 92833858 13 8585372 23 25501899
3 21799559 13 10076303 23 28319673
3 23661007 13 20421961 23 34664623
3 62784961 14 | 35687375 23 37253564
3 89085846 14 | 44985427 24 36459249
3 89642978 14 | 51513604 26 5658510
3 107488067 14 | 81448528 26 23350773
4 73237092 15 9687152 26 33986358
4 86531899 15 27839435 27 24849168
4 93380231 15 | 40905019 28 30534194
S) 2238907 15 | 46042792 28 35326133
5 5581906 15 64311775 29 5002164
S) 14281995 15 80094415 31 2520050
5 24558888 16 7245207 31 5221387
5 61309309

6 46740223
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Table 6: Summary of 240 SNPs putatively associated with OC that were selected for

inclusion in the Sequenom assay. SNPs were multiplexed in groups of 48 in five separate

wells.

WELL | ECA BP WELL | ECA BP
w1 2 98927433 W4 21 50321052
w1l 18 75969689 W4 21 52586460
w1l 18 77703956 W4 10 57468165
w1 18 75780078 W4 14 35652608
w1l 21 4598516 W4 14 36115804
w1 2 29591774 W4 14 37213468
w1l 18 77894560 W4 14 35832191
w1 18 75504584 W4 16 36711709
w1 2 32190656 W4 14 38496150
w1l 16 34620840 W4 10 59685445
w1 18 77725062 W4 14 67874878
w1l 14 15545589 W4 21 4707138
w1 21 4800562 W4 10 57209370
w1l 14 35338969 W4 1 117892759
w1l 16 41804869 W4 14 38120832
w1 2 32641671 W4 14 35359271
w1l 18 76006633 W4 10 57134088
w1 2 18190159 W4 14 38261144
w1l 16 17404735 W4 1 118771557
w1 14 18322233 W4 14 38237645
w1 14 38234471 W4 10 57167028
w1l 21 7509248 W4 14 35042619
w1 16 20901110 W4 14 16830511
w1l 16 41546606 W4 14 36226740
w1 21 6300122 W4 14 37321714
w1l 18 40478429 W4 10 56817838
w1l 14 18034557 W4 1 118401125
w1 21 51305453 W4 14 34391965
w1l 18 75992716 W4 14 35638840
w1 14 16782922 W4 14 16776824
w1l 16 12795866 W4 14 18528304
w1 14 72832737 W4 1 117907704
w1 1 117899604 W4 21 53794214
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W1 14 35710575 W4 1 140238061
W1 18 75187666 w4 14 38421896
W1 5 77353905 W4 14 36386541
W1 2 30971496 W4 10 55518157
W1 5 78709303 W4 14 18209193
W1 14 35733635 W4 14 72832742
W1 14 38640879 W4 14 70569943
W1 2 98925499 W4 14 16857186
W1 14 73999237 W4 14 36762857
W1 14 16538670 w4 16 38404778
W1 21 51402003 W4 14 38740729
W1 14 35681098 W4 14 18029925
W1 21 53443537 W4 14 36302342
W1 21 49950751 w4 14 16854653
w1 14 37281732 w4 21 51325270
W2 14 37348824 W5 14 36243090
W2 16 43467550 W5 21 4512138
W2 4 6190928 W5 2 28136111
W2 16 23943994 W5 16 41459922
W2 16 34073553 W5 3 89027561
W2 10 59079917 W5 2 33902705
W2 1 118105257 W5 2 30971463
W2 14 35749215 W5 14 36975745
W2 18 39910627 W5 16 39306626
W2 16 14358731 W5 2 23390833
W2 16 34954141 W5 10 80739334
W2 10 80792903 W5 14 35160061
W2 16 20892756 W5 21 51353146
W2 21 4800528 W5 1 140205123
W2 16 41787035 W5 14 36174501
W2 18 44859933 W5 14 36078935
W2 S) 77353904 W5 16 41794953
W2 10 55605051 W5 21 51448245
W2 5 77536297 W5 14 35581792
W2 14 38011286 W5 16 38384099
W2 3 88076689 W5 1 139695746
W2 18 40807803 W5 21 49216451
W2 14 36239254 W5 2 19959258
W2 10 80690472 W5 21 4898282
W2 1 139375281 W5 14 72031059
W2 21 4515908 W5 14 17882983

196



W2 10 59873648 W5 14 37568111
W2 1 139685697 W5 21 50383063
W2 14 36012505 W5 21 6611863
W2 14 34929440 W5 14 38224509
w2 1 117511240 W5 21 50238955
W2 21 52365784 W5 14 38578258
W2 1 118839637 W5 14 38157667
W2 14 33108459 W5 14 38297106
W2 18 46490552 W5 21 53288223
W2 18 42386473 W5 14 35110220
W2 3 107352236 W5 14 36321021
W2 10 57350466 W5 21 50250540
W2 14 16840478 W5 10 56789024
W2 21 53928489 W5 14 35796385
W2 21 50348105 W5 14 36231214
W2 1 117508428 W5 14 35713816
W2 1 117896863 W5 1 118293860
W2 10 55512346 W5 14 34945056
W2 16 20876274 W5 10 55657837
W2 14 33234861 W5 1 117503692
W2 10 57303131 W5 14 34256372
W2 14 34940505 W5 14 32504217
W3 1 118796012

W3 14 34803961

W3 1 118846185

W3 14 16802524

W3 14 18323534

W3 14 36238870

W3 16 43285189

W3 14 18757945

W3 14 35480068

W3 14 36270564

W3 2 31863561

W3 4 5924012

W3 14 36627081

W3 16 41794782

W3 10 56727782

W3 1 117500403

W3 14 18198820

W3 1 139944477

W3 1 118324956
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W3 21 52594185
W3 14 16857276
W3 14 17365436
W3 14 37127327
W3 14 34156670
W3 14 33691422
W3 14 36098913
W3 14 33820804
W3 21 53591449
W3 14 35750986
W3 14 35353077
W3 21 51408645
W3 2 99999249
W3 2 30472121
W3 21 48664783
W3 21 49368721
W3 14 71698112
W3 14 35363931
W3 14 35727280
W3 14 17825358
W3 21 6590487

W3 21 49882816
W3 14 18059791
W3 14 17829592
W3 14 34520718
W3 2 99336592
W3 18 39195340
W3 14 16782779
W3 1 117545952
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Table 7: Comparison of the top 25 association results from PLINK (uncorrected) and
GEMMA (corrected for population structure and relatedness) based on Sequenom
genotyping data in 180 horses. P-values for GEMMA analysis are based on the likelihood
ratio test (Wald test and score test not shown). Highlighted SNPs are described in greater
detail in the main text. F_A = frequency of alternate allele in affected population; F_U =

frequency of alternate allele in unaffected population; OR = odds ratio.

PLINK GEMMA

SNP FAIFU P OR SNP P

chr14.34391965 020 0?)8 0.001288 | 2.819 | chr14.34391965 | 0.000867

chr14.37213468 | 0.36 | 0.21 | 0.00235 2.116 | chr10.55605051 | 0.00758

chr21.50348105 | 0.35 | 0.21 | 0.004298 1.99 | chr21.50348105 | 0.00802

chr21.53443537 | 0.38 | 0.24 | 0.004616 | 1.947 chr2.99999249 0.00929

chr10.55605051 | 0.17 | 0.07 | 0.006654 2.5 chr21.53443537 0.011

chr14.35363931 | 0.12 | 0.05 | 0.009192 | 2.838 | chr14.35363931 | 0.0113

chr2.99999249 | 0.06 | 0.15 | 0.01034 | 0.3593 | chr10.57350466 0.0153

chr10.57350466 | 0.54 | 0.41 | 0.01224 1.732 | chr14.34803961 0.0176

chr21.50383063 | 0.35 | 0.23 | 0.01536 1.792 | chrl4.37127327 0.0176

chr14.16782922 | 0.16 | 0.26 | 0.0179 0.5201 | chrl4.16782922 0.0194

chr14.34803961 | 0.11 | 0.05 | 0.01846 | 2.606 | chr21.50383063 0.022

chr14.37127327 | 0.11 | 0.05 | 0.01846 2.606 | chr14.18528304 0.0282

chr21.49882816 | 0.34 | 0.23 | 0.01892 1.765 | chr21.49882816 0.0314

chr14.18528304 | 0.31 | 0.21 | 0.02742 1.721 | chrl6.14358731 0.0348

chr16.14358731 | 0.33 | 0.44 | 0.03281 | 0.6163 | chr21.48664783 0.0435

chr10.55657837 | 0.10 | 0.04 | 0.03761 2.552 | chrl14.16854653 0.0485

chr21.48664783 | 0.27 | 0.38 | 0.03935 | 0.6147 | chr18.46490552 0.0597

chr18.46490552 | 0.29 | 0.39 | 0.04595 | 0.6286 | chr10.57303131 | 0.0690

chr14.3624309 | 0.05 | 0.02 | 0.04618 3.699 | chrl4.17365436 0.0691

chr14.16854653 | 0.13 | 0.22 | 0.04997 0.562 chr21.4800562 0.0712

chr10.56817838 | 0.10 | 0.05 | 0.05001 2.275 | chr10.56817838 0.0719

chr10.56789024 | 0.22 | 0.31 | 0.05719 | 0.6075 | chrl1.140238061 0.0743

chr21.51353146 | 0.48 | 0.38 | 0.05746 1.523 chr14.3849615 0.0749

chr14.17882983 | 0.10 | 0.17 | 0.05809 | 0.5222 | chr14.3572728 0.0753

chr14.17365436 | 0.36 | 0.46 | 0.0628 | 0.6623 | chr14.18034557 | 0.0782
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Figure 1: Graphical summaries of variant calling. (A) Distribution of called variants by

type/location. (B) Distribution of depth of coverage over called variants. (C) Distribution

of insertions and deletions by length. (D) Alternate allele frequency distribution among

36 chromosomes (18 individuals).
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Summary

During the course of domestication, horses have been selected for a number of
traits related to their uses in labor and transportation. Among these was the ability to
exhibit alternative patterns of locomotion, or gaits, a trait which is unique to horses
among quadrupeds. Horses exhibiting these alternative gaits were most frequently prized
for their smoothness under saddle (i.e. Tennessee Walking Horse, Missouri Foxtrotter) or
their speed while in harness (i.e. pacing Standardbreds). A recently described premature
stop codon in the gene DMRT3 appears to be permissive for “gaitedness” across breeds.™
However, this mutation is nearly fixed in Standardbreds, despite the fact that not all
Standardbreds naturally pace. This suggests that the DMRT3 mutation is necessary, but
not sufficient for pacing ability, and that modifying alleles must exist in a subset of the
population. The purpose of this study was to identify putative modifying alleles
underlying the ability to pace in the Standardbred horse.

A genome-wide association study (GWAS) was performed in a large group of
Standardbred horses phenotyped for gait (n = 374 in the initial cohort, n = 542 in the final
cohort). GWA analysis was performed using the program GEMMA. After accounting for
population structure and relatedness, thirteen SNPs on five chromosomes (ECAL, 6, 17,
23, 25) reached genome-wide significance (p < 5 x 107) in the final study population.
Variant discovery within these regions was carried out via whole-genome sequencing in
eighteen individuals, and variants were prioritized for follow-up based on segregation
with gait in the sequenced horses and predicted functional effect. Of six variants selected
for initial follow-up genotyping via Sanger sequencing or restriction enzyme digest, five

retained their association with gait in the larger population. For greater efficiency,
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genotyping of 303 additional variants was performed in 500 individuals using a high-
throughput Sequenom assay. After correction for relatedness, 156 SNPs on twenty
chromosomes were statistically significantly associated with gait. Several SNPs were
located within feasible candidate genes based on known physiologic roles in neural
development, including PCHD9, NAA15, and KIF20B. Additional evaluation of
significant variants using Gene Set Enrichment Analysis (GSEA) and/or random forest
analysis will help to elucidate relationships among genes/alleles as well as further
prioritize variants of interest. Putative modifying alleles will need to be evaluated in
independent populations to determine if they are unique to Standardbreds, or to all breeds

that pace, or if they are universal “gaitedness” alleles similar to DMRT3.
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Introduction

The Standardbred is relatively unique among racing breeds in that it was founded
upon a performance standard — speed over a mile — rather than upon particular breeding
lines.? Although its ancestry can be traced back to an imported English Thoroughbred
stallion and further influence came from the Hackney and the Morgan, mares of several
now-extinct breeds also played a crucial role in the development of the Standardbred.
These included the Norfolk Trotter, Narrangansett Pacer, and Canadian Pacer.® The
Norfolk Trotter was a sturdy carriage horse of great stamina that excelled at trotting and
was developed in England by crossing Thoroughbred stallions to “native road mares.”
Presumably, these mares were the source of this breed’s trotting prowess.?®> The
introduction of an alternative gait, pacing, to the Standardbred was through the influence
of the Narrangansett and Canadian Pacers, both of which were “ambling” breeds
developed in North America in the 1700s.*” Narrangansett and Canadian Pacers also
contributed to the development of other gaited breeds, including the American
Saddlebred, Tennessee Walking Horse, and Rocky Mountain Spotted Horse.”

Pacing Standardbreds and horses of other gaited breeds have been specifically
selected over generations of breeding for their ability to perform alternative patterns of
locomotion. Heritabilities of the pace and tolt in the Icelandic horse have been estimated

to range between 0.53 and 0.73,%%

and there are strong signatures of selection evident
when comparing gaited and non-gaited breeds.® However, until recently, the specific
genetic determinants underlying these alternative gaits were completely unknown. In

2012, a mutation was reported in DMRT3 (an isoform of the doublesex and mab-3 related

transcription factor) on equine (ECA) chromosome 23 that appears to be permissive for
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“gaitedness” across breeds.” A genome-wide association study (GWAS) in four-gaited
(walk, trot, t6lt, and gallop) and five-gaited (also pace) Icelandic horses revealed a
strongly associated SNP on ECA23. Deep (30x coverage) whole-genome sequencing of
one four-gaited and one five-gaited individual revealed a premature stop codon in the last
exon of DMRTS3, resulting in protein truncated by 174 amino acids. Subsequent
genotyping of additional Icelandic horses revealed that nearly all five-gaited individuals
were homozygous for the mutation, compared to only a third of the four-gaited horses. Of
even greater interest, when horses of other breeds were genotyped for the mutation, it was
found to be nearly fixed in gaited breeds (i.e. Paso Fino, Peruvian Paso, Tennessee
Walking Horse, etc.), but absent in non-gaited breeds (i.e. Arabian, Thoroughbred, etc.).™
The functional importance of DMRT3 was confirmed in a mouse model. Mice null for
DMRT3 exhibited an abnormal gait characterized by an increased stride, prolonged,
stance and swing phases of both the fore and hind limbs, and near absence of coordinated
hind limb movements. DMRT3 was localized to the spinal cord both pre- and postnatally,
and null mice had fewer commissural interneurons, suggesting that this gene is important
for the development of normal locomotor coordination.™

Although the DMRT3 mutation appears to be necessary for “gaitedness,” it is not
sufficient for this trait, as demonstrated by the fact that it is nearly fixed in the
Standardbred, regardless of whether they pace or not!' It is noteworthy that
approximately 20% of the offspring of trotter stallions go on to race as pacers.”’ It is
unknown whether this is due to genetic predisposition, training, or a combination of the
two, but it is likely that modifying genetic factors exist in a subset of the Standardbred

population that interact with DMRT3 and determine an individual’s ability to pace. We
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hypothesize that across all gaited breeds, including the Standardbred, a combination of
modifying alleles determine the specific gait exhibited, and that breeds selected for
similar gaits likely share modifying alleles (Figure 1). The purpose of this study was to
identify putative modifying alleles associated with gait in a large cohort of Standardbred
pacers and trotters using a combination of genome-wide association and variant

discovery via whole-genome sequencing.

Materials and Methods

Horses: The initial study cohort consisted of 374 Standardbred pacers (n = 84)
and trotters (n = 290). Horses were classified on the basis of race records; if a horse never
raced, it was classified according to whether the sire and dam trotted or paced. All of the
pacers and 77 of the trotters were from North America. Sixty-six trotters were from
Sweden, and the remaining 147 trotters were from Norway. The North American and
European trotters were related to each other. The pacers belonged to a distinct family
separate from the trotters with minimal admixture between groups.

To address concerns over the unequal numbers of pacers and trotters, and the fact
that most of the pacers were from a single breeding farm, samples were collected from an
additional 168 North American horses (92 pacers and 76 trotters). This resulted in a final
cohort of 542 individuals — 176 pacers and 366 trotters. Consistent with the original
cohort, the pacers and trotters formed genetically distinct clusters (Figure 2).

DNA Isolation and Whole-Genome Genotyping: DNA was isolated from whole
blood samples using the Gentra® Puregene® Blood Kit (Qiagen, Valencia, CA) per

manufacturer recommendations. Briefly, RBC lysis solution was added to samples at a
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3:1 ratio, incubated, and centrifuged. After discarding the supernatant, Cell lysis solution
was added to the white blood cell pellet and the cells were re-suspended, after which
protein was precipitated and discarded. DNA was precipitated in isopropanol and
subsequently washed in ethanol prior to final hydration. Quantity and purity of extracted
DNA were assessed using spectrophotometric readings at 260 and 280nm (NanoDrop
1000, Thermo Scientific, Wilmington, DE).

Genome-wide genotyping of single nucleotide polymorphism (SNP) markers was
performed by Neogen GeneSeek (Lincoln, NE) using the Illumina Custom Infinum SNP
genotyping platform. The majority of the horses in the original study cohort were
sampled during the course of unrelated projects in the Equine Genetics and Genomics
Laboratory and had already been genotyped either at 54,602 SNPs using the first
generation Illumina Equine SNP50 chip (n = 306) or at 65,157 SNP markers using the
second generation Illumina Equine SNP70 chip (n = 68). All additional samples in the
final study cohort were genotyped using the SNP70 chip (n = 168).

Genotype Imputation: The two equine genotyping platforms share only 45,703
SNPs. While the data can be pruned down to this shared marker list for the purposes of
merging files, the information from tens of thousands of markers is lost. Genotype
imputation is a technique that statistically estimates genotypes from non-assayed SNPs
by comparing haplotype blocks in the study population with haplotype blocks in a more
densely genotyped reference population. A pipeline for imputation of equine genotyping
data was established and validated utilizing BEAGLE?'! software for imputation (see
Chapter 5). This pipeline was used to impute the ~18,000 markers unique to the SNP70

chip in those horses genotyped on the SNP50 chip, and likewise to impute the ~9,000
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markers unigue to the SNP50 chip in those horses genotyped on the SNP70 chip. Imputed
files were merged for subsequent analysis using the --merge command in PLINK 2%

Genotyping for DMRT3 Mutation: Primers (5’-AGAGTCTGCGGAAAA
CCTCA-3’/5’-CAACCGAAAGTTCGACTTCC-3’) were developed using Primer3
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) to encompass ~300bp
surrounding the published DMRT3 mutation (Ser301STOP) based on the EquCab 2.0
gene sequence as reported in Ensembl (https://useast.ensembl.org/Equus_caballus/Info/
Index; accessed 21 Feb 2013). Sanger sequencing of three Standardbred horses confirmed
that the PCR product was targeted correctly. Genotyping in the entire study cohort (n =
542) was subsequently performed by restriction fragment length polymorphism (RFLP)
using the enzyme Ddel. A sequenced Standardbred served as a positive control (A/A),
while a Thoroughbred served as a negative control (C/C).

Genome-Wide Association (GWA) Analysis: A GWA analysis with gait as the
phenotype of interest was performed after imputation in the original study cohort (n =
374) using GEMMA (Genome-wide Efficient Mixed Model Analysis) software.?** This
program accounts for population structure and relatedness through the use of a marker-
based relationship matrix, can incorporate covariates into the model, is highly efficient
for large data sets, and estimates variance for each individual SNP (rather than average
variance across all SNPs). The GWA was carried out using the options to create a
centered relatedness matrix [-gk 2] and perform all three possible frequentist tests: Wald,
likelihood ratio, and score [-fa 4]. A covariate file including gender and origin (North
America or Europe) was incorporated into the mixed model [-c]. SNPs were pruned prior

to GWA using the default GEMMA parameters of MAF <1% and missingness <95%.
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GWA analysis in GEMMA was repeated in the final study cohort (n = 542) as
described above except that the relatedness matrix was constructed using a linkage-
disequilibrium (LD)-pruned set of markers (100 SNP windows, sliding by 25 SNPs along
the genome, pruned at r* > 0.2; PLINK command --indep-pairwise 100 25 0.2).*° The
analysis was run with and without the use of gender and origin covariates.

Association plots were generated using the base graphics package in the R

statistical computing environment.'®’

On the basis of previously published guidelines, p-
values of less than 5 x 107 were considered to indicate genome-wide significant
association and p-values between 5 x 10®° and 5 x 107 were considered to indicate
moderate association.®’

Whole-Genome Sequencing: Nine pacers and nine trotters were selected from the
study cohort for whole-genome sequencing. A detailed description of the selection
process for these individuals can be found in Chapter 6. Genomic DNA (2-6ug) was
submitted to the University of Minnesota Genomics Center (UMGC) and subjected to
standard library preparation including fragmentation, polishing and adaptor ligation. All
samples were labeled with an indexed barcode for a paired-end run on the Illumina HiSeq
sequencer. Depth of coverage was determined by the calculation C = LN/G, where C is
the coverage, L is the read length, N is the number of reads, and G is the genome length.
For 100bp paired-end reads, given an approximate genome length of 3 billion base pairs,
160 million reads results in ~12x coverage of the genome, and 80 million reads results in
~6x coverage of the genome. Of the nine pacers, 3 were sequenced at 12x coverage and 6

at 6x coverage; the same distribution was used for the nine trotters (Table 3). Samples

were split between all eight lanes on each of two flowcells (10 samples on one flowcell, 8
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on the other). Raw sequence data was deposited within designated storage at the
Minnesota Supercomputing Institute (MSI).

All data analysis, including quality control, alignment and variant detection, was
carried out following published best practices**® within the Galaxy framework hosted by
MSI. A detailed description of this data analysis can be found in Chapter 6. Briefly,
reads were mapped to the reference sequence (EquCab 2.0) using BWA for Illumina.
Variant discovery was carried out using the UnifiedGenotyper utility of the Broad
Institute’s Genome Analysis ToolKit (GATK). Predicted functional effect for each called
variant was determined based on the current equine reference genome annotation using
the SnpEff tool in GATK. Frequency of variants within pacers and trotters, and the
significance of frequency differences, was calculated using the SnpSift CaseControl tool
in GATK. Variants from particular chromosomal regions of interest were selected using
SnpSift Intervals and converted into Excel format for further evaluation.

Variant Prioritization and Follow-up with RFLP or Sequencing: Based on the
GWAS performed in 374 horses (see Genome-Wide Association (GWA) Analysis),
variants were evaluated within the regions of interest on ECA17 and 13 for 1) predicted
functional effect; and 2) segregation with gait. Variants with predicted functional effect
that segregated nearly perfectly with gait (i.e. present in 7 or more pacers and no more
than 2 trotters, or vice versa) were considered for follow-up. Primers were designed to
amplify  regions  surrounding 12 variants on ECA17 using Primer3
(http://biotools.umassmed.edu/bioapps/primer3_ www.cgi). Restriction enzymes were
successfully designed for six of these SNPs using NEBcutter v2.0 (New England

BioLabs, Inc., http://tools.neb.com/NEBcutter2/); the remainder of the SNPs required
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genotyping by sequencing. Six of these variants were selected for follow-up on the basis
of known gene function and/or potential impact of the mutation (four genotyped by RFLP
and two by sequencing). PCR reactions were carried out under the following
thermocycler conditions: 20 min at 95°C; 35 cycles of 30 sec at 94°C, 30 sec at 58° or
60°C, 30 sec at 72°C; 15 min at 72°C. PCR products were visualized on 2% agarose gels
with ethidium bromide prior to submission for sequencing. To prepare the PCR products
for Sanger sequencing, 1ul USB® ExoSAP-IT® (Affymetrix, Santa Clara, CA) was added
to 4ul PCR product and incubated in the thermocycler for 15 min at 37°C for PCR
product cleanup followed by 15 min at 80°C for enzyme inactivation. Subsequently, 1l
[20uM] primer and 6ul water were added and the sample (12ul total volume) submitted
to the UMGC for sequencing. Enzyme digests were performed according to manufacturer
recommendation for each enzyme.

Sequenom Assay: While follow-up of individual variants on ECAL7 provided
proof of principal for the experimental approach, it was impractical to use this technique
to evaluate variants across all of the regions of interest identified on the GWAS in the
final study cohort. Therefore, a custom Sequenom assay was designed for high-
throughput genotyping within the study cohort. The majority of the variants were selected
from the top regions of interest in the GWAS. These included: ECA1 5.3-5.6Mb, 17.5-
18.1Mb, and 35.3-55.1Mb, ECA2 17.3-19.7Mb, ECA3 2.4-3.9Mb and 44.1-77.7Mb,
ECA6 6.5-7.8Mb, ECA9 7.5Mb, ECA11 46.8-58.4Mb, ECA16 25.7-31.3Mb, ECA17
27.6-29.3Mb, 39.4Mb, and 60.5Mb, ECA18 77.6Mb, ECA19 21.4-37.9Mb, ECA23 14.1-

14.9Mb, ECA25 11.5-16.9Mb, and ECA26 3.3-3.6Mb.
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Additional variants were selected from chromosomal regions found to have high
differentiation between pacers and trotters (Fst > 0.35) or a combination of low
heterozygosity (het < 0.1) in one of the groups and high differentiation (Fst > 0.30).
These data were generated by collaborators at Uppsala based on pooled whole-genome
sequencing data in 20 pacers and 20 trotters selected from our study cohort. The included
individuals were specifically chosen to be as unrelated as possible to each other on the
basis of coancestry coefficients. Selected pacers had coancestry coefficients <0.06 (no
more closely related than first cousins); selected trotters had coancestry coefficients
<0.14 (one pair of half-siblings, the rest less closely related). Some of these regions
overlapped regions of interest identified from the GWAS, and additional variants were
generally not selected from these regions. Regions of interest from this data set from
which variants were selected included: ECA1 38.5-38.8Mb and 106.8-106.9Mb, ECA3
24.8-25.2Mb and 52.3Mb, ECA4 89.9-91.1Mb, ECAS5 55.3-81.7Mb, ECAG 81.3-81.7Mb,
ECA9 29.1-29.2Mb, ECA11 29.5-36.8Mb, ECA12 16.2-16.4Mb, ECA14 1.3-1.7Mb and
5.4Mb, ECA15 10.1Mb, ECA16 59.3Mb, ECA17 61.7-65.7Mb, ECA20 25.1-27.7Mb
and 46.7-47.1Mb, ECA23 20.6-20.7Mb, ECA24 6.7-10.3Mb, ECA25 11.7-15.1Mb,
ECA29 10.0-10.1Mb, and ECA30 14.0-15.1Mb.

Variants discovered through individual whole-genome sequencing were filtered to
include only SNPs (no indels) that passed all quality control filters, and were
subsequently prioritized according to the following parameters:

1) segregation with gait by one of 4 measures (in order of priority):

a. for the alternate allele, no trotter homozygotes and > 5 pacer

homozygotes;
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b. present in 8 or 9 pacers and <4 trotters;

C. present in 7 pacers and <2 trotters;

d. variant of important predicted effect present in more pacers than
trotters within a region of interest with no other potential markers to
use;

2) not intergenic;

3) non-synonymous, then synonymous changes;

4) if intronic, close to intron-exon boundary (preferably <100bp);

5) coding genes preferred over non-coding; and

6) if upstream/downstream, as close as possible to start/stop codon.

Variants from pooled sequencing data were prioritized on criteria 2-6. In addition to the
experimental SNPs, 98 ancestry informative markers (AIMs) were included in the
Sequenom assay to help control for population structure (see Chapter 6, Table 5 for a
list of these AIMS).

Genotyping results were analyzed using GEMMA to account for population
structure and relatedness. The association test in GEMMA was performed using the
options to create a centered relatedness matrix (-gk2) and perform all three possible
frequentist tests: Wald, likelihood ratio, and score (-fa 4). The relatedness matrix was
constructed using the AIMs. SNPs were pruned prior to analysis using the default

GEMMA parameters of MAF <1% and missingness <95%.

Results
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Genotyping for DMRT3 Mutation: All 542 horses were successfully genotyped
for the DMRT3 Ser301STOP mutation by RFLP. All were homozygous for the mutation
(A/A), supporting published findings in which the mutation was present in 100% of US
Standardbred pacers and trotters and 97% of Swedish Standardbred trotters.** Since every
individual was homozygous for this mutation, the genotype at this locus was not included
in the GWA mixed model analysis.

GWA Results for Original Study Cohort: After pruning, 40,616 SNPs were
available for the final analysis in 374 horses. After correction for population structure and
relatedness, regions on two equine (ECA) chromosomes, ECA13 and ECA17, were found
to be highly significantly associated with gait, with five SNPs reaching genome-wide
significance (p < 5 x 107) (Figure 3). Table 1 reports the p-values using three different
test statistics for the top 50 SNPs in this mixed model analysis. Four of the genome-wide
significant SNPs were located within two consecutive, though not contiguous regions on
ECAL7. Three SNPs were loosely clustered from ~40.9-45.7Mb (with slightly less
significant hits at 38.5 and 20.7Mb) and a single SNP was located at 60.5Mb (with a
second slightly less significant SNP within 50kb). There are 4 genes within the region
from ~40.9-45.7Mb. The SNP at 60.5Mb is approximately 100kb downstream from an
unnamed predicted protein-coding gene and 1.3Mb upstream from a cluster of micro-
RNAs and the gene GPC5 (glypican 5). The hit on ECA13 was located between the
closely-spaced genes GET4 (golgi to ER traffic protein 4 homolog [S. cerevisiae]) and
SUN1 (Sadl and UNC84 domain containing 1). Thirty-seven additional SNPs on 16

chromosomes were moderately associated with gait (p <5 x 107).

217



GWA Results for Final Study Cohort: Among the final study cohort (n = 542),
306 were genotyped on the Equine SNP50 chip and 236 were genotyped on the Equine
SNP70 chip. In order to combine these data without the loss of marker information,
genotype imputation was performed (see Materials and Methods). Imputation was
successfully carried out in the final study cohort using the pipeline described above and
in Chapter 5. After imputation, there were 73,691 markers in the complete data set, an
increase of nearly 28,000 markers over the shared set. SNP pruning for MAF and
genotyping success was performed during mixed model analysis in GEMMA as
described above. After pruning, 62,901 SNPs were available for the final analysis in 542
horses. Inclusion of gender and origin as covariates did not alter the analysis, so the
results of the simpler model are presented here. After correction for population structure
and relatedness, thirteen SNPs on five chromosomes (ECAL, 6, 17, 23, 25) reached
genome-wide significance (p < 5 x 107) (Figure 4). Similarly to the original GWA
analysis, the seven SNPs on ECAL7 were located within three consecutive, but not
contiguous, regions: 28.5Mb (1 SNP), ~36.3-41.9Mb (3 SNPs), and 60.5Mb (3 SNPs).
The SNP at 28.5Mb was within intron 26 of VWAS8 (von Willebrand factor A domain
containing 8), and the larger region included one of the four named genes, PCDH9
(protocadherin 9), from the region defined in the original GWA. The two SNPs on ECA1
were widely spaced, one at 18.1Mb, the other at 155.2Mb. The SNP at 18.1Mb fell
between CASP7 (caspase 7) and NRAP (nebulin-related anchoring protein) and was
within 100kb of 4 additional named genes. The SNP at the opposite end of ECAL was in
a region with only a large number of predicted single exon “genes.” Two SNPs on ECA6

demarcated a region spanning from ~7-7.3Mb, which did not contain any named genes,
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but was 300kb downstream of TNP1 (transition protein 1 [during histone to protamine
replacement]). The SNP on ECA23 was located at 14.6Mb and was not related to the
previously described DMRT3 mutation (~23.0Mb), but was instead found to be within
intron 1 of a predicted protein-coding gene. The single SNP on ECA25 was located at
2Mb and fell within intron 8 of PAX5 (paired box 5). One hundred one additional SNPs
on twenty chromosomes were moderately associated with gait (p < 5 x 10”). Table 2
reports the p-values using three different test statistics for the top 50 SNPs in this mixed
model analysis.

Whole-Genome Sequencing: Actual coverage for the twelve individuals
sequenced for a target of 6x ranged from 4.7x to 7.9x (mean 6.4x). Actual coverage for
the six individuals sequenced for a target of 12x ranged from 10x to 13.1x (mean 12.2x).
Summary metrics for sequence alignment and distribution of variants and the predicted
effects of 14,588,812 called variants are detailed in Chapter 6, Tables 4-5 and Figure 1.
ECAL7 appeared to have especially large haplotype blocks segregating with gait,
including a ~27Mb region from ~19.7-46.7Mb. Within one 5Mb segment of this region
(~24-29MDb) there were 712 variants that segregated perfectly with pace; of these, 12
were predicted to have functional effect.

Variant Prioritization and Follow-up with RFLP or Sequencing: A summary of
the six variants selected for follow-up is shown in Table 4. Of these, the SNP in
FAM124A did not continue to segregate with gait after initial investigation and was
abandoned. The remaining five variants were genotyped in 400-500 additional horses and
were highly significantly associated with gait (p < 2.2 x 10™°). For two of the SNPs,

located in PCDH9 and ENSECAG00000016793, the alternate allele was more common
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in trotters than in pacers. In contrast, for the variants located in VWAS8, EPSTI1 (epithelial
stromal interaction 1 [breast]), and NAA16 (N(alpha)-acetyltransferase 19, NatA auxiliary
subunit), the alternate allele was more common in pacers. In fact, for these three variants,
there were no trotters homozygous for the alternate allele. A summary of the genotyping
results for these five variants is in Table 5.

Sequenom Assay: 303 SNPs were included in the final Sequenom assay, including
190 SNPs from the whole-genome sequencing regions of interest and 113 SNPs from the
pooled sequencing regions of interest (Table 6). The six SNPs on ECAL7 described
above (Variant Prioritization and Follow-up with RFLP or Sequencing) were not
included on the Sequenom assay since they had already been genotyped in the larger
population. The 303 SNPs were multiplexed in groups of 48 (except for a single well
with 17 SNPs) for genotyping in 500 horses. Most of these horses were selected from the
GWAS cohort; however, additional pacers had been sampled in the interim and were
included in the Sequenom assay (in total, 262 pacers and 238 trotters were genotyped).
After pruning in GEMMA, 244 SNPs were available for analysis. The top SNP
(chr30.14067984) had a p-value of 1.71 x 10!, After Bonferroni correction, p-values <
2.06 x 10" would be considered statistically significant; 156 SNPs on 20 chromosomes
met this criteria. The top 25 results from GEMMA analysis are shown in Table 7. Within
these top hits were multiple SNPs clustered together in 6 loci on 4 chromosomes (ECAL,
17, 23 and 30), as well as two single SNPs on ECAL and ECAS3. Fourteen of these SNPs
were derived from the whole-genome sequencing and 11 were from the pooled
sequencing. The top SNPs were on ECA30, but were not located within genes; however,

the most significantly associated SNP (chr30.14067984) was 750bp upstream of RRP15
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(ribosomal RNA processing 15 homolog [S. cerevisiae]). The alternate allele for this SNP
was found in 78% of trotters and 7% of pacers. Other top SNPs were found within
NHLRC2 (NHL repeat containing 2; ECAL1), FER1L3 (fer-1-like-3, myoferlin; 6 SNPs,
ECA1L), KIF20B (kinesin family member 20B; 3 SNPs, ECA1), HEATR3 (heat repeat
containing 3; ECA3), VWAS8 (von Willebrand factor A domain containing 8; 3 SNPs,
ECA17), and MAMDC2 (MAM domain containing 2; 2 SNPs, ECA23). Three SNPs on
ECA23 that were highly associated with gait were located within a novel predicted

protein-coding gene of unknown function.

Discussion

The horse is uniqgue among quadrupeds in that it can exhibit alternative patterns of
locomotion as a physiologic, rather than pathologic, adaptation. In fact, certain breeds of
horses, such as the Standardbred, have been strongly selected for this ability over
generations of breeding. Beyond giving insight into an economically important trait,
improved understanding of the pathways that underlie alternative gaits in the horse may
also provide insight into pathways that are dysregulated with disease in other species.
However, a challenge arises in identifying the most appropriate candidate genes to
investigate because there is little known about the development of normal limb
coordination. It is likely that many genes important to the expression of alternative gaits
have not previously been described to have any such function. This is aptly illustrated by
DMRT3, which had initially been described as primarily playing a role in gonadal
development and sexual differentiation.”®* The DMRT3 nonsense mutation originally

reported by Andersson et al. (2012)* has now been reported to occur at some frequency
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in 68 out of 141 breeds tested from around the world, and at high frequency (>50%) in all
“gaited” breeds.?®® This example demonstrates that a strongly associated mutation cannot
be ruled out as a putatively functional modifying allele for gait simply because it falls
within a gene that does not have a described role in neural development or locomotion.

In this study, GWAS in a large cohort of horses revealed several chromosomal
regions highly associated with gait. However, as some of these regions were quite large
and contained many genes, a traditional candidate gene approach for variant discovery
was not feasible. The use of next-generation sequencing allowed for large-scale variant
discovery in 18 individual horses (9 pacers, 9 trotters), as well as in pooled samples from
40 horses (20 pacers, 20 trotters). Of the tens of thousands of variants discovered within
regions of interest, only a small fraction could be genotyped in a large population, so it
was possible that actual functional alleles would not selected via the prioritization
process. However, the genotyping results for six variants genotyped by Sanger
sequencing and RFLP provided proof of principal for this approach. Five of these six
variants maintained strongly significant association with gait when genotyped in 400-500
horses, and three fell within genes that are plausible candidates for having a role in gait
based on the published literature. VWA8 (KIAA0564) has been associated with risk for
autism®® and bipolar disorder with complex migraine?®” in large human genome-wide
association analyses, although a functional mechanism has not been proposed in either
case. Little is known about NAA16, but its close paralog NAA15, also called NARG1
(NMDA-receptor regulated gene 1) is highly expressed in the developing brains in areas
of neuronal proliferation and migration, and may play an important role in neuronal

differentiation. While these genes are certainly worth investigating further, the strongest
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evidence exists for PCDH9. Members of the protocadherin family, including PCDH9, are
thought to play an important role in various processes during neural development,
including cell-cell adhesion, neural projection, and synapse formation. Among other
regions, PCDH9 was localized to the vestibulocochlear nerve, vestibular nuclei, and

vestibulocerebellum during early development in the mouse.”®®

Given the importance of
these in the development of coordinated movement, this makes PCDH9 an excellent
candidate to play a role in the development of alternative gait.

Of the top 25 variants from GEMMA analysis of Sequenom genotyping in 500
horses, sixteen were located within named genes (n = 6). Of these genes, only two, VWAS8
(KIAA0564) and KIF20B, have any reported relationship to the central nervous system.
VWAS8’s association with complex neurological disease is discussed above, but KIF20B is
perhaps even more interesting as a candidate because it has been shown to be crucial in
development of the cerebral cortex. Mice with a splice mutant of KIF20B resulting in
premature stop codons exhibit microencephaly secondary to impaired division and
increased apoptosis of neural stem/progenitor cells in the midbrain.?®® KIF20B has further
been shown to play an important role in migration of polarized neurons in the developing
mouse brain, as well as the transition from multipolar to bipolar cell states.””® Two other
genes have known functions unrelated to the central nervous system: FER1L3

271

(myoferlin) is important for muscle development®'~ and is thought to play a role in tumor

invasion?’%27

, While HEATR3 plays a role in the NF-xB pro-inflammatory signaling
pathway and has been associated with increased risk of Crohn’s Disease in an Ashkenazi
Jewish population.?* Little is known about the function of NHLRC?2, although it falls

within a region that has been associated with Alzheimer’s Disease.””” Similarly,
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MAMDC?2 falls within a region associated with Kabuki syndrome, a complex disorder
with mental retardation and craniofacial deformities, although no specific mutations
within the gene were associated with the condition.?’® None of these genes has been
investigated for a role in coordinated movement patterns or altered gait.

Limitations: Although variant discovery was carried out in a relatively large
number of horses (n = 58) when both the individual and pooled sequencing is considered,
there is still a possibility that variants were missed that are present in the larger
population. This could be addressed by performing additional whole genome-sequencing,
although the benefits of this approach are unlikely to outweigh the costs. Instead, targeted
sequencing (i.e. sequence capture) of specific regions of interest might be used to search
for additional variants with putative functional effect. A second limitation to this study is
that variants were prioritized and selected for follow-up genotyping on the basis of
SnpEff annotations. These are based on the current reference genome, which is known to
be incompletely annotated. In particular, the first exon of many genes, as well as the 5’
and 3’ untranslated regions (UTRs) are often missing in the existing annotation. This
limitation could be addressed by manual annotation within regions of interest by
comparison with the human and mouse genomes, and this was, in fact, done for a region
spanning from ~17.2-46.7Mb on ECAL17. Although 51 additional variants of putative
functional effect were identified within this 29.5Mb region, these results may not justify
the substantial time and effort required for this approach across multiple regions (or the
entire genome). A more efficient way to do this would be to try to identify putative
functional effects of specific markers found to be highly associated with gait that are near

annotated genes, but not currently assigned an effect. Release of the updated “EquCab
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3.0” reference genome, currently under development, will also aid in addressing this
limitation. An offshoot of this limitation is that only variants within or near protein-
coding genes were selected for follow-up. There is ample evidence that a much larger
portion of the genome is involved in regulatory actions than in protein coding®°, and so it
is possible that important modifying alleles were missed by our approach. The
development of “AgENCODE,” a project seeking to discover and annotate regulatory
elements in agricultural species, will help address this limitation in the long term, but this
resource is not likely to be available for some time.

Future Directions: Of 303 selected variants from the Sequenom assay, 244 were
included in the final GEMMA analysis, and of these, 156 were statistically significantly
associated with gait (p < 2.05 x 10™). Clearly, much work remains to be done to assess
these variants for a potential role in gait. Although potential individual candidate genes
based on the top 25 variants were discussed above, it is likely that a higher-level analysis
will be necessary to tease out which of the 156 significant variants show the greatest
promise as potential modifying alleles involved in gait. There are two approaches that
may be used here. First, pathway analysis can be used to look for connections between
genes (or protein products) based on published evidence of interactions from the
literature. Tools available for this type of analysis include IPA (Ingenuity Pathway
Analysis; Ingenuity Systems, Redwood, CA), STRING*'"*"®, ClueGO?*”®, and GRAIL

(Gene Relationships Across Implicated Loci).?*°

All of these approaches are based on
text mining, so the lack of published information about gait may be a disadvantage to this
approach, although for GRAIL, “seed” genes/regions known to be important for neural

development could be selected to guide the analysis. Second, a random forest
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computational approach can be taken to discover relationships between predictors (SNPs)
and to assign numerical contributions of each SNP to the trait of interest (gait) (see
Chapter 6).2°%%®! This approach has the advantage of not requiring any prior knowledge
about gene function to establish relationships between pathways and phenotype. A
combination of the two approaches is likely to prove of greatest use in future
investigations.

It will be important to validate the findings reported here in independent
populations. These should include 1) an additional population of Standardbreds
phenotyped for gait; 2) a population of Icelandic horses that pace; 3) a population of
gaited and non-gaited horses from a variety of breeds. This will help determine if the
modifying alleles discovered in this population are unique to Standardbreds, are unique to
breeds that pace, or are, like the DMRT3 mutation, universal alleles related to
“gaitedness.” The pre-existing Sequenom assay described here could be applied to any
number of these additional individuals, but it is likely that as our focus narrows and
additional fine mapping is performed, an updated group of selected variants will be

considered for follow-up validation.
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Table 1: Top 50 SNPs from GEMMA mixed model analysis in 374 individuals (gender
and origin covariates). After pruning, analysis included 40,616 SNPs. Uncorrected p-
values are presented for the Wald test, the Likelihood ratio test (Irt) and the Score test.

CHR = chromosome; BP = base pair.

RANK CHR BP p_wald p_Irt p_score
1 17 60554458  9.08E-09 7.39E-09 3.12E-08
2 17 40999944  9.23E-09 7.51E-09 3.16E-08
3 13 6175513 1.54E-08 1.26E-08 4.90E-08
4 17 45678720  3.76E-07 3.20E-07 7.91E-07
5 17 45679062  3.76E-07 3.20E-07 7.91E-07
6 17 38461954  6.19E-07 5.29E-07 1.23E-06
7 17 20690428  1.57E-06 1.36E-06 2.82E-06
8 1 18091709  2.04E-06 1.77E-06 3.57E-06
9 28 6098105 4.23E-06 3.70E-06 6.90E-06

10 19 6093264 5.10E-06 4.47E-06 8.17E-06
11 17 60503138  5.37E-06 4.71E-06 8.56E-06
12 23 14650375  5.90E-06 5.18E-06 9.33E-06
13 1 104906681 5.91E-06 5.19E-06 9.34E-06
14 67042453  9.51E-06 8.39E-06 1.44E-05
15 3 67045788  9.51E-06 8.39E-06 1.44E-05
16 25 32055492  9.53E-06 8.41E-06 1.44E-05
17 23 26109618  1.01E-05 8.89E-06 1.52E-05
18 17 41566253  1.31E-05 1.16E-05 1.92E-05
19 17 42347955  1.35E-05 1.19E-05 1.98E-05
20 17 74662387  1.40E-05 1.24E-05 2.05E-05
21 17 32444026  1.46E-05 1.30E-05 2.13E-05
22 3 64348556  1.52E-05 1.35E-05 2.21E-05
23 17 72658830  1.69E-05 1.51E-05 2.44E-05
24 23 20712252  1.96E-05 1.75E-05 2.80E-05
25 20 27347017  2.07E-05 1.84E-05 2.94E-05
26 17 33932846  2.23E-05 1.99E-05 3.14E-05
27 5 98040238  2.58E-05 2.30E-05 3.60E-05
28 32 12381464  2.87E-05 2.57E-05 3.97E-05
29 15 934287 3.28E-05 2.94E-05 4.49E-05
30 1 121531223  3.35E-05 3.00E-05 4.58E-05
31 21 51617903  3.43E-05 3.07E-05 4.68E-05
32 8 87181631  3.45E-05 3.09E-05 4.70E-05
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

27217212
38199052
38243678
39700987
40454665
89831586
16327809
97885183
90545119
1624948
1674613
34146408
66103181
90527471
98020885
47460400
33622587
26071186

3.56E-05
3.84E-05
3.84E-05
3.84E-05
3.84E-05
4.09E-05
4.14E-05
4.49E-05
5.14E-05
5.41E-05
6.52E-05
6.59E-05
6.75E-05
6.78E-05
6.79E-05
7.29E-05
7.37E-05
7.45E-05

3.19E-05
3.44E-05
3.44E-05
3.44E-05
3.44E-05
3.67E-05
3.72E-05
4.04E-05
4.63E-05
4.88E-05
5.89E-05
5.95E-05
6.09E-05
6.13E-05
6.13E-05
6.59E-05
6.66E-05
6.73E-05

4.83E-05
5.19E-05
5.19E-05
5.19E-05
5.19E-05
5.50E-05
5.57E-05
6.00E-05
6.81E-05
7.14E-05
8.49E-05
8.57E-05
8.76E-05
8.80E-05
8.81E-05
9.41E-05
9.51E-05
9.60E-05
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Table 2: Top 50 SNPs from GEMMA mixed model analysis in 542 individuals (no
covariates). After pruning, analysis included 62,901 SNPs. Uncorrected p-values are
presented for the Wald test, the Likelihood ratio test (Irt) and the Score test. CHR =

chromosome; BP = base pair.

RANK CHR BP p_wald p_Irt p_score
1 17 60554458 1.15E-11 1.03E-11 6.79E-11
2 1 18091577 2.93E-10 2.67E-10 1.11E-09
3 23 14650375 1.57E-09 1.44E-09 4.81E-09
4 6 7372690 1.62E-09 1.48E-09 4.94E-09
5 17 60503138 3.25E-08 3.02E-08 7.16E-08
6 17 60523882 3.25E-08 3.02E-08 7.16E-08
7 6 7000504 4.09E-08 3.81E-08 8.83E-08
8 17 40999944 4.88E-08 4.54E-08 1.03E-07
9 17 28460851 6.00E-08 5.60E-08 1.25E-07

10 1 155226154  8.67E-08 8.09E-08 1.74E-07
11 17 36291973 1.23E-07 1.15E-07 2.39E-07
12 17 41905502 2.65E-07 2.49E-07 4.81E-07
13 25 2021044 4.30E-07 4.04E-07 7.48E-07
14 9 76324169 5.87E-07 5.53E-07 9.95E-07
15 31 18200337 6.28E-07 5.91E-07 1.06E-06
16 19 24644810 6.80E-07 6.41E-07 1.14E-06
17 1 55259288 9.26E-07 8.74E-07 1.51E-06
18 31 18194086 9.31E-07 8.79E-07 1.52E-06
19 31 18163586 1.06E-06 9.98E-07 1.71E-06
20 31 18207378 1.06E-06 9.98E-07 1.71E-06
21 31 18263790 1.06E-06 9.98E-07 1.71E-06
22 2 19755735 1.21E-06 1.14E-06 1.94E-06
23 31 18083836 1.59E-06 1.51E-06 2.50E-06
24 1 70111131 1.68E-06 1.59E-06 2.62E-06
25 17 60468732 2.45E-06 2.32E-06 3.71E-06
26 17 60468135 2.56E-06 2.42E-06 3.87E-06
27 31 5160203 2.56E-06 2.43E-06 3.88E-06
28 1 18091709 2.87E-06 2.72E-06 4.31E-06
29 10 60356610 2.91E-06 2.76E-06 4.36E-06
30 31 5160132 3.00E-06 2.84E-06 4.48E-06
31 17 25963835 3.83E-06 3.64E-06 5.63E-06
32 16 28803066 3.97E-06 3.77E-06 5.82E-06
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

19
20
31

31

10
25
16
31

2

155323247
17532819
46116569
30643317
43319164
18562346
1673079
1674613
43852372
17759802
78229420
39331337
5679757
16689693
28745680
1904633
5649300
1919026

3.98E-06
4.14E-06
4.51E-06
4.80E-06
5.00E-06
5.72E-06
6.01E-06
6.01E-06
6.17E-06
6.28E-06
6.47E-06
6.80E-06
6.92E-06
6.95E-06
6.95E-06
6.98E-06
7.11E-06
7.12E-06

3.78E-06
3.93E-06
4.29E-06
4.56E-06
4.75E-06
5.44E-06
5.72E-06
5.72E-06
5.88E-06
5.98E-06
6.16E-06
6.48E-06
6.59E-06
6.62E-06
6.62E-06
6.65E-06
6.77E-06
6.78E-06

5.83E-06
6.05E-06
6.56E-06
6.95E-06
7.21E-06
8.18E-06
8.57E-06
8.57E-06
8.78E-06
8.92E-06
9.17E-06
9.61E-06
9.77E-06
9.81E-06
9.82E-06
9.85E-06
1.00E-05
1.00E-05
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Table 3: Summary of 18 individuals selected for whole-genome sequencing (from a total
cohort of 542 horses). Depth of coverage for whole-genome sequencing is indicated in

the “coverage” column. M = mare; G = gelding; S = stallion.

Gender Sire Coverage

M Western Ideal 12x

M Dragon Again 12x

M Somebeachsomewhere 12x

S Cam’s Card Shark 6X

Pacers S Badlands Hanover 6X
M Yankee Cruiser 6X

M Somebeachsomewhere 6X

S Western Ideal 6X

G Allamerican Native 6X

G Andover Hall 12x

M SJs Caviar 12x

S Revenue S 12x

M Glidemaster 6X

Trotters M Cantab Hall 6X
S Cantab Hall 6X

M Credit Winner 6X

S Muscles Yankee 6X

S Windsong’s Legacy 6X
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Table 4: Summary of the six variants on ECAL7 selected for follow-up with Sanger

sequencing and/or RFLP. For each primer pair, the forward primer is listed first, then the

reverse primer. BP = base pair; RFLP = restriction fragment length polymorphism

enzyme.
Gene BP Variant Primers RFLP
type
. 5’-GGAGAAAATGGGGAAGATGC-3’
FAMI124A | 20049014 | missense | o, ~n G ATCTGCAGCTGTTCAGG-3 Notl
NAALG | 28717149-| missense | 5’-GAGCCACTGTTCTGCCTACC-3’ n/a
28717150 (2) S’-TTTGCTGTTTGCCTTTTGTG-3’
. . 5’-GCATAACTTTTAGGGGAGGATAAG-3’
EPSTIL | 27382018 | insertion | o, == AT ACACACCTTTCAGG-3’ n/a
. 5’-TCATGGTGCCACTTACATACG-3’
VWAS | 28468055 | missense | 5. 1cAGTCCTGACAAGTCTTCACG-3’ sl
. 5’-ATCCAGCTGGTCGTCTTCC-3’
ENS16793 | 32765728 | missense | o, 1o A AATCAGAATCAAAGAATGG-y | Bsal
PCDH9 | 41520282 | missense | 2, CACCCCCACCAACTTIAAAGG-S Psil

5’-GATCTGGACCGAAAGACAGG-3’

FAM124A: family with sequence similarity 124A
NAA16: N(alpha)-acetyltransferase 16, NatA auxiliary subunit
EPSTIL: epithelial stromal interaction 1 (breast)

VWAS8: von Willebrand factor A domain containing 8 (also known as KIAA0564)

ENS16793: ENSECAG00000016793, uncharacterized protein-coding gene

PCDHO9: protocadherin 9
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Table 5: Summary of genotyping results for five segregating variants on ECAL7 in a

large population of horses.

PCDH9 SNP1
G/IG GIT T/T Total
Trotters 14.8% 53.0% 32.2% 236
Pacers 71.1% 26.2% 2.7% 263
ENS16793 SNP1
A/A A/G G/IG Total
Trotters 34.2% 49.8% 16.0% 219
Pacers 81.1% 17.7% 1.2% 249
VWAS8 SNP2
Trotters T/T T/IG G/G Total
Pacers 97.2% 2.8% 0.0% 211
25.5% 54.9% 19.6% 255
EPSTI1 INSERTION
G/G G/IGA GA/GA Total
Trotters 88.9% 11.1% 0.0% 234
Pacers 19.3% 50.2% 30.5% 259
NAA16 SNPs1 & 2
AA/AA AA/CC CC/CC Total
Trotters 93.5% 6.5% 0.0% 184
Pacers 22.5% 47.6% 30.0% 227
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Table 6: Summary of 303 SNPs putatively associated with gait that were selected for
inclusion in the Sequenom assay. The 190 SNPs selected from whole-genome sequencing
were multiplexed with the AIMs into groups of 48 in six wells; the 113 SNPs selected
from pooled sequencing were multiplexed into two wells with 48 samples each and a

third well with 17 samples (well assignments not shown). ECA = equine chromosome;

BP = base pair.
SNPs selected from SNPs selected from
whole-genome .
sequencing pooled sequencing
ECA BP ECA BP
1 5322242 1 38563255
1 5532596 1 38573734
1 5532686 1 38837069
1 5632465 1 106883816
1 17548101 1 106928205
1 17552161 3 2489598
1 17617018 3 2506253
1 17945265 3 2521561
1 17955548 3 52318025
1 18065598 4 8996717
1 18109069 4 9091283
1 35670985 4 9116614
1 35720250 5 55291788
1 35721326 5 55301141
1 35726345 5 55317127
1 35729338 5 55333664
1 35731283 5 61126642
1 35731849 5 61144680
1 38306816 5 61163899
1 38591441 5 66187039
1 38592096 5 66199885
1 38592542 5 66221515
1 38599532 6 81299480
1 38646291 6 81651604
1 38987953 6 81668230
1 38988003 9 29141611
1 39070730 9 29155106
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39102187

39376366

39376415

39560619

39589062

39691699

39772282

42307163

43245721

43245806

48293517

48896092

49602985

50226814

50226817

55106029

17358298

17616769

17690098

18282822

18364832

18538576

18622200

18987527

19016749

19326982

19327652

19327821

19327827

19698739

19714056

19724672

19731591

19775173

2384676

2494992

3051017

3581003

3581548

3581676

WWWWWWIWINININININININDINDINDINDIDDINDININDINDINDIdDNDPIRPIPIPIRPIRPIRPIRPIRPIRPIRPIRPIRPIRP|IEPIE

3977000

9 29211591
11 29532466
11 29564206
11 29599837
11 31303355
11 31319004
11 31470618
11 36608682
11 36669528
11 36714823
11 36775489
11 36796850
12 16262259
12 16270318
12 16380392
12 16412374
14 1368081
14 1388861
14 1403046
14 1427118
14 1570169
14 5442438
15 10100242
15 10103035
15 10108201
16 59352686
16 59382124
16 59391893
17 50983052
17 51017875
17 51044268
17 61717590
17 61721785
17 61728019
17 61744016
17 61749334
17 65640738
17 65645147
17 65659694
20 25103556
20 25113918
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46785415

46785561

46785621

47817508

48135062

48816809

49488838

49530033

49601762

49601886

49601896

49785110

49857337

49857369

49857478

52563310

52680823

53257281

53721793

53834511

54166034

56561263

56755586

57629621

57929520

58044431

58070704

58077312

58174699

58434545

58903953

76844764

76844777

77739534

6609510

7832752

7841413

7881374

75715699

75803120

QO OO W W W WWW W W WWW W WWwWwW W W W W W W WWWwWwWwWwwwWwwww w wiw

75813719

20 25127274
20 27650699
20 27691110
20 27711111
20 27727105
20 27768899
20 46929785
20 47062579
20 47092658
23 14640812
23 14645077
23 14649864
23 20639151
23 20652865
23 20658789
23 20662320
24 6712987
24 6736928
24 10276151
24 10285906
24 10296168
24 10299566
25 3657454
25 3666056
25 3694284
25 3724550
25 3860478
25 11783623
25 11800074
25 15026761
25 15044553
29 3291497
29 3447596
29 3471572
29 10074576
29 10087117
29 10109015
30 14059751
30 14067984
30 14107178
30 14936139
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30 14947553
30 15055793
30 15068782
30 15124747

9 75816548
9 75896366
11 46845778
11 47003926
11 47016874
11 47016889
11 48341945
11 50634935
11 50846315
11 50918059
11 52424214
11 57422057
11 58376457
16 25722825
16 28197056
16 28198996
16 28199539
16 28786474
16 29331872
16 30331912
17 27685585
17 28054635
17 28293289
17 28347510
17 28361747
17 28458432
17 28485796
17 28540291
17 28658850
17 28658966
17 28711958
17 29271555
17 29274637
17 39403989
17 39404292
17 60460198
18 77603381
19 21446218
19 31393832
19 37986794
23 14182456
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23 14211839
23 14648590
23 14714942
23 14813929
23 14814635
23 14980071
25 11689674
25 11691308
25 11793191
25 11811829
25 12758770
25 12791659
25 13016645
25 13021802
25 13021844
25 13031250
25 13031714
25 13036645
25 13047191
25 13050176
25 13052616
25 14418173
25 14531198
25 14557888
25 14735220
25 14737344
25 14760167
25 15576483
25 15621763
25 15829342
25 15839070
25 15845420
25 16817685
25 16820893
26 3315794
26 3315939
26 3315959
26 3315992
26 3641990
26 3642510
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Table 7: Comparison of the top 25 association results from GEMMA (corrected for
population structure and relatedness) based on Sequenom genotyping data in 500 horses.
Reported p-values are based on the Wald, likelihood ratio (Irt), and score tests. ECA =

equine chromosome; BP = base pair.

ECA BP p_wald p_lrt p_score
30 14067984 3.35E-32 | 1.71E-31 | 1.22E-24
30 14947553 1.25E-30 | 4.98E-30 | 9.05E-24
23 14649864 3.20E-30 | 1.27E-29 | 1.64E-23
23 14648590 9.36E-30 | 4.30E-29 | 3.80E-23
30 15055793 1.27E-29 | 5.68E-29 | 4.47E-23

23 14640812 1.39E-29 | 5.87E-29 | 4.45E-23
30 15068782 9.73E-29 | 3.63E-28 | 1.37E-22
17 28540291 4.80E-28 | 1.13E-27 | 2.30E-22

30 14936139 6.40E-28 | 1.85E-27 | 3.51E-22
1 35729338 2.29E-27 | 5.32E-27 | 6.39E-22
1 35731849 2.66E-27 | 6.22E-27 | 7.12E-22
1 35731283 2.88E-27 | 6.63E-27 | 7.36E-22
1
1

17945265 1.48E-27 | 1.07E-26 | 1.72E-21
35720250 7.74E-27 | 1.81E-26 | 1.45E-21
17 28458432 1.57E-25 | 1.78E-25 | 4.50E-21
35726345 9.29E-26 | 2.07E-25 | 7.19E-21

1 35721326 2.54E-24 | 6.44E-24 | 8.07E-20
30 15124747 6.38E-24 | 8.30E-24 | 6.61E-20
1 38573734 1.65E-23 | 3.75E-23 | 2.59E-19
17 28361747 4.90E-23 | 6.30E-23 | 2.70E-19
1 38591441 3.46E-23 | 7.70E-23 | 4.26E-19
1 38592542 2.30E-22 | 5.15E-22 | 1.64E-18

23 20662320 2.40E-22 | 6.18E-22 | 1.99E-18
23 20652865 3.59E-22 | 8.66E-22 | 2.45E-18
3 3051017 3.65E-21 | 4.27E-21 | 5.05E-18
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Figure 1: Schematic of a hypothetical polygenic model for expression of alternative gait
across breeds. In this model, there are 7 modifying alleles that interact with DMRT3 to
produce different gaits in various breeds. Breeds that share the same alternative gait also
share modifying alleles. These modifying alleles may be present in non-gaited breeds, but
in the absence of DMRT3, no alternative gait is exhibited. DMRT3 is thus necessary, but

not sufficient for alternative gaits.
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Figure 2: Multidimensional scaling plot of 542 Standardbreds based on genome-wide
genotyping data. The horses cluster distinctly by gait, with the pacers more similar to

pacers than trotters to trotters.
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Figure 3: Manhattan plot of results from mixed model analysis using GEMMA in a
population of 374 pacers and trotters (gender and origin covariates). The 31 autosomal
and X chromosome (32) are represented in different colors along the x-axis and the —
log(p-value) of the likelihood ratio test is on the y-axis. Each colored dot represents a
SNP. The blue line marks a p-value of 5 x 10” while the red line marks a p-value of 5 x
107", SNPs falling above the red line are considered genome-wide significant Top hits are

on ECA13 and 17.
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Figure 4: Manhattan plot of results from mixed model analysis using GEMMA in a
population of 542 pacers and trotters (no covariates). See Figure 3 for compete legend.

Genome-wide significant hits (p <5 x 10”7 are on ECAL, 6, 17, 25 and 26.
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Chapter 8

Investigation of Genetic Determinants of Performance in the Standardbred Horse
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Summary

Horses have been selectively bred to perform specific tasks for thousands of
years, and while the definition of what constitutes “good” performance varies by breed
and discipline, there is no question that performance is one of the most important factors
in judging the potential breeding value of an individual horse. However, while it is
widely accepted that performance characteristics are inherited, the specific genetic factors
underlying athletic performance in the horse are largely unknown.

Among racing breeds, the performance characteristics that are most valued are
number and quality of wins, and total earnings. However, these measures can be
influenced by a large number of outside factors and so are less than ideal phenotypes for
investigating genetic factors underlying race performance. Although physiologic
measurements related to cardiovascular capacity and musculoskeletal characteristics
would likely be the best phenotypes upon to which to base these investigations, they are
difficult to obtain from a large population of horses. Speed is an essential determinant of
wins and earnings, and an individual’s maximum speed is determined by their intrinsic
physiologic characteristics. Fastest recorded race speed, although still influenced to a
degree by outside factors, is thus a better measure of intrinsic athletic ability than other
easily obtained measures, and was selected as the primary phenotype of interest for this
study.

A genome-wide association study (GWAS) was performed in a large group of
Standardbred horses with fastest race times available in their public records (n = 94 in the
original cohort, n = 414 in the final cohort). GWA analysis was performed using

GEMMA software. After accounting for population structure and relatedness, 4 SNPs on
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4 chromosomes (ECA2, 7, 11, 22) were moderately associated with speed (p < 5 x 107)
when gender, gait, origin, and age at fastest time were included as covariates in the mixed
model. An additional GWAS was performed using linear regression analysis in PLINK in
a subset of the population (n = 208) using optimal distance (i.e. the distance at which the
horse’s fastest time was recorded) as the outcome variable. Five SNPs on three
chromosome (ECAS3, 14, 23) were moderately associated with optimal distance.
Although several plausible candidate genes for performance and optimal distance were
identified within the GWAS regions of interest, these findings should be validated in one
or more independent populations. Alternative phenotypes may also need to be considered

given the particularly complex nature of “performance” as a trait.
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Introduction

Performance in horses is evaluated in a myriad of ways, depending on breed,
discipline, and the purpose for which assessment is being conducted. While performance
as defined by wins and earnings unquestionably drives breeding and buying decisions in
the race industry, the most common use of racing performance measures in the scientific

€.0.282;283

literature is to evaluate the detrimental effects of a disease or condition , or, more

commonly, to demonstrate the effectiveness of a medical or surgical intervention.®%2%2%%
20 However, the lack of a single accepted measure of performance in racehorses makes it
difficult to compare results between published studies. Single parameters considered
often include number of races, earnings (cumulative or per start), finish position, and
number of top three finishes.?2%°2882% A variety of performance indices (P1) have also
been proposed, which assign point values to various parameters, such as order of finish
and earnings, and combine them together or transform them in some way.?2282285-287:289
The advantage to Pls is that they purportedly allow for comparison across different
classes of performance.®®® A complex statistical model has been developed®* and

validated?®?

in Thoroughbreds that accounts for a number of environmental factors
including track, track conditions, race distance, purse size, age, time of year, placement
of the race in the schedule (i.e. time of day), number of horses in the race, post position,
and weight carried by the horse, and this has been used to report outcome in at least one
study.?®® However, this equation has limited utility outside of the region in which it was
291

developed because all of the data upon which it was based came from only five tracks.

Models have also been developed by racing boards to facilitate comparison of
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performance across race seasons, ages, and genders, but these are not widely utilized in
the literature,3%28%:287:293

Although it is commonly accepted that performance characteristics are inherited —
indeed, this is the basis of selective breeding in the horse and other agricultural species —
the genetic factors that contribute to “performance” are largely unknown. Given the
complexity of merely defining performance, as illustrated above, this is perhaps not
surprising. Breeders of production species, such as cattle and pigs, have long used
complex breeding values based on progeny testing to make decisions about which
animals to keep and which to cull, although recently, genomic-based selection has
become the standard.®* In contrast, in horses, the use of genetic evaluation in breeding
decisions tends to be highly breed-specific (and discipline-specific) and is generally
based more on the performance and conformation characteristics of an individual than of
their progeny.?®¥2%%7 Widespread genomic selection has not become the norm in this
species, where there is still as much “art” as science in the quest to breed elite performers.

There is not generally standardized testing of young stock in the racing breeds as
is seen in sport horses. For these horses, pedigree and the number and quality of wins are
more likely to make an individual desirable for breeding. A standardized genetic merit
evaluation based on a combination of race variables, including number of starts, number
of top 3 finishes (normalized for number of starts), earnings, earnings per start, and
fastest race time was evaluated in Swedish trotters'?, but has not been widely accepted.
The reported heritability of racing traits varies widely, which makes the utility of a
universal breeding value questionable. For example, heritability of speed in North

American Standardbreds (trotters and pacers pooled) was reported to be 0.29.* Similarly,
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heritability of speed in Finnish Standardbred trotters was reported to be 0.28", but in
German trotters it ranged from 0.01-0.18 when age was taken into account.” In Quarter
Horses, heritability of speed ranged from 0.26 to 0.41 and increased with the distance
over which individuals were raced (301m-402m).*® Conversely, in Thoroughbreds,
heritability of speed decreased from 0.29 in horses racing 1000m to only 0.05 in horses
racing 1600m.?*® The influence of age and race distance on the heritability estimates
reported here emphasizes the point that even on an optimal genetic background, external
influences will always play a role in the success of an individual. That being said, better
understanding of the genes and pathways that underlie performance traits can only
improve genetic selection schemes. The interest of the racing community in such
information is aptly illustrated by the popularity of the commercial test for the so-called
“speed gene,” which genotypes individuals for an intronic variant in the myostatin gene
(MSTN) that has been reported to be highly associated with optimal race distance in
Thoroughbred horses.™

The primary purpose of this study was to identify chromosomal regions
associated with performance in Standardbred racehorses as a first step in investigating
specific genetic determinants of performance in this breed. For the purposes of this work,
“performance” was primarily defined as fastest speed over a mile. While, as discussed
above, this may be considered an oversimplification of performance, it is one of the most
basic and essential determinants of success in a racing individual and was therefore
considered to be an appropriate starting point for investigation of this particularly

complex trait.
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Materials and Methods

Horses and Performance Records: The initial study cohort was comprised of 94
Standardbred yearlings born in 2007 and raised on a single breeding farm in the eastern
United States. There were 48 pacers and 46 trotters in this group, belonging to distinctly
bred families with little crossover between lines, although all were related within thirteen
generations to a single breed foundation sire. Management practices, including diet and
exercise regimen, were the same for all foals during their first year of life. As yearlings
(14-20 months of age), horses were sold, at which time they were lost to direct follow-up.
Although the primary trait of interest in these individuals at the time of sample collection
was osteochondrosis (OC; see Chapter 4), they were leveraged for investigation into
genetic factors underlying performance as well. OC status was shown to not affect race
performance in this cohort using a variety of outcome measures (see Chapter 3), so for
the purposes of the present study, OC was not included as a covariate in any analysis. All
available performance data was obtained from the United States Trotting Association.

While preliminary results from the initial study cohort were interesting, they were
based on small numbers of horses and could have been biased by the close relationships
between individuals. Thus, an expanded study cohort was assembled, consisting of 414
Standardbred horses from North America (n = 201) and Europe (n = 213). There were
113 pacers and 301 trotters in this group. Consistent with the original cohort, the pacers
and trotters were members of distinct families. For the North American horses, all
available performance records were obtained from the United States Trotting

Association. For the European horses (and the small number of horses bred in the U.S.
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that had been exported to Europe), records were collected from the appropriate country’s
trotting association.

Performance records obtained for every individual included fastest career time
and age at fastest time. As needed, fastest time was converted from time over 1 km to
time over 1 mile so direct comparisons could be made. Only times recorded during auto
start races were considered for European racers (not volte start). For horses that raced in
Europe, the distance at which their fastest time was achieved was also recorded.

Whole-Genome Genotyping: All horses utilized in this study cohort had been
sampled during the course of unrelated projects in the Equine Genetics and Genomics
Laboratory and had already been genotyped either at 54,602 SNPs using the first
generation Illumina Equine SNP50 chip (n = 306) or at 65,157 SNP markers using the
second generation lllumina Equine SNP70 chip (n = 68).

Genotype Imputation: The two equine genotyping platforms share only 45,703
SNPs. To avoid loss of information from the non-overlapping markers, genotype
imputation was utilized. Imputation statistically estimates genotypes from non-assayed
SNPs by comparing haplotype blocks in the study population with haplotype blocks in a
more densely genotyped reference population. As part of the validated pipeline detailed
in Chapter 5, BEAGLE?" was utilized to impute the ~18,000 markers unique to the
SNP70 chip in those horses genotyped on the SNP50 chip, and to impute the ~9,000
markers unigue to the SNP50 chip in those horses genotyped on the SNP70 chip. Imputed
files were merged using the --merge command in PLINK?*? prior to analysis.

Genome-Wide Association (GWA) Analysis: Initial GWA analysis was performed

in the original study cohort (n = 94) using a linear regression model in PLINK (--linear)
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with fastest speed in seconds as the continuous outcome variable. Gait and gender were
included as covariates in the model. To control for multiple testing, 10,000 t-max label-
swapping permutations were applied (--mperm 10000). This analysis was repeated in
pacers only and in trotters only; no covariates were applied in these models.

The GWA in the final cohort (n = 414) was carried out after imputation using
GEMMA (Genome-wide Efficient Mixed Model Analysis) software.”** GEMMA is
computationally efficient for large data sets, accounts for population structure and
relatedness using a marker-based relationship matrix, and calculates variation for
individual SNPs rather than an average variation across all SNPs. These features make
this software particularly appropriate for the present application. The GWA was
performed using the options to create a centered relatedness matrix (-gk 2) and perform
all three possible frequentist tests: Wald, likelihood ratio, and score (-fa 4). The
relatedness matrix was constructed using a linkage-disequilibrium (LD)-pruned set of
markers (100 SNP windows, sliding by 25 SNPs along the genome, pruned at r* > 0.2;
PLINK command --indep-pairwise 100 25 0.2).>° A covariate file including gender, gait,
and origin (North America or Europe), +/- age at fastest time and distance at which the
fastest time was achieved was incorporated into the mixed model [-c] for the entire
group. When pacers were considered separately, gender, origin, and age were included as
covariates in the model. When trotters were considered separately, distance at which the
fastest time was achieved was also added as a covariate. SNPs were pruned prior to GWA
using the default GEMMA parameters of minor allele frequency (MAF) <1% and

missingness <95%.
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Since European trotters race over different distances (in contrast to North
American horses, which are all raced over 1 mile), a GWA was performed in this subset
of individuals (n = 208) with the distance at which an individual achieved their fastest
time as the outcome of interest. A simple linear regression model was used in PLINK
with age at fastest time and gender as covariates included in the model. SNPs were
pruned for MAF <1% and missingness <90%.

Association plots were generated using the base graphics package in the R

statistical computing environment.*®’

Based on previously published guidelines,
uncorrected p-values of less than 5 x 107 were considered to indicate genome-wide
significant association, while uncorrected p-values between 5 x 10 and 5 x 107 were

considered to indicate moderate association.”” When permutations were applied, a p-

value of <0.05 was considered to be genome-wide significant.

Results

GWA Results for Original Study Cohort: 54,602 SNPs were considered during the
analysis in PLINK. Sixty-six of 94 horses had a fastest time recorded in USTA records
and were included in the analysis. After 10,000 label-swapping permutations, there were
no SNPs reaching statistical significance. The most significant SNP was located on
ECA1 (chrl.120115552; p = 0.021); three other less significant SNPs were located
nearby (chrl1.118806817, chrl.125287062, and chrl1.127072698; p = 0.47). The ~9Mb
region defined by these 4 SNPs was quite gene-rich, containing 88 named genes, 12
novel protein-coding genes, and numerous predicted pseudogenes and noncoding RNAs.

The second-most significant SNP was located on ECA11 (chrl1.5367142; p = 0.27)),
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~22kb  upstream of MGAT5B (mannosyl(alpha-1,6)-glycoprotein  beta-1,6-N-
acetylglucosaminyltransferase, isozyme B).

Forty of 48 pacers had a recorded fastest time and were included in the gait-
specific analysis. After 10,000 label-swapping permutations, there were no SNPs
reaching statistical significance. The top two SNPs were the same as in the combined
analysis (chrl.120115552, chr11.5367142), but with less significant p-values (0.16 and
0.31, respectively). Twenty-six of 46 trotters had a recorded fastest time and were
included in the gait-specific analysis. As above, there were no SNPs reaching statistical
significance after permutations. The top SNP in this analysis was located on ECA13
(chr13.27836637; p = 0.49), followed by a cluster of 3 SNPs on ECAZ20
(chr20.14408119, chr20.14481448, chr20.14509997; p = 0.70). The ECA13 SNP was
located within intron 3 of COQ7 (coenzyme Q7 homolog, ubiquinone [yeast]). The
region demarcated by the ECA20 SNPs is ~300kb from the nearest gene, JARID2
(Jumoniji, AT rich interactive domain 2).

GWA Results for Final Study Cohort: Among the final study cohort (n = 414),
306 were genotyped on the Equine SNP50 chip and 68 were genotyped on the Equine
SNP70 chip. Genotype imputation was performed in order to combine these data without
the loss of marker information (see Materials and Methods). Imputation was successfully
carried out in the final study cohort using the pipeline described above and in Chapter 5.
After imputation, there were 74,595 markers in the complete data set, an increase of
nearly 29,000 markers over the shared set. SNP pruning for MAF and genotyping success
was performed during analysis in GEMMA and PLINK as described above. After

pruning, 62,795 SNPs were available for analysis in the entire final study cohort of 414
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horses (pacers and trotters combined) in GEMMA. The addition of age at which the
fastest time was achieved as a covariate did not substantively change the mixed model
results over gender, gait, and origin alone, however, the top SNPs were slightly different
when age and distance at which the fastest time was achieved were both included. In each
model, only 3-4 SNPs showed moderate evidence of association with speed (p < 5 x 10™
as determined by the likelihood ratio test) (Figure 1). A comparison of the top 25 results
from each analysis is shown in Table 1. Moderately associated SNPs were located on
ECA2, 7, 11, and 22 when gender, gait, and origin, +/- age were considered as covariates.
None of these SNPs were located particularly close to any protein coding genes
(chr2.109162364: ~62kb upstream of NDST3 [N-deacetylase/N-sulfotransferase (heparin
glucosaminyl) 3], chr7.94667256: ~30kb downstream of METTL15 [methyltransferase
like 15], chr11.4759103: ~160kb downstream of SEPT9 [septin 9], chr22.43741335:
~30kb downstream of BMP7 [bone morphogenetic protein 7]). In addition to the same
ECA11l SNP as above, markers on ECA15 and 17 were moderately significant when
distance was added as a covariate. The SNP on ECA15 (chrl5.52466022) was ~6kb
upstream of TMEM247 (transmembrane protein 247); the SNP on ECA17
(chr17.5851284) was ~3kb upstream of SHISA2 (shisa family member 2).

After pruning, 59,003 SNPs were available for analysis in 113 pacers. Fifteen
SNPs on seven chromosomes were moderately associated with speed (p < 5 x 10™ as
determined by the likelihood ratio test). None of these SNPs were the same as the
moderately associated markers from the combined analysis. Five SNPs demarcated a
region of interest on ECA15 from 10.4-19.6Mb (two clustered on one end, three on the

other), while four SNPs on ECA21 were clustered between 46.3-46.5Mb. The remaining
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six SNPs were singletons (ECAL, 2, 11, 16 and two distantly located SNPs on ECAZ26).
The top 25 SNPs from this analysis are shown in Table 2. The region on ECA15 is
extremely gene rich; two of the associated SNPs are located within genes (chr15.1189429
in intron 2 of a novel gene; chrl5.1961695 in intron 58 of DNAHG6 [dynein, axonemal,
heavy chain 6]). One of the ECA21 SNPs (chr21.46337201) is within intron 75 of
DNAH5 (dynein, axonemal heavy chain 5), while the rest are clustered ~200kb
downstream of this gene. Of the singleton SNPs, only two are within 10kb of named
genes. The SNP on ECA2 (chr2.25314465) is ~3kb downstream of SNRNP40 (small
nuclear ribonucleoprotein 40kDa [U5]), while the SNP on ECA11 (chrl11.5654983) is
~5kb downstream of CYGB (cytoglobin). This latter SNP is the fourth highest hit in the
combined analysis when age and distance are included as covariates.

After pruning, 61,114 SNPs were available for analysis in 301 trotters. When age,
gender, origin, and age at fastest time were considered as covariates, only one SNP on
ECA22 was moderately associated with speed (p < 5 x 10® as determined by the
likelihood ratio test). This SNP was identical to the one that was moderately significant in
the combined analysis (above). When distance at which the fastest speed was achieved
was added as a covariate, four SNPs were moderately associated with speed, including
the SNP on ECA22 from the simpler model. Significantly associated SNPs on ECA2 and
15 were identical to those seen in the combined analysis (above). The SNP on ECA 10
(chr10.2162356) was only 631bp downstream of ZNF536 (zinc finger protein 536) and
likely lies within the 3’UTR (untranslated region) for this gene.

The only phenotype other than speed that was considered as an outcome measure

in this study was “optimum distance” — that is, the distance at which the fastest recorded
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time for an individual was achieved. Since North American horses are all raced over a
mile, they were excluded from this analysis. Two hundred thirteen trotters racing in
Europe were included in this GWA. Distance was evaluated as a continuous phenotype
measured in meters, ranging from 1600m to 2640m. The two most common distances
were 1609m (1 mile) and 1640m, with nearly twice as many horses recording their fastest
time at these distances than the next most common distance. After pruning, 62,177 SNPs
were available for analysis in 208 individuals in PLINK. Five SNPs were moderately
associated with optimal distance under the additive logistic regression model
(uncorrected p-value p < 5 x 107), although there were several others nearly as
significant (Figure 2). The top 25 SNPs from this analysis are reported in Table 4. Of the
five moderately associated SNPs, only one, chr14.25019300, is located within or near a
named gene (GRIA2 [glutamate receptor, ionotropic, AMPAZ2]). This SNP is one of 7
markers defining a region of interest from ~24.5-25.5Mb on ECA14. In addition to
GRIA2, there are two other named genes within this region, MFAP3 (microfibrillar-
associated protein 3) and FAM114A2 (family with sequence similarity, member A2), as

well as a novel protein-coding transcript and three pseudogenes.

Discussion

Determination of an accurate phenotype is one of the most important aspects of
designing a genome-wide association analysis so that misclassification bias can be
avoided.”® This becomes especially challenging with a complex trait such as
performance, in which there is no single best phenotype to evaluate. Although outcomes

such as number of wins, order of finish, and winnings are widely used as measures of
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success for racehorses after an intervention/treatment?%284-2%

, their appropriateness for
use as phenotypes when investigating genetic factors involved in performance is
questionable because they are so heavily influenced by external factors. Speed (i.e. as
measured by fastest time over a set distance) can be considered a more “intrinsic”
measure of performance ability, but even this can be affected by race distance, track
conditions, and other factors.”®* From a physiological perspective, the inherited aspects of
performance are likely related to a combination of conformation, muscle structure (i.e.
fiber type distribution), and cardiovascular capacity. Objective measures of these
parameters would unquestionably provide a more appropriate alternative to the more
commonly used “performance” phenotypes. However, these measures are difficult to
obtain from a population large enough to conduct an appropriately powered GWAS.
Thus, for this study, fastest recorded speed over a mile was selected as the primary
phenotype of interest as a starting point for investigating genetic factors underlying
performance in Standardbred racehorses.

Initial GWA analysis was performed in a study population made up of highly
related individuals from a single breeding farm and was heavily biased towards pacers.
The top SNP on ECA1 was clearly driven by the pacers, as it was not among the top
results when trotters were evaluated separately. Interestingly, haplotype analysis in the
pacers revealed a region of interest ECAL spanning from ~120-122Mb that was shared by
racing Quarter Horses and Thoroughbreds (J. Petersen, personal communication). Within
this region were 13 named genes, of which two (THSD4 [thrombospondin, type I, domain
containing 4] and PKM [pyruvate kinase, muscle]) were considered plausible candidates

for playing a role in performance. PKM was selected for further follow-up in the
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Standardbred population and a small deletion located 12bp after the end of exon 4
(potentially affecting splicing) was discovered via Sanger sequencing. However,
genotyping results in 515 Standardbreds failed to demonstrate a significant association
between this variant and fastest time. It is possible that this variant would have been
significantly associated with a different phenotype, but since 96% of pacers and 88% of
trotters carried at least one copy of the deletion, it is more likely that this was not a
functional mutation differentiating good performers from poor performers.

Expansion of the GWAS population to 414 horses markedly changed the SNPs
found to be associated with speed when compared to the original GWAS. This population
was biased towards trotters, and the top SNPs in the combined analysis were the same as
those found when trotters were evaluated alone, while the top SNPs in pacers alone were
completely different. This raises the possibility that there may be different genetic factors
underlying speed in pacers and trotters. Given the distinct biomechanical differences

between gaits'®' %

, this is not an unreasonable supposition.

A few of the genes in which associated SNPs from the final GWAS were located
could be considered plausible candidate genes for playing a role in performance based on
their known physiologic functions. NDST3, for example, is important for heparin sulfate
sulfation in the brain and is a target of RUNX2 (runt-related transcription factor 2) in

osteoblasts32%%!

, and could thus play a role in performance via effects in the nervous
system or skeletogenesis (i.e. conformation). DNAH5 and DNAHG6, which contained
associated SNPs in pacers only, are paralogous genes that play an important role in

302

ciliary structure and function in the respiratory tract.” Mutations in DNAH5 account for

15% of human primary ciliary dyskinesia, which results in abnormal clearance of mucous
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and other substances from the lungs®®%; the potential negative impact of suboptimal

respiratory tract clearance on performance is not hard to imagine. Finally, CYGB (also
associated only in pacers) has multiple important physiologic roles, including muscle
repair and regeneration®®®, modulation of cardiovascular and respiratory reflexes*®, and
protection from hypoxic injury®®, any of which could impact performance.

Our GWAS results when “optimal distance” was used as the phenotype of interest
do not support the variant in MSTN previously reported in Thoroughbreds.”*% It is
possible that this is because the majority of the horses in our cohort were raced at the
same distance (approximately 1 mile), with relatively few horses raced at longer
distances. It is unlikely that the link between MSTN and muscle fiber type (predicted to
be the underlying physiologic explanation for the role of MSTN on this performance
trait)® would differ between Thoroughbreds and Standardbreds. It is interesting to note
that one of the moderately associated SNPs in the GWAS reported here was in GRIA2,
which plays a crucial role in excitatory neurotransmission.®” A link between
neurotransmission and the propensity to be a “sprinter” or *“stayer” is not inconceivable.

Limitations: As discussed above, the primary limitation of this study is likely the
choice of phenotype used to measure performance. Fastest recorded speed was chosen as
the phenotype of interest here because it is easily measured, readily available in public
records, and should be a reflection of intrinsic athletic ability. However, a study of soccer
players demonstrated that individuals did not exhibit their maximal sprint speed during
match play, and in fact, that faster players attained a lower percentage of their maximal
speed than did slower players.*®® This was speculated to be due, in part, to the tactical

demands of the game, and it is not unreasonable to suppose that a similar situation could
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arise among a field of horses under race conditions. It has been suggested that actual
racing time for an individual should be adjusted based on the time of the winning horse
for that race as a more objective measure of race performance that accounts for track
conditions, class of race, and other factors.** This adjustment would be possible based on
publically available data, and could be considered in the future.

In studies of human athletic performance, fine motor skills are evaluated on a
sport-specific basis (i.e. passing accuracy and dribbling speed for soccer players®®), but
measures of speed, power, and agility tend to be consistent across disciplines.**®3!
Objective physiologic parameters, such as VOomax (Mmaximal oxygen uptake), velocity at
lactate threshold, maximal heart rate, and heart rate variability are also widely utilized as
measures of performance.**® Similar measurements can be made in horses, but they
generally require access to specialized equipment including a dry-land treadmill, and are
therefore not done on a routine basis although published reports suggest that they may be
predictive of performance.®*3!® For example, the velocity resulting in a blood lactate
concentration of 4mmol/L was reportedly a predictor of “good” performance in
Standardbred trotters, but it also varied by age and track.*!® It has been suggested that
combined analysis over multiple measures of performance (speed, power, agility, and
fine motor skills) might be a more accurate way to assess an individual’s underlying
athletic ability than any single measure alone.*® This idea is already embraced in the
equine industry, at least when making decisions about the breeding value of an
individual®®*#®%" and it is possible that utilizing a “combined” phenotype may be a
better approach to investigating the genetic factors underlying performance than any

single phenotype alone.

262



Future Directions: Although there are limitations to the phenotype investigated
here, the next step based on the current GWAS findings, or those from future work using
alternative phenotypes, is investigation of specific putatively functional variants that may
play a role in performance. As discussed extensively in Chapter 6, there are many
challenges inherent in a traditional candidate gene approach for variant discovery, and
this is illustrated in the present study by the results from PKM genotyping. A more
efficient alternative approach would be to use whole-genome sequencing for variant
discovery within chromosomal regions of interest identified from the GWAS, and then to
perform additional fine-mapping to hone in on specific variants of interest. This approach
is described in Chapters 6 and 7, and the whole-genome sequencing data set used in
those studies could be applied here as well since the sequenced individuals were part of
the final performance study cohort.

As for any GWAS, it will be important to replicate the findings reported here in
an independent population. An appropriate initial validation population would consist of
Standardbred trotters and pacers, but it would also be interesting to see if the findings are
consistent across racing breeds (i.e. populations of Thoroughbred and Quarter Horse
racehorses). Genes involved in musculoskeletal development and cardiovascular capacity
are likely to play a role in performance across breeds, but it is possible that specific
variants of functional effect may be different. To further investigate the “optimal
distance” phenotype, a larger population of trotters racing at longer distances could be
added to the existing cohort; however, since all North American Standardbreds are raced
over a distance of 1 mile, this phenotype is of less interest to the breed as a whole than to

other racing breeds such as the Thoroughbred.
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Table 1: Top 25 SNPs from GEMMA mixed model analysis in 414 individuals. All three
models included gender, gait, and origin as covariates. After pruning, analysis included
62,795 SNPs. Uncorrected p-values are shown for the Likelihood ratio test only. CHR =

chromosome; BP = base pair.

Gender, Gait, Origin + Age and Distance at fastest

. + Age at fastest time .
covariates time

CHR BP P CHR BP P CHR BP P
2 109162364 2.85E-06 | 11 4759103  4.78E-06 | 15 52466022  1.60E-05
11 4759103 1.58E-05 2 109162364 1.69E-05 | 11 4759103 2.89E-05
7 94667256  2.43E-05 | 22 43741335 2.26E-05 | 17 5851284 3.58E-05
22 47953960  3.91E-05 7 94667256 4.24E-05 | 11 5654983 5.71E-05
22 43741335 5.27E-05| 15 52466022 8.51E-05] 21 46337210  9.87E-05
11 7271702 7.65E-05 | 21 46337210 9.16E-05 7 23509046  1.24E-04
21 46337210 8.01E-05| 21 46521182 1.03E-04 ] 26 18163019  1.25E-04
22 48130443 9.78E-05| 21 46521240 1.03E-04 ] 21 46521182  1.25E-04
22 21499797 1.12E-04 | 26 18717165 1.35E-04 | 21 46521240  1.25E-04
20 26411124 1.25E-04 | 23 27442828 1.68E-04 | 22 43741335  1.88E-04
15 52466022 1.29E-04 | 20 26411124 1.73E-04 ] 26 18717165  1.96E-04
23 27442828 1.31E-04 | 17 5851284  1.73E-04 | 26 25224953  2.05E-04
21 46521182  1.39E-04 | 26 19098773  1.87E-04 7 94667256  2.11E-04
21 46521240 1.39E-04| 5 42703456 1.90E-04 | 20 26411124  2.21E-04
32 24398075 1.51E-04] 6 7081402  2.29E-04 5 42703456  2.25E-04
22 45095964 1.60E-04 | 11 5654983  2.37E-04 ]| 23 27442828  2.27E-04
11 4069250 1.78E-04] 4 9497538  2.45E-04 5 74779634  2.55E-04
4 9497538 193E-04 | 22 45095964 2.51E-04 ] 26 19098773  2.71E-04
7 23509046  1.98E-04 | 26 18163019 2.64E-04 4 44608273  3.01E-04
11 7252839 2.25E-041 11 4069250  2.77E-04 4 44872987  3.28E-04
10 83124963 2.71E-04| 2 115780809 2.82E-04 | 19 26993661  3.49E-04
5 42703456  2.76E-04 | 7 23509046 3.68E-04 2 116255680 3.80E-04
6 7081402 3.48E-041 11 4586622  3.69E-04 | 17 4360227 3.99E-04
11 4586622 3.66E-04 | 26 18161281 4.02E-04 1 59808939  4.01E-04
4 44608273  3.85E-04 | 26 18163088 4.02E-04 | 26 18161281  4.05E-04
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Table 2: Top 25 SNPs from GEMMA mixed model analysis in 113 pacers (gender,
origin, and age covariates). After pruning, analysis included 59,003 SNPs. Uncorrected p-

values are shown for the Likelihood ratio test only. CHR = chromosome; BP = base pair.

CHR BP P
15 1859121  6.04E-06
15 1961695  7.41E-06
21 46337210 8.11E-06
21 46521182  8.11E-06
21 46521240 8.11E-06
15 1045079 1.36E-05
15 1189429 1.36E-05
2 25314465  1.39E-05
16 50243195 1.82E-05
21 46537316  1.90E-05
15 1960766  2.14E-05
26 12566139  2.14E-05
11 5654983  4.34E-05
26 9096160  4.39E-05
1 13703668  5.00E-05
15 814072 5.04E-05
2 20240145 7.02E-05
2 20264159  7.02E-05
2 20287080  7.02E-05
2 20332069  7.02E-05
15 1364962  7.40E-05
15 1711463  7.40E-05
15 1874783  7.40E-05
15 1918178  7.40E-05
6 28433490 7.90E-05
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Table 3: Top 25 SNPs from GEMMA mixed model analysis in 301 trotters. Comparison
is between models including gender, origin, and age +/- distance as covariates. After
pruning, analysis included 61,114 SNPs. Uncorrected p-values are shown for the

Likelihood ratio test only. CHR = chromosome; BP = base pair.

Gender, Origin, Age at fastest
time covariates

CHR BP P CHR BP P
22 43741335 3.02E-06 15 52466022 7.91E-06
7 94321082  8.86E-05 19 28704353  1.92E-05
15 52466022  9.98E-05 10 2162356 2.98E-05
2 1.09E+08 1.07E-04 22 43741335 3.45E-05
7 94667256  1.13E-04 10 2171393 5.04E-05
22 22494583  1.43E-04 19 28510403 6.43E-05
22 22494595 1.43E-04 19 29690494  6.98E-05
6 7081402 1.76E-04 19 29715200 6.98E-05
20 26411124  1.80E-04 17 4360227 9.80E-05
27 23343485 1.98E-04 1 1.68E+08  1.48E-04
17 4360227  2.28E-04 20 26411124 1.63E-04
1 1.69E+08  2.41E-04 4 94787923  1.73E-04
27 23348567 2.51E-04 11 2867571 1.78E-04
23 29846926 3.17E-04 1 1.69E+08  1.98E-04
1 1.69E+08  3.24E-04 1 1.69E+08  2.47E-04
18 11016556  3.26E-04 7 94667256  2.48E-04
18 11151692  3.93E-04 7 94321082  2.52E-04
7 1738119  3.95E-04 32 28223572  2.70E-04
23 29650377 4.08E-04 19 29958331  2.82E-04
20 27865962 4.37E-04 19 29959446  2.82E-04
1.72E+08  4.37E-04 19 29967544  2.82E-04
1969080  5.09E-04 3 45882542  3.07E-04
70453544  5.95E-04 1 1.69E+08  3.14E-04
70453579  5.95E-04 1 1.17E+08  3.49E-04
70453647  5.95E-04 30 9818990 4.21E-04

+ Distance at fastest time

W W W N =
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Table 4: Top 25 SNPs from PLINK linear regression model (additive) in 208 European
trotters (age and gender covariates). The outcome of interest was the distance at which an
individual’s fastest time was recorded. After pruning, analysis included 62,177 SNPs.
CHR = chromosome; BP = base pair; Al = tested (minor) allele; BETA = regression

coefficient.

CHR BP Al BETA P
3 90145541 -92.04  1.53E-05
23 3700429 99.1 2.03E-05
14 51731935 117 2.46E-05
23 12948388 100.1  4.38E-05
14 25019300 -89.91  4.85E-05
16 11729336 243.4  6.02E-05
16 11853791 243.4  6.02E-05
14 24507021 -90.57  7.26E-05
14 24550312 -90.57  7.26E-05
14 25000674 -88.52  7.34E-05
16 11949745 194.7  8.48E-05
23 12947247 100.5  8.59E-05
4 1.04E+08 329.3 0.000101
7 40454393 3104 0.000108
21 2393047 264.1 0.000111
14 50550458 123.7 0.000116
14 40329699 106.1 0.000153
14 21184338 153.8 0.000178
14 25294678 -82.52  0.000206
14 25403200 -82.52  0.000206
7 40216150 413.6 0.00023
23 5094115 80.35 0.000232
14 50468965 117.5 0.000245
14 51638043 85.06  0.000255
14 25481429 -81.44  0.000283

P P NP WWERERRRPRPPRP WP WNWERERWWRPRWR P PFPW
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Figure 1: Manhattan plot of results from mixed model analysis using GEMMA in a
population of 414 pacers and trotters. Fastest recorded time over a mile was the outcome
variable of interest (continuous). A) gender, gait, origin, and age at fastest time included
as covariates in the model; B) distance at fastest time included as an additional covariate.
The 31 autosomal and X chromosome (32) are represented in different colors along the x-
axis and the —log(p-value) of the likelihood ratio test is on the y-axis. Each colored dot
represents a SNP. The blue line marks a p-value of 5 x 10°. SNPs falling above the blue
line are considered moderately significant. Top hits in the first model (A) are on ECA 2,

7, 11, and 22. Top hits in the second model (B) are on ECA 11, 15, and 17.
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Figure 2: Manhattan plot from linear regression analysis (additive model) using PLINK
in a population of 208 trotters raced in Europe over varying distances. The distance at
which a horse’s fastest time was recorded was the outcome variable of interest
(continuous). Age and gender were included in the model as covariates. See Figure 1 for

complete legend. Moderately significant hits (p <5 x 10®) are on ECA 3, 14, and 23.
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Chapter 9

Conclusions and Future Directions
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Conclusions

Studying complex diseases and traits in the horse: There has been much success
over the past 20 years in identifying the causative alleles underlying simple traits — that
is, those governed by Mendelian inheritance of a single gene — in the horse,®9-200238:317:318
However, the same strategies that have led to the discovery of these simple traits, such as
linkage analysis and candidate gene approaches, are unlikely to be successful (or at least,
efficient) at identifying the multiple interacting alleles underlying complex/polygenic
traits. An alternative investigational approach is needed that can account for
environmental risk factors, issues related to population structure in large study cohorts,
and epistatic interactions. The overarching goal of this thesis work was to develop and
apply such an approach to three complex diseases/traits of importance in the
Standardbred breed, namely, osteochondrosis (OC), gait, and performance.

This general approach, as described in Chapters 4, 6, 7, and 8, utilizes successive
steps that allow for iterative narrowing and expansion of focus: genome-wide association
(GWA) analysis to identify specific chromosomal regions of interest, followed by whole-
genome sequencing (WGS) for variant discovery within the regions of interest, and then
prioritization of the discovered variants for genotyping in a larger population. This
genotyping may be followed by additional fine mapping as needed, but more importantly
by computational analyses looking for potential interactions between genes containing
putative functional variants (see Future Directions). Each of these steps has attendant
challenges to be overcome. GWA studies require assembly of an adequately-sized, well-
phenotyped cohort, and appropriate steps must be taken to account for population

structure and known environmental influences. WGS, though more affordable than ever
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before, still has a trade-off between coverage and number of individuals sequenced.
Finally, while it is clear that large-scale genotyping cannot possibly be performed for
every variant discovered within a region of interest, prioritization is heavily dependent on
the annotation of the reference genome, and there is potential for important variants to be
passed over. Despite these potential pitfalls, the results reported for each of the
investigated diseases/traits are promising, and suggest that this approach can be
successful for studying complex traits in the horse.

Studying OC illustrates the importance of environmental factors and population
structure: The first central hypothesis of this thesis was that one or more genes of
moderate to major effect underlie OC risk in the horse and that these risk alleles are
shared across breeds. Standardbreds were selected as a model population for this study
because the high prevalence and heritability of OC in this breed suggests that major risk
alleles should be present at a high frequency. This study is certainly not the first to try to
identify chromosomal loci associated with OC in the horse. Several GWAS have been
published in recent years, including studies in populations of (Norwegian) Standardbreds
and French Trotters.>*%%¢2% However, the findings have not been consistent across
studies; in fact only a few loci have overlapped even partially between two or more
reports. Since these GWAS were performed in a variety of breeds and for OC lesions in
multiple anatomical predilection sites, it is possible that some of these discrepancies
might reflect true differences in risk alleles. However, it is well-known that
environmental influences such as diet and exercise play an important role in the

137,138
C

development of O , and failure to account for these could also explain the lack of

agreement. Additionally, the computational approaches used in these studies did not
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always account for relatedness among individuals. Since all modern Standardbreds trace
back to a single founder stallion®?, this could be a crucial oversight. Affected individuals
that are related to each other are likely to exhibit identity by descent that is completely
unrelated to their disease status, and failure to account for this can increase type | error.>

The OC study population reported in Chapter 4 was specifically selected to help
overcome potential environmental confounders. All of the horses were raised on a single
breeding farm with standardized management practices and therefore had a shared
environment during the susceptible period for development of OC (during the first year
of life). As would be expected, these horses were closely related to each other. In fact, the
initial study cohort was designed to include case-control half sibling pairs, similar to a
traditional family linkage analysis study. The use of a family-based cohort in a GWAS
can actually be advantageous because the frequency of important rare alleles will be
enhanced within the population®®®®®°, but relatedness must obviously be accounted for
during analysis. Several approaches were tried to accomplish this, but the most effective
seemed to be the use of a mixed-model analysis incorporating a marker-based
relationship matrix in the program GEMMA (Genome-wide Efficient Mixed Model
Analysis).?* GEMMA has additional advantages, including potential inclusion of
covariates in the mixed model, calculation of individual marker variance (which
improves power when looking for a few markers of moderate to major effect), and high
efficiency when handling large data sets. Based on all of these factors, the decision was
made to use GEMMA to perform GWA analyses for gait and performance as well.

Using this approach, as reported in Chapter 4, two distinct loci of interest were

identified on ECA14 that contained several plausible candidate genes based on their
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known physiologic function. WGS was completed in 18 horses (see Chapter 6),
sequenced at either shallow (6x, n = 12) or moderate (12x, n = 6) depth. This
combination was selected in an effort to balance confidence in variant calls (related to
depth) with efficient variant discovery representative of the larger population (related to
number of individuals sequenced). Thousands of variants were found within the regions
of interest, of which a subset were selected for follow-up genotyping using a Sequenom
assay. The modest significance of the individual markers after analysis of the Sequenom
genotyping data may indicate that the actual risk variants have yet to be discovered (i.e.
through additional fine mapping), but more likely reflect the polygenic nature of OC. It is
likely that a the combined effect of several markers will result in increased disease risk,
rather than any single marker alone, and so a crucial next step in this work is to try to
better understand the potential interactions between markers (see Future Directions).
Studying gait illustrates challenges related to annotation and known gene
function: The second central hypothesis of this thesis was that modifying loci that interact
with a known mutation in the gene DMRT3 underlie the ability to perform specific
alternative gaits and are shared across breeds that have been selected for similar gaits.
Standardbreds were selected as a model population because while DMRT3 is nearly fixed
in the breed, not all Standardbreds exhibit pacing, the alternative gait for this breed. Thus,
modifying variants must exist that determine the ability to pace, and should be present at
high frequency in the population. As reported in Chapter 7, GWA analysis revealed
regions on five chromosomes (ECAL, 6, 17, 23, and 25) that were strongly associated
with gait, and hundreds of the variants within these regions discovered by WGS

perfectly, or nearly perfectly, segregated between pacers and trotters. The situation here
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was nearly the opposite of that seen with the OC data — instead of only a few moderately
associated markers, there was an overabundance of highly associated markers — and yet,
the challenge of how to appropriately prioritize these markers for follow-up genotyping
remained the same.

In this study (as for OC), prioritization of markers was based on putative
functional effects predicted by SnpEff, a utility in the Broad Institute’s Genome Analysis
ToolKit (GATK). These predictions are based on the current reference equine genome
(EquCab 2.0, September 2007), which, while an excellent draft quality reference, is
known to be incompletely annotated. In particular, the first exon and the 5’ untranslated
region (UTR) of many genes are known to be missing. Thus, it is possible that functional
variants were passed over in our prioritization scheme. Additionally, since only a fraction
of the discovered variants could be genotyped in a large population, ideally priority
would have been given to variants falling within plausible candidate genes. However, as
the horse is unique among quadrupeds in exhibiting alternative gaits as a physiologic
rather than pathologic adaptation, very little is known about what genes might play
important roles in this trait. We considered genes with a known role in neural
development to be strong potential candidates, but it is likely that some important genes,
like DMRT3, have never before been described to have such a function.

It is unlikely that each of the 156 variants that were found to be statistically
significantly associated with gait after analysis of the Sequenom genotyping data are
actually functional modifying variants. The presence of extensive long-range LD in the
Standardbred® makes it likely that many of these variants have been inherited together

and are merely “marking” one functional variant; this is supported by our discovery of a

276



5Mb region on ECA17 with over 700 variants segregating perfectly with gait, only 12 of
which were predicted to have functional effect. It is also possible that some of these
variants are related to differences between pacers and trotters other than gait since
selective breeding over the past 100 years has resulted in genetic separation between the
groups that is similar to that between other separate breeds.™ Further prioritization can be
performed by trying to establish interactions between the markers, however, the lack of
knowledge about what genes play a role in the development of alternative gaits makes
standard pathway analysis problematic. A computational approach, such as random forest
analysis, offers an alternative that does not require a priori knowledge about gene
function, and is likely the next best step in analysis of this data (see Future Directions).
Studying performance illustrates the importance of phenotype: The third central
hypothesis of this thesis was that use of fastest recorded speed as a phenotype for GWA
analysis could identify genetic factors underlying performance in the Standardbred.
Although it is widely accepted that performance traits are inherited to some degree, and
in fact, hundreds of years of selective breeding are based upon this premise, specific
genetic factors underlying performance in the horse are largely unknown. This may be
due, in large part, to the challenge in establishing the most appropriate phenotype upon
which to base studies. In production animals, specific traits of interest are relatively easy
to identify and quantify. Indeed, specific variants relating to traits such as fatty acid

k3 and back fat thickness in pigs®*® have been reported. However, in

composition in mil
horses, not only do desirable performance traits vary widely by breed and discipline, but
they are often subjective in nature (i.e. gait “quality” in a dressage horse) and/or can be

affected by a number of external/environmental factors (i.e. lifetime earnings for a
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racehorse). The importance of selecting an appropriate phenotype as part of designing a
GWAS cannot be overemphasized. Ideally, the phenotype should be specific and
measurable; the less certain the phenotype, the higher the risk of misclassification bias
and false positive results.>

The obvious question becomes, how does one select a single specific, measurable
phenotype reflecting performance in the horse? Clearly, this is not possible. Like so many
complex traits, performance will need to be broken down into pieces to unravel its
genetic influences. Fundamentally, physiologic capacity drives performance, and so
objective measures relating to the cardiovascular, respiratory, and musculoskeletal
systems would, in theory, serve as ideal phenotypes for investigation and should be
applicable across breeds and disciplines. However, these measures are not readily
available in large populations of horses, so in the meantime, proxy measures must be
employed (such as fastest speed in the current study). Additional follow-up of the results
presented in Chapter 8, including examination of specific putative functional variants
within chromosomal regions of interest and validation in an independent population of
Standardbreds, will need to be completed before a thorough evaluation can be made of

the utility of speed as a phenotype in future investigations.

Future Directions

Each of the three traits investigated in this thesis are complex, involving the
interaction of variants within multiple genes. A crucial next step for this work will be to
investigate these interactions. It is also likely that the actual variants of functional effect

have yet to be discovered for these traits, and additional fine mapping efforts will be

278



required. New tools and resources in the equine genetics community will aid these efforts
in the future.

Investigate variant and gene interactions using pathway analysis and random
forest analysis: GWAS, by its nature, evaluates the association of single markers with a
given trait. As a result of this multiple testing, stringent p-values are set to determine
statistical significance of each marker. Unfortunately, using this approach, genes that are
truly associated with the trait may be missed, especially if the study has limited power.3*
As a complementary alternative, pathway-based approaches have been developed.
Pathway analysis uses prior knowledge of gene function to determine if groups of
functionally related genes are significantly associated with a trait of interest.*** Although
this approach was originally designed for use with microarray gene expression data®?#*?*,
it has been modified for use with SNP data.**! Pathway analysis of large-scale GWAS
data has successfully identified candidate genes for several complex traits in humans,
including multiple factors related to cholesterol metabolism.343%

A number of tools are available that could be leveraged for follow-up of the
Sequenom data presented for OC (Chapter 6) and gait (Chapter 7). These include IPA
(Ingenuity Pathway Analysis; Ingenuity Systems, Redwood, CA), Gene Set Enrichment
Analysis (GSEA)*°, ClueGO*®, and GRAIL (Gene Relationships Across Implicated
Loci).”® All are based on text mining, and many require the use of “seed” gene lists or
regions upon which to build their analysis. These lists are user inputs based on genes that
are known (or strongly suspected) to be important to the trait of interest. For example, for

OC, the “seed” list would include those genes with reported roles in skeletogenesis,

particularly endochondral ossification. For gait, genes known to be important in neural
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development, particularly the cerebellum and other regions important to coordinated
movement, would be included. No single pathway analysis tool is best for every situation,
and it has been recommended that the results from multiple approaches be compared and
subsequently validated in an independent population.®*

It is likely that there are genes involved in OC and/or gait that have not had their
physiologic role completely defined, and these could be missed using the methods
described above. Random forest analysis provides an alternative computational approach
that does not require prior knowledge about gene function to establish connections
between genotype and phenotype. This approach has the additional advantage of being
able to accommodate multiple variants within a single gene as well as non-genotype
predictors (i.e. relatedness or other important covariates). In a random forest approach, a
series of decision trees are constructed to classify individuals as “cases” or “controls”
based on a randomly chosen subset of predictors (SNPs). The importance of each
predictor is determined by the number of individuals that are misclassified when the

value of that predictor (SNP genotype) is randomly permuted.?*®

When applied to the
Sequenom data reported for OC (Chapter 6) and gait (Chapter 7), random forest analysis
will guide variant prioritization and will be able to help elucidate novel interactions
between SNPs. Non-genotype predictors that will be included include principal
components representing relatedness between individuals (calculated based on ancestry
informative markers [AlMs]) for both traits, and gait for OC.

A combination of approaches may yield the most interesting results. The use of
259

pathways as “synthetic features” in random forest analysis has been reported recently.

In this approach, prioritized SNPs were organized into physiologic pathways based on
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gene ontology (GO) terms. Random forest analysis was first carried out at the individual
SNP level, and the results of each SNP within a pathway were combined into a single
continuous variable reflecting a predicted probability for that pathway (that is, the
probability of an individual being a case given their aggregated genotypes across all
SNPs in this pathway). Random forest analysis was then repeated for these pathway-level
parameters to look for pathway-level interactions. Using this approach, the authors were
able to identify novel putative biological mechanisms underlying bladder cancer in
humans.” It is not hard to believe that a “higher order” analysis such as this would yield
insights into a complex trait that are far beyond any that would be possible at the single
marker level. Without a doubt, future justification of the functional effects of any variant
thought to be truly associated with a complex disease or trait will necessitate a thorough
understanding of many gene interactions at the cell and tissue level, rather than a
superficial understanding of the function of a single gene.

Leverage new tools and resources for functional variant discovery: The human
genome is considered “complete,” yet updated releases are made public every three

months as annotations are added and improved.3%

Additionally, DNA previously thought
to be “junk” is increasingly being revealed to serve biologically relevant roles in diverse
cell types.® As our knowledge of the genome improves, previous work can be re-
evaluated using new tools and resources, and new insights can be gained. For example,
many SNPs associated with complex human diseases that were previously thought to
have no functional effect have been discovered to overlap with newly-annotated

regulatory regions®®, providing new avenues of investigation. What is true for the human

genome is also true for the horse, and as new tools and resources are developed by the
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equine genetics community, they can be leveraged to improve data analysis and
subsequently our understanding of complex diseases and traits.

Improved Genome Annotation: The current version of the equine genome

(EquCab 2.0)"* was released in September 2007. While this is an excellent draft-quality
genome, it has known errors and shortcomings in its annotation. With respect to the
latter, most notably, the first exon and 5’ and 3’ untranslated regions are missing from
many genes, which makes recognition of variants with putative functional effect more
challenging. Within the past two years, a concerted effort has been made to improve the
assembly and annotation of the equine genome by using a combination of Sanger
sequencing reads (from the original assembly), deep Illumina sequence data, long DNA
reads (lllumina Moleculo technology), mate-paired reads, RNAseq data, and optical
mapping.®*’ Considerable progress has been made in this effort, and EquCab 3.0 is
projected to be released within the next year. When this new reference is made available,
our existing whole-genome sequencing data can be mapped to it. It is anticipated that
new variants will be identified within our chromosomal regions of interest because gaps
in the current reference will have been filled in. Many of these may have putative
functional effect based on the improved gene model annotations and can be followed up
in a larger population.

Imputation Resources: Genotype imputation is a technique that statistically

estimates genotypes from non-assayed SNPs by comparing haplotype blocks in the study
population with haplotype blocks in a more densely genotyped reference population.®?®
Imputation is a validated and widely accepted technique in human genetics, where dense

reference sets compiled from HapMap and the 1000 Genomes Project are publically
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available. User-friendly data pipelines have been established for phasing, imputation, and
subsequent association testing of human genotyping data®%#*?**, but until recently, a

similar pipeline had not been validated in the horse (**°

and Chapter 5) and its use with
experimental data has not previously been reported.

For each of the traits investigated in this thesis, genotype imputation between the
two existing equine genotyping arrays (lllumina Equine SNP50 and SNP70 beadchips)
was used to reduce the amount of data lost from non-overlapping SNPs on these
platforms (Chapters 4, 7, 8). This approach resulted in the inclusion of 14,000-18,000
SNPs that would have otherwise been excluded from the various analyses. While this
improvement may seem modest, the increased density of markers helps to narrow the
chromosomal regions of interest in a GWAS. More importantly, however, the success of
this approach in this thesis work provides proof of concept for the utility of imputation in
the horse. As new genotyping platforms become available, (i.e. the Equine SNP670 chip,
projected to go into production within the next few months) imputation will allow
continued use of existing data without the cost of re-genotyping individuals.

Imputation can also be performed using sequencing data, raising the possibility of
going from tens of thousands of markers to millions of markers. The newest version of
the BEAGLE software used in this thesis (Beagle 4°*°) is designed to use variant calling
files (VCF) for both input and output. While this is less convenient for existing genotype
platform data, it facilitates the use of whole-genome sequencing data and eliminates
many of the data transformation steps required in the current pipeline. The current
limitation with this approach is that the number of sequenced horses available for use as a

reference population within an individual laboratory is generally small, which may
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reduce the accuracy of imputation.®”® However, there is an ongoing effort in the equine
genetics community to consolidate whole-genome sequencing data from hundreds of
horses from around the world into a single community resource, similar to the 1000
Genomes Project (albeit on a smaller scale). Additionally, genotyping data from dozens
of horses genotyped on an experimental 2 million SNP chip will be made publically
available (analogous to HapMap). The availability of these imputation resources will help
to move this technique into mainstream use in equine genetics. It will also allow re-
analysis of the data presented in this thesis at a fraction of the cost of repeating the

experiments.
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Appendix 1

Sequencing Histone Deacetylase 4 (HDAC4)

Background

As reported in Chapter 4, in the genome-wide association study (GWAS) for
osteochondrosis (OC) performed in the initial cohort of 94 horses, a region of association
was identified on ECA6 from ~24.3-24.7Mb. This region contained two named genes,
neither of which seemed to be an obvious candidate for contributing to OC risk.
However, an excellent candidate gene, HDAC4, was located just outside of this region, at
~24.8-25.1Mb.

The HDAC superfamily is composed of 11 highly conserved proteins broken into
4 classes. Class Ila HDACs, of which HDAC4 is an example, are characterized by
relatively restricted expression patterns and have large N-terminal extensions with
conserved binding sites for transcription factors (e.g. MEF2 [myocyte enhancer factor 2]
and the chaperone protein 14-3-3).*** HDAC4 is the only member of its class to be
expressed in cartilage and has been demonstrated to play a crucial role in normal
endochondral ossification.®*** HDAC4 knockout mice are markedly smaller than their
wild-type littermates with stunted appendage growth due to global premature ossification,
and in fact, die in the neonatal period because their ribcages ossify to the point that they
cannot breathe. In contrast, exogenous HDAC4 overexpression leads to a failure of
normal ossification. Interestingly, the flat bones of knockout mice (e.g. skull), which do
not undergo endochondral ossification, developed normally in this model. Expression of

HDACA4 was highest in the prehypertrophic and hypertrophic cartilage cells, co-localizing
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with RUNX2, another key regulator in chondrocyte hypertrophy and ossification.3*
Although the phenotype in individuals affected with OC does not approach the severity
of the knockout model, it is not unreasonable that one or more variants in this gene could

contribute to disease risk.

Materials and Methods

Candidate Gene Sanger Sequencing: The human sequence for HDAC4 was
aligned to the horse reference using the Basic Local Alignment Search Tool (BLAST) of
the National Center for Biotechnology Information (NCBI;
http://www.ncbi.nlm.nih.gov/Blast.cgi). Primers for each annotated exon were designed
using Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi). Primers for
annotated exons in the human sequence that did not align to the horse reference were
designed based on the human sequence. Primer optimization and Sanger sequencing were
performed in five individuals, three affected with OC and two unaffected. The master
mix for each PCR reaction included 1.5ul 10x PCR buffer (QIAGEN, Valencia, CA),
1.0ul each of [20uM] forward and reverse primer, 1.5ul [300uM] dNTPs, 0.15ul
HotStarTaq® DNA polymerase (QIAGEN, Valencia, CA), 8.25ul water, and 3.0ul DNA
(2.5ng/ul). Primer pairs are detailed in Table 1. PCR reactions were carried out under the
following thermocycler conditions: 20 min at 95°C; 35 cycles of 30 sec at 94°C, 30 sec at
60°C, 30 sec at 72°C; 15 min at 72°C. PCR products were visualized on 2% agarose gels
with ethidium bromide prior to submission for sequencing. To prepare the PCR products
for Sanger sequencing, 1ul USB® ExoSAP-IT® (Affymetrix, Santa Clara, CA) was added

to 4ul PCR product and incubated in the thermocycler for 15 min at 37°C for PCR
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product cleanup followed by 15 min at 80°C for enzyme inactivation. Subsequently, 1l
[20uM] primer and 6ul water were added and the sample (12ul total volume) submitted
to the University of Minnesota BioMedical Genomics Center (UMGC) for sequencing.
Sequences were analyzed using Sequencher software (Gene Codes Corporation, Ann
Arbor, MI) and were aligned to both equine and human reference sequences for each
annotated exon.

Sanger Sequencing of cDNA: To capture exons that could not be amplified from
genomic DNA, RNA was isolated from cartilage and subchondral bone (SCB) and
reverse transcribed to cDNA. Frozen samples were placed in RLT buffer (QIAGEN,
Valencia, CA) and homogenized using a Polytron instrument, then decanted into clean
tubes. 20ul proteinase K was added to the sample, followed by incubation at 55°C for
25min and at room temperature for 20min. The sample was then spun down at 12,000rpm
for 10min at room temperature and 5min at 4°C. The supernatant (800ul) was removed to
a clean tube, and 80ul sodium acetate, 800ul phenol, and 160ul chloroform added. The
sample was agitated for 15sec, followed by incubation on ice for 15min before being
spun down at 12,000rpm for 20min at 4°C. This phenol/chloroform step was repeated
before isopropanol and ethanol washes. After the ethanol wash, 25-40ul TE buffer was
added to rehydrate the sample. Quantity and purity of extracted RNA were assessed using
spectrophotometric readings at 260 and 280nm (NanoDrop 1000, Thermo Scientific,
Wilmington, DE). Reverse transcription of RNA to cDNA was performed using the First-
Strand Synthesis System (Invitrogen, Carlsbad, CA) per manufacturer instructions.
Briefly, 1ul random hexamers (50ng/ul) and 1pl of a 10mM dNTP mix were added to 8ul

of each RNA sample, followed by incubation at 65°C for 5min and on ice for 1min. After
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the addition of the reverse transcriptase and 10min incubation at room temperature, the
samples were placed in the thermocycler at 42°C for 50min, then 70°C for 15min.
Samples were chilled and briefly centrifuged prior to addition of 1ul RNase H to remove
any remaining RNA and a final incubation at 37°C for 20min. cDNA was stored at -20°C
until use. Primers for cDNA samples were designed from the sequence of flanking exons
generated from experimental samples (described above).

As an alternative approach to identify missing exons and 5°/3° UTR sequence,
RNAseq data for equine HDAC4 was obtained from Dr. James MacLeod (University of
Kentucky). This data was compiled for visualization using the ‘pileup’ command in
SAMtools.** Regions with a read depth of greater than 50 for a distance of at least 100bp
were identified as putative “regions of interest” that could correspond to an exon or UTR.
Primers pairs for these regions of interest are described in Table 2. PCR master mix
components and reaction conditions were as described above. Preparation for sequencing
was as described above. Sequence was analyzed in Sequencher and assembled together
with the existing sequence data against the equine reference sequence and annotated

human exons.

Results

Candidate Gene Sequencing: HDAC4 has 27 annotated exons in the human
sequence, but not all of these have corresponding annotations in the horse sequence.
Notably, exon 1 is missing from the equine annotation, and a large gap in the reference
sequence (~20kb) spans the region expected to contain exons 13-15. Sequence

corresponding to human exons 13 and 15 mapped to the equine *“Chromosome
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Unknown.” Eight SNPs were identified within regions corresponding to 22 exons and the
adjacent intronic sequence (Table 1). Six of these were intronic and two were exonic,
located in exons 22 and 24 (equine annotation exons 19 and 21). The SNP at chr6:
24897009 was a synonymous thymine (T) to cytosine (C) base substitution. The SNP at
chr6:24884889 was a cytosine (C) to thymine (T) base substitution that, based on the
human sequence, may result in a alanine (A) to valine (V) amino acid substitution. Using
genomic DNA, amplification of exons 1, 12, 14, 17, and 27 (based on the human
annotation), as well as the 5’ and 3’ untranslated regions (UTR), was unsuccessful
despite multiple attempts at primer design. cDNA was successfully obtained from
cartilage and subchondral bone, but none of the tested primer pairs resulted in a PCR
product of sufficient purity to warrant sequencing.

Sequence was successfully amplified and aligned from 6 of the 9 regions of
interest identified in the RNAseq data. Based on alignment with horse and human
sequence, these putatively corresponded to sections of the 3’UTR, exon 17, and either
exon 1 or the 5’UTR (Table 2). One SNP was found within the putative exon 17
sequence (chr6:24908181), but it did not align with the human annotated sequence for
this exon, so it could not be determined if it was exonic or intronic. Five SNPs were
discovered within the putative 3’'UTR sequence: chr6:24866490 (G/A), 24866332 (G/A),

24865511 (T/C), 24865403 (G/A), 24864640 (T/C).

Conclusions
Despite employing multiple approaches, including the use of genomic DNA,

cDNA isolated from cartilage and subchondral bone, and RNAseq data, we were unable
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to bridge a 20kb gap in the middle of HDAC4 and sequence missing exons. Attempts to
identify the first exon and 5’UTR were also minimally successful. Several novel variants
were discovered, but their significance is unknown. Genotyping these variants in a large
population of horses phenotyped for OC would be required to determine if they
segregated with disease status, and this could be done in the future.

The difficulties we encountered with a traditional candidate gene sequencing
approach are not unique to this gene, and are likely one reason why so few candidate
genes for complex diseases have been thoroughly investigated in the horse. As the cost of
next-generation sequencing technologies decrease, these offer a viable alternative to
Sanger sequencing. The application of this alternative methodology to OC has been

performed as a part of this thesis work, and is described in detail in Chapter 6.
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Table 1: HDAC4 primer pairs and the gene structures they encompass according to the
published horse and human annotations. Primers for which there was no horse annotation
were designed based on the human reference sequence. For each primer pair, the forward

primer is listed first, then the reverse primer.

SNPs
Sequencing Primers Horse Human [bases]
a g Annotation | Annotation bp
5’-GCTAACAGATTCCAAGTGGTTTG-3’
5-TTTGCACTTGGTGCTGTCAT-3’ none exon 2 none
5’AGGGGCTTTCGTTTTCTGAT-3’ intronic
5’-GAGCTTCTGGTCCAGCTCAG-3’ exon 2 exon 3 [C/T]
25035908
5-ACTGGTTTTTGCGTTTGGAC-3’
5’-AGACGGTTATCGGGAGCAG-3’ exons 3/4 exon 4 none
5’-AATGCTGGCTGTGTAGACGA-3’
5’-CTCACCAGGCATCTGGTACA-3’ exon 5 exon 5 none
5-TGCTGATTACACCTGCGTTT-3’
5 -CATTCAAAGACGAGCCCACT-3 exon 6 exon 6 none
5-CTTTCAGTCTTGCCCCAGAG-3’ intronic
5’-CACGCCACCAAAAGAAGAGT-3 exon 7 exon 7 [G/A]
24956750
5’-GCCAAAGGCATCAGGTATGT-3’
5-AGCAGCTTTTAGCATCTGACG-3’ exon 8 exon 8 none
5’-GGGACTATGGTCGTGTGCTT-3’
5’-GGTTGGGAGCTGTTCTCTGA-3’ exon 9 exon 9 none
5-CCCTTTCTCGTGGTACGTGT-3’
5’-AGCCTGGGTCTACAAACCTTC-3’ exons 10/11 | exon 10/11 none
5’-GTGCCTGTTCGTCCGATAGT-3’
5’-GCAGGTGCATAAATGACCAC-3’ none exon 13 none
5’-CGTGGATCTCTGGACCAAAC-3’ intronic
5-GACAGCCTGGCTTCTTTGAG-3’ none exon 15 [C/T]
unknown
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5’-TGGGGGTTAAAGCATTGAAG-3’

5’-CTGCAAAACCAGTGGCTCTC-3’ exon 13 exon 16 none
5’-AACCTTGGCATCATTGCTCT-3’
5’-ACGCAACAGTGATCAACAGG-3’ exon 15 exon 18 none
5’-CCAGATGTCGCTGATGCTTA-3’
5’-CAGAACCCGAAAGAGTCCAG-3’ exon 16 exon 19 none
5’-GAGAGGCCAGGGAGTGTTCT-3’ intronic
5-TGCATCTTTGCGGTAGTCTG-3’ exon 17 exon 20 [G/A]
24899501
5’-TGGCTCACTTTTCACAGACG-3’
5’-TGCCTGAGATCACAGTCTGC-3’ exon 18 exon 21 none
5’-CAGCCTCACTGGCAGATGTA-3’ exonic
5’-ATGGCAGACAAAAGGGAAGA-3’ exon 19 exon 22 [C/T]
24897009
5’-TAAAGTGAGCAGAGGCGTGA-3’
5-CTTGCTGGCACTGTCATGTT-3’ exon 20 exon 23 none
intronic
[G/A]
5’-TGAGATGATTTGCGGCATTA-3’ 24885025
5-TCCTTGTGCTCACCTCCTTC-3’ exon 21 exon 24
exonic
[C/T]
24884889
5’-TCTCCCGGGAAAAATACCTT-3 intronic
5-TGCTGTTCTAGCAGGTGGTG-3’ exon 22 exon 25 [G/A]
24870589
5’-CCTGGGGAGGACTTGATTC-3’
5’-CAAGGGTTTCCAGGGACTTT-3’ exon 23 exon 26 none

322




Table 2: HDAC4 primer pairs based on RNAseq data and the physical position of the
“regions of interest” they encompass. For primer pairs that amplified and aligned, the

putative corresponding gene structure, based on human annotation, is listed. For each

primer pair, the forward primer is listed first, then the reverse primer.

Sequencing Primers

Region
bp start

Region
bp stop

Putative
corresponding
gene structure

5’-AGTGGCTTGCAGACTCCTGT-3’
S’-TCTGAGAGCCTTGGTCCAGT-3’

5’-ACGTTCAGATGAGGGGACAG-3’
5’-GACCGTTTCCAACTTTCTCG-3’

24743584

24744165

did not amplify

S’-CTTCTATGGGCAAAGGGTGA-3’
S’-CTTTGCATCGAAAGGAAAGC-3’

5’-AAATCTGCAACCCCACTGAG-3’
5’-GAAACTGCGCAGAATTCACA-3’

5’-CCCGGTTCTCCATCAGAATA-3’
5’-AAGGGCCTCTTTGTCGAAGT-3’

24863829

24865050

5’-GTGGGCCCAAAAGTCTACAA-3’
5’-ATGCGATAACGTGGACCTCT-3’

5’-TACATGGTCACGCTCTCTGC-3’
5’-AGCACTTGAAGCCACCAGTT-3’

5’-CAGGAAGGAGGAGATGGTCA-3’
5’-ATGGCAGTGAGCTGGGTAAC-3’

S’-TCTAAAATCCAGGGCCTGCT-3’
5’-CACGGAAAGATCCCGAATAA-3’

5’-ACCACCACGAAAGACCTCAG-3’
5’-GCCCTAGGCACACTTTCAGT-3’

24865116

24866967

5’-ACCACCACGAAAGACCTCAG-3’
5’-GCCCTAGGCACACTTTCAGT-3’

24867171

24867419

3’UTR

323




5’-ACACCTGGCAGCAATTATCC-3’

5’-TCCCAAAAGATCCCTCTGTG-3’ 24907952 | 24907998 Exon 17
5’-TGAAGGAGGGACTTGTTTGG-3’

5’-TGGCACAGAACACCCATTTA-3’ 24931244 | 24931459 | did not amplify
5’-CGAGGAAGACAGATGGAAGG-3’

5’-GCTTTGGGGAGAAAAGGAAA-3’ 25011281 | 25011368 | did not amplify
S-TAGTTGTGGGATGTGGGACA-3’

5’-AATTTGCAGCCCAAATTCAC-3’ 25235253 | 25235339 | 5’UTR or Exon 1
5’-ACTCCCAAACAAACGGACAG-3’

5’-AGCTCTGAGTCCACCCCTCT-3’ 25361305 | 25361609 did not align
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Appendix 2

Permissions for Inclusion of Published Work

Three of the chapters in this thesis have been published in their entirety, with
modifications made only to conform to formatting requirements:

Chapter 2: Articular osteochondrosis: a comparison of naturally-occurring human and
animal disease. (2013) Osteoarthritis & Cartilage 21:1638-1647.

Chapter 3: Short- and long-term racing performance of Standardbred pacers and trotters
after early surgical intervention for tarsal osteochondrosis. (2014) Equine Veterinary
Journal doi: 10.1111/ev}.12297 [Published online 12 May 2014].

Chapter 5: Validation of imputation between equine genotyping arrays. (2014) Anim

Genet 45:153. (Brief Note)

The publishers of these journals have the stated policy that authors retain the right to
utilize published articles in theses, as long as appropriate acknowledgements are made.
These guidelines can be found at:

Elsevier (Osteoarthritis & Cartilage):
http://www.elsevier.com/wps/find/authors.authors/postingpolicy

Wiley-Blackwell (Equine Veterinary Journal and Animal Genetics):
http://authorservices.wiley.com/bauthor/fags_copyright.asp

Accessed May 2014
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