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Abstract

This thesis presents work to examine the genetic basis of CCL rupture in dogs. It
describes research to identify causative mutations that will help to develop a genetic
screening testo identify dogs that have a high risk of developing CCL rupture.

Cranial Cruciate Ligament (CCL) rupture is the most common cause of hind limb
lameness in dogs and is especially common in large and giant breeds such as
Newfoundlands, Rottweilers and $tardshire Bull Terriers.

CCL rupture casesd from two continents (Europe n = 48 and North America n = 48)
were examined using genome wide association studies (GWAS). A candidate gene study
was performed using Sequenom iPlex genotyping, on cases anttolso from
Newfoundlands (99 cases, 172 controls) and three other susceptible breeds: Labradors
(124 cases, 165 controls), Rottweilers (57 cases, 81 controls) and Staffordshire Bull
Terriers (13 cases, 38 controls). One hundred and efgkt$sNPs acro®6 candidate

genes were investigated for association with CCL rupture. To investigate downstream
events, gene expression was compared between healthy and CCL rupture tissae. An
vitro laboratory model of CCL rupture was investigated by examining ligamges
AYRdAzZOSR 6AGK FyR gAGK2dzi ¢bCh d ¢iBmudey @Sa A
component to CCL rupture, the two main loci of the dog leucocyte antigen (DLA)
system were assessed for disease association.

Principle component analysis of the GWASadatvealed population stratification
within the Newfoundland breed, indicative of the continent of origin (Europe or North
America). GWAS identified three main regions associated with CCL rupture (on
chromosomes 1, 3 and 33). Significantly associated g&8@RCS2 and SEMAS5B
function in neurological pathways; this may indicate that mechanotransduction,
neurological and neuromuscular pathways play an important role in the pathogenesis
and susceptibility to CCL rupture. Candidate gene analysis identifiedia&st with

two collagen genes (collagen tyeand collagen typd and three extracellular matrix
proteins Aggrecan (ACAN), Opticin (OPTC) and Latent transforming growth factor beta
2 (LTBP2). Gene expression analysis revealed significant differexpigssions in
COL1A1 and COL1ARhese results indicate that the strength and stability of the
ligament is probably important in susceptibility to CCL rupture. Gene expression results
also revealed that genes involved in degradation (TRAP and DIRCZregelated,
indicating that the cells are trying to repair themselves whilst a simultaneous
RSAINIRFGADBS LINPOS&aa Aa aGAff 2igvitBeddgfId ¢ KS
to study CCL rupture, but may be more useful as a model for examining ctthages
occur after CCL rupture rather than the early stages of the disease. We showed no
association with the DLA region and CCL rupture.

The identified associated regions should be further investigated and refined using next
generation, targeted resequerting and transcriptomic approaches. Toaild identify

the specific causative mutations involved in CCL rupture susceptibility. This study
confirms that there are complex multigenetic and environmental factors involved in
CCL rupture susceptibility. Therk has contributed to the understanding of causative
factors involved in CCL rupture susceptibility and may be an important step in the
development of a screening test(s) to reduce the incidence of CCL rupture in dogs and
thus improve their health and wire.
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Chapter 1.

Introduction



Cruciate ligaments-anatomy and function

Cranial cruciate ligament (CCL) rupture is tmest common musculoskeletal
condition that requires orthopaedic surgemg dogs(Canisfamiliaris). Complete
rupture or pattial tearing of theCCls the most common cause pé&lvic limb(hind

leg)lamenesg1-6].

Caudal Cruciate Ligament
Medial meniscus

Medial collateral ligament
Patellar ligament

Tibia

Femur

Cranial Cruciate Ligament
Stump of tendon of long digital extensor
. Lateral meniscus

10. Lateral collateral ligament
11. Fibula

©CONOUAWNP

Figure1.1. Cranial vew of the left stifle joint of the dog. The patella has been

removed. Adapted from Textbook of Veterinary Anatomy, 4th Editipi]

The main ligamnts that stabilise thestifle (knee)joint are the medial ad lateral
collateral ligaments located on the outside of the joint [8] and the cranialand
caudalcruciate ligamentsvhich are locatedin an intracapsularbut extrasynovial

location[9]. It is the CCL that is the primary stabiliser of the stifle joint and is the
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ligament mostcommonly ruptured in bothdogsand in humans (along with the
medial collateral ligamentl0]). The CCL attaches to tli@ssa on the caudal aspect
of the medial side of the lateral femoral condyfl£l]. The CCL passeganially
medially and distally across the intercondylar fossa and attaches to the cranial
intercondyloid area of the tibi§l1]. The ligament acts to resist hyperextension of
the stifle and limits internal rotation of the tibia with respect to the fenfa2, 13].

The CCL has two distirftinctional bands; the craniomedial and the caudolateral
bands[11]. The craniomedial band is taut during flexion and extension of the stifle
joint, whereas the caudolatal band is only taut when the stifle is in extensjaf.

Both bandsare taut during extension of the stiflsothey act to stabilise the joint
and prevent ovesextension If the CCL becomes torn, instability results and this can
be associated with lameness, chronic pain and stiffnesdogs osteoarthritis will
developand is unpreventabl¢14]. The CCL is analogous to the anterior cruciate
ligament (ACL) in humanshey are often inappropriately used interchangeably; in
this project CCL refers to the canine cruciate ligament and the &f€ts rto the

human ligament.

Veterinary diagnosis and treatment of C@lpture

hyS 2F GKS 1S@&@ RAF3Iy2aidA0 GSHEAThiFBNI / / |
where the clinician holds the femur and then manipulates the tibia. If the tibia
displaces cranially relative to the femudt,indicates loss of integrity of the CCL.
Radiographs may also be taken to investigate changes thattryigttally acur,

such as joint effusioand osteophytosis However, theseare not able to étail soft

-12-



tissue (such asigamentg. Arthroscopy ultrasound, magnetic resonance imag

(MRIor exploratory arthrotomy may also be e to confirm the diagnosi16, 17].

For treatment, a onservative approach such asrest and analgesia (e.g. nen
steroidal antiinflammaory drugs)may initially beused especially if the ligament is
only stretched or partially tornor when the patient is a small breed of dog
However, in most dogs, especially the large or giant breeds, surgamistruction
options are the re@mmendedapproach to managemerdnd are the only wayto

stabilise the ruptured ligament.

There are many different surgical techniques that carpbdormedto stabilise the
joint and manage CCL ruptufé8]. The most common formsavailablecurrently,

are tibial plateau levelling osteotomy (TPL{29], tibial tuberosity advancement
(TTA)[20], lateral suture stabilisation (LSR)1] and dover the togE (OTT)fascial
grafting [22]. They all endeavouto stabilise the jointand prevent abnormal
movement or further pain within the joint. Veterinary fees for such surgical
procedurescan place a heavy financial burden on dog owners or their pet health
insurers In the UnitedStates, it was estimated that the annual cost for treat@@QL
rupture (for surgery and follow up care) w&4.32 billionin 2003[1]. These costs

are increasing year on year, as the surgical technigues become more advanced
requiring more specialist equipment ard dogs are becoming increasingly popular
as petsin the UK, the number of dogs in 2012 was estimated to be around 8 million
[23], with the UK Kennel club currently recoging 210 different dog breedsnd
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registering over 200,000 pure bred dogs a yi&4j. Within the UK, if a dog has had
surgeryto stabilise the stiflejt cannot be shown in championship showghout
specific permission from the Kennel C[@d]. Following surgery, the dog may never
recover 100% normal functiof2, 14, 25] due to the knee failing to gain complete
stability. Any underlying causes of CCL rupture or inflammation within the joint or
synoviummay stillhave an active effecwhilst progressiveosteoarthritis occurs
simultaneously within the jiot [26]. Treseadd to the pain and inflammation in the

joint.

Pathology of CCL rupture

Susceptibility

The effects of age, bodyweight, threze of dog, bone conformatiomormonal,
autoimmune components and genetic factors arekaly contributoryfactorsto CCL
rupture [4, 5, 14-16, 27-36], as is the underlying ligament struce/strength. There

may be many other pathways involved in CCL rupture susceptibility, such as
sensorimotor systems,neurologicalor neurovasculampathways[37-39], but the
relative impact of these have not beedescribedin detail. These pathways may
act to initiate CCL ruptur@nd/or repair, or they may be secondary to rupture.
Substance Pafd other neurological pathways) have previously been associated
with rheumatoid and ogeo-arthritis [40, 41] and so it is feasible that thepo may

be involved in CCL ruptel
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Ligament structure

Ligaments are strong connectitissue structureshat connect bone to bone across
a joint. Ligaments have a complex hierarchical structinglar to that of tendons
[42-44], with many different collagen fibres of different sizesarranged
longitudinallyalong the lengtt43, 45, 46]. For illustrative purposes the structure of

the tendonis shownin Figurel.2 (adapted from Kasteliet al.[47]).

Fibroblast Fascicle Tendon

Subdibl DAl Fibre

Tropocollagen

Microfibril

Crimping patterns

|| l I |

I.S5nm 3.5nm  10-20nm  50-500 nm  10-50 um 50-400 pm 500-100 um

Figurel.2. The meroscopic structure of dendon (adapted from Kastelicet al.)
[47]. This is shownd illustrate the longitudinal arrangement of collagen fibrils,

which is similar to that which occurs iilgaments

Although tendons have marfipril unit classificationgas shown aboveClarket al.
[42] found only two distinct classificationsithin the CCIg collagen fore bundles
and fasciclesThe collagen fibre bundle is the basic unit of the ligament structure.

Cells(from which the ECM proteins are released@ presentoetweenthe collagen

-15-



fibres, arrangedin a longitudinal directior[43, 46]. The cell population is mainly

composed of fibroblasts, buthondrocytelike cellsmayalsobe present[48, 49].

Ligaments are two thirds water and the main structural component in the dry
weight of a ligament is collag€®7, 50]. Collagens are essential to the integrity,
structure and strength of the ligamen€ollagenis arranged in fibres madfrom
many fibrils.The conversion of the fibrils to fibres involves the enzyme-lysiglase
(LOX])51] which promotes crossinking between each fibrelhisgives the ligament

its core structure and increased strength and stabilitiie fibrils instead of being
completely straightare crimped ad it is thought that the crimp ismportant in
allowing the ligament to absorla degree oftensile load bearing withouthe
ligamentbeing damaged43]. The greater the force applied tothe ligament, the

straighter the collagen fibres become.

Collagen comprises 75% of the dry weight of the Gkre are several types of
collagen in ligaments; the primary form (85% of total collagen present) being
collagen tpe | COL1AL, COL1A23], the remaining collagens are type lll, type V,
type VI, type Xl and typk¥IV[43]. Collagen type thas a triple hekal structure [52]
formed by two different alpha chain&l and A2, whose genes reside odifferent
chromosomes (Chromosome 9 and 14 in the ddggy arenormallypresent inthe

ratio of 21 - COLAL:COIK2 [53]. The remaining matrix components of ligaments

are proteoglycans, actin, lamim integrins and some uncharacterised protej4s,
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47, 54]. As these are all sictural components of ligamentmportant in tensile

strength, theycan be consideredspossible candidate elements f@ClLrupture.

Collagen is relased from cells as procollagen, which iken cleaved into
tropocollagen[55-57]. This tropocollagen is converted to collagen fibrilshvthe
aid of the enzyme Iyt-oxidase(LOX)[58]. LOXacts on lysine and hydroxylysine
residuesdeaminating them to aldehyde group$his allowscovalent bondingto
form between the different tropocollagen molecules producing collagen fipsils
This msttranslational modification ofthe procollagenchainsis crucial for the
formation of mature collagen moleculd$9]. Collagens are renownefibr their
triple helix structurewhichis formed as a result & repetitive motif typically (Gly
XY), where X is normally proline and Y hydroxyprolif®]. This repetitive
backbone forms a very stable, tightly coiled alpha helical strugturence the high

tensile strength of collagen fibres under normal corafis.

Levels of crosd$inking along with thehigh collagen turnover rate in the ligament
may also play an important role in determining whether or not ®€Lis likely to
rupture [50, 60]. Furthermore,Comerfordet al.[50] found that ruptured CCLs had
significanty higher concentrations of immature collagen crtia&s present in them
compared to intact control CCLsigh levels of immature collagen crdsiks in the
CCL may indicate that the ligament cannot withstand-ttaglay stresses making it
more likely torupture. Thetime at which the ligament had ruptured was unknown,
so the hgher levels of immature collagen may be due to the ligament trying to
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repair itself (remodelling) after an initial injury or it could be an underlying cause of
the injury. The variais histological changes over time nr&flect weakening of the
ligament which thenfails when loaded[50, 60, 61]. One of the key problems in
investigations into CCL rupture is that it is impossible to stage the i(gtayt of
rupture, partial rupture or complete ruptue so it idifficult to equatethe changes

seenwith certainty, to before, duringor after the rupture

Collagen is not the only component of interest in ligamen{goteoglycans (PGSs)
and dycosaminoglycan8GAGs) also play an important rolemtegrity of ligaments
[43, 62, 63]. Examples of such PGs include aggrecan, biglycan, dddmomodulin
and lumican [64-68]. Cells secrete the PGs directly into thextracellular
environment,where they are important in the stmegth, structure and assebly of
the extracellular matrixDue to the electrostatic attraction between the PGs and
water [63], they are important in the osmotic @ential of the ligamentand the
ability to withstand stress&nd compressionAn increase in water content changes
the viscoelasticproperties of the igament and may lead to an increage CCL
rupture [46, 50, 69, 70]. PGsare importantin collagen formationassembly and
organisation of the fibrilg[66, 71, 72]. They arealso to be considered ideal

candidates to study for association with CCL rupture susceptif@iyr3].

Bone conformation
A geep tibial plateau angléTPAhas also been proposed as a possible aetiological

factor for CCL rupture in dogg4-78]. The tibial plateau angle (TPA) can be
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demonstrated on the radiographrigurel.3) and is the angle at the top ofie tibia
bone (between the tibial plateau and the long axis of the tibita)s thought to be
important in CCL rupture as the gradient of the tibia determines the strain placed
on the CCLSatic loading models have indicatetiat the gradient of the tikal
plateau correlates vth the strain placed on the CCL9, 80]. However, such models

do not involve dynamic abilisation from major muscle groups acting across the
stifle joint, so this remains a controversial aréame researchershave founda
significantly greater TPH& dogs withCCLrupture compared to dogsithout CCL
ruptures [81], whereas other research shows no statistical evidence for tibial

plateau gradientand CCL rupturé¢82, 83].

Femur

Tibial
plateau

Figure 1.3. Radiographof the stifle joint showing the tibial plateau (kindly

provided byProfessorJohn Innes, University of Liverpool).
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Narrow intercondylar notch width has also been implicated in the
aetiopathogenesief CCL ruptur¢76, 84-86]. The intercondylar notch is the site of
the origin of the CCLand the ligament passes cranially, medially and distally
through the notch[11]. If the notch is stenad, there is likely to be impingement
on the CCLuzhthat the CCL may be more likaly be mechanically damagedn
illustrative diagramdepicting theanatomical location of the intercondylar notch is

shown inFigurel.4.
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Medial condyle of femur
Lateral condyle of femur
Cranial cruciate ligament
Caudal cruciate ligament
Medial meniscus

Lateral meniscus

Medial collateral ligament
Lateral collateral ligament

. Tendon of long digital extensor
10. Infrapatellar fat body

11. Medial condyle of tibia
Intercondylar notch indicated by «—

CENOUVEWN R

Figure 1.4. Cranial aspect of the left stifle joint of a doglepicting the
intercondylar notch. The patella has been displaced and retracted distally. The
joint is in extreme flexion and the joihcapsule opened to reveal the intracapsular
structures. Adapted from Colar Atlas of Clinical Anatomy of the Dog and Cat 2nd
Edition[87].
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Degeneration of the ligament structure

Although CCL rupture often presents as acute onset lameness, it is generally
thought to occur after progressive degeneration and subsequent weakening of the
ligament[4]. As such, it is typically a n@ontact injury in dogs. This degeneration
has been associated with changes in the extracellular matrix (E€ME)], with a
reduction in the structural andunctiond properties of the CCL. This weakening
may then enable the ligament to stretch or partially tear under what might be
considered physiological loads, before angdete rupture presents itsefi88]. The
degeneration and weakening of the ligament may also be explained by higher than
normal levels of collagese being present in transestt ligaments compared to
normal, healthy ligaments. Amiedt al. [89] documented thisfinding when
examining normal and transected CCLs of rabbits. Degeneration of the ligament
may also be consistent with normal age related changes dlecur over timeQOver

time, gadual functional and structural deterioration of the ligament structure
occurs, with loss of ligamentocytes, metaplasia of the ligamentocytes to other cells
(such as chondrocytes) and loss of collagen fibril organisatidnsaength[4, 90,

91]. Age related degenerative changa® consistent with reports that CCL rupture

has an increased incidence in older df2/§.

Size and obesityf dogs
Large breeds of dogare more susceptible to CCL rupguhan smaller breed§92].
This can be attributed to more stresses on the joint in the larger breeds of dog.

Duval et al. [27] and Whitehairet al. [93] have both documented that dogs
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weighing >22kg had a higher prevalence of @@ture, at a younger agethan
smaller dogs under 22k@besityhasalsobeen documented to increase the risk of
CCL rupturen Cocker Spaniel[®4]. This studyshowedthat Cocker Spanielwith
CClhad a greater body weighthan Cocker Spanielsithout CCL ruptu. Another
experimentin Labrador Retrievershowed that those ona limited food intake
regime had a significantly lower incidence and severity of osteoarthritis compared

to those dogs with no food restrictiof95).

Hormonal influences

Another factor that also might play a part @CL rupturés hormonalinfluences on
tissue metabolismin humans ACLrupture was reportedto be more common in
femalescompared tomales[96-99]. Female dogs dve a higher incidence of CCL
rupture than male dog$93] and CCL rupturevas found to be more common in
dogs neutered early (before 8 months) compared to dogs neutered after puberty
[100, 101]. Differences in oestrogen, progesterone, testosterone and relaxin
between male and female athleteas well as the continual monthly variations of
hormones in femalg, have all beehypothesisedo play a role in the increased risk
of rupture of the ACLin women [30, 96, 99, 102 103]. Research hashown a
statistically increased risk of ACL damage for femaleseghlduring the ovulatory

phase of the menstrual cyc|&é04].
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Auto-immune components

Auto-immune reactiors have been hypothesed & influencing factors for CCL
rupture [3, 31, 105, 106] because synovial inflammation (synasjtis commonly
found in the joint during repair of the ligamentVhether this is aconsequenceof
the CCL rupture or a@amageinitiating factor is still under debateHowever,
synovitishas been found to increase the risk of contralateral CCL rupp8irel07).

In rabbits, persisent synoviis has been found to cause disorganisation of the
ligament framework causingmarked changein the morphological characteristics

of the CCLThisresultedin asignificantdecrease in tensile strength of the ligament

[108.

Inflammatory cells, such as B and T lymphocytes, TRAP positive macrophages and
CD1+ cells have all bedound to be increased ithe synoviumof CCLruptured
dogs [109, 110 and also inthe synovum of dogs with stifle arthritis[111].
Normally, he synovium that surrounds the stifle joint aets aprotective barrier to

the cruciate ligamentsvhich are envelopedetween synovial membrane¥he CCL

is shieldedfrom the immune systeniy athin synovial ling. This means that any
locally produced antigens will form immune complexes that will remain within the
synovial space and have an unhindered local affédf]. Due to the CCL being
primarily composed of collagen type | fibres, any aalflagen type | antibodies
formed would bind to the CCL making it more susceptible to degradation and
rupture [105. If the CCL is damaged, nepitopes and other damagassociated

molecular patterns (DAMPs) may be released from tharigyat tissue and act as
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antigens causing innate and agtive immune responst localtissues[112 113.
This processnay not act alone in causing CCL rupture, ltumay well act as a
promoter for further rupture Persistence of the antigen presence and subsequent
immune response, along with the prolonged inflammation, is thought to play a
exacerbatoryrole in CCL rupture and the associated pain and inflammatitimny

the joint.

Whether the inflammatory and autonmune components cause CCL rupture or if
they occur secondary to the rupture of the CCL is still under defiié-116).
Exposed antigens may also play a role in initiating osteoarthritis (OA), as OA has
been proposed to be, at least partially, caused by an @utmune response with
collagenas thedirect initiator [112, 117]. It is unclear whether the degradation of

the CCL and subsequent release of collagen antigens is a significant cause of the OA
or whether the drect and prolonged inflammation within the synovial joint leads to
OA[26, 117]. Whichever the caseOAoccurssimultaneously wittthe CCL injury and

is unavoidable and untreatable.

Major HistocompatibilityGomplexand CCL rupture

Cell mediated immunity is regulated by the major histocompatibility complex
(MHC) which can have an important role in disease sugumbfyt and resistance
[118. MHChas been implicated in many autoimmune diseases such as diabetes
[119, hypothyroid disease[120> ! RRA & 2 y [141], dystemnis |lupS

erythematosus (SLEL22], anal furunculosis(AF)[123] and rheumatoid arthritis
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(RA)[124]. In dogs the MHCegion is found on chromosome Hhd the genes are

calledthe ddog leucocyte antigen(DLA)system

MHC moleculesare transmembrane glycoproteinswhich captureand present
epitopes of antigens to-€ell receptors and initiate immune response cascades. The
MHC region is highly polymorphigvith many alleles existingor each gene
Expression of the gnes is codominant, with most individuals being heterozygous
This allows a wide range of antigen presentation to be available and maximises the
immune response to foreign antigens. Loss of heterogeneity (diversity of MHC) due

to inbreeding can result inmincreased susceptibility to autoimmune diseases

[125.

Genetics

It should be considered that a genetic element could be a significant predisposing
facdor of pathological CCL changesd the subsequent degeneration. From
epidemiological studies, it is apparent th@CLrupture is not a classical genetic
disease, as characterised by simple Mendelian gengt2§. It isinstead thought

to be a polygenic, multifactorial, complex geitetrait [36]. As it isobviouslynot a
monogenic condition, it will not be possible to find a singlenple genetic basis
explainingthe rupture susceptibility It will however,hopefuly become possible to
determine which dogs are more at risk of developing a ruptured Tkxisewith
predisposing alleles may be detected by a genetic screening test. This information

could then be used to inform breeding strategies, whereby dogs couktiteened
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for the driske alleles before breedindn order b achieve thisit would be necessary

to identify a set of susceptibility markers.

It has beerwidely reported thatseveral dogreeds are more or less susceptible to
CCL rupturehan others Breedssuch as the Ggound, Dachshund, Basset Hound
and Doberman Pinchers are less likelyupture their CC[27, 93] than dogs in the
high risk category such as Newfoundlantlaprador RetrieversRottweilers and
Saint Bernard$2, 6, 13, 27, 60]. Dogs in the high risk categooften rupture their
ligament without any pparent traumatic circumstanceandasa result young dogs
rupture their CClsuddenly when only performig simple dayo-day activitiessuch

as during play, walking or runnip@, 14].

Rupture of one CCL puts a dog at higher risk of rupturing (or othedeiseging)
the contralateral CCL studies have indicated this to beraund 54% riskin
Labradord107]. Thisvalue can vary between 224%depending on which breed is

beingstudied[33, 107, 127, 12§].

The gnetic mode of inheritance of CCL rupture is postulated by some researchers
to be autosomal recessive with around a 51% penetrd6¢eThis means that for
SOSNE R23 GKIF{G KI & GlKoSthesdodgs &ill actualyfruiptBré S >
their cruciate ligamentWith a heritability of only 27%6], this clarly implies that

other factors,both intrinsic and extrinsic such as those listed above contrilbote
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development of CCL ruptureNonetheless, the inherited genetic component
although relatively small is still likely to play an important role in CCL susceptibility.
Asone cannot tell whether or not a dog will be affected, there is a need to identify
the specific genes and/or genomic regions that might be involved i€@le rupture

susceptibility, initiation or progression.

Newfoundland dogs and CCL rupture

Newfoundlands are a large breed of dog commonly used for draught and water
rescue work. Theyra known for their gentle docile nature as well as their strength

and endurancgl129.

Figurel.5. Structure and form of a Newfoundland ddg

! Reproduced with permission: Bavid Can2013
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The origins of the Newfoundland dog as a breed are vague, but the breed is thought

02 KI@S I NARASYy XSS R2 Tt | dNBES aNPAdIRKFF o O
Canada by lropean fisherman and explorershe modern breed as known today,
developed from thee around the 1808. Many, if not all American Newfoundlands

have anancestrytraceableback to one imported Europeanod (Siki around the

end of World War landwhoseson (Ch. Harlingen Neptune of Waseek) started the

first large kennel in the United Statfk30].

Strict breed standards dictate which dogs can be registered wéhimeed inthe

dog clubsin the UK the standard colours for registration aadid black, brownor

grey, black with white markingshrown with white markingsand Landseer (white

with black markings American standard colours are the same with the solid colour
markings,but registration restrictions mean white markingsn the coatare only
allowed on thechin, chest, toesand tip of tail In Canadarown and grey colours

are not recognised within the breed/kennel clubs and in some European countries
such as France and fagany (including the Fédération Cynologique Internationale)
the Landseer is considered to be a separate breed, although in the UK and

USA/Canada the breead considered to be theame[129, 131, 1372].

CCL rupture is a major clinical problem within the Newfoundland breed along with
other genetic conditionsncluding hip and elbow dysplasifl33-135], cystinuria
[13€], dilated cardiomyopathy (DCML37] and sub-aortic stenosis(SAS)[138].
Estimates from other studiesn the USAssuggest thatCCL rupture has 282%
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prevalencein Newfoundland dogsa heritability of 27% [6] with a postulated
recessive mode of inheritance, strongly indicating that that there is a genetic
component to theCCL rupturg6]. Heritabilitymaybe underrepresented however,
becausea dog may have the risk alleles and ngpture itsCCLhence it is likely the
true value could be much higher. In the past 10 years (from Z002) themean
number of Newfoundlands registered each year with the Kéidnel Club was 976
(range 838- 1,145). Considering the estimated impact of 22% prevalence of CCL
rupture in Newfoundland dogshis would estimate to be around 215 incidences of
CCL rupture a yeareXcludingany contralateral ligament rupture)Radiograp
scoring schemes for hip and elbow dyspld4i29, 140 and DNA screening tests for
DCMand SAS141] are already in placéo try and reducethe incidence of these
conditions in the breedt is hoped that &NAscreening test for CQupture will be
added to the list at some stage in the future, to helprther improve the health and

welfare of the breed.

Canine genetic studies

The dog has 78 chromosomeswhich are arranged in pairsin each pair one
chromosome is inheritedrom ead parent. The canine genome was published in
2004 by the BROAD institute at MIT/Harvard using sequences from a female boxer
dog and a poodI§¢l42]. Since tle publication of the canine genome, huge advances
have been made in investigating conditions with genetic components in the dog. A
new annotation of the canine genome (CanFam3) was released in May 2012. In this
thesis, unless otherwise stated all analysesl descriptionselate to theCanFam3
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genome annotation, althouglmany SNPsand genes investigated had sequences

initially chosen from CanFam?2.

Pedigree dogs are seen as a suitable species to study as models for many complex
humangeneticdiseases. Studs of many naturally occurring diseasesdogssuch

as CCL rupture, arthritis, epilepsy, deafness and cataracts have identified similar
aetiologies and/or pathogeneses to human versiai these diseaseq142-145).
Comparative genetics is much easier to translate between dogs and humans than
mice and humans because dogs are genetically more similar to the human than the
mouse [146]. Many genes in dogs hawathologues m humans with the same
function. Therefore, not only can the research from this study be used for studies of
CCL rupture in Newfoundlands and othéog breeds but it cauld also have
implications in human research. Causal genetic variants for diseases such as
Duchenne muscular dystroph$47], narcolepsy148 and osteogenesis imperfecta
[149 were first identified in the canine version of the disease dahdn were

subsequently systematically applied to these Mendelian disorders in Man.

The canine genomehares subgantial homology with the human genome addgs

offer great advantages over humatsr studying certain diseases. Dogs have a
significantly shorter lifespan than humans, so longitudinal studies are much easier
to conduct in dogs than in humans arebluce te need for specialised housiifgy
studies in mice/rats. Dogs also share the same environment with [1é4) so the
impact of environmental factorshpusing, weathergigarette smoke etc.) can be
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taken into account. The dog has a highly conserved breed structure and
comprehensive pedigree data is readily available from many generafibf4.

Pure breed pedigree dogs in particujahow very high linkage disequilibrium (LD)
[150. Thismeans that smaller numbers of a breed can be used in a genetic study to
achieve the same statistical power needed for a similar study conducted on human
subjects. It also means that fewer genetic variations need be studitbih a breed

as theSNPsre often inLDwith each other.

The dog has a unique population structure with minimal variation due to the small

' Y2dzy i 2F F2dzy RSNE Ay SI OK 0 NBS3IRThdrey R & Of
INB (62 RAAGAYOG ao2dGaGf Sy q1a2 554 158.yThell KS KA
first bottleneck occurred when dogs became domesticated from their close
ancestorthe wolf. The second when humans started selectively breeding the dogs

for desirable, breeepecific characteristics i.e. to hunt, to retrieve, to point, for

long snouts, short legs et§143. This has resulted in large phenotypic diversity
between breeds. As a result of the breeding patterns that have developed to enable

a breeder toproduce the ideal pedigree dog, for example, thee of popular sires

as studsgenetic diversitys reducedwithin each breed151]. One example of such

restrictive breeding practisesisthe# NJ I R23 (2 opbretnégdihd § SNBR
accordance with the kennel club guidelines, both of its parents must have been

registered under the same breed classification.
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Geneticvariations

The release of the human genome in 2@habled great advances investigations

into diseases and population genetifE53]. As a result te natural variations in

DNA can be assessed and can provide estimation for risk of an individual to specific
disease susceptibility or resistance. The most common variations in DNA are called
single nucleotide polymorphisms @&NPH154]. These are variations the DNA
sequence and involve substitution of one of the bases (A, T, C or G) in the DNA
sequence with another. Other common DNA variations that have been identified in
DNA include; INDEI(msertion/deletion)[155] where a base or number of bases
is/are inserted or deleted in the sequence, microsatellite markers (M$EoH

where 24 bases are repeated within the DNA sequence and the number of repeats
can vary between individuals and copy number variatig@s!V)[157] where a
section of the DNA is replicated. MSATs have traditionally been used as the
molecular markers of choice to determine genetic associations with didaask

More recently however, SNP chip arrays have ssquiyd MSAT aalysis due to the

highfrequency ofSNPsvithin the genomg159,.

SNPswithin a gene may be intronic (within an introrgxonic (within an exon),
synonymous (the amino acid is not changed as a result of the SNP), non
synonymous/missense (the amino acid is changed by the SNP and the protein
coding sequences altered. SNPghat cause a frameshift in the DNA sequence (by
addtion or deletion of a base) often lead to truncated proteins by getieraof

premature stop codons within the DNA reading frani#60]. The norfunctional
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protein generated as a result can have severe consequences in health and disease
[161, 162. SNPscan also be found in parts of the genome that are devoid of
protein coding genes, i.e. intergenic regions, where the SNP may be involved in the
regulation of gene expression (in proneotor enhancer regions) or necoding
regulatory RIA molecules. Intergeni8NPghat show association with disease may

be inLDwith SNPghat are upor downstream ofan actualgene or in LD with &SNP

that iswithin a functional geneThe exact function of variants in nezodingregions

of the genomestill often remairs unclear.

Intronic and synonymouSNPsare most likely to be nofunctional mutations as
they do not have a direct effect on the protein coding regions. This is because the
mutation is spliced out before the translation of RNA to proté&in intronic SNP)

or the amino acid in the sequence is not changed (a synonymous BdRver,

they may be functional if they affect splice sites or regulatory regions that affect
downstream processing, protein folding or function and/or the stability o
microRNA[163]. TheseSNPs althoughsometimessignificantly associated with a
disease araunlikely to be the actual causative mutation but are likely to bén

with the causative mutation which may be exonic or a 43ynonymous mutation

that causes a change in the amino acid. As a result of the amino acid change, the
protein foldingwill be dtered as the secondary, tertiary and quaternary protein
structures may be changed (as established by Anfinsens d¢tpdh¢ the protein
folding is determined by the amiracid sequence)lhe frequency of these types of

mutations in a population is higher relative to mutations that have a direct effect on
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protein coding, structure and formation such as nsynonymous (missens&NPs

and frameshift mutations (INDEL&p5 .

In order to study genetic variation within a spes, it is important to understand
how the variations are linked within a species. The developments of genetic maps
and advances ianalysindinkage disequilibriumLD have made this possibleéDis

the nonrandom association of alleles at two loci d@girecombinatior{166]. When

a particular allele at one locus is found together with a speeifele at a second
locus more often than expected if the loevere segregating independentlyhen

they are saido be in linkage disequilibrium with each othé&D is also aneasureof
population size and genetic structuf#67]. In large, ouored populations (such as
humans), genetic diversity is huge as there have been many recombination events
throughout evolution i.e. LD is lowlowever, large populations themselves do not
necessarily correspond with low LD if there are only a small number of ésnid

the population(i.e isolated populations)

Thedoghak A 3K [ 5 $KSYy O2-0NBRERK dz¥ | yididSiz duaztlzi G A
small numberof foundersand limited outbreeding[150, 168]. Genetic variants

differ between dog breeds and althoudIDis relatively short between breeds, it is

greatly extended within a breed and is much greater than that seenumam
populations[150. Of the dog beeds that have been studied to date, Labrador
Retrievers show the shortest LD because the heterogeneity within the breed is high,
especially when compared to breeds such as the Japanese Akita and the Pekinese
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breed of dog[23]) in canparison to the Akita and Peldse which arenuch less
popular. There were severe reductions in the Akita breed nunsbeuring World
War 2 [150] which significantly reduced the number ofuioder dogs for the

modern breedand consequentlyreduced LD.

Maintaining genetic diversity is of great importance when considering inherited
diseases. Genetic diversity in dogs is reduced due to selection pressures (popular

sires and dams), bottlenecks in breed creation and closed breeding populations

[169. This has led to a considerable number of inherited genetic diseases and
defects that are overly prevalent icertain breeds. The inbreeding coefficient can

be used to determine the level of genetic diversity within a brEEt0]. The higher

the inbreeding coefficientthe more common ancestorare present ina pedigree

The UK Kennel Club will no longer registeother/son, father/daughter or
brother/sister mating, a plan that has been putto place to reduce the level of
inbreeding TKS& KI @S | f a2 AYGNRBRdAdzZOSR | al G4S{Sf

breeder to determine the inbreeding coefficient of each mating.

The Kennel Club describes the inbreeding coefficient as:

& ¢ Gr8bability that twocopies of the same gene have been inherited from a
common founder that is an ancestor shared by both parents. The lower the inbreeding

coefficient, the lower the probability (risk) that this will hapgda71]

The Newfoundland breed as a whole has an inbreeding coefficient of 4.8%, which

translates to approximately a 1 #1 chance that the dog will inherit the same gene
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pure-bred dog this is relatively low compared to some breeds such as the King
CharlesSaniel which has amnbreeding coeffiient of 11.8% and suffersevere
hereditary health problems. The other breeds investigated in this project have
inbreeding coefficient values of 6.4%abrador Retrievers), 6.8% (Rottweilers) and

6.7% (Staffordshire Bull Terriers).

Quantitative trait majping for complex polygenic disorders (such as CCL rupture)
remains difficult relative to monogenic trait/disease mappir[d72. This
emphasises the need forcaurate and clear phenotyping so that any background
Gy 2 AcB W8I as breed, geographical location, coat colour etc. can be reduced.
Since the release of the dog genome in 2004, many advaneeslgrstanding the
genetic basis ofanine (and human) diseas have been made in a relatively short
time frame. With the release of the newest canine genome assembly (CanFam3 in
2012), in addition to the advent of newer negéneration sequencing platforms, it
should become easier to identify causative mutationatthre involved in complex
diseaseslarge regions of association within chromosonas benarrowed down

to specific mutations, which will hopefulligen be used to develop screening tests.

Aims of the Project

It is hypothesisedthat there is a genetic dsis to CCL rupturgvhich can be
identified at a molecular levelTo investigate this,he project aims were to use

molecular genetic techniqug§&SWAS, Sequenom;RCRandtissue culturelo;

-37-



1. Identify genetic mutations and putative genes which are assediatith
resistance or susceptibility CClrupture in Newfoundlanddogs.

2. Determine whether there are any genetic differences between
Newfoundland dog from two different populations(Europe and North
America).

3. Determine whether the genetic mutations idefied within the
Newfoundland breedre specifionly to the Newfoundlandsr can also be
found in other CCL rupture susceptibldog breeds (LabradoRetrievers
Rottweilers andstaffordshire Bull Terriers).

4. To determine the expression levels of seleeindidate genes between
ruptured and healthy CCL tissue

5. To determine if there is an autoimmune component to CCL rupture by
studying the DLA region for association.

6. ¢ 2 RS G S N atiyidatioh &f ligarbeBtbeytes in vitroan be used as a

laboratory modebf the pathological changes seenGEL rupture

Once theassociatedSNPshave been identified they could be used develop
genetic screening test® identify susceptibléresistantdogs. This data can then be
usedto initiate breeding strategies to try and reduce the incidenceC@flL rupture
in dogs. This will be gfreat econong and emotional benefit to dogdpg breeders,

owners and all!
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Chapter 2.

Geaneral Materials

& Methods



The laboratory techniques presented in this chapter are generic tsuléequent
experiments described herein. Deviations from the general protocol for individual

experiments are detailed in theelevantchapters of the thesis.

Clinical diagnosis and phenotypic status

The phenotypic description of the dogs was determinadcording to the

inclusion/exclusion criteria of the study.

1 Inclusion criteria (casespogs with CCL rupturef any age CCL rupture

must have been confirmeduring surgery.

1 Exclusion criteria (controlsiealthy control dogs, with no symptoms of CCL
damage were overfive years of age and shed no obvious signs o£CL

rupture (hind limb lameness or pain).

Ideally, the control dogs should have been examibgd veterinay surgeonwith a
minimum qualification of a CertSAS to ensme clinical features oCCL rupture
(such as mediduttress formation, stifle joint effusion, positive tibial thtusr
positive cranial drayvwere present Thisclinicalassessmit was not available for
all control samples submitted and is a renagd limitation of the project; only 35%

of control samplesvere subjected to thisssessment.
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Dogs included in the study

Samples fronNewfoundland dogs that had ruptured the@CL(caes) and those
that had noclinical evidence oCCL rupturgcontrols) had DNA extracted from
either EDTA blood (excess from other veterinarysedteady being carried out), or

salivary swabg see Sample collection methpplage 4}, for more detalil

The majority of the Newfoundland CCL rupture cases and controls watected
by attending dog showsnailing sample collection kits to the owners aiteders
or by obtaining samples sefrom veterinary surgeonsThe remaining CCL rupture
cases and contrs| as well as the cadesntrols for other breeds used in the study
(see below)were taken from the UK DNA archivdor companion animals
(http://www.liv.ac.uk/dna_archive_for_companion_animals/and had already
been collected for previousesearchstudies[173. Full informed, written owner

consent had been given to use these samples in research studies

Other breeds that have a high risk of developing CCL rupture were also included in
this project to enable comparisons of the genetic predisposition betwéen
breeds These breeds werdéabrador RetrieversRottweilers and Staffordshire Bull
Terriers. The decision to use the other breeds (especially the Staffordshire Bull
Terriers) was taken retrospectively after the main sample collection process had
been caried out. This meant that specific collection of the samples needed (both

cases and controlgjould not be carried out as for the Newfoundland$erefore,
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the majority of sampledrom these breedswere obtained from those already

integrated into archivelatabases; which werelimited in number

The CCL rupture casamples for the other breedwere taken from the UK DNA
archive forcompanion animaat Liverpool. The phenotype of the dflgreed, age,
sex, CCL rupturejyas known.The control samplesor the Labrador Retrievers
Rottweilers, Staffordshire Bull Terrierand some Newfoundland samplesere
taken from the Veterinary Laboratory agency (VLA) arcféveubset of samples
within the UK DNA archive for companion animaid)e VLA samples representad
random populationof UK dogswith no diseaseinformation and were therefore
assumed to be controls with no cruciate ligament rupturehis is a recognised

limitation in the project as no clealiagnostianformation isavailable

Jecific informationon breed, sex, age and numbers of cases and conisgdare

givenin the Appendix(Appendixl).

Eachsample submitted to the study was accompanied lmpasentform (shown in
Appendix2) in which the ownergave their full informed written consentThe
owner suppliednformation about thedog, includingageat sample collection, sex
whether the dog was neuteredpayed Information about the injury (if applicable)
was also provided, sudmsage at diagnosis/injury, how the injury was caused (slip,

fall, accident or during normal activitghd surgical information was provided when
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available The owner alsoconsened to allow the sample to be stored and
integrated in theUKDNAarchive forcompanionanimalsand used as appropriate in

this studyand other scientific research.

Samples were initially collected from dogs within the UK only, but sample
submission rate was very low, despite multiglpproaches andaddresses to UK
Newfoundland beeders and owners at their club meetings and dog shows for
samplesOn the basis that at the current rate of sample collectiprogress would

not be enough to enable the project to proceed within a suitable timeframe, the
sample collection area was extesd to include North America and mainland

Europe.

Linblad Tohet al. (2005)[142] suggestd that for a multigenic trait, at least 100
cases and 100 cont®were needed to detect disease alleldsactors including
allele frequency, the interaction of the allele with other variants and the risk that
having the allele confers to the dpglso determines the number of cases and
controls neededo produce a sigificant study. They found that an allele that gives

a 5fold increase in disease risk will be detected with 97% power and an allele that

increases risk 2 fold will be detected with 50% power using 100 cases/100 controls.

These numbers (as well as some $tsdusing smaller cohorts of dogs) have been
successfully used to map traits and diseases sichpilepsy, diabetes and atopic
and digitaldermatitis[174-177]. In aur study, the numbers of dogs (for the majority

of breeds) arecloseto[] Ayof R ¢2KQa SadAYlFIrdiSaT oohp
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Newfoundlands, 124 cases and 165 controls for the Labr&#trevers 57 cases

and 81 controls for the Rottweilemsith the Staffordshire Bull Terriers falling short

at 13 cases and 38 controls. As the dogs are fmeeds the relationship status
between each dog is such that the linkage is high enough to detect mutations in a
much smaller number of dogs than would be rged if the study was being

conducted on a human population.

Sample Collection for DNA extraction

In order to perform the experiments in this project it was necessary to collect
biological samples to obtain DNA from dogs with and with@GL ruptureBlood or
saliva amples were collected from Newfoundlands and other selected dog breeds
(Labrador Retrievers Rottweilers and Staffordshire Bull Terriers) and were
integrated within the UK DNA archive for companion animas$ Liverpool
(www.liv.ac.uk/dna_arkive for_companion_animalsThe research in this project

was approved by th&niversitys Research Ethics SGommittee.

Collection of veterinary blood samples solely for research purposes in the UK
without a hame office licence igrohibited; however, esidual blood remaining
after a diagnostic sampling may be used for research and does not require a
licence. Collecting saliva with swabs is considered aimaasive procedure and

does not require a licence.
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Samplesubmissionwas either an EDTA tube ofobd (esidualblood remaining
from routine veterinary diagnostic tests carried out on the dog)jfdslood was not
available then salivary swabs were taken usingthiJ- 3 Ssgli$acollection kits
(h NI 3 S PNAnGenotek, Ontario, Canad&amples werenly included in the
project if the owners gave their full written consent to the blood/samples being

stored and used in scientific research.

h NJ 3 Ssafping kits were mailed to owners, who collected the sample
themselves. Theh NJ 3 Skft Scansisted of sponges and a collection tube
containing theh NJ 3 Shhffem solution. The owner simply had to place the
allRy3asSa Ay (GKS R23aQ Y2dzik old GKS OKSSe
saliva. The sponges were then removed from the mouth, placed diretdythe
collection tube, shakeand then mailed back to us by standard post. The benefits
of using theh NJ 3 Ssyginépbe collection process is that the sample is stable after
collection forup 6 months at room temperaturand is easily mailed to and from
the owners for ease of collectiot the start of thesample collection process the
only kits available were the human collection kits (X®) Soon after beginning
the project, h NJ 3 Sr¢léhased the animal collection kits (€0) whichwas
subsequentlyusad asthe standard collectiormethod. The difference between the
two kitswasa change in desigftubes rather than potsand a slight (unidentifiable)
change in buffer solution that requidean extra processingstage in the DNA

extraction method¢ detailed further on in the chapter inthe DNA extraction

section
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DNA extraction

Blood

DNA was extracted and prepared froBDTAblood using theQiagen DNA Blood
midi kit (Crawley, UKF 2 f f 2 6 A y 3 (i K SnstrifctiofistTdl-a® prelabdSIND &
described [178. The DNA was thenquantified using a nanodrop

spectrophotometer(Thermo scientificMassachusettsUSAwww.nanodrop.con).

Saliva

DNA fromh NJ 3 Ssalfvackits wad SEGNI OGSR T2ttt 26Ay3
protocol (DNA genotek, Canad§) 79, but modifiedsuch that the whole sample
could be processed instead of 500ul aliquBtiefly, samples were mixed and
placed in a water batkat 50eC for one hour. Excess liquid was squeezed from the
sponges into the collection tubdr NJ 3 SDNA purifier was added to the tube
(1/25" volume) and vortexed to mix. Samples we®oledon ice for 10 minutes

and then centrifuged at 4@y for 17.5 minutes The supernatant was transferred to

a new labelled tube. For animal kits, 5M NaCl (60ul/ml) and an equal volume of
100% ethanol was added and then mixed by inverting 10 times bééargngat

room temperature 10 minutes. The NaCl addition was omittedtlier human kits.
Samples were centrifuged at 40§for 17.5 minutes. The supernatant was removed
and 1ml of 70% ethanol was added and left for 1 minute. The ethanol was removed
and the pellet dried for 15 minutes. The pellet was resuspended irl30fer AE,

vortexed for 30 seconds armlacedin a 5@&C water bathone hour The DNA was

-46-



transferred into a prelabelled tube and was quantified using a nanodrop

spectrophotometer(Thermo scientificdVlassachusettsUSA, www.nanodrop.com)

Salivary DNA&xtraction often generates lower quality DNA than that of blood, due
to potential carryover from contaminanigke residual food hair, ingested dirt etc.
within the sample. Furthermore, the collection of samples from salivary collection
kits may introduceadditional variation as thewre collected in an uncontrolled
manner by the owners. Owners may not have followed trerirctionsadequately,

for examplethe owner may have sampled the dogmediatelyafter food ordrink

or dropped the swab on flooVaration in the amount of saliva collected on the
swabs may also hawfected the amount of DNA availabl8ome dogs may have
been sampled with a dry mouth resulting iewler cells from which DNA can be
extractedresulting in a lowelield of DNA.Pooling alarge quantity of saliva into
the collection kito F2 NJ SEI YLX S OeffedivBlY) venoald thé RNER 2 f &
extraction processand can also reduce the yield of thBNA. The quality and
quantity of DNA from salivary swabs, although lower than whole blodchebed

DNAis adequate for downstream applications such as genetic st{itigss 181].

Cleanup of DNA

DNA prity was assessed using the 260:28® 260:230ratios obtained from the
nanodrop spectrophotometer readoutsPure DNA fluoresceat 260nm, pure

uncontaminated DNA will hava 260:280 ratiobetween 1.8-1.9. DNA absorbs
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ultraviolet (UV) lightat 260nm, protein and phenol absordJV at 280nm and
carbohydrates at 230nmAny substantial decrease in the values will indicate
contamination with protein/phenol/carbohydrate. In some instances it was
ySOSaal NB (2 DNA®ré&riowé codtadiinanisi Sere wee notably

lower 260:280 and 260:230 ratios and a greatly increased peak at 230nm caused by
organic carryover from the extraction process. Several methods were evaluated

before deciding which method was the best to use on the samples in question.

Ethanolpurificationof DNA

Briefly, 1/1¢" volume of3M sodium acetate and 2% times volume of 100% ethanol
$SNBE | RRSR (2 GKS GRANI & ¢ covladlomice{fdr ¥5LI S &
minutes before centrifugation at 100@ for 15 minues. The supernatant was
removedand 500ul of 70% ethanol was added to wash the pellet. The pellet was air
dried for 15 minutes and then resuspended in 300ul buffer TE. &@éentration

and puritywere quantified using a nanodrop spectrophotometer.

Chloroform Cleaip of DNA

The DNA wasransferred to an eppendorf tubel/20™ volume of chloroform was
added and the sample vortexed vigorously for 10 seconds. The sample was
centrifuged at maximum speed for 10 minutes. The upper aqgueous layer was
transferred to a new predabelled titbe and DNA was quantified using a nanodrop

spectrophotometer.
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Qiagen Column cleamp of DNA

Ethanol (200ul of 100%) was added to 200ul of DNA and vortexed briefly. The
sample was transferred into a Qiagen spin coluf@iagen, Crawley, UK)and
centrifugedat 600g for 1 minute. The filtrate was discarded and 50ul of buffer
AW1 (Qiagen,Crawley, UKyvas added and the sample centrifuged again at@p0
for 1 minute. The filtrate was discarded and 500pl of buffer A@igen Crawley,
UK)was added and the san®centrifuged at 2000g for 3 minutes. The filtrate was
discarded and the samples centrifuged again at 2@0for 1 minute. The spin
column was transferred to a new collection tyb200ul of buffer AEQiagen,
Crawley, UKywas addedand the samplekept at room temperature for 1 minute
before centrifugingat 60@g for 1 minute. The elate was added back to the
column and recentrifuged at 600g for 1 minute. The DNA was then transferred

into a prelabelled tubeand was quantified using a nanodrop spectrofumeter.

Of the above methods the chloroform clearp methodproduced the best results;

on average the chloroform lowered carbohydrate contamination by 26.6%
compared to 23.4% by ethanol purification (as assessed by absorbance at 230nm on
the nanodrop spetrophotometer the column clearup diminished yield such that

it was not a viable method to usgdata not shownlt wasnot possible to remove

all of the carbohydrate contamination from the sampés saliva contains large
amounts of carbohydrate from thlbeavilyglycosylated protein mucifil82. As a

result the 260/230absorbance rati@alonewas notconsidereda useful method of

assessing the purity of DNextractionsfrom saliva samples|lthoughit is adequate
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for DNA prepared from bload hechloroform clearupmethodg I & dza SR- 2 a O

dzLJE GKS O2ydGF YAYFGSR 5b! Ay (GKA& LINR2SOG

Quantification, normalisation and storage of DNA

DNA was quantified using a nanodrop spectrophotometer (Thermontfwe
MassachusettsUS andwas normalisedstandardisedusing moleular grade water

either by hand or by using theédamilton Microlab® Star robot (Bonaduz,
Switzerland).Samples were normalised to 100rwg/for lllumina HD genotyping and

20ng/~l for Sequenomgenotyping DNA was stored atH n @ity n ¢ / dzy G A f A
required in experiments. All DNA for long term storage was integrated in the UK

DNA Archive for Companion Animals &t n e AndL20 robot(BioMakerLab,

California U§ was used to cherry pick samplést were already irthe archive that

were required for the study usinifpe unique2D barcodesllocated toeach sample

tube.

Tissue collection and culture of ligament cells

In order to examine chages in gene expression @CL rupturd tissueit was
necessary to collect bothuptured and healthy/controlCCLtissues.Ruptured CCL
tissue was collected at the time aofconstructiveCCL surgery and was immediately
placed into RIAlater (hvitrogen Calibrnia, U$. The control tissue was sourced

from cadavers of dogs that had beeeuthanased for reasons otherthan
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degenerative joint diseasand which had beendonated to the University for

teaching

CCLissue was harvested from the stifté the cadaversby sharp disseatn, using
an aseptictechnique Additionally, separate scalpels were used for incision of skin
and the remaining dissection anithe scalpelwas rinsedn 100%ethanol between

the cut into joint capsule anthe extraction of the CCL.

Liganentocyte cell identification

The primary cell type within th€Clis the ligament fibrocyte, otherwise known as a
ligamentocyte[46, 183, 184]. These ligamentocytes are responsible for the creation
and the maintenance of the extracellular matrix (ECNIhe predominant ECM
protein in the CCL is collagen typavhich is essential for the integrity and support

of the ligament structure. The cells show typical fibroblédst morphology.

Monolayer cultures

Ligamenttissueswere harvestedrom the cadavers by sharp dissection of the stifle

joint, using an aseptitechnique as described abavEhe tissue was immediately

washed with Hanks Balanced Salt Solution (HBSS), before being digested overnight

with 0.1%w/v bacterial collagenase B dzf 6 SOO0O24da Y2RAUSR 91 :
(DMEMF12) with 5% fetal bovine serum FB$ and 1% penicillin/1%

streptomycin/ 1% amphotericin at 37aC onan orbital shaker Followingovernight
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digestion,the released cells werescoveed by sievingthrough a 40pm sieveto
remove debrisCells were pelleted by centrifugatiaat 100g for 10 minutes and
the pellet washedby resusgnsion of cell pellé in 5ml media (DMEM/F12
glutamax) The cells were entrifuged at 1000g for a further 10 minutes to wash

cells and remove alfaces ofcollagenase

The cell pellet was resuspended 1ml of tissue culture medium (DMEM/F12
glutamax, 10%-BS, 1% penicillin, 1% streptomycin, 1% amphoteiacid)the cells
counted before seeding plates/flasks at appropriate density talow cell
proliferation and establishmenbf monolayer cultures. When cells reath 8%
confluence,usually after 45 days at 3@, they werereleasa with Trypsin/EDTA
(1x). The mediavasreplenished every 3 dayBor subsequent experiments the cells
were plated inb sixwell plates in triplicate andvhen confluent wereeither
induced with TN (see Chapter 8h media for 24 hours, or left in normal media as

a control.

After all experiments the cells were eitheryopreserved for long term storage or

lysed with Tizol for the first stage of RNA extraction.

Lysis of monolayer cells using Trizol
At the end of each culture period, the media was removed from the monolayer

cultures and the cells washed with HBSS. Trizol was adtladatio of 1ml/10cnt
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(250pl for 24 wé plate, 500ul for 12 well plate and 1ml for 6 well plate, 2.5ml for
T25 flask). The cells were lysed by pipetting up and dseweral times and then
left for 5 minutes at room temperature. The lysed cells were then transferred to

RNAasdree eppendorf tibes and stored aty n ¢ /  dzyais estracted !

Cry@reservation and resuscitation ofygreserved cells

Cryopeservationwas used fotong term storage of cellgl85]. After trypsinisation

the ligamentocytes were pelleted by centrifugation at 0§@or 5 minutes. 1x19

cells wereplaced ineachcryatube. The majority of media was removed leaving the

cell pellet in approximately 300ul of media to whitil of crydfluid (92% FBS, 8%

DMSO) was addedhe cell pellet wasesuspemled. The cells were transferred to a

cryatube which was subsequently wrapped in cotton wool and placed in a padded
envelope at-y ne/ 2@SNYyAIKG o06SF2NBE o6SAy3a (GNIyars

term storage[method from Professor SICarter personal communication]

To reinoculate cells in dture, frozen vials were removed from liquid nitrogen and
AYYSRALFGStE @ LIXIFOSR Ayda2 | otvte/ ol GSNI ol
wiped in ethanol befor@pening;5ml of prewarmed media was added dropwise to

the cells. This was mixed gently awdntrifuged at 100g for 5 minutes. The
supernatant was discarded and 1ml of media was added to the pellet. The cells

were then counted and seeded at appropriate densifies1¢/ml).
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RNA extraction

Samples were lysed using Tridthvitrogen,California US) For tissue samples, the
tissue was wrapped in foil and placed into liquid nitrogen to deep freeze the
samples The tissue was then homogenised using dismembrator (Mikre
Dismembrator, Sartorius Stedim Biotech, Frarema) the powder was placed inrizol

(Iml of Trizol for 100mg tissue). For monolayer cells, the cells were lysed directly on

the plate by adding 1ml of Trizol per 10tas detailed above.

RNA was extracted using PureLink RNA mini(Ritsbion, UK usingthe normal
phase separation, bhding, washing and elution stages as detailed in the
Y |y dz¥ | OprodebidS[NaE 2An added step ofon-column DNasetreatment
(PureLink DNAaddt, Ambion UK) [187] was carried out on the sampte remove

genomic DNA contaminatioRNAwas eluted with 100ul RNAase free water.

Assessment of quality and quantitgf RNA

Traditionally RNA was assessed for purity using agamsl electrophoresis and by
measuring the bands of the 28S and 18S ribosomal RNA, buvadkissubjective
approach and required large amounts of RN¥8E. A newer method, now
determined to be the gold standard for RNA quality assessment, requires only low
volumes of RNA (1ul) and uses an automated comparison of the 28S and 18S RNA
peaks[189]. The purified RNA was asssed for quality usg the Agilent 2100

Bioanalyseand aRNA Nano 6000 Chip KKgilent, California, USThe integrity of
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the RNA was assessed using the RNA Integrity number (RIN)18%ieThe RIN is
calculaed from the electrophoretic trace and is a measure of the integrity of the
RNA, it ranges from 10 (intact RNA) to 1 (completely degraded .R\A)
bioanalyser also gives the quantity of RNA present in the samaplevell as the

28s:18s ratio, which for perRNA has a 2:1 ratio

For this project, samples that had a 28s:18s ratixei c YR | wLb @I  dz
selected.If necessary,te RNA was normalisetb 0.1>g/>l using RNAase free

molecular grade water before conversion to cDNA.

cDNA synthesis

cDMA is more stable than single stranded RNA, thereforenti®RNA samples were
transcribed immediately into cDNA to avoid any degradation detkrioration of

the sample. There are three commonly used methods of producing cDNA from

single stranded RNA, oliggd2a = & LISOA FA O LINAsYaS shBwn NJ NI y |

Figure2.1.
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OligodT

........................ tttttitttttttttttttttttt-5' cDNA
5'-CGUAAAACGCGUAGAUCUGUAUCAGCAUUGGCATaaaaaaaaaaaaaaaaa—3'C RNA

Specificprimer

.................. acauagac-5’ cDNA
5'~-CGUAAAACGCGUAGAUCUGUAUCAGCAUUGGCATaaaaaaaaaaaaaaaaa—3'C RNA

ndom hex r

|

............... nnnnnnn-5’ cDNA
5'-CGUAAAACGCGUAGAUCUGUAUCAGCAUUGGCATa3aaaaaaaaaaaaaaaa—3'C RNA

Figure 2.1. The three methods commonly used to reverse transcribe RNA into

cDNA-Baird 2013

OligoDt was chosen in this project as it only hybridisegdigadenylated mRNA at

0KS 0Q Syand th#efole Iminitised §enomic DNA contaminatidhis

method is highly specifim only transcribing polyA mRNA, but it can be limited in

the fact that transcription may only proceed as far as 1.5KB, such that very long
Ywb! YI& y20 0S (GNIyaONAROSR O2YLX SiSte
GKS O5b! aKz2dZ R 0S RSaA3IySR lFa Ofz2asS G2

efficient conversion.

Reverse transgotion was performed using oligoDprimers and Superscript |
reverse transcriptase (InvitrogerCalifornia, U8 | OO02 NRAyYy 3 (2 (GKS Y

instructions. Briefly, 10>l RNA (0.1>g/>l) was mixed with 1pul oligdT (0.5ughl
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Invitrogen Cdifornia, U$ and 1pl of 10nM dNTP midnvitrogen, California, USThe
RNAwaseatedl G cpe/ F2NI p YAydziSas o6STF2NBE o0SAy3
centrifuged to sediment the contents before 4ul of 5x firstasid buffer(Invitrogen

Californa, US, 2ul of 0.1M DTTInvitrogen California, UBand 1ul of RNAsi(0U/>,

Promega Wisconsin, USvas added. The tube was gently mixed and then heated at

nHe/ F2NJ H YA idev&rse drangcdgtals NEUPDRNL Jinvitrogen
California,US was added and the sampheated 0 nHe/ F2NJ pn YAy dzi ¢
NBI OlAz2y ¢l & AYylIOGAGIOISR o0& KSIFGAYy3I-T0G Tne

Hne! dzy G A tPCRENSexpregsion sulliesv

General analysis and statistical methods

All genotyping data were analysed using freely available softirriNK190, 191]

implemented using the program Bé&tge BC Platforms, Finlapd

Quality assurance (QA) was carried out on the genotyping data to ensure only the
top quality data was used for analysdut off values were assigned for eanfhthe

followingvalues and are specified in each individual chapter

1 Minor allele frequency frequency of les common allele in a population

(denoted inPLINKoy -- maf)
1 Exact Hardyweinberg equilibrium in contrsl(denoted inPLINKoy -- hwe)

1 SNP and individual call ratesmaumber of SNPghat have alleles assigned

(denoted InPLINKoy -- geno and- mind respectively
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Case controhssociations were performed on the genotype data using a standard
case controkllelicassociation unless otherwise detailgtd2 193. Ths is a basic
chisquared test of association (using a 2x2 contingency table with 1 degree of
freedom) of the allele counts between casasd controls regardless of the
genotype combination from which they arise. This assumes a multiplicative model
of inheritance, so thatthe risk of the disease increases by faatdor each allele
carried. For example with genotypes AA, AT and TT, the risk increasés l®ach

T allele carriedt AA =1, AT 5 TT =2[192, 194).

A CochrarMantel-Haenszel (CMH) test (2x2xK) was performed on the genotype
data when a stratified analysis was needfk®5, 196. This is a cluster based
analysis thageneratesan average odds ratio that controls for confounding factors

between dusters. This is referred to as a stratified analysis.

Meta-analyses use statistical methods to compare similar studies with a similar
hypothesis to examine results as a whole and to make the best use of all the
information from all samples availablenaeasing statistical power This analysis
was used where appropriate to combine results across multiple breed analyses
[197]. This was run irPLINKusing the command line- meta-analysis with the

appropriate association data files written in.
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Haploview case control analysis was performed to determine haplotype
associationsvithin the genotype datasetgl98]. This was implementedsing PLINK

and Haploview. The standard Giel method was used to defineaplotype blocks

[199.

Significanceof the data was determined bg-values araw p-value of .05 or a
corrected p-value (see below)was used to infer significance in the data unless

otherwise stated

Correctiors for multiple testing (where applicable) were applied to counteract
multiple testing [200]. There are variousnethodsto use to correct for multiple
testing, Bonferroni, permutation testng, or the Benjamini & Hodberg false
discovery rate (FDRBonferroni correction multiples the-valueby the number of
tests being carried out to lower the chances of type 1 error (false positives). As the
highest accepted individual rapw-value for the GWAS datavould have to be
0.00000025 (0.00000025 x 200,000 = 0.05) this makes the test very conservative
especially gien that dogs have very high LEdthe actual number ofndependent
testswill be less than 200,00®ermutation testing involvethe cases and controls
beingrearranged randomly and ranalysed to assess significantteis standard to

use 100J201] or 100,000202 permutations for orrection in genetic studied=DR
testing consists of sortinghe p-values in ascending orderthen dividing each

observedp-value by its percentile rank to get an estimated FDR. FDR gives the
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expected percentage of false positivasiong all the claimed ®itive associations.

The three methods will all be used in this thesis and the results compared.

HardyWeinberg equilibrium(HWE)states that in an outbred, randomly mating
population the allele frequencies will remain constant from one generation to
anather [203, 204). It is represented by the equatior): ¢n N 1 pwherep

and q are the frequencies of alleles for a locus imetpopulation,p® and ¢
represent the proportions of each homozygote and 2pq represents the proportion
of heterozygotes. In an inbred population (such as gueed dogs) the
populations are norandomly mated and therefore the allele frequencies will not
conform to the HWE. The observed allele frequencies are compared to the
expected allele frequencies using an exact test designed by Wiggiegtn2005
[209 in PLINKto produce gp-valuewhich denotes the deviation of thENPgrom

HWE.

The odds ratio (OR) is used to provide an estimation of relative risk of an allele in
the population[206]. It is a measure of magnitude of association between thesas
and controlsand can be calculated by dividing the odds of the allele in the cases by

the odds of the allele in the control population:

OR =/

W Aad (KS TFTNBLd2y0dd (B3R 10 RXSSiifeqieficydl 4 Sa |
controls The OR is used to determine the direction of associattbnndicates that
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allele 1 increases the risk of disease comparedltele 2and <1 allele 2 increases

risk of disease compared to allele 1, if the OR is eqoal tthen there is no
differencein allele frequency between cases and controls (null hypoth¢3Gg.

The 95% confidence interval (CI) is the range at which the true value is thought to
lie; 95% of the population values will fall between the two numbers gi(tgoper

and lower limit). The 95% CI of the OR is used to determine significance of the
results; If the 95% CI contains 1 (null hypothesis) then rémult should be
considered norsignificant, if the 95% CI does not contain the null hypothesis then
the p-value should be significant, but if the window is window is wide then the

certainty that the results are meaningful is reduced.

-61-



Chapter 3.
Genome Wide

Assoclation

Study(GWAS)



Introduction

High density whole genome scanning provides an unbiased approadedoning

the entire genome to identify novel candidate genomic regions of disease
association. Previously, candidate genes were selected based on their perceived
involvement in the disease or disease procddany genes were not screened for
disease assaation because their function was unknown or was not thought to be
relevant to disease susceptibility, onset or progresdidd7]. Consequently many

associationsmayh& o6SSy YA &daSR F2NJ y2d o0SAy3a Ay 2

Genome wide association studieS\VA$ have been successfully been conducted
for manyhuman diseases, the most prominent paper evaluating the use of GWAS in
common human diseasas the WelcomeTrustCase controConsortium (WTCCC)
[208]. This paper evaluates getiecontribution in seven common genetic diseases
using14,000cases and,000controls.Considering the dog has a unique population
structure (highlyinbred, genetically isolated populationgith extended LIpfewer
genetic markers and smaller sample siaes required to find disease associations
in dogsthan in human studieg144, 150. In human studiesto aciieve whole
genome coverage you requir200,000 to 500,000 markergl44] but this has
significantlyincreased in recent yearsthe newest generation oAffymetrixhuman
arraysnow contains nearlyone million SNP906,60Q Human SNP Array §.0in
canine studies thisumberis much reduced with as little as 10,000 markers needed
[142] and the newest canine SNP chip contains nearly 200,000 mafiKeraina

CanineHLCzhip).
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High density SNP arrays have been successfully used to determine genetic
involvement in canine disorders including atopic dermatitis, epilepsy and pituitary
dwarfism as well as nedisease traits such as coat coldu74, 177, 209, 21Q.
Thesearrays are avdable for genome wide analyses of many veatary species
including the dogand are commercially available from Illumina (www.illumina.com)
and Affymetrix \www.affymetrixcom) Asthese arrays offer so much in terms of
screening the genome for regions disease association and generate high quality
data unobtainable by other means, a genome wide approach was used to examine

the canine genome for SNP associations with CCL rupture in Newfoundland dogs.

Causative mutation(s) may be ancient or quite moderrorigin[168]. If they are
ancient they will have survived the selective breeding pressures of breed creations
to form modern dog breeds and as a result widlve been fixed in distantly related
dog breeds. If the mutation is relatively modern the mutation will only be present in
discreet clusters of oner afew modern breeds. GWAS is a power&uld relatively
inexpensive approach to screening multiple dogsrfia variety oforeeds to try and
determinethe origin of the mutation(s) and whether or notthey is/are present in
different dog breedsMultiple breeds may share the same phenotype caused by the
same causal genetic varianthis is thecase fora numter of conditions, such as
chondrodysplasia (dwarfisn@nd thebrachycephalic (short snout) trdi211, 217).
This phenotype sharing due to the same causal genetic variation/regiomeoést
was identified through GWASIsing multiple breeds. Although we are only

investigating CCL rupture via GW#kSone breed Newfoundlands it would be
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interesting to examinghe associations in other breedmdto determinewhether
the sameassociationdor CCL rupturere fixed in the different breeds this is

beyond the scope of the current project.

This is the first GWA study that has been conducted on CCL rupturethisihggh
density CanineHDarray. It is hoped that this study will allow novel mutations that
havenot previouslybeen associated with CCL rupture to be determined in a cohort

of Newfoundland dogs.

Methods

Sample collection and preparation

Samplescollecion was either viaalivary swabsh(NJ 3 S IN&genotek, Ontario)

or from residual blood excess from veterinary investigations already being carried
out (for more details see the main methods Chapter 2). The DNA was extracted as
describedn the main metlods (Chapter 2and then normalised ta00ndul usinga

Nanodrop spectrophotometer.

DNA from96 Newfoundlands¢ 48 North American (NA) and8 European (EU)
Newfoundlands Z4 cases and®4 controls in each of the populations)assent to

Roslin Institutdor genotyping on the lllumin@anineHarray.
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[llumina genotyping

The genome wide SNBenotyping of Newfoundland dog DNA samples was
performed using the Illumin&anineHDchip (San Diego, Californielg, with the
hybridisation being performed dhe Rodin Institutein EdinburghTheSNP®n the
chip were selected from the CanFam2 assembly of the dog genbneenew SNP
chip CanineHIp contains many mor&NPghan the original Canine SNP chip array
from Illumina (CanineSNP20), which contained 22,362atald SNP probes; it also
has greater coverage across the whole genoritée CanineHCSNP chip contains
173662 markers evenly spaced across the genome with an averaggrageof
greater than70 markers per megabase (Mb). Thilows an unbiased approach
screening the whole of the canine genome for differences associated with normal

or disease phenotypes.

The genotyping was carried out using the standard manufabdidprotocol
(www.illumina.con) at the Roslin Institutein Edinburgh Briefly, the genomc DNA

was denatured and neutralised before being isothermally genome wide amplified.
The amplified DNA was enzymatically fragmented in a controlled process so as not
to over fragment (and whickoes not requirea gel electrophoresis After alcohol
preciptation the DNA was resuspended in hybridisation buffer. The DNA was
annealed to specific probes attached to beads on the surface of a timp
hybridised DNA was washed dffefore a single base extension of the probe with
labelled nucleotides (to confesllelic specificity).Huorescent intensitieswere

detected by the lllumina software and turned into an automated genotype call.
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The GWAS dataere analysed using freely available whole genome association
analysis toolsetPLINK[190, 191] implemented using e program BCGenéC
Platforms, Finland)Graphical representation of the data was performed using the

GenABEBNd ggplot packageaa R[213].

Quality Assurance

Raw genotypes fronthe lllumina final report filewere directly uploaded to the
BCgene mpgram The GWAS data wertnen assessed andiltered for quality
assurancgQA)before association testingsamples andSNPswere excluded if the
sample caltate was <85%, thgenotype call rate<90%, the control population was
not in HardyWeinberg equilibrium ¢<0.05) and/or the miar allele frequency
Xnodnpd C2 BT shmpley BEmainéd The data werethen assessed for
population stratificationand any outliers deviating from the main cluster(s) were
removed from subsequent analysesfive samples were classed as outliers and

removed,leaving76 samples for further analysis.

Assessing population structure

As samples were sourced from two different geographical locations (North America
and Europe), lte datahadto be assessed fgoopulation stratification Underlying
population gratification is a common confoundehat could introduce biasto the
analyses and reported allelic associations, resulting in higluenbers of false

positiveand false negativassociation§214, 215. By checking and accounting for
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underlying population stratification, the number of spurious associations is greatly
reduced[216]. Population stratificationcan be assesseid many wayg214, 217-
220 including; genomic contl [221], Eigenstrat principle component analysis

(PCAJ216], or multidimensional scaling (MDRR2].

In the early genetic studieggenomic control[221] was the primary method for
correcting population stratificationThis is where the data is adjusted by the
common genomic inflation factox(UThe data is visualised onguantile-quantile
(QQ) plotby plotting observed data against the expected daay deviation from

the straight line indicates stratification within the dataset. The lambda vatuis (
the estimation of the distribution of th p-values and whether they conform to
expected dataany stratification within the results leads to deviation of this value
away from one. The genomic control method has been criticised for being over
conservative in its results and also for being poocamnrecting for stratification if
the stratification was large, if there were discrete structures within the subjects
[214, 218], or if there is a high level of relatedness within the population (which is

the case with purébred dog breeds|223].

An alternative approach for correcting for population substructure is the Eigenstrat
principle component analysis (PJR1L6, 219. This works by computing principle
components (clusters) within the datasets and the top two principle components
are indicative of the structe within the dataset. Theasnples are assigned clusters
based on theirancestryand variation of the markers to each othefFhey are
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assigned an axis and are plotted as if itheee dimensional space, with related
samples clustering togetherThe clustes within the data can be visualised
graphicaly by plotting the firsttwo axes of variatioragainst each other on an XY

scatter plot

A third approach for determiningenetic heterogeneityvithin the datasets iMDS
[224], which is similar to PCAt uses amatrix of pairwiseidentity by state (IBS)
values between individualsto compute the principle components in the data,
which are then plotted in the same way as the P®A. increasingly popular
approachto examining gttification in the analysis involves running &fficient
Mixed-Model Association eXpedite@gnalysis (EMMAX])217]. This takes into
account the kinship structure within the subjectsdorrect for any stratificationit

also perforns a casecontrol association analysis at the same time.

The method chosen to correct for stratification in thegidy was the Eigensat
principle component analysis (PCA), which is beligeede the most robust and
powerful approach for correcting for substructure within genome wide association
datasets[216, 225]. If any samplesare visually seen taleviate from the main
cluster(s) they are classed as outliers and are removed from all subsequent
analyseslf it is clear that there are two or one separate clusters of datthen any
further analyses should take the grouping into account. A stratified allelic
association analysis using the clusters as the graupsch as aCochragMantelg
Haenszel (CMH) 2x2x#, by performing the analysis sep&ely on each individual
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cluster and combining results with a medaalysis, or an EMMAX analysis can be

run as an alternative

Assessing Significance

Todetermine whetherSNPsvere significant or not, the significance level needed to
be established If the standard significance value was uspe/délue 3.05) for the
GWAS data there would be 10,080IPghat would reach statistical significance by
chance alone (200,000 X 0.05). This is nonsensical and therefore a more
appropriatelevel of significancés needed such that the number @dNPgeaching
significance is moreealistic Human GWAStudiesuse a significance level that
indicates gp-valueof 1x10’ as being very highly associated ang-e@alueof 1x10°

being reasonably associat¢2l08]. In this projectthe significance threshold was set

so that any associatiohelow 1x10° was considered associated with CCL rupture
susceptibility in dogs. This has been considered suitable in other canine GWAS

studies[177] because dogs have much higher LD than humans.

Haplotype analysis of GWAS data

Different combinations ofllelesin a population that are inherited together are
called a haplotypd226]. UsingPLINKand Haploview a casecontrol haplotype
association analysis can be performed on the genome wide data. The linkage and
recombination relationship between each SNP on the chromosomes is determined.
A 1000 permutations test was uséal correct the haplotype blockaw p-values to

counteract multiple testing issues.
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Haplotype blocks were defined by the Haploview softwarersion 4.2) using the

standard Gabriel methofll99]. Recombination between thENP<an be estimated

dza A y 3SNBsfebin strahg.D,5 Q TSNRENB FAYRSLISY RSy G 2F S|
0. The defaultGabriel settings (as implemented by the Haploview software), are
GKFG AF GKS dzZLJLISNI ppz O2y FARSYOS o062dzyR 2
then there isLDbetween theSNPsA haplotype block is formed when less than 5%

of markers show recombinatio (i.e. 95% of markers are in strohdp with each

other).

The haplotype blocks can be visualised by using a heatmap, which is a triangular
matrix of pairwise dependencies betweesNPsthat are within 500KB of each

other. The colour depth of each blocldinates the strength of the LD within each
block/between each marker. Bright red indicates markers that have very high LD
YR FNBE Y2NB fA]1Ste G2 06S AYKSNAGSR (23S
between markers (LODE=H X 5Q [ £ mobed ang Blue bia fprimarkdrst

GKFG KFEZS AYGSNXYSRAIFIGS [5 2N Oty 06S AYRA
<1, NJ [ h5 T fHZX 5 Gshoivn ineacthdiathda on yhezeat@ais
AYRAOFGAGS 2F (KS 5Q SNAS ke Hovs ihesteadimyap S+ OK
and they are ordered by position on chromosome. The upward facing sides of the
diamond indicate whictfSNPsare in LD with one another; an example heat map

with explanation of the details is shownkgure3.1
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BICF2P 1228306
BICF2P328516
BICF2P508171
BICF2P147184
BICF2P754969
BICF2523215488
BICF2P533530

Black 112 (saéh)

. 1338 1336 1340 1341 1342 1343

Hgure 3.1. Haplotype LD plot exampleNumber circled in green iD ’'value
between SNPscircled in blue. Colour is rough measure of significancéock
number (and size) is showand detailed by black triangleThe numbers along the
top block indicate thesequential order ofSNPsalong the chromosome. The SNP is

shown vertically above each diamond
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Overview of genome wide data analyses

The overview of the workflow analyses for the genome wide assoniaiody is

summarised diagrammatically Figure3.2

______________________

Raw Illumina final E
report file. 1

---------- '-—-------—'

Data import to BCgene

GWAS DATA

Quality Assurance (QA)

. 2 ‘

i
I
i
I
<

-I-I-I-I-I-'1

component analysis (PCA)

N .

Eigenstrat Principle

Stratified analysis.
Cochran—Mantel-
Haentzel (2x2xK)

Assess population P
stratification = == == == »i Outliers removed |

o

Samples with low call rate (sample call rate <85%,
genotype call rate <90%), low minor allele frequency
(£0.05), or those not in HWE are removed

PLINK Case control
analysis — allelic
association of NA and EU

Haplotype association
test

s 2

Whole genome plot of
significance (Manhattan)

, —

Top associated
haplotypes

¥

40 most associated SNPs

Significant SNPs:
Standard p-value <1x107
Bonferroni p-value <0.05

Whole genome plot of

IR significance (Manhattan)
—%

40 most associated SNPs
J .
) Significant SNPs:

Standard p-value <1x107
) Bonferroni p-value <0.05

Significant haplotypes:
Standard p-value <1x107
Permutation p-value <0.05

Figure 3.2. Workflow methodology for the GWAS study GWAS datawere
imported into the BCgene progranand subjected to QA testig. Data were
excluded if the sample callrate was <85%, thegenotype call rate<90%, the
control population was not in HardyWeinberg equilibrium p<0.05) and/or the

mi nor

al | el e . Populattp stratificationswias Beh assessed and

outliers removed before data were analysed either using the BMtratified
analysis or a caseontrol chi squared test. Haplotype association tests were also

conducted on the data
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Results

Population stratification within the Newfoundland dogs

PCA analysis of the GWAS data as a whole (without regaE€lorupturestatus),
identified two discreet clusters evident within the datasétigure3.3) which were
indicative of the country of origin of the Newfoundland dog. The QQ plots of the
data and their respectivec @I £ dzS & | Aigkre 34. K@r thg” unadjyisted
dataset< ¢ | aandwvibenm the datawere stratified by country using a CMH test,
this was reduced to 1.27, after conducting an EMMAX analysis on thettata

was further reluced to 1.02.
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Figure3.3. Eigenstrat PCA plot of the 81 Newfoundland dogs that satisfied the QA
criteria. Outliers (n=5, circled) were excluded from any subsequent analyses of
the data, as they deviatedrbm the main clusters. Black squares represent North

American dogs, white diamonds indicate European dogs.
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Figure3.4. QQ plots and\ values of the GWAS data; A = unadjusted data, B =
Stratified by country (CMH test), C = EMMAX analysis
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High Density lllumina ArrayNewfoundlands

Manhattan plots were produced for each GWAS analyGMH stratified(Figure

3.5), European(Figure3.6), North AmericanFigure3.7) and EMMAXFigure3.8).

This data representation displaysvalues for each SNP based on the genotype
frequencies when comgring their incidence in healthy dode those with CCL
rupture. Each SNP is visually represented withlaig p-valueagainst chromosomal
location. Anything with g@-valueof XX1x10° (abovedotted line of significancelas
considered to have genome wide statistical significance indicating whether it was

over or under represented in the CCL rupture group of dogs.
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Figure3.5. Manhattan plot for all Newfoundland dogs following the CMH stratified GWAS analyEie dotted line represents thg-value

threshold of 1x10° to indicate genome wide significance &N Psssociated with CCL rupture.
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Figure3.6. Manhattan plot for EU Newfoundland dogs following genome wide association analy$es. dotted line represents thg-value

threshold of 1x10° for suggested genome wide significance ®NPsassociated with CCL rupture.
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Figure3.7. Manhattan plot for NA Newfoundland dogs following genome wide association analys€ke dotted line represents thg-value

threshold of 1x10-5 for suggested genome wide significanceSNPsassociated with CL rupture.
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Figure3.8. Manhattan plot for all Newfoundland dogs tested after genome wide association analyses stratified by EMMAX dotted line

represents thep-valuethreshold of 1x10-5 for suggested gnome wide significancef SNPsassociated with CCL rupture.
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A comparison of the different analyses (stratified, meatad EMMAX¥showed that
variation was low and that simil@NPgeached statistical significancp X1x10°)
although theirrank order was different- Table3.1 showsthis point byrankingthe

ten most associate@NPsn each of the 3 different analyses.

Table3.1. The ten mostsignificant SNPsranked by p-value from each different

analyses of the GWAS data.

Rank in . .
Rank in Rank in
SNP Chomosome CMH Meta EMMAX
stratified

BICF2523133650 33 1 1 1
BICF2P1311062 33 2 2 3
BICF2P59100 1 3 3 2
BICF2P797863 33 4 4 4
BICF2G63034352 3 5 8 9
TIGRP2P8419
rs8959368 1 6 9 )
BICF2P486041 33 7 - 6
BICF2G63080008 33 8 - 8
BICF2P1008542 1 9 5 5
BICF2P212467 33 10 7 -
BICF252318592 1 - 6 7
BICF2P1457397 33 - 10 -
BICF2P893554 1 - - 10

The 40SNPs showing greatest association (qawalues <0.05Yrom the CMH

stratified analysis are shown irable3.2
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Table3.2. The 40 SNPs showing greatest association (by pavalue) from the CMH genome wide association stratified analysis.

” FDR Benjamini
Rank CHR SNP Posiion Al MAF A2 p(raw) p(BONF) p(PERM) and Hochberg OR 95% ClI
1 33 BICF2S23133650 25987425 G 0.32 A 9.08609 0.0009 0.0003 0.0009 0.10 0.04-0.24
2 33 BICF2P1311062 26001662 G 0.35 A b5.76E08 0.0058 0.0014 0.0029 0.13 0.06-0.28
3 1 BICF2P59100 10792454 A 0.43 C 8.90e07 0.0901 0.0213 0.0300 5.96 2.85-12.46
4 33 BICF2P797863 26063962 C 050 T 1.25E06 0.1268 0.0296 0.0317 0.18 0.09-0.37
5 3 BICF2G630343527 59316812 A 0.39 T 1.99E06 0.2019 0.0473 0.0404 0.17 0.08-0.36
6 1 TIGR2P8419_ rs8959368 11497808 G 0.28 A 2.88E06 0.2912 0.0668 0.0485 0.16 0.07-0.36
7 33 BICF2P486041 25983710 C 0.47 T 3.42E06 0.3465 0.0791 0.0495 0.19 0.09-0.40
8 33 BICF2G63080008 19430035 G 0.33 A 4.10E06 0.4156 0.0952 0.0507 0.18 0.09-0.39
9 1 BICF2P1008542 10756573 C 0.38 T 4.51E06 0.4566 0.1032 0.0507 5.65 2.62-12.2
10 33 BICF2P212467 25923850 A 0.38 G b5.26E06 0.5327 0.1179 0.0533 0.19 0.09-0.40
11 33 BICF2P1072408 24536212 T 0.34 A 7.49606 0.7588 0.1621 0.0669 0.18 0.09-0.40
12 1 BICF2S2318592 10822495 G 0.37 A 7.92E06 0.8022 0.1702 0.0669 549 2.53-11.91
13 33 BICF2P325662 23291566 C 0.46 T 9.13E06 0.9244 0.1947 0.0678 0.22 0.11-0.43
14 3 BICF2G630343620 59381030 C 0.39 T 9.37E06 0.9490 0.1994 0.0678 0.20 0.09-0.41
15 33 BICF2G63079918 19502373 T 0.28 C 1.21E05 1.0000 0.2486 0.0817 0.18 0.08-0.40
16 33 BICF2523216989 19794189 C 043 T 1.62E05 1.0000 0.3135 0.1027 0.22 0.11-0.45
17 1 BICF2G630711545 10238823 T 043 C 1.79e05 1.0000 0.3385 0.1068 458 2.25-9.34
18 33 BICF2P1457397 24386039 T 0.36 G 2.00E05 1.0000 0.3681 0.1126 0.22 0.11-0.45
19 33 BICF2P774690 22930550 T 0.45 C 2.13E05 1.0000 0.3858 0.1138 0.22 0.11-0.45
20 10 BICF2S523060690 58719181 T 0.14 C 2.74E05 1.0000 0.4579 0.1329 0.08 0.02-0.32
21 33 BICF2523241903 26080255 C 0.23 T 2.75E05 1.0000 0.4588 0.1329 0.17 0.07-0.40
22 12 BICF2524413446 14748689 T 0.09 G 3.18E05 1.0000 0.5038 0.1444 0.00 0.00-0.00
23 1 BICF2G630711540 10231948 G 043 A 3.28E05 1.0000 0.5122 0.1444 443 2.16-9.10
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FDR Benjamini

Rank CHR SNP Positon Al MAF A2 p(raw) p(BONF) p(PERM) OR 95% ClI
and Hochberg
24 1 BICF2S23354689 13375903 T 0.32 C 3.89e05 1.0000 0.5660 0.1607 0.22 0.11-0.47
25 33 TIGRP2P389380 rs8613f 24503510 A 0.37 G 4.44E05 1.0000 0.6104 0.1607 0.23 0.11-0.47
26 3 BICF2G630343137 58878743 A 0.48 G 4.64E05 1.0000 0.6244 0.1607 4.10 2.06-8.17
27 33 TIGRP2P389430 rs9122¢ 24703426 C 0.42 T 4.72E05 1.0000 0.6301 0.1607 0.25 0.12-0.49
28 1 BICF2P893554 12724538 T 042 G 4.73=05 1.0000 0.6312 0.1607 4.33 2.10-8.89
29 33 TIGRP2P388471_rs9063¢ 19813762 A 0.46 G 5.08E05 1.0000 0.6525 0.1607 0.25 0.13-0.49
30 33 BICF2G63081807 16640349 C 0.38 T 5.09e05 1.0000 0.6533 0.1607 0.23 0.11-0.48
31 10 BICF2S237368 57091773 G 0.13 A 5.24E05 1.0000 0.6626 0.1607 0.08 0.02-0.33
32 10 BICF2S23110665 57419768 A 0.13 G 5.24E05 1.0000 0.6626 0.1607 0.08 0.02-0.33
33 10 BICF2P1370043 57892601 A 0.13 G 5.24E05 1.0000 0.6626 0.1607 0.08 0.02-0.33
34 33 TIGRP2P388138 rs8754: 18223573 G 0.26 A 6.43E05 1.0000 0.7292 0.1873 0.21 0.09-0.46
35 10 BICF2P1384039 5762260 G 0.16 A 6.47E05 1.0000 0.7308 0.1873 0.14 0.05-0.41
36 1 BICF2G630711764 14988276 C 0.38 T 6.91E05 1.0000 0.7505 0.1944 0.25 0.12-0.50
37 22 BICF2G630317860 10772478 T 040 C 7.63E05 1.0000 0.7807 0.2079 0.25 0.13-0.51
38 33 BICF2P29702 22662694 T 0.41 C 7.80E05 1.0000 0.7871 0.2079 0.25 0.13-0.51
39 3 BICF2G630343157 58927121 C 0.47 T 9.23E05 1.0000 0.8319 0.2303 3.84 1.94-7.61
40 1 BICF2P1077045 12732415 T 041 C 9.27E05 1.0000 0.8328 0.2303 4.05 1.98-8.27

KEY: MAF = minor ale frequency Al = base for allele 1, A2 = base for allg|é®OR = odds ratiof A1, Cl = confidence interval of the odds

ratio. Theposition is the chromosomal positionmthe CanFam3 genome annotatiomhree methods of correction for multiple testingra
shown,BONF Bonferroni, FDR an®ERM 100,000 permutations.
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SNPspositively or negatively associated witGCL rupturewere present on
chromosomes 33, 1, 3, 10, 12 and 22. Chromosome 33, in particular showed a
strong linkage withCCL rupturel9 of the 40 SNPsshowing greatest association
with CCL rupture (by rap-value) werelocated to that chromosome Of the ten

most associaed SNP<all below the standargp-value cut-off of praw XK1x10°), six
SNPdocated to chromosome 33, threeSNPso chromosomel and one SNRo

chromosome 3

The two highestrankingCCL rupturessociatedSNP$oth locatedto chromosome
33 and were significanafter correction for multipletesting using BonferronWhen
100,000 permutations were run on the data, fig&Psshowed significance (three
on chromosome 33 and on8NPon chromosome 1 and 3). WhéiDRwas applied
sevenSNPswere significantfour on chromosome 33, two on chromosome 1 and

one on chromosome 3)

Haplotype associations

Haplotype analyses wereperformed oneach ofthe three main chromosomes
showing regions of associatiowith CCL rupture(chromosome 1, 3 and 33)
Significant lplotype blocks were identified in two of the threshromosomes
(chromosome 33 Figure3.9, and chromosomd. - Figure3.10). Chromosome 3 did
not have any associated haplotype blocks that reached statistical significavee (
p= X x10°). A representation of the haplotype blocker each chromosomds

shown to indicate the physicaldistances between each of the blocksd their
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position on the chromosome (chromosome 3Figure3.11 and chromosome 1
Figure3.12). The haplotype frequencies for each allele combination are shown in

Table3.3 for chromosome 33 andable3.4 for chromosome 1.
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Block 156 Block 159 Block 161 Block 170

Block 112 Block 124 Start - 25,802,181bp Start—25,987,425bp  Start — 26,063,962 bp Start — 27,069,180 bp
Start — 17,514,974 bp Start — 19,426,471 bp E”d - 15%?15’4%9;2" E”d - ﬁ?o 1’62]%% . E”d N 16;980’23(%%‘)0 . End N ?;.142’07809;5‘)
End — 17,583,027 bp End — 19’443’434 bp ermutation p=u. ermutation p=<u. ermutation p=<u. ermutation p=u.

Permutation p=0.02 Permutation p=0.01 N[/I/
) | /]
| e

o | I

CHR Start -0 bp CHR End —

31,377,067 bp

Figure3.11. Representation of haplotype blocks on chromosome 33

Block 45 Block 48 Block 58 Block 66

Start — 10,214,038 bp Start — 10,792,454 bp Start — 12,716,054 bp Start — 13,463,380 bp
End —10,257,096bp End —10,807,939bp End - 12,745,113 bp End — 13,560,487 bp
Permutation p=0.03  Permutation p=0.001 Permutation p=0.076 Permutation p=0.064

| // // |
| // | /]

CHR Start -0 bp CHR End - 122,678,785 bp

Figure3.12. Representation of haplotype blocks on chromosome 1
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Table3.3. Haplotype blocks in chromosoen33.

Case, Control Ratio Case, p-value p-value

Block Haplotype Freq. ' Control .
Counts . (raw)  (permutation)

Frequencies

lock GG 0.32 10.0:80.0,45.0:37.t 0.11,0.55 7.90E10 <0.001

'31‘5’; AA  0.64 76.0:14.0,34.0:48. 084,042 452E09  <0.001

AG 0.04 4.0:86.0, 3.0:79. 0.04,0.04 7.94E01 1.000

TT 0.51 62.7:29.3,27.3:56. 0.68,0.33 2.42E06 <0.001

Bllgik CC 023 89:831, 314:52. 010,037 1.29E05  0.010

CT 0.26 20.4:71.6,25.3:58." 0.22,0.30 2.33E01 1.000

CTTCGAC 0.18 6.1:85.9, 25.0:59. 0.07,0.30 5.96E05 0.020

Block ATCCTGC 0.28 30.9:61.1,19.0:65.t 0.34,0.23 1.07E01 1.000

1302 CCTCGAC 0.06 7.4:84.6, 3.0:81. 0.08,0.04 2.10E01 1.000

CCTTGA1 0.42 40.0:52.0,33.0:51.¢ 0.44,0.39 5.73E01 1.000

CCTCGA™ 0.05 5.5:86.5, 4.0:80. 0.06,0.05 7.21E01 1.000

GAC 0.57 66.8:25.2,33.7:50.. 0.73,0.40 1.42E05 0.010

Block AGC 0.17 10.4:81.6,20.0:64.1 0.11,0.24 2.74EQ02 1.000

124 AGT 0.17 6.0:86.0, 24.000 0.07,0.29 1.00E04 0.030

AAC 0.08 7.8:84.2, 6.1:77. 0.08,0.07 7.79E01 1.000

lock TC 0.43 26.0:66.0,47.4:32.1 0.28,0.59 4.13E05 0.020

Blg‘é AT 050 56.9:351,29.0:51( 0.62 0.36 8.00E04  0.250

AC 0.07 9.1:82.9, 3.676.4 0.10,0.05 1.74E01 1.000

ATCAC 0.5 12.0:80.0,30.9:51.. 0.13,0.38 2.00E04 0.050

GCCAC 0.08 11.0:81.0, 2.1:79. 0.12,0.03 1.97E02 0.990

Block GCTGT 0.37 40.5:515,23.2:58.{ 0.44,0.28 3.10E02 1.000

170 GTCAC 0.038 3.0:89.0, 2.0:80. 0.03,0.02 7.52E01 1.000

GCTGC 0.25 22.4:69.6,21.7:60.. 0.24,0.26 7.53E01 1.000

ATTGC 0.01 1.0:91.0, 1.1:80. 0.01,0.01 8.73E01 1.000

Those in red are statistically significant haplotypésw p=<1x10°). The one that
is highlighted yellow is ofjreatestimportance/statistical significance.

KEY- freq. = frequency of haplotype in population. Case, control ratio counts =
number of cases with and without and then the number of controls with and

without the haplotype. Case, control frequency = frequency of haplotype in cases
and controls. Permutatiorp-value = 1000 permutationp-value
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Table3.4. Haplotype blocks in chromosome 1.

Case, Control Ratio Case, p-value p-value

Block Haplotype Freag. ' Control .
Counts : (raw)  (permutation)

Frequencies

lock AA 0.45 55.7:34.3,22.7:61. 0.62,0.27 3.87E06 0.001

8406;: CC 0.39 25.7:64.3,42.7:41. 0.29,0.51 2.60E03 0.835

CA 0.16 8.5:81.5,185:65.£ 0.10,0.22 2.21E02 1.000

CGTCA 0.43 52.0:38.0,22.0:60. 0.58,0.27 4.25E05 0.031

lock CACTG 0.19 11.4:78.6,20.8:61. 0.13,0.25 3.34E02 1.000

B 45 CACCA 012 7.0:830,139:68.1 008,017 6.63802  1.000

AACTG 0.24 17.6:72.4,24.257.8 0.20,0.30 1.27E01 1.000

AATTA 0.01 1.0:89.0, 1.1:80.9 0.01,0.01 9.09E01 1.000

Block GTTC 0.42 50.6:39.4,21.9:60. 0.56,0.27 9.36E05 0.076

58 GGCC 0.33 17.4:72.6,39.1:42. 0.19,0.48 7.70E05 0.064

TGCT 0.24 21.6:68.4,9.7:62.3 0.24,0.24 9.96E01 1.000

TGGTAT 0.40 49.9:42.1,21.0:63. 0.54,0.25 7.67E05 0.064

Block AACGTT 0.15 8.3:83.7,17.8:66.2 0.09,0.21 2.27E02 1.000

66 AACGTC 0.37 29.7:62.3,36.0:48. 0.32,0.43 1.48E01 1.000

AAGTTT 0.03 1.0:91.0, 3.3:80.7 0.01,0.04 2.25E01 1.000

TGCGTT 0.03 2.0:90.0, 3.0:81.0 0.02,0.04 5.81E01 1.000

Those in red are statistically significant haplotypésw p=<1x10>). The one that
is highlighted yellow is ofjreates importance/statistical significance.

KEY- freq. = frequency of haplotype in population. Case, control ratio counts =
number of cases with and without and then the number of controls with and
without the haplotype. Case, control frequency = frequency of haplotype in cases

and controls. Permutatiorp-value = 1000 permutationp-value
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The most significant haplotype was a 14KB region (block 159) on chromosome 33
which contained twoSNPYBICF2S23B650and BICF2P1311082that were the

two highest rankinghits (had the smallest rawp-values) in the CMH stratified
dataset. The second most important haplotype block was a 15KB remion
chromosome 1 (block 48), which contained the third most sigmifiNP in the

CMH stratified dataset (BICF2P5918% p-value =8.90E07).

Chromosome 33contained five haplotype blocksthat reached statistical
significance after 1000 permutatioffrigure3.9 A-E, blocks 159, 161, 112, 124 and

156) and one block (block 170) that neared significance after multiple correction
testing (permutationp-value= 0.053) Figure3.9 F. On chromosome 33 (seléigure

3.9), the largest haplotype block @k 170, 72KB) contained fiv&NPs
(BICF2G63077271, BICF2G63077266, BICF2523214572, BICF2P778764 and
BICF2S23431355) all of which showed high pairwise LD in addition to extended LD
across all of thesNPsn the block. Block 112 (68Kb) contained the largeshber

of SNPs (7) within a block (BICF2P1228306, BICF2P328516, BICF2P508171,

BICF2P147184, BICF2P754969, BICF2S23215488 and BICF2P533530).

Chromosome 1 had two associated haplotype blocks (blocks 48 and 45) that were
significant after permutation testim Figure3.10 A & B) and two blocks (blocks 58
and 66) that neared multiple correction significarfeigure3.10 C & D(permutation
p-values for each = 0.06) On chromosome 1(see Figure 3.10), the largest
haplotype block was Block 66 (96KBhe SNPsin LD in this blockwere
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BICF2P1362061, BICF2P1240331, BICF2P1038853, BICF2523513984,

BICF2S23224159 and BICF2P263531.

Low density Illumina Arrag LabradorRetrieversand Golden &rievers

Genotype @ta from a previous unrelated study (performed on an Illumina low
density SNP20 canine chip containing 22,3885 was made available for analysis
purposes within this project. The data included cruciate cases and controls from
two breeds ¢ Labrador Retrievers (n=49) and Golden Retrievers (n=38)SINiRs

were selected from the CanFam2 genoassembly

Thesedata were also assessed for stratification by the Eigenstrat PCA method to
check for any underlying population stratification. @WwabradorRetrieversamples
were removed for being outlrs on the plots leaving5 samples for analysi®CA
analysis showed that the two breeds segregated separately on the principle

component plot Figure3.13)
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Figure3.13. Eigenstrat population stratification plot of the low densit{lllumina
canine SNP20 chip) genome wide association data for Labrdrigtrievers(n=47)
(white squares) and Golden Retrievers (n=38) (black dias®)n Outliers have

been removed from the plot.

The Manhattan plots for each individual breed are showFRigure3.14 and Figure
3.15 and the 40 most significantSNPsfrom the Golden retrieversand Labrador

Retrieversare shown infable3.5 and Table3.6
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valuethreshold of 1x1@ to indicate genome wide significance &NPsassociated with CCL rupture.
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Table3.5. The40 most associatedSNP$rom GoldenRetriever low density GWA data

SNP CHR POSITION (bp) Al A2 p (raw) p (BONF) p (FDR) p (perm) OR
BICF2P1262009 28 36603096 A G 0.00005 0.690 0.269 0.235 0.10
BICF2G63088517 7 83386719 G A 0.00007 1.000 0.269 0.325 7.60
BICF2S23118727 23 50062261 A T 0.00009 1.000 0.269 0.424 0.10
BICF2S23316643 X 26644787 T C 0.00016 1.000 0.269 0.560 0.00
BICF2P566020 5 20811822 C G 0.00016 1.000 0.269 0.544 13.10
BICF2G63067880 38 24803437 T C 0.00016 1.000 0.269 0.544 13.10
BICF2P257904 18 50409186 G A 0.00020 1.000 0.269 0.673 6.40
BICF2P678005 37 18333740 A G 0.00020 1.000 0.269 0.673 0.20
BICF2G630535123 X 21076817 T C 0.00024 1.000 0.269 0.719 6.10
BICF2G630535042 X 21634355 A C 0.00024 1.000 0.269 0.727 0.20
BICF2P196724 X 18993861 T C 0.00025 1.000 0.269 0.746 0.10
BICF2P756453 31 5469008 G A 0.00035 1.000 0.269 0.834 11.70
BICF2G630727337 31 5487351 A G 0.00035 1.000 0.269 0.834 11.70
BICF2P1153207 35 11394748 A G 0.00035 1.000 0.269 0.834 11.70
BICF2G630532723 X 27757945 A G 0.00038 1.000 0.269 0.857 0.10
BICF2G630772450 35 11171254 A G 0.00038 1.000 0.269 0.857 19.20
BICF2S23032956 6 51890820 A G 0.00040 1.000 0.269 0.884 0.10
BICF2P680952 23 36495440 T C 0.00040 1.000 0.269 0.8%4 7.70
BICF2G630128194 37 13737113 T C 0.00040 1.000 0.269 0.884 0.10
BICF2G630538696 X 7380657 A T 0.00046 1.000 0.269 0.903 5.80
BICF2S23055953 17 54963129 G A 0.00046 1.000 0.269 0.903 5.80
BICF2S23356422 23 48919581 T C 0.00046 1.000 0.269 0.903 5.80
BICF2P1209319 X 15247146 cC T 0.00052 1.000 0.269 0.920 0.20
BICF2P778313 18 49588963 A G 0.00055 1.000 0.269 0.930 6.60

1
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SNP CHR POSITION (bp) Al A2 p (raw) p (BONF) p (FDR) p (perm) OR

BICF2G630373728 23 35041979 A G 0.00055 1.000 0.269 0.930 6.60
BICF2523219696 X 20942865 C T 0.00056 1.000 0.269 0.939 5.40
BICRS23060383 X 21107246 G A 0.00056 1.000 0.269 0.939 5.40
BICF2G630575388 6 54336831 C T 0.00056 1.000 0.269 0.939 0.20
BICF2G630549539 7 6917459 A G 0.00057 1.000 0.269 0.948 0.10
BICF2G63052930 19 35337964 A G 0.00057 1.000 0.269 0.948 8.50
BICF2S523Z807 7 83313016 cC A 0.00058 1.000 0.269 0.954 0.20
BICF2G630726990 31 4334718 A G 0.00058 1.000 0.269 0.954 0.20
BICF2P477037 35 12153431 T C 0.00069 1.000 0.297 0.962 NaN
BICF2G630578492 6 50788895 A G 0.00073 1.000 0.297 0.974 0.10
BICF2P1170982 5 75258257 A G 0.00081 1.000 0.297 0.980 17.10
BICF2P862614 25 23258426 T C 0.00081 1.000 0.297 0.980 0.10
BICF2S24112448 1 16271092 C T 0.00085 1.000 0.297 0.984 6.90
BICF2P1370375 14 17971222 cC G 0.00085 1.000 0.297 0.984 6.90
BICF2G630128293 37 13794179 T C 0.00085 1.000 0.297 0.984 0.10
BICF2G630128407 37 13923230 G A 0.00085 1.000 0.297 0.984 0.10

KEY OR = odds ratioKEY:Al = base for allele 1, A2 = base for alleleQR = odds ratidor A1l The data is frmm the CanFam2 genome

annotation and the low density lllumina array
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Table3.6 The40 most associate@NPdrom LabradorRetriever low density GWA data.

SNP CHR POSITION (bp) Al A2 p (raw) p (BONF) p (FDR) p (perm) OR
BICF2S52356933 8 53525876 A C 0.0000004  0.008& 0.008 0.004 10.30
BICF2P824055 6 57929723 C T 0.0000135 0.238 0.119 0.140 7.50
BICF2G630573645 6 57338843 T C 0.0000326 0.576 0.174 0.288 6.50
BICF2S23217009 6 60904209 A G 0.0000393 0.694 0.174 0.364 11.30
BICF2S23213970 6 58426144 A G 0.0000684 1.000 0.210 0.504 5.90
BICF2P115992 19 11296216 T C 0.0000928 1.000 0.210 0.642 22.70
BICF252439360 19 11304497 T G 0.0000928 1.000 0.210 0.642 22.70
BICF2P1267480 6 60820837 G A 0.0000995 1.000 0.210 0.678 10.20
BICF2G630706178 3 33472805 A G 0.0001700 1.000 0.210 0.820 0.10
BICF2P814871 18 34563332 A G 0.0001740 1.000 0.210 0.833 5.30
BICF2P783963 31 24917345 A G 0.0001930 1.000 0.210 0.842 0.20
BICF2P178000 2 30099000 T C 0.0001950 1.000 0.210 0.852 6.50
BICF2S23651052 6 57316517 C G 0.0001950 1.000 0.210 0.852 6.50
BICF2S23714172 19 18607492 A G 0.0001950 1.000 0.210 0.852 6.50
BICF2G630816155 16 51480795 T G 0.0002120 1.000 0.210 0.872 5.30
BICF2P681116 2 30117462 C T 0.0002150 1.000 0.210 0.878 6.10
BICF2G63078520 33 24890251 A G 0.0002240 1.000 0.210 0.892 5.40
BICF2S23737289 8 53570064 A G 0.0002260 1.000 0.210 0.898 5.80
BICF2P778506 18 32131688 T C 0.0002260 1.000 0.210 0.898 5.80
BICF2P721935 23 27073235 G A 0.0002730 1.000 0.241 0.939 0.20
BICF2P1010365 17 8058457 G A 0.0003080 1.000 0.259 0.950 0.20
BICF2S2379941 18 35534955 T C 0.0003730 1.000 0.300 0.969 4.80
BICF2P638159 3 59502464 A G 0.0004400 1.000 0.314 0.984 0.20
BICF2P695795 8 54831607 A G 0.0004650 1.000 0.314 0.986 5.90
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SNP CHR POSITION (bp) Al A2 p (raw) p (BONF) p (FDR) p (perm) OR
BICF2P1307704 5 77056386 T C 0.0005100 1.000 0.314 0.991 0.20
BICF2P592926 15 58282077 C G 0.0005120 1.000 0.314 0.992 0.20
BICF2P95470 17 8860568 T C 0.0005130 1.000 0.314 0.992 0.10
BICF2P1240005 8 53680922 C T 0.0005150 1.000 0.314 0.993 0.20
BICF2P759679 27 27664279 C G 0.0005150 1.000 0.314 0.993 0.20
BICF2S23514041 27 47718008 C G 0.0005350 1.000 0.315 0.994 5.20
BICF2P526433 21 48157647 G C 0.0006740 1.000 0.384 0.999 0.10
BICF2P883484 13 36084406 T C 0.0007280 1.000 0.399 0.999 0.10
BICF2P703258 11 19340622 T C 0.0007750 1.000 0.399 0.999 6.70
BICF2S23547520 17 50927494 C G 0.0009050 1.000 0.399 1.000 0.10
BICF2P1340532 6 58060674 T C 0.0009400 1.000 0.399 1.000 5.90
BICF2G63037067 19 14230616 C T 0.0009400 1.000 0.399 1.000 5.90
BICF2G630394788 30 41936591 C A 0.000943® 1.000 0.399 1.000 0.20
BICF2S23525565 22 55319287 A G 0.0009520 1.000 0.399 1.000 9.90
BICF2S23260589 4 84261092 G A 0.0009560 1.000 0.399 1.000 0.20
BICF2P1266966 4 53505610 C T 0.0010430 1.000 0.399 1.000 4.20

KEY OR = odds ratioKEY: Al = bader allele 1, A2 = base for allele 2, OR = odds ratio for A1l. The data is from the CanFam2 genome

annotation andthe low density lllumina array. Asterix (*) = significant after correction for multiple testing.
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To compare the LabradoRetrieversand GoldenRetrievers together as a whole
cohort, ameta-analysis wagarried out on the two datasetsThe corresponding

Manhattan plot and the20 most associateSNPsare shown below irFigure3.16

and Table3.7 respectively.
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Figure3.16. Manhattan plot of each SNP on each chromosome, for the matelysis of LabradoRetrievers andGolden Retrieverdow
density GWAS datarhe dotted line represents th@-valuethreshold of 1x1C to indicate genome wide significance &NPsssociated with

CCL rupture.
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Table3.7. The20 most associatedSNPgraw p<0.05)from a metaanalysis of the

Golden Retriever data and the LabradBetrieverlow density GWASlata

Estimated

SNP CHR Position (bp) A1 A2 Rawp o (BONF) OR
BICF2S23118727 23 50062261 T A 0.00002 0.32 4.2
BICF2P280650 3 91785665 A G 0.00018 1.00 3.6
BICF2P990180 15 26091657 C T 0.00019 1.00 3.4
BICF2G63052219 14 15582285 G A 0.00021 1.00 0.2
BICF2P209484 14 22304055 G A 0.00024 1.00 0.3
BICF2P695795 8 54831607 A G 0.00026 1.00 3.8
BICF2G63012829 37 13794179 T C 0.00028 1.00 0.2
BICF2G63012819 37 13737113 T C 0.00029 1.00 0.2
BICF2P1240005 8 53680922 C T 0.0008 1.00 0.2
BICF2G63049294 10 71446224 G A 0.00049 1.00 0.3
BICF2G63053027 14 44484835 G T 0.00050 1.00 3.4
BICF2P1285690 21 39448116 A G 0.00054 1.00 0.2
BICF2S23032956 6 51890820 A G 0.00057 1.00 0.3
BICF2P331356 4 27447828 G A 0.00063 1.00 4.9
BICF2P1340532 6 58060674 T C 0.00066 1.00 4.6
BICF2S23623203 25 15609495 G A 0.00077 1.00 0.3
BICF2P562824 8 67905258 A G 0.00079 1.00 0.3
BICF2P1210287 21 39467303 A G 0.00081 1.00 0.2
BICF2P759679 27 27664279 C G 0.00092 1.00 0.3
BICF2G63048655 10 41050419 G A 0.00096 1.00 3.0

KEY: Al = base fatlele 1, A2 = base for allele Z)R = odds ratidor AL Based on
the CanFam2 annotation of genome@ (BONF) = Correction for multiple testing.
This has been estimatk by correcting for 16163 testéunique tests run in the

meta-analysis).

None of theSNPseached significance (rapsvalueXX1x10°) in the metaanalysis of
the low densityLabradorRetrieversand Golden Retriever data, although the SNP
showing greatest associatiofBICF2S23118726n chromosome 23jenerateda
raw p-value of1.5x10°. These SNPsare differentto those identifed usingthe high

density Newfoundland data.
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In order for a comparison to be made between the Newfoundlands, Labrador
Retrieversand Golden Retrievers metaanalysis wasun include the high density
data of the Newfoundlands along with the low densityata of the Labrador
Retrieversand Golden Retrievers. Only the SNPs common to both arrays were

assesse16163SNP}%

The Manhattan plot of the data is shownkigure3.17 and the20 most significant
SNPdrom the combined metanalysis of the high density and low density data for

the three breeds are shown ifiable3.8

-103-



-Log10(p-value)

= N W A OO N O O
I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 303132333435363738 39

Chromosome

Figure3.17. Manhattan plot of each SNPrmoeach chromosome, for the metanalysis of(low density array) Labrador RetrieversGolden
Retrievers and thghigh densityarray) Newfoundlands.The dotted line represents th@-valuethreshold of 1x10’ to indicate genome wide

significance ofSNPsassociated with CCL rupture
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Table3.8. Twenty most significanSNPg$rom the meta-analysisof the low density
Golden Retriever data and LabradoRetriever data and the high density
Newfoundland data.

SNP CHR Position (bp) Al A2 Rawp is(tg‘,zelg OR
BICF2S22956692 33 24532210 G T 6.33E05  0.66 2.75
BICF2P174661 4 52672382 T A 1.09E04  1.00 0.29
BICF2S23756043 8 55368579 G C 2.43E04  1.00 2.53
BICF2P695795 8 54831607 A G 2.64E04  1.00 3.82
BICF2P1240331 1 16482671 G A 278E04  1.00 2.46
BICF2P58824 8 67905258 A G 2.87E04  1.00 0.40
BICF2P355991 39 38928542 C T 2.96E04  1.00 2.84
BICF2G63043464 15 30579673 T C 2.97E04  1.00 0.37
BICF2P990180 15 26091657 C T 2.97E04  1.00 2.33
BICF2G63043463 15 30593836 A C 3.00E04  1.00 0.37
BICF2G63093243 22 63949304 A G 3.41E04  1.00 0.38
BICF2P227876 39 109116340 A C 3.68E04  1.00 3.05
BICF2P1240005 8 53680922 C T 4.26E04  1.00 0.24
BICF2S23510607 28 32230015 C G 4.36E04  1.00 0.38
BICF2G63049294 10 71446224 G A 4.87E04  1.00 0.27
BICF2P1049530 24 19875480 A C 4.90E04  1.00 2.38
BICF2P676783 24 19944160 C T 4.90E04  1.00 2.38
BICF2P779428 1 14732079 T C 537E04  1.00 0.33
BICF2P1285690 21 39448116 A G 5.37E04  1.00 0.17
BICF2P1267480 6 60820837 G A 5.73E04  1.00 2.93

KEY:Al = base for allele ,1A2 = base for alleleOR = odds ratio. Based on the
CanFamz2 annotation of genomE (BONF) = Correction for multiple testing. This
has been estimatd by correcting for 10432 testéunique tests run in themeta-

analysig.

None of the SNPs reachsignifcarce (raw p-valueXLx10°) in the metaanalysis of
the high and low density data combined for the three individual breeds. The
significant SNPsidentified in the Labrador Retriever and Golden Retrieaes

different from the high density Newfoundland dat
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Discussion

Investigations using96 Newfoundland dogs irfespective of disease status)
identified population stratification within the datasetjue to the geographical
region of originof the dogs(Europe or North American). Population stratification is
well documented as causing spurious genetic associations and is an important
confounder in both human and canine genetic analyigd6, 219, 220, 227-229.

This effecthas been reported previously in dogs that have originated from different
geographicategions[170, 177, 230, 231] but has not previously been documented

within the Newfoundland breed

The data were assessed in the individual populatiomsevaluate if the results
differed by country A case control study was conducted separately on the
Eurgpean and the North Americanlogs. A meta-analysis was carried out to
examine the effects of the combinedut®pean and North American casentrol
studies and an EMMAX analysis was alsomnducted This enabled &horough
comparison of thedifferent analyss methods used for correcting population
stratification. The variation in the most significaBiNPsbetween each of the
methods was minimal {Table 3.1) and the same significant associations were

identified. Thereforeonly thestratified CMH analysis will be discussed in detail.

An analysis of the three methods used for correction for multiple testing shows that

Bonferroni is the most conservative of the three methods, with FDR being the least
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stringent. Permutation testing with 10000 permutations shows intermediate

stringency when used on the GWAS data.

From the stratified GWAS data in the high density grtlagre are three significant
regions of association (seen as straight line vertical peaks, rising above the
background na@e on the Manhattan plot- Figure 3.5). The regions on
chromosomes 1, 3 and 33 indicate a genetic association with CCL ruptujestifyd
further investigation.The two mostsignificant SNPs(on chromosome 33pre
contained withn the gene Semaphorin 5b (SEMASBhich hadunctions irvolved

in axonal regulation and neural developme[®232. These twoSNPsare both
intronic andare present inone haplotype bloclg block 159 on chromosomas.

This blockalso reachesignificance with a permutatiop-valuez2 ¥ >Xn®nnnam T2\
most common allele combinatiorThe three combinans are GG, AA &&G;the
frequency of GG haplotype in the population is 32k AA 64% and the much
rarer AG haplotype only has a 4% frequency in the populafitie dogghat have

the GG haplotypare at a reduced risaf CCL rupturd1%frequency in caseand

55% frequency ircontrols The riskhaplotype AAhas a much higher frequency in

the population (649 than the protectivehaplotype with 84%frequency incases

and 2%frequencyin the controls.

The third most associated SNP in the stratified analyfBBECF2P59100n
chromosome 1)waslocatedin a haplotype block with one other SMRich didnot
reach statistical significance (ranked 83%)ith a frequency of 45% in the
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population (62% frequency incases and 27%equency incontrols) the AA allele
combinationis the only allele combinatioto show significanceBoth SNPsn the
haplotype block are intergenic and the nearest gene is CDH19 which is 0.27Mb
upstream CDH19 is a caehin gene that isnvolved in celcell adhesionit is not

known whether the identifiedSNPsmpact on the function of CDH19.

To date there have been no other reported GWAS screens that have used any high
density SNP chips to test the hypothesis thagrthis a genetic basis to CCL rupture

in dogs. The only previous studies that have investigated the genetic basis of CCL
rupture are microsatellite (MSAT)usties[2] and candidate gene studig§, 233

235. In the MSATreport the study assessed 495 MSATSs in total footential
genome wide significance with CCL in the Newfoundi@ogl From these markers,

86 were found to be significant with prvalueof X.05 After correctingfor multiple
testing four markersshowed significarte. The four markers weren different
chromosomes and after validation using other markers nearby, tlmfethe four
chromosomes remained significant amromosome 3, 5 and 13. We did not find
any significant associatiorm either chromosome 5 or 13, but we did identffye
SNP=n chromosome 3 thahad a position of 68.2MBhe same position as the
CPH19MSAT)which could potentially be associated with CCL ruptadéhough

nonewere statisticaly significant (Table3.9).
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Table 3.9. SNPson chromosome 3 aposition 68.2MB in the GWASstudy. Our
results at this position are nosignificantand do not replicate the results of Wilke
et al. (2009)

CHR SNP Position p-value
3 BICF2523344482 68205869 0.64
3  BICF2P439249 68209925 0.29
3  BICF2P7565 68219772 0.29
3 BICF2523143373 68260652 0.16
3 BICF2S23345176 68267363 0.33

The MSATtat Wilke et al. (200) used were spaced on average 5.5 centimogya
(cM) apart across all8 chromosomesThe number of bases per centimorgan varies
between specieshut is thought to be around 1cM to 1Min humans[236] and in
dogs is thought to be 106bp to 1cM37]. Onthe IllluminaCanineHxhip there are
only 21 gaps that are larger than 200kB38] and the markers on thelllumina
CanineHDxhip are spacedn average 13Kb apariTherefore, athe number and
size ofgaps in the MSAT study is mucreater than the Illumina scaimmportant
regionsand causative mutationare likely tohave been missed by the MSAT study.
Thus using the llluminaCanineHDarrays, the whole of the canine genome is
genotyped with high coveragdgepth and in moredetail than any previous MSAT or

low density GWA screen has been able to achieve.

Low density data
Within the metaanalysis of the low density data there were no significant

associations however one SNP BICF2S23118727 (chromosome 23) néare
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statistical significance (rap=0.00003. This is an intergenic SNP, 0.1MB upstream
of the gene MBNL2 that may have an involvement in myotonic dystrophy disease in
humans [239, 24(]. This disease causes muscle wasting and weakness and so

functionally it is possible that this may play a role in CCL rupture susceptibility.

The lack ofSNPseaching statistical sigiicanceon the low density chip may be
explained by the limited sample size (49 Labrador Retrievers and 38 Golden
Retrievers) andthe relatively low number of SNPs (22,362 a consequence the

gap size between markers is largand manySNPwwill not have been testedThe
causal genetic variant may have been missed as it may have fallen between the
markers on the array.To determine whether there is sharing of causal
mutations/regions involved in susceptibility to CCL rupture between different dog
breeds it would be useful to perform ease controlGWAS on multiple breeds using

the high density lllumin&anineHxhip and large numbers of dogf®@m a number

of susceptible breeds.

In isolation, the three regions of association, important SNPs and sekeyal
haplotypes found in theNewfoundland GWAS, cannot be taken as substantial
evidence for genetic susceptibility to CCL rupture. Further replication and validation

are needed in order for them to validated and confirmed as true associations.
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Replicationand validation of GWAS data

The 40 most associatedSNR found in the high densitycGWAS data weree-
genotyped onanother genotyping platform Sequenom ifex), with a separate
cohort of Newfoundlands to determine if the genotyping resultere consistent

and could be replicatedn a larger number of dogs.
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Introduction

The GWAS SNP datangrated for the Newfoundlands agescribed in ChapteB

was of considerable interest. tevealed threepromising chromosome association
signals associated with CCL rupture on chromosomes 1, 3 and 33.aHses@ated
regions, in addition to otheBENPswith the lowestp-valuesin the individual GWAS
analyseg(a total of 70 unique SNP}¥ were chosen for addidnal genotyping This
hoped to confirm (or not) the significance of association of tH&NPswith CCL
rupture. As well asvalidaing the GWASdentified SNPsn the test population of
Newfoundlands, there was also the opportunity to examine SNP assodatiam
additionalcohort of Newfoundlandsand in other breeds wheréCCL ruptures also
considered to be a major problem. Any reproducibility would suggest a common

pathogenesis and a possible shared aetiologiveen breeds

Replicationand validationof any biological data (including genotyping data) is
essential to confirmhat the associations seen are accuraied are not artefacts of
bias in the original studj241]. It mayalso confirm the statistical associations of the

data to validate the preliminary associations in a larger cohort of subj248.

Validationcould beachievedby directly replicating the previous work synninga
secondGWAS on a further cohort of Newfoundlands and other bredtie cost
implication of whole genome genotyping (using hundreds of thousan@N\éfon
an array) makes genotypinigrge numbers of dogs expensjvgo genotyping a

second cohort of dogs on the same platform (lllumina Canine HD chip) is
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impractical An altenative approach for validatingassociations could be to fe
sequenceany previously identifiedegions of associationf one does not know
whether the areas being rsequenced are real associations,-se&guencing a
wrongly identified region would be a costtyistake.In-vitro and in-vivo functional
analysis (including knoakut mice models) using th8NP<ould also be runThese
approaclesaretime consumingexpensiveand are not worthwhile unlessSNPsare
confirmed as associated with the disea3énus thes would not be appropriate at

this stage of the project

Replicationin this studywas possible because of the availability of a second
genotyping method¢ MALDITOF mass spectrometry (Sequenom iPlex) which
enables high throughput of samples for speciB&NP genotyping and is also
relatively inexpensive to runThis technique targetspecific SNPs previously
identified as potentially associated, by a cestective methodology which lends
itself to studies of larger dog cohorfBhis approaclis suitablefor genotyping small
numbers of potentially importanENPsn a relatively large population of samples.
This two stage approach (GWAS followed by Sequenom genotyping) has been
widely accepted as a replicatibralidation method used by many researchers,
including Woodet al. [177] who genotyped25 atopic canine cases arZB canine
controls on the lllumina SNP20 GWAS chipey validated their most significant
assocations in a total of 659 samples across eight different dog bremsisg the
Sequenom assayGuo et al. [243 also used this approachto identify a novel

susceptibility gene foilosteoporosisin humans They usedthe Affymetrix 50K
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humanSNPchip for the GWAS study analidaied the most associatedNPsaising
Sequenomanalysis More recently, Tengvallet al. [244] also used this design to
determine genetic associatigrwith canine atopic dermatitis in German Shepherd
dogsusing the high densit¢anineHOGWAS array and then validating th&# most

significant associations in 185 German Shepluergs.

This chapter describes the use of a Sequenom genotyping platform to confirm (or
refute) GWASdentified SNPsfrom the previouslygenotyped Newfoundlands It
assessede SNRassociationsn additional Newfoundlands and also in other breeds
of dogswith high susceptibility for CCL rupture (Labra&atriever Rottweiler and

Staffordshire Bull terrier).

Methods

Sample selection

Additional samples and breeds were included to determine whether the GWAS
associations could beeplicated in (a) a largerobort of Newfoundlands and (b)
different breeds of dogAlong with the96 Newfoundlands previously analysed by
GWAS, another 175 Newfoundlands were genotyp@dee otherdog breeds at
high rik for cruciate rupturewere also includedlabrador Retrievergn = 289),
Rottweilers (n = 138) and Staffordshire Bull Terriers (n =Hig. samples were
obtained from theUK companion animaDNAarchive and the VLA database as

described previously in theSample Collection for DNA extractéosection of the
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Methods. A breakdown of the cases and controls is shown belowainie4.1. A full

table detailing the age and sex of the dogs is showneénAppendix Appendixl)

Table4.1. Cases and controls used for the replicativalidation of GWAS study

Breed Case Control Total
Newfoundlands (Total) 99 172 271
Newfoundlands (EU) 56 72 128
Newfoundlands (NA) 43 100 143
Labrador Retrievers 124 165 289
Rottweilers 57 81 138

Staffordshire Bull Terriers 13 38 51

Sequenom genotyping

Sequenom iPlex is a multiplex, high qualdystomised genotyping platform,
capable of running up to 48NPsn onereaction (plex)Samples are processed on
384 well pates. Each SNP is chosen by the user and primers are designed and
automatically assigned into plexeassing the Sequenom assay design software
(www.mysequenom.comn The DNA undergoes a multiplex, locus specific PCR
reaction followed by a single base, allaigecific primer extension using modified
oligos. The PCR productnanospotted onto a silica chip and placed intMatrix-
assisted laser desorption/ionization tinad-flight (MALDFTOF) mass spectronest

each spot is shot with a las@rhich ionizes thesamples. The ions travel through a
vacuum tube to an ion detector. Time of flight measures the difference in time
different molecules hit the detector and the software calculates the mass of the
fragment. Smaller molecules travel faster than largees this happensn real time

and the softwareanalyses this androducesthe allele calls.
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Assay design
A total of 70 SNPsvere chosen for replication from th€0 most associateENPsn
each of the GWAS analyses carried out (meta, EMMAX CMH stratified)as

detailed in Chapter 3.

The SNPsof interest (including 100bp flanking sequencejvere retrieved from
Ensemblusing the mining tooBiomart[245] and exported in FASTA formdiles
were converted toa suitable format for use in th&equenom assay design software
(version 1.0using a customise®ERIscript ProxSNP and Prextend quality control
procedures were run on the sequences as part oé thesign processAny
unsuitable primers, i.e. those that mégrm primer-dimerswere rejected as were
sequenceghat could not havesuitable primers designedSNP primershat could
not be plexedwith others were also rejectedFive SNPs were excluded tims

process leaving 65 SNPs for running andly®s.

Primersand probeswere ordered from Sigma Aldri¢gborset, UKin the lyophilised
form on 96 deep well plates. The primers were diluted to 50u&hd pooled
together into their respectiveplexes each primer in the pool was at a working
concentration of 0.5uMThe 65 SNPs were pooled into three plexes, 2x22plex and

1x21plex.The probes were diluted to 300uM.
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The Sequenom laboratory work was carried out at the Wolfson Centre for
Personalised Medicinenithe PharmacologyDepartment at the University of

Liverpool

The primer and probe sequences for thd SNPausedfor replication are shown in

Appendixll.

PCR

PCR reactiawere carried out in 384 well platusing aVerti® 384Well Thermal
Cycler(AppliedBiosystems California, US The PCR mix for each well consistéd
0.10ul Hot start Taq (5U/u§equenom, Hamburg, Germgnyul of the primer pool
mix 0.a 0 nodmn>ft R bIequendfd, Bamburgp Geamanyd.Bul
MgC} (25mM, Sequenom, Hamburg, Germgn®.a&ul PCR buffer (108equenom,
Hamburg, Germarnyand 2.85ul of nanopure waterThe reaction mixturewas
addedto wellscontainingDNAthat had beerdried downpreviously(2ul of 20ng/ul
DNA) The amplification reaction was carried augingthe followingamplification

conditions:

dn g 15 minutes

dn g 20 seconds

p ¢ g 30 seconds X45
T H g 1 minute

T H g 3 minutes

ne-K
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Unincorporated dNTPs weraeutralised by the addition of shmp alkaline
phosphatase (SARnhzyme 1 @1  Sequefioln, Hamburg, Germanylrhis was
prepared by adding 1.53ul of nanopureater, 0.17ul of hME buffer (10x,
Sequenom, Hamburg, Germgny.30ul of SAP enzymeas addedto each well

making a total reaction volume of 7pl. This was thgaledr & oT e/ F2NJ nn

YR ypse/ FT2NJp YAydziSao

iIPLEXextension reaction

Due to the inverse relationship between peak intensity and mass of prgddeé} it
was important toamendthe concentration of the extension primers with a four
stage adjustment to level out the analyte peakghe final spectra. To do thithe
lowest mass primers were mixed to a final concentration of 7|sicond lowesht
9.3uM, the next at 11.66uM and the highestassgroup at 14uM. The IPLEX
cocktail mixture was made by adding 6. of nanopure water, 042 iIPLEX buffer
(10x Sequenom, Hamburg, Germagny0.2ul iPLEKrmination mix (Sequenom,
Hamburg, Germany).04ul of iPLEX enzyr(feequenom, Hamburg, Germagryith
0.80pl of the primer mix. Thigaction mixturewas added to each well of the 384
well plae to make a final reaction volume of 9uthich wasthermocycledusing the

following conditions:
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dn g 30 seconds

dn g3 seconds

p H g3 seconds

y N g% seconds X350
p H g3 seconds

y n €% seconds

T H g 3 minutes

n e-K

The IPLEX reactioproducts were cleanedy adding 6mg ofesin (Sequenom,
Hamburg, Germanyto each well Nanopure water(16d) was added to each well
and the 384 well plate was then rotate®60c along its long axifor 10 minutes

before centrifugation for 5 minutes atl500g.

Mass Spectrometry

The Ssquenom chip was spottewvith the PCR productising the nanodispenser
(SequenomHamburg, Germanynd placed ira MALDITOF mass spectrometer to
acquire the spectra.A hallelic SNPcan yieldthree different genotypes. For
example, an A/G marker could produce the genotype of A homozygote, G
homozygote and A/G heterozygotRepreserdtive imageof the spectrais shown

in Figure4.1
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A = Homozygous A
B = Homozygous G
C = Heterozygous AG

Figure4.1. An examplespectra from MALDITOFshowing genotype calldor a
bialleleic SNP A/GThe unextended primer (UEP) is shio in green, the alleles are
shown in red and yellow yellow peaks indicatehe allele callfor the sample If
the sample is homozygous there is one large peak as indicatedidayres A & B,
hetrozygote sampls shows two peaks at both allele sites. Themaining peaks
on the spectra are either from othe6ENPsn the plex or undetermined products.

If the iplex extension failed then there would be a large peak at the UEP position.
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The data were checked in the massARRAY TYPER progvhith uses aitraffic
light¢ system to show theguality of each reactionTheclusters and call rates for
each SNRvere visuallyassessedior correctgenotype callsThe data vere exported
in a format suitable for inpuinto the data analysis progranPLINK[190, 19]]

implemented byBCgeneRBC Platforms, Finlahd

Quality Assurance

Before statistical analyses were pemfted, data were assessed for Qad
excluded if thesample call rate was78%, the genotypeall rate<75%, the control
population was not in HardWeinberg equilibim (p<0.001) and/or the minor
£ fStS T NBKole®iyigORA, thiénsamples ar@NPsthat remained for

analyses differed for each breeshd are shown iTable4.2

Table 4.2. Numbers of SNPsand CCL rupture cases and controls remaining for

analyses after QA

SAMPLES

BREED SNPs Case Control Total
Newfoundlands (Total) 58 78 136 214
Newfoundlands (EU) 59 46 56 102
Newfoundlands (NA) 59 32 80 112
Labrador Retriever 53 91 126 217
Rottweilers 53 50 64 114
Staffordshire Bull Terriers 56 10 21 31
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The call rate used to filter samples during QA for the Sequenom genotyping was
lower than that used for the GWAS investigation (Chapter 3) because some of the
samples that were used for Sequenonere of marginally lower quality due to
differences in the sample collection methods. The majority of the DNA samples that
were used for the Illlumina genotyping were extracted from EDTA blood samples,
whereas the DNA that was used in the Sequenom genogypias mainly extracted
from h NJ 3 Ssw&br. Despite methods to clean up the DNA and remove
contaminants from the salivary samples, the DNA from thBlJ 3 SkifsSvasof

lower quality thanthe DNA extracted from the EDTA blood samples. It was,
however, adguate to be used for Sequenom genotyping, as documented

previously[247] [181]].

Results

Concordance between lllumina and Sequenom genotyping
Sixtyfive SNPsin 96 samples were genotyped using both th#umina and
Sequenom platformsat check theconsistencyof the genotypesetween the two

platforms. @ncordance between the two platforms was found to be 93%

Sequenom genotyping data
The Sequenom data were examined on a breed by brease controbasis The
Newfoundland group was analed using the CM test (stratified by country) in

addition to separate European and North Americaase controlstudies. The
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significantly associate@NPs (p<0.05)that replicated in the Newfoundland breed
analyses (stratified, European, North Americarg shown inTable4.3 - Table4.5
and the significantSNPsin the other breed analyseglLabradors Retrievers,

Rottweilers and Staffordshire Bull Terrieasg shown inTable4.6.
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Table4.3. Significantlyassociated CCL ruptu®NP<p<0.05) in Newfoundlands(Stratified analysis).

Gene or  Position Gene
Chr SNP intergenic (bp) Al MAF A2 (ra?w) (BCF))NF) (peprm) (F%R) OR 95% Cl function
3 rs23569097 SORCS2 59381030 C 0.47 T 0.0006 0.0 0.04 0.02 0.48 0.32-0.74
3 rs23566023 Intergenic 58878743 A 0.43 G 0.0010 0.06 0.06 0.02 2.00 1.32-3.02 -
33  rs23829198 Intergenic 19430035 G 0.39 A 0.0011 0.06 0.06 0.0 0.48 0.31-0.75 -
33  rs8754330 ZDHHC23 18223573 G 0.29 A 0.0023 0.13 011 0.0 0.47 0.29-0.77 [N
33  rs23835082 SEMASB 25987425 G 0.28 A 0.0024 0.14 0.12 0.03 0.47 0.29-0.77 _
1 rs21977372 Intergenic 10792454 A 0.47 C 0.0039 0.23 0.18 0.04 1.84 1.22-2.79
15  rs22346338 STAB2 42269107 T 0.18 C 0.0044 0.25 019 0.04 0.42 0.23-0.77
15 rs22418471 Intergenic 37221186 G 0.33 T 0.0073 0.42 0.28 0.05¢ 0.55 0.35-0.85 -
33  rs23806044 Intergenic 19502373 T 0.29 C 0.0073 042 0.28 005° 0.52 0.32-0.84 -
1 rs22014075 Intergenic 10756573 C 0.42 T 0.0086 0.50 0.32 0.05¢ 1.75 1.15-2.66 -
33  rs23801537 DIRC2 25923850 A 0.31 G 0.0097 056 0.34 0.05 0.54 0.34-0.86
33  rs23811087 Intergenic 26105553 T 0.29 C 0.0107 062 0.37 0.05 053 0.32-0.86
33  rs23827731 SEMAS5B 26001662 G 0.30 A 0.0128 0.74 0.42 0.05% 0.55 0.34-0.88 _
1 rs9094558 RNF152 14988276 G 0.37 A 0.0132 0.77 0.43 0.05 0.58 0.38-0.89
33  rs23835584 Intergenic 26080255 C 0.21 T 0.0137 079 0.44 0.05 0.51 0.30-0.87 -
33  rs8613571 STXBP5L 24503510 T 0.30 C 0.0139 0.81 044 0.05 055 0.34-0.89 D
4 rs24114482 LRRTM3 18350538 T 0.27 C 0.0152 0.88 0.47 0.05 056 0.35-0.90 [N
1 rs21956708 Intergenic 10822495 G 0.41 A 0.0186 1.00 053 0.06 1.64 1.09-2.47 -
1 rs21960910 Intergenic 10408315 G 0.40 A 0.0191 1.00 054 0.06 0.60 0.39-0.92 -
33  rs23801997 Intergenic 26063962 C 0.42 T 0.0207 1.00 0.56 0.06 0.61 0.40-0.93 -
15  rs22383474 ANO4 39884807 G 0.25 A 0.0234 1.00 060 0.06 056 0.34-0.93 [
33  rs8748659 STXBP5L 24536212 A 030 T 00247 1.00 061 006 0.59 0.37-0.93 [ EEGGNG
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Gene or Position Gene
Chr SNP intergenic (bp) AL MAF A2 (ra?w) (B(gNF) (peprm) (FFI)DR) OR 95% Cl function
1 rs21987554 Intergenic 10403384 G 0.40 A 0.0251 1.00 0.62 0.06 0.61 0.39-0.94 -
33 rs23798518 STXBP5L 24386039 T 0.30 G 0.0269 1.00 064 006 0.59 0.37-0.94 NG
8  rs24496570 Intergenic 11069517 T 0.30 A 0.0274 1.00 0.65 0.06 0.58 0.36-0.95 -
27  rs23333120 CLSTN3 37900799 G 0.19 A 0.0287 1.00 0.66 0.06 0.55 0.32-0.95 [
36  rs23935034 Intergenic 24968515 A 0.28 G 0.0289 1.00 0.67 0.06 1.66 1.05-2.63 -
33  rs9122813 Intergenic 2470326 G 033 A 0.0350 1.00 0.72 0.07 0.62 0.40-0.97 -
33  rs23795335 POPDC2 23291566 C 040 T 0.0454 1.00 0.80 0.09 0.65 0.43-0.99
1 rs21998646 Intergenic 13375903 T 0.28 C 0.0457 1.00 0.80 0.09 0.61 0.38-0.99 -
33  rs23800347 KALRN 27503643 A 0.20 G 0.0466 1.00 0.81 0.09 058 0.34-0.99 NG
1 rs21882298 Intergenic 10231948 G 0.49 A 0.0499 1.00 083 0.09 1.50 1.00-2.25 -
1 rs8959368 Intergenic 11497808 G 0.04 A 0.0520 1.00 0.84 0.09 0.23 0.04-1.08 -
33 rs23828846 SEMASB 25983710 C 0.39 T 0.0532 100 085 0.09 0.66 0.43-1.01 [ NG00

KEYAL = base for allele 1, A2 = base for all@leMAF = minor allele frequengy(raw) = rawp-value. Three different tests for correction for
multiple testing were performed: p BONF = Bonferronip-value, p (FDR) p-value for FDR, p(perm) p-valuefor 100,000 permutationsOR
= Odds RatioX1 implies Al increases risk compared to A2<1f A2 increases risk compared to AlAn asterix (*) means significance after
correction for multiple testing.The rowhighlightedin yellow is of mostsignificance

Function of the genes are colour coded:

- gene function involved in neuronal systems and development and maintenance of nervous sy§&hRN, LRRTM3, SEMASB,
SORCS2, STXBR5L)

EJIE - synaptic junctions and synaptisignalling/ANO4, CLSTN3, ZDHHC23)
Green- polyubiquination and apoptosis or were apoptosis enhancéRNF152, STAB2)

Orange— miscellaneous functior{cancer and cellular transport; DIRC2) and (heart developm@&@PDC?2)
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Thirty-four of the 58 SNPghat replicated in the Newfoundland group as a whole
(CMH stratifiedhad a rawp-value of X).05.From the 34SNPs18were intergenic

and the rest fall within 12 genekKALRN, LRRTM3, SEMA5B, SORCS2, STXBPS5L,
ANO4, CLSTN3, ZDHHC2F 8, STAB2, DIRC2 &#@PDC2 The twelve genes
included five genes involved in neuronal systems and the development and
maintenance of the nervous system. They Kl RNKalirin), LRRTM@eucine rich
repeat transmembrane neuronal 3), SEMA5SB (Semaphorin S8DRCS2 (sortilti
related vacuolar protein sorting Hlomain containing protein) and STXBPS5L
(Syntaxin binding protein 5 like). Also identified as CCL ruatsgeciated were
three genes that are involved in synaptic junctions and synaptic signalling: ANO4
(Anoctamin 4),CLSTN3 (Calsytenin 3nd ZDHHC23 (Zinc finger DHipGe
containing 23). Two genes were involved in polyubiquination and apoptosis or were
apoptosis enhancers RNF152 (Ring finger protein 152)SdkB2 (Stabilin 2). Two
genes with miscellaneous functionsre involved in cancer and cellular transport;
DIRC2 (Disrupted in Renal Carcinoma 2) and heart developP@RDC2 (Popeye

domain containing 2).

The most associated SNP that replicated in this breed was23569097 on
chromosome 3, in gene SORCH1s ishighlighted in yellown Table4.3. It showed
significance aftecorrection for multiple testingin each of the three different tests

(Bonferronip-value= 0.03 permutationp-value= 0.04 and FDRvalue= 0.03.
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Table4.4. Significantly associated CCL ruptus&lPgp< 0 .) i BuropeanNewfoundlands .

Gene or Gene
Chr SNP ntergenic A1 F-A F_U A2 p (raw) p(BONF)( my P(FDR)  OR 95% ClI function
3  rs23569097 SORCS2 T 057 032 C 0.0005 0.03* 0.03* 0.03* 274 1.55-4.86 _
3 rs23566023 Intergenic A 051 0.28 G 0.0012 0.07 0.07 0.04* 2.63 1.45-4.76
33  rs23829198 Intergenic G 0.31 052 A 0.0036 021 018 007 042 0.23-0.76 -
15  rs22418471 |Intergenic G 0.27 0.46 T 00054 032 023 0.08 043 0.24-0.78 -
1  rs22014075 Intergenic C 0.52 0.33 T 00086 051 033 008 220 1.22-3.96 -
8  rsB987872 Intergenic T 0.26 0.44 C 0.0088 052 033 0.08 045 0.25-0.82 -
33  rs8754330 ZDHHC23 G 0.20 0.38 A 0.0099 0.58 036 0.08 042 0.21-0.82 [
8  rs24496570 |Intergenic T 0.22 0.39 A 00150 089 047 009 043 0.22-0.86 -
15  rs22346338 STAB2 T 017 032 C 0.0167 099 051 0.09 043 0.21-0.87
8  rs24526391 |Intergenic G 0.27 043 A 00169 100 051 009 048  0.27-0.88 -
33  rs23806044 Intergenic T 0.20 0.35 C 0.0184 100 053 009 045 0.23-0.88 -
1  rs21956708 Intergenic G 0.52 0.36 A 0.0185 100 054 009 197 1.12-3.47 -
4 rs24114482 LRRTM3 T 025 040 C 0.0221 1.00 059 009 o050 o.27-091 N
15  rs22380841 Intergenic A 0.26 042 G 00231 100 060 009 050 0.27-0.91 -
1 rs21977372 Intergenic A 051 035 C 00233 1.00 060 0.09 195 1.09-3.50 -
27 123333120 CLSTN3 G 013 025 A 0.0275 1.00 065 0.10 044 0.21-0.92 [
1 rs21882298 Intergenic G 0.55 041 A 00410 100 078 014 179 1.02-3.12
15  rs22383474 ANO4 G 020 033 A 00463 100 081 015 051  0.26-0.99 _

For key please see next page.

-128-



KEYAL = base for allele 1, A2 = base for all@leF_A/U = frequency of allele in affected/unaffected animafgyaw) = rawp-value. Three
different tests for correction for multiple testing were performedp (BONF) = Bonferrom-value, p (FDR) -value for FDR, p(perm) -
valuefor 100,000 permutations. OR = Odds Ratki (mplies Al increases risk compared to A2<1f A2 increases risk compared to Al). An

asterix (*) means significance after correoti for multiple testing.The row highlighted in yellow is of most significance.
Function of the genes are colour coded:

- gene function involved in neuronal systems and development and maintenance of nervous system (LRFSIRE; 92
BE - synaptic junctions and synaptic signalling (ANO4, CLSTN3, ZDHHC23).

Green- polyubiquination and apoptosis or wes apoptosis enhancers (STAB2).
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Table4.5. Significantlyassociated CCL ruptu@NPgp< 0 . i@ Noyth AmericanNewfoundlands

Chr SNP Gene or intergenic A1l F A F U A2 p(raw) p (BONF) p (perm) p (FDR) OR  95% CI Gene function

33 rs23827731 SEMASB G 015 032 A 0.0107 0.63 037 022 037 0.17-0.81
33 rs23811087 Intergenic T 017 034 C 0.0141 0.83 0.44  0.22 0.40 0.19-0.84

33 rs23835082 SEMA5B G 0.16 0.33 A 0.0147 0.87 044  0.22 0.0 0.19- 085—
33 rs23801537 DIRC2 A 021 038 G 00181 1.00 050 022 0.44 0.22-0.88

33 rs23795335 POPDC2 C 0.26 042 T 0.0223 1.00 057 022 0.47 0.25-0.91

33 rs23835584 Intergenic C 012 025 T 0.0316 1.00 069  0.22 0.40 0.17-0.94

33 rs23798518 STXBPS5L T 020 035 G 0.0320 1.00 070 022 0.46 0.23- 095—
33 rs8748659 STXBP5L A 020 035 T 0.0320 1.00 070 022 0.46 0.23-0.95 [N
33 rs861%H71 STXBPSL T 0.20 035 C 0.0343 1.00 071 022 047 0.23-0.95
33 rs23828846 SEMASB C 027 043 T 0.0381 1.00 074 022 o0.51 0.27-0.97
1 rs8959368 Intergenic G 0.00 0.07 A 0.0418 1.00 0.78  0.22 0.00 0.00¢0.00

33 rs23800347 KALRN A 011 023 G 0.0472 1.00 082 023 0.42 0.18- 101_
1 rs9094558 RNF152 G 025 0.39 A 0.0510 1.00 0.84 023 0.53 0.28-1.01

1 rs21998646 Intergenic T 017 029 C 0.0541 1.00 085 0.23 0.48 0.22-1.02 -

KEYAL = base for allele 1, A2 = base for all@leF_A/U =frequency of allele in affected/unaffected animalq(raw) = rawp-value. Three
different tests for correction for multiple testing were performed: p (BONF) = Bonferrpnialue, p (FDR) -value for FDR, p(perm) -
valuefor 100,000 permutations. OR =dds Ratio £1 implies Al increases risk compared to A2<1f A2 increases risk compared to Al). An
asterix (*) means significance after correction for multiple testing.

The row highlighted in yellow is of most significance.

Function of the genes are colour coded:

- gene function involved in neuronal systems and development and maintenance of nervous system (KALRN, SEMA5B, STXBP5L).
Green- polyubiquination and apoptosis or wre apoptosis enhancers (RNF152

Orange— miscellaneous functior{cancer and cellar transport; DIRC2) and (heart developme®OPDC?2)
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In the European Newfoundland§gble4.4), 18 of the 59 SNPs replicated with a raw
p-value of .05 and were associated with CCL rupture. fifust associate SNP,
rs23569097on chromosome 3and in gene SORCSshowed significance after

correcting for multipletesting in all three testg(=0.03 in each).

In the North American Newfoundlandsble4.5), 14 of the 59 SNPs replicated with
a raw p-value of X).05 and were significantly associated with CCL rupture. After

correcting for multiple testing, no SNR&re significant

-131-



Table4.6. SignificantCCL rupturessociatedSNPdor the Labrador RetrieversRottweilers and Staffordshire Bull Terriers

Gene or p p p p Gene
Breed  Chr SNP intergenic FA FU A2 (raw) (BONF) (perm) (FDR) OR 95% Cl function
s g 8 rs24526391A Intergenic G 0.29 0.15 A 0.0003 0.0 0.0 0.0z 237 1.47-3.80 -
T Z 1 rs21895425 SERPINBLI C 038 029 G 00347 100 085 051 155 1.03-2.33
B E 8 rs8987872  Intergenic T 0.37 028 C 00393 100 088 051 153 1.02-2.31 -
— @ 3 523569097 SORCS2 T 024 016 C 00406 1.00 089 051 164 102-2.64 D
» 8 Is24526391A Intergenic A 033 051 G 0.0074 0.39 034 025 048 0.28-0.82 -
8 22 rs23048917 Intergenic T 053 036 C 00095 050 039 025 204 1.19-351 -
® 4 rs24114482 LRRTM3 T 051 035 C 00167 088 057 0290 192 112-329 [
S 8 rs8987872- Intergenic C 029 044 T 00250 1.00 076 032 053 0.30-0.93 -
™ 33 23828846 SEMASB  C 028 042 T 00305 1.00 082 032 054 0.31-0.95 NN
© ¢© 12 rs22184669 CYP381 T 025 000 G 0.0007 0.04 005 004 000 0.00-0.00
@% 15 rs22380841 Intergenic A 040 013 G 00148 083 055 041 4.67 1.28-17.05 -
5 1 rs21998646 Intergenic T 020 005 C 0.0276 1.00 0.78 049 025 0.07-0.90 -
TS 10 rs22030434 CCDC85A G 0.10 000 A 00419 100 093 049 000 0.00-0.00
M@ 1 59094558 RNF152 A 017 044 G 00439 100 094 049 025 0.06-1.02

KEYAl = base for allele 1, A2 = base for all@leF_A/U = frequency of allele in affected/unaffected animal(raw) = rawp-value. Three

different tests for correction for multiple testing were performed: p (BONF) = Bonferrpnialue, p (FDR) $¢-value for FDR, p(perm) #-

valuefor 100,000 permutations. OR = Odds Ratki (mplies Al increases risk compared to A2<If A2 increass risk compared to Al). An

asterix (*) means significance after correction for multiple testinty; “/“A = significant more thanone breed. The row highlighted in yellow

is of most significance.
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Function of the genes are colour ced:
- gene function involved in neuronal systems and development and maintenance of nervous systBRTM3, SEMA5B, SORCS2
Green- polyubiquination and apoptosis or wes apoptosis enhancers (RNF1)52

Orange— miscellaneous functios - differentiation of keratinocytes; SERPINB1&le-acid metabolism; CYP39Adnd no known function;

CCDC85a
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In the LabradoRetriever four of the53 SNPghat passed QAgeplicated with a raw
p-value X).05 and were significantly associated with CCL ruptdiee most

associatedSNP in this breeds24526391on chromosome 8showedsignificance
after correcting for multiple testingn each of the three test§p=0.02 in each of the

three testy.

In the Pttweiler breed, five of the53 SNPghat passed QAeached significance
with a raw p-value of Q.05 After correcting for multiple testing, n&&NPswere

significant

In the Staffordshire Bull Terrier breed, five of tB6 SNPghat passed QAvere
signifcantly associated with CCL ruptugaw p-value of §.05), the most
associatedSNP 1622184669 in this breed wason chromosome 12, in gene
CYPSAL This SNRvas significantafter correcting for multiple testingusing all
three methods Bonferronip-value=0.04, permutationp-value= 0.05 and FDPB-

value= 0.09.

SNPsthat are commonin more than one breed are shown ifable 4.7 for

intragenicSNPsind Table4.8 for intergenicSNPs
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Table4.7. IntragenicSNPsharedby more than one breed

Chr

SNP Gene

Newfoundland

(stratified)

EU NA

Labrador
Retriever

Rottweilers

Staffordshire
Bull Terriers

3
33
33
15
33
15
27
33

4
33

1
33
33
33
33
10
12
33
33

1
33

rs2356909:1 SORCS2
rs23801531 DIRC2
rs2383508z SEMA5B
rs2234633¢ STAB2
rs8754330 ZDHHC23
rs2238347¢ ANO4
rs2333312( CLSTN3
rs23800341 KALRN
rs2411448z LRRTM3
rs2379533£ POPDC2
rs9094558 RNF152
rs23827731 SEMA5B
rs8613571 STXBPS5SL
rs8748659 STXBPS5SL
rs2379851¢ STXBP5L
rs2203043< CCDC85A
rs2218466¢ CYP39A1
rs2379901f IGSF11
rs2382884¢ SEMA5SB
rs2189542t SERPINB]
rs2380425¢ TAGLNS

+

+ o+ o+ 4+ + + 4+

+

+ 4+ o+ i+ =

L+ 4

+ + + + + +

=T 1

=+

4 -

=+ -

-

KEYraw p-valueis indicated by colour:
Yelow=p <0 . Hue4 , p < (Qgteéns , p < (BB & Bonsignificant. A minis
(-) means that the SNP is not present in the analyasiter QA

BU = iropeanNewfoundlands, NA = dith AmericanNewfoundlands
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Table4.8. IntergenicSNPshared by moreghan one breed

SNP Newfoundland

SNP .
position

(stratified)

EU NA

Labrador
Retriever

Rottweilers

Staffordshire
Bull Terriers

33
33

33

13
8
22
33
15

rs2356602: Intergenic
rs22418471Intergenic
rs2197737Z Intergenic
rs2380604< Intergenic
rs2382919¢ Intergenic
rs2201407¢ Intergenic
rs2393503¢ Intergenic
rs9122813 Intergenic
rs2195670¢ Intergenic
rs2188229¢ Intergenic
rs2199864¢ Intergenic
rs23811087 Intergenic
rs2383558¢ Intergenic
rs2196091( Intergenic
rs23801997 Intergenic
rs2198755¢ Intergenic
rs2449657( Intergenic
rs24526391 Intergenic
rs8712319 Intergenic
rs8987872 Intergenic
rs2304891¢ Intergenic
rs2381376: Intergenic
rs22380841 Intergenic

+

ok 4+ o+

+ 4+ 4+ +

I . -

KEYraw p-valueis indicated by colour
Yelow=p <0 .Hué4 , p < (reént , p < Bl & Bonsignificant. A minus
(-) means that the SNP is not present in the analysiter QA

EU = European Newfoundlands, NA = North American Newfoundlands.

SNPsshaded in greyare in each of the breed analwes (Labrador Retrievers,

Rottweilers and Staffordshire Bull Terriergpart from the Newfoundland
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A metaanalysis was run on the data to determine t8blPghat were significant in
the whole cohort. Th&0 most significanSNPgrom the metaanalysis ee shown in

Table4.9
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Table4.9. Meta-analysis ofthe 20 mostCCL ruptureassociatedSNPs Themeta-
analysiswas run using association datkom the Stratified Newfoundlands, EU
Newfoundlands, NA Newfoundlands, Labrador RetrieverRRottweilers and

Staffordshire Bull Terriers.

. Gene or p Estimated . Gene
Chr SNP Position intergenicAl (raw) p (BONF) OR Slg'function

>
N

3 rs2356909715938103CSORCS2 T 0.0003 0.02* 1.73 ***
33 rs874869 2453621z STXBPSL A 0.0026 0.15 0.64 **
33 rs2382884¢ 2598371CSEMASB T 0.0037 0.21 1.46 **
33 rs238277312600166z SEMASB G 0.0043 0.24 0.59 **
33 rs2379851¢2438603€ STXBPSL T 0.0043 0.24 0.65 **
33 rs8754330 18223575 ZDHHC2: G 0.0071 0.40 0.69 **
33 rs8613571 2450351CSTXBPSL T 0.0119 0.67 068 *
33 rs2383508225987425 SEMASB G 0.0152 0.85 069 *
33 rs238110872610555¢5 Intergenic T 0.0171 0.96 0.58 *
33 rs2380604<1950237¢C Intergenic T 0.0337 1.00 0.74 *

G

G

C

C

G

A

G

C

33 rs2380037 27503643 KALRN 0.0366 1.00 139 *
1 rs2195670¢ 1082249¢ Intergenic 0.0376 1.00 153 *
1 rs2199864€1337590% Intergenic 0.0382 1.00 134 *
1 rs22014075 10756573 Intergenic 0.0422 1.00 140 *

33 rs2382919¢1943003¢ Intergenic 0.0525 1.00 0.76 *
1 rs2197737210792454 Intergenic 0.0526 1.00 133 *
8 rs2452639111289491 Intergenic 0.0545 1.00 1.30 *

33 rs2379533£2329156€ POPDC2 0.0586 1.00 0.76 ns

33 rs238015372592385C DIRC2 A 0.0588 1.00 0.70 ns

Q=E4>0>>HA44H42>2>2002>20202>0-40

KEY Al = base for allele 1, A2 = base for all@eOR = odds ratio £1 implies Al
increases risk compared to A2,4fl A2 increases risk compared to ABn estimated
correction for multiple testing was performed, correcting for 56 tests (average
number of SNPsn each of the breed analyses). * = Significant after correatifor
multiple testing. Significanceof raw p-value indicated by asterix(*) scale p<0.05,

¥»*=p< 0. 01, ***=p<O0. 00 HRunctiom ef the gemes dre celougcaded: i ¢ a

=]l - gene function involved in neuronal systems and development and

maintenance of nervous system (KALRN, SEMA5B, SORCS2, STXBP5L).
BE - synaptic junctions and synaptic signalling (ZDHHC23).

Orange— miscellaneous function(cancer and cellular transport; DIRC2) and (heart
development;POPDC2)
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Genes SORCS2, STXBP5L, SEMBSBJC23 and KALRN showed significant CCL
rupture-associations g-value XQ).05) with nine SNPsbeing found within these
genes. The remainingight of the 17 significant CCL rupturassociatedSNPsn the
meta-analysis were all intergeniSNPs SNPrs23795335 within the gene POPDC2
and SNP rs2380153vithin DIRC2neared statisical significance with eaw p-value

of 0.058 for each of thewo SNPsThe SNP with the lowegt-value rs23569097

were significantfter the applying the estimated correctidior multiple testing.

Discussion

Many of the associate®NPsin the Newfoundlad CMH analysis (18 out of 34)
were intergenic. The functianof intergenicSNPsare largely unknown. They may
alter the splicing pattern, transcription factor binding sites or affectscoding RNA

in some other way which has yet to be identifiglb3, 248. The remainingSNPs
were all within genes (except fas9094559 and are all intronic. They probably do
not have a direct effect on protein structure, synthesis or function, as they are
spliced out when mature mRNA is formg#t9. They may be in LD with associated
SNPghat are in exonic/protein coding regions that have not been screened in the
study. SNRs9094558is downstream of the gen®NF152 and so its effect on

protein function is also unknowit may affect mMRNA stability.

Having confirmed the association &dmeSNPsn the Newfoundland breed, it was

important to determine if thesameassociations were also present in other breeds.
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Three other breedswith a high incidence of CCL rupture weagailable for
comparisong LabradorRetrievers Rottweilers and Staffordshire Bull Terrie@nly
14 SNPdrom the Newfoundland analysisere validated in the othetbreedsafter
QA (Table4.6), sevenare intergenic andsevenwere within genes.All SNPswvere
intronic except forrs9094558 (as mentioned abovak21895425 whih is in the
0Q; ¢w 27T ahd®rsR1946h71 which is upstream of SERPINBHRIe4.7
and Table4.8 show the SNPghat are common to more than one breahalysis
None of the SNPsvere commonto all breedsstudied. Thiscould be indicative of
different genetic componentsbeing involved in CCL rupture suscaplity in
different dog breedshowever, it could be thatthe SNPshave different levels of

penetrance in the differenbreeds[177, 250

Certain genes identified in the analysage of particular interesbecause of their
potential relevance to CCL rupture susceptibilitySORCSZhad the highest
associated SNP in the mesdmalysig(after correction for multiple testingand was
identified in three of the six individual analyses (Stratified Newfoundlands,
European Newfoundlands and Labrad®etriever3. It is strongly expressed in the
nervous systenj251-254]. SEMA5Bcpntains thetwo most significant GWASNPs

in the Newfoundlands) is involved in axonal regulation and sends positive guidance
cues to the axons during developmef#32]. This coupled with the functions of
several other genes ohterest, involving synaptic membranes (ZDHHCEZHY,
calciummediated postsynaptic signalling (CLSTN3 and AN@4$-258 and

neuronal plasticity (KALRNJ59 indicate a possible role of neurolotal and/or
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neuromusculampathways in the susceptibility and incidence of CCL rupflinese

couldalso impact on the severity of the disease.

The neuromuscular system can control joint stabi[®8, 39]. The wiring of the
nervous system is dependent @orrect positioning obxonsand dendrites, which

is carried out by axonal guidance molecwed which theSemaphoringincluding
SEMAS5B)re a key groug232. Axonal guidance involves activation of signal
transduction cascades that can lead tcamganisation of the cytoskeletof260.

The cytoskeleton plays an important role in distributing mechanotransduction
signals to the extracellular matrix. Shudtizal.[261] were the first todocumentthat
cruciak ligaments contain mechanoreceptors which impact on knee

proprioception.

Rupture of the cruciate ligament causes mechanoreceptor impairment, which in
turn leads to loss of proprioception (which can persist even after surgery to stabilise
the knee). Joininstability, which is a defining feature of CCL rupture, mayamby

be caused by loss of restraint in the traditional sense (CCL being the primary
stabiliser of the knee joint), but also due to the loss of proprioception and
kinaesthesid262, 263]. Loss of proprioception in human knees after ACL injury has
been well documented264-266] and has been linked with joint damage and knee
function [263, 264, 267, 26§]. Interestingly,in human research, it has been
demonstrated that it is possible to significantly lawtee incidence of ACL rupture
during a sports seasof269-271]. This was achieved bgevelopinga training
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programme for the neuromuscular system (propriptige training), focusing on
factors such as proper landing techniques using wobble boards and balance mats.
Clearly such training programs arewot suitable for dogs, but it does add
corroboration to the theory that neuromuscular responses, neurologicatesy

and proprioception are important factors when considering and preventing rupture
of the CCL in dog#duscle imbalanceatrophy and changes in gait characteristics
have also beendocumented as important predisposing facsdior CCL rupture
[272-279. Mostafa et al. [275 have suggested thad preventative rehabilitation
program may be imgimented to help reduce the incidence of CCL rupture by
strengtheningthe key muscles ithe rear limbs of the dogthis too substantiates

the neuromuscular argument.

The SORCS2 gene has been shown to have a direct link to the neuropeptide activity
pathway, as well as activating Substance P receptors (Neurckingteptors)251,

276]¢ seeFigure4.2. It is also associated within the neutrophin signalling pathway
This is important as neutrophins promotéhe survival of neurons and axonal
growth ¢ seeFigure4.3. Neuropeptideshavebeen associated with joint conditions

such as ostecand rheumatoid arthriti§40, 277, 278). High levels of neuropeptides
(Substance P and Calcitonin Gene related peptide (CGRP)) have been found to be
increased in inflamed joints and also in joints that have beeected with
inflammatory mediators to mimic inflammatory disorde279-283. Substance P

can induce synoviocytes (either directly or indirectly) to increagpression of

noxious substances such as collagenase and free oxygen radicals that can damage
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the synovium and cartilagg284]. Substance P also causes the release and
activation of immunesystem inflammatory mediators such as histamiaed
cytokines[277, 281] and as suchthe neural system appears to integrate with the
immune system.Neuronal circuitry has also been implicated in immunological

homeostasi§285 and mayexacerbate inflammatory responses to CCL rupture.

Bilviciuteet al.[282] showed a bilateral increase in neuropeptidestlie synovial

fluid of rats that had one knee injected with pnoflammatory substances and the
other knee injeted with salinefor control purposes Higher concentratiors of
neuropeptides in both stifle joints wouldhean that inflammatory changeand
associated joint paif279] in the contralateral knee would be instigated sooner, last
longer and the rate of destruction sped up compared to normal. Brydgat[286]
detailedan increase in pain and other sensory sensitivity in dogs with CCL rupture
compared to dogs with no CCL rupture. Thend others[287] also detected
alterations in the gait and weight distribution towards the contralateral side of the
body and a shift in distribution of weight towards the fore limbs. This, one would
presume, is a compensatory mechanism to help the dog cope with the pain and
joint instability in the affected joint. It may also explain why there is a high
incidence of dogs damaging the contralateral ligament at some stage after the
initial injury [33, 107]. This is consistent with the reports that the neuromuscular

system igmportantin CCL rupture susceptibilif275.
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Taken togetherall of the above evidencesuggeststhat mechanotransduction,
neurologcal and neuromuscular pathwaygsuld significantly alter the risk of CCL
rupture and prolong the injury effect and associated pain. This has not previously
been reported for canine CClupture investigations,although several human

studies substantiate our findings.

The low number of statistically significaBNPgound in the LabradoRetrievers
Rottweilers and Staffordshire Bull Terriene most likely due to the relatively small
sanple size which resulted in low powekssociations that may be presenttirese
breed could have been missed as a result (false negativé#. performed the
stratified CMH Newfoundland analysis as it combines the numbers of
Newfoundlands from both the Eupean and North American analysedo one
study increasing sample size and power. fBsther combining the results of each
individual breed analysis into one meaaalysis, the low power issue is reduced
again Thenumber ofcases and controls are considdras one large grougnd the
results should identiySNPscommon to CCL rupture in all of theeedsstudied
Given the fact thathis study has yieldedignificantassociationst showsthat the
study worked with the numbers of dogs uséaking into acaunt that the SORCS2
SNP(rs23569097 was the most associated SNP in the stratified, European and the
meta-analysesas well as being significant in the Labra&atrieverbreed analysis

it is highly plausible that this gemaay have a role in CCL ruptws@sceptibility or

resistance.
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Additional validation of the associations found in this study should be conducted
using larger cohorts (to increase statistical power) and also in more breeds (to
determine if multiple breeds shareassociatedSNPE A more efined, next
generation targeted resequencing approach could also be carried out on the
significant regions toidentify additional SNPs andetermine precisely which
SNPA&egions of interest are involved in CCL rupture susceptibility explore the
gendic association to canine CCL rupture in more detailvhole genome re
sequence couldalso be carriedout. A cheaper method that just sequences the
coding regions of the genome (exonsg¥xome sequencing also a validnethod;
transcriptomesequencing oRNAsequencing (RNAseq) may identify neiNPghat

alter the RNA orausegene expressiochangesSNPsn the coding regions of the
genome are more likely to have a profound effect on a disease due to a direct effect

on protein function/folding/structure

In conclusion, analysis of Sequenom genotyping confirmed genetic associations
with CCL rupture on chromosomes 1, 3 and 33 that the GWWAly seported in
Chapter 3. Itindicated a potential role for neurologicadnd neuromuscular
pathways in the pathognesis and susceptibility to CCL rupture, with genes such as
SORCS2 and SEMAGSB indicated as being highly associated with CCL rupture in
multiple breeds.The data also indicatethat there are likely to béreed-specific
variations in thegenetic factorsanvolved in CClupture, as demonstratedby the
association ofdifferent SNPdn different breeds of dogHowever,there are also

some similaities in the genes andSNPsamong the different breeds indicating that
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there is somealegree ofshared pathogenicitpf CCL rupture between different dog

breedswhich may become more evident in subsequent validation studies
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Chapter 5.
Candidate gene
association with

CCL rupture



Introduction

In the previous chapters, GWA@nd Sequenom validationidentified novel
chromosanal regions andSNPsof interest that may be associated with CCL
rupture, using no prior knowledge of the disease or disease process to find them. In
this chapter, genes were selected from the literature that may hayeotential
functional association wit the disease initiation or progressio8NPswithin these
genes were tested for association with CCL rupture, for this reason this method is
OFfft SR GUKS a/lYyRARFGS DSySé¢ | LILINRI OK®
and relies on a prior knowledgand understandingof the disease, disease
components and pathways teelectgenes that may be of potential interest in CCL
rupture. This is a limiting factor and many disease associations within genes may be
missed for not being present in obviously asatail or functional genedBefore the
advent of genome wide arrays, candidate gene analyses were the standard method
for determining association of genesid SNPdor a variety of different diseases in

humansand animals[235, 291-293).

Although the GWAS whole SNP arrays have recently segent traditional
candidate gene studies, candidate gene analys#sretnain a valid approach to
investigate the genetic basis of diseas@é#ole genome SNP chip arrays have gaps

in the SNP distribution and some regions/genes do not necessarily have high

¢ K

coverage By manually selectinGNPs A 1t KAy OS NI | Aryerest WhgR ¢ ISy

may or may not be covered by the whole genome arraysu improve the
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opportunity of detecting an association in the specific gdhes possible to then to

confirm or eliminatdt as a candidate in CCL rupture susceptibility or resistance.

Candidate gene studies are based on selecting genes Siidsthat may be
implicated in the disease process (®BNPghat are in linkage with the causative
markers) As CCL ruptures a complex disordethere are likely to be many genes
implicated in iniation and progression of the diseadeé is unlikely that all of the
key genesdave been characterised asglected for analyses. As each SNP may only
have a small contribution to the disease rigkis likely to be the additive effect of
multiple varidgions from multiple genes thatvill impact on the overall risk for the
condition Thus, identifying individual variants that contribute more or less to the
risk of CCL rupturewill be difficult, especially with small sample sizes. Against that
argument, tke high LD presenh individualdog breedsmeanssmallersamplesizes

are needed to identify significant SNP associations than if the study was being
conducted in humans. Hence, any differencesliele frequency between canine
cases and controls may imdite that the SNP is involved in the disease (or katje

with another SNP that is functionalln this way, SNP associations may narrow
down the gene/genomic area for further detailed investigation. This could then be
further investigated by fine mappg) resequencing, as well as by usimngyivo and

in-vitro functional association tests.

In previous canine candidate gene studies, using a cohort of Newfoundlands, the
researchers tested FBN1, COMP and COLOACCL rupture associatignghey
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found no sgnificant association§233. Other work carried out within the Boxer
breed also discounted Collagen typé (COL9A COL9ZA COL93) [235 and
COL2A as potential candidates for association with CCL rupf2gd]. Clementset
al.[292] performed a candidate gene study @@ genesthat had been all found to

be previously associated with ostewthritis (OA) in dogsThey found no significant
associations between their 20 gema@ndCCL ruptur@and also no common genetic
factors between the diseases either within the same breed or between the two

breeds studied.

Published candidate gene studies in human research have prtvebe more
productive Theyhave suggested that polymghisms within CCBA1 are relevant

to the risk of ACL rupture anid tendinopathy of the Achille§234, 295. COllAL

has also been linked with susceptibility to ACL rup{@@s, 297]. In the latterwork
Khoschnatet al. performed a study evaluating association of the SP1 transcription
factor binding site with ACL rupture and shoulder dislocations. The SP1 binding site
is located on intron 1 of the COAL gene and causes a-Tmutation[297]. The
mutation causes an increase in binding of SP1 to the gene and an increase in
COLILAL transcription which leads to a greater tensile strength of the ligament
However the imbalance between the COAL and COLA2 chains (normally in ratio

of two units CO1AL: one unit COLA2) can cause osteoporosis and other bone

density problems.
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This chaptemwill assessvhether select candidate genes are associated WGtOL
rupture in apopulation of Newfoundland dogs and in three other breeds that are at
increased risk for CCL rupture (Labra&mtrievers Rottweilers and Staffordshire

Bull Terriers).

Methods

Sample selection

In addition to the Newfoundland dogs studied previously histproject, a further
three breeds(LabradorRetrievers Rottweilers and Staffordshire Bull Terriers) were
studied these werechosen because of thecreasedrisk status of their breedor
cruciate rupture [93]. They were included todetermine whether the same
candidate genes were associated with CCL rupture in the diffdyegeeds which

wouldindicate a common pathogenesis to CCL rupture agosseptiblebreeds.

Thesame749 sampleshat wereused in Chapter 4 (sedable4.1, page 15) were

alsoused in this study.

Candidate gene and SNP selection

Genes were selected for investigation into CCL ruptoased ona potential
involvement in disease initiation or progressioor, functional association with
ligament structure, function and tensile strength. Pubmed

(http://www.ncbi.nim.nih.goy, Scopus (http://www.scopus.conm) and other
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scientific library databases wereadto compile the list of candidate geneSearch

terms ircluded cruciate ligaments, ligament structure, cruciate ligarmemury and
connective tissuesSNPswere selectedfrom Ensembl and were choseio be
spread as evenly as possible throughout the genes of intekéstations that were
non-synonymous or fram&hift were given priority inclusion over intronBNPgthe
frequency of these types of mutations was lower tha&amonic synonymous
mutations). An even coverage was selected so as to maximise likely associations
within the genesGiven thehigh LDpresent n individualdog breeds (spaning MB
regions in some casefi)e likelihood of choserSNPseing causative or beingn
linkage with a causativENPwas high. The genes choseaasonfor selection and

the number ofSNPdyped in each genareshownin Table5.1
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Table5.1. Selectedcandidate genes and reason for inclusion in the studye

number of SNPshosen in each gene is also shown.

Gene Number . Literature
Gene name SNPs Reasorfor choice
Symbol references
chosen
Part of ECM. Affects rate
Fibromodulin FMOD 1 fibril formation and [298 299
fibrillogenesis
Decorin DCN 9 Affectsrate of fibril formation [300, 301]
Involved in elastic fibr
Elastin ELN 10 formation whichiskey to CC [302-304]
structure and stability
Part of ECM.Important in
Opticin OPTC 13 collagen fibril morphology, [305, 306|
spacig andorganisation
Important n elasticfibre
Latenttransforming architectural  organisation
growth factor binding LTBP2 9 and assembly within th [307, 30§
protein B2 ECM. Struoiral component
of microfibrils
Important in collagen fibr
Biglycan BGN 1 assembly and organisation [67,72]
ECM
Structural component ©
ECM. Important for calciun
Fibrillin 1 BN1 8 binding in microfibrils whicl [309-31]]
provide the force bearin
support to ligaments
Part of ECM. Role
structural integrity of
Cartilage  oligoreric cartilage via interaction witl [233 312
. . COMP 1 . .
matrix protein collagens and fibronectir 313
May have a role i
pathogenesis of OA
. : Involved in  biosyntheti
Serpin peptidase
inhibitor,  clade HSerpinH1 7 Pathway - of  collager g 59 4
member 1 formation and helps binc
collagens
. Attachment site fo
Procollagenlysine, - 2 carbohydrates in collager
oxoglutarate 5 PLOBL 7 ; - [315 316
dioxygenase 1 esse_r_1t|a_l for cross lin
stability in collagen fibres
Important part of collager
. formation and  strength
Lysyl oxiase LOX 6 Promotes crosslinking o [317,318
fibres to fibrils
Collagen type | ggti’;lz g Main component of ligament [319, 32(]
Collagen type 11l COL3A1 7 Component of ligament [320Q
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Number

Gene name Gene SNPs Reasorfor choice Literature
Symbol references
chosen
COL5A1 12 Component of ligament [234, 321-
Collagen type V COL5A2 7 Important in fibril assembl 3é4]
COL5AS 13 and formation
COL6AlL 1 Component of ligament. Pa
Collagen type VI COLBA3 9 of ECM [325
Important in fibrillogenesis b
COL11A1 11 controlling lateral growth o
Collagen type XI COL11A2 7 collagen fibrils. Component [326,327]
of ligament
Interacts with COL typd.
Collagen type Xl COL12Al 11 Component of ligament [328 329
Regulates fibrillogenesis |
\
Collagen type .XI COL14A1 7 integrating collage bundles  [33Q
(also named Undulin) .
Component of ligament
Regulation of fibrillogenesi
Collagen type XXIV  COL24A1 9 Mineralisation of bone [33]
Matrix
metalloproteinase- 1 MMP-1 6 Cleaves collagen [332 333
Important in collagen
fragmentation. Involved i
Cathepsin K CTSK 5 osteoclastic bone resorptio [334, 335
and bone remodelling, by
causing ECM degradation
Major component in ECM (66,336
Aggrecan ACAN 6 Has a role in inflammator 3éﬂ ’
joint diseases and OA
SIX homeobox 1 SIX1 1 Involved in ligamet, tendon (338 339

and limb development

- 156-



The candidate gen&NPdor this study were initially chosen from the CanFam?2
alignment of the canine genomdHowever, as a new build of the genome was
released in May 2012 (CanFam3) the data were sylosatly realigned to the new
assembly The majority of theSNPsetained their location within the same gene as
the CanFam2 annotation, but one gene Elastiasrealigned from chromosome 9
to chromosome 6. As a result of this realignment, the seSélPdnitially chosen
becausethey located within the Elastin gervere no longer within that gene. Four
of the SNPs(rs24535705, rs24568755,rs24535784 andrs24535768 are now
intergenicand three of theSNPgrs24553222rs24566251 anas24566255 located

to other genes These area novel protein coding genes@4553222) and U6
spliceosomal RNAs24566251 ands24566259. One other SNRs22372241had

alsobeenre-aligned to a novel protein coding gene insteadha COILA1 gene.

Once genes had been selecté&g@NPspresent within the gene oin regulatory
NEIA2Yya 0pQ wertl]identifled ysihgy &heé Ensembl database
(http://www.ensembl.org). The SNPsof interest (and 100bp flanking sequence)
were minedfrom Ensemblsing Biomartand exported inrFASTAormat. They were
converted to a formasuitable to run through the Sequenom assay design software

using acustomisedPERIscript.

In total, 196 SNPdrom 28 genes were chosefor investigation in the candidate

gene study
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The genotyping of the&SNPswas performed using SequenoniPlex MassARRAY®
technology at the Wolfson Centre for Personalised Medicine inRharmacology

Departmentat the University of Liverpoals in Chapter 4.

Assay design

The 196SNP<hosen for the candidate gene study were poolethiseven plexes
(reactions) by the assay design softwarex29 plex, 1x28 plex and IXplex; nine
SNPswere excluded as suitabl@rimers could not be designed 1(s8817977,
rs8907731, rs22913607, rs22913610, rs9113092, rs245848623655986,
rs24044145 and B8619084)and one SNP s8742180formed a singleplexthat was

not economically viabléo be run and was excludedThis left186 SNPsto be

investigated The primer and probe sequences for each SNP are shoAppandix

V.

Qudity assurance

Following genotyping hie data vere assessed for QA and data were excluddte
sample call rate was <75%, the genotype call rate <75%, the control population was
not in HardyWeinberg equilibrium (p<0.a) and/or the minor allele frequenc
Xnodnmd C 2Z2theingnbdrs/asamples andcSNPghat remained for analyses

differed for each breed and are shownRigure5.1
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196 SNPS

Design of plexes:

10 SNPs removed % QAcriteria:
SNPs and samples excluded if:
186 SNPS sample call rate <75%
genotype call rate <75%

HW in controls p<0.001
minor allele frequency £0.01

META-ANALYSIS

CMH (2x2xK)
ASSOCIATI ON

CASE / CONTROL ASSOCIATION

N7 N7

7

(e | é% (o ) [ ) [ )

Staffordshire

Bull Terriers
107 SNPs 98 SNPs 104 SNPs 90 SNPs 92 SNPs 92 SNPs 87 SNPs
CASES: 296 CASES: 72 CASES: 45 CASES: 28 CASES: 91 CASES: 49 CASES: 11
CONTROLS: 401 CONTROLS: 110 CONTROLS: 42 CONTROLS: 69 CONTROLS: 103 CONTROLS:49 CONTROLS: 28

Figure5.1. The number ofSNPsand cases/contols remaining for each breed after

QA in the candidate gene study.

The data were examined on a breed by breedase controlbasis and the

Newfoundland group was analyseding aCochragMantelcHaenszel (CMH) 2x2xK

(stratified by country)analysisas wellseparateanalysis for théNorth Americarand

Europeangroups.A metaanalysis was also perimied to determine associations

across every breed

Correction for multipletesting was performed using three methods: 100,000

permutaions, Benjamini &Hochberg dlse discovery rate (FDRnd a modified

oBonferronistyleg correction where thep-valueis divided by the number of genes

in the analyses.When metaanalyses were run multiple testing was not

automatically carried oyttherefore an estimated correction \as applied after

meta-analysesvere run,using themodified dBonferronistyles correction.
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The modified cBonferronistyle€ correction was usednstead of the standard
Bonferroni correction(dividing thep-valueby number of tests i.&NP} as this was
considered too severgor multiple correction given the LD structuref dogs.
Correction for the number of genes was considered to be a suitable alternative

because of the highD with each othewithin each gene

Results

The 20 most associatedlSNPsfor the stratified CMH Newfoundland analysis are
shown in Table 5.2. The SNPsthat were associated with CCL rupture in the
Europeanand North AmericanNewfoundlands, as well as in thather breeds

(Labrador Retrievers Rdtweilers and Staffordshire Bull Terriers) analyses are

shown inTableb.3
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Table5.2. Twenty mostCCL rupturessociatedSNPsn the Newfoundland CMH stratified candidate gene anakys

p (BONF p p

CHR SNP Gene Consequenence Al MAF A2 POSITION (ra?w) STYLE) (perm) (FDR) OR 95% ClI
36 rs8587007 COL 5A2 Intronic T 0.18 A 33604230 0.006 0.15 045 054 0.40 0.21-0.76
9 rs24560587 COL 1A1 Intronic C 031 A 29515328 0.024 0.60 091 0.70 0.52 0.30-0.92
17 rs22597612 Cathepsin K Downstream T 0.13 C 63008191 0.030 0.75 095 0.70 0.43 0.20-0.94
9 rs24546447 COL 5A1 Intron splice variant T 0.13 G 54147364 0.035 0.88 097 0.70 2.31 1.09-4.91
36 rs23942103 COL 3A1 Intronic G 006 C 3354721 0.043 1.00 098 0.70 2.87 1.02-8.11
6 rs8652327 COL 11A1 Synonymous C 005 T 50628874 0.048 1.00 099 0.70 0.26 0.06-1.02
11 rs22190862 LOX Intronic A 032 G 15041235 0.058 1.00 1.00 0.70 0.62 0.38-1.02
38 rs24048794 OPTC 0Q | ¢w C 016 A 322563 0.070 1.00 1.00 0.70 1.76 0.94-3.29
9 rs24553222 Novel Intronic T 0.03 C 24898151 0.086 1.00 1.00 0.70 0.27 0.05-1.32
11 rs8679272 LOX Intronic T 038 C 15038128 0.087 1.00 1.00 0.70 0.64 0.39-1.07
3 rs23546710 ACAN Synonymous A 026 G 548603® 0.100 1.00 1.00 0.70 0.64 0.38-1.10
9 rs24546410 COL 5A1 synonymous A 020 G 54141470 0.101 1.00 1.00 0.70 1.60 0.92-2.78
9 rs8680884 COL 5A1 Intronic G 035 A 54093629 0.110 1.00 1.00 0.70 1.46 0.92-2.31
9 rs24535705 N/A (Was Elastin) Intergentc A 0.03 G 24951335 0.111 1.00 1.00 0.70 0.34 0.09-1.34
30 rs23648407 FBN1 Intronic T 020 C 17707531 0.112 1.00 1.00 0.70 1.61 0.90-2.89
9 rs24566251 U6 Downstream A 0.03 C 24922431 0.114 1.00 1.00 0.70 0.29 0.06-1.47
9 rs24578426 COL 5A1 Misseng T 0.02 C 54169612 0.126 1.00 1.00 0.73 0.20 0.02-1.82
9 rs8680883 COL 5A1 Intronic C 034 T 54093637 0.142 1.00 1.00 0.76 1.42 0.89-2.26
17 rs22595730 Cathepsin K Intronic G 0.02 C 63012099 0.148 1.00 1.00 0.76 0.27 0.04-2.02
9 rs24546719 COL 1A Synonymous A 0.01 G 29522007 0.175 1.00 1.00 0.80 0.00 0.00-0.00

KEYAL = base for allele 1, A2 = base for alleléMAF = minor allele frequencyy(raw) = rawp-value. Threedifferent tests for correction for
multiple testing were performed: p (BONBTYLE=modified “Bonferronistyle” corrected p-value (corrected for 25 tests the number of
genes used in this studyp (FDR) p-valuefor FDR, p(perm) p-valuefor 100,000 permutations. OR = odds ratio, 95% CI = 95% confidence
interval of the OR.
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Sixof the 98 SNPghat passed QAn the Newfoundland group as a who{€MH
analysis)had araw p-value 2 ¥ >KFidenop theseSNPswere located within
collagen genes (C6A2, COLAL, COBAL, COBAL and COL1A1) and one SNP (the
third most associated) as found in Cathepsin K. After correction for multiple

testing using all three methodap SNPs were significant
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Table5.3. SNPssignificantly associated with CCL rupture in Newfoundlands fr&orope Norh America, Labrador Retriever&ottweilers &

Staffordshire Bull Terriersn the candidate gene analyses

CHR SNP Gene Consequence of SNP A1 F A F_U A2 p(raw) pS(E\?Ll\IIEI; p (perm) p (FDR) OR 95% CI

9 rs24546447 COL 5A1 Intron splice site T 03 009 G 0.0023 0.06 0.20 0.24 4.23 1.59-11.23
- 36 rs23942103 COL 3A1 Intronic G 0.2 0.07 C 0.0263 0.66 0.9 0.64 3.29 1.10-9.80
- 9 rs24546410 COL 5A1 Synonymous A 031 017 G 0.03D 0.8 0.95 0.64 2.27 1.06-4.86

3 rs2354671A ACAN Synonymous A 017 03 G 0.0417 1.00 0.98 0.64 0.46 0.22-0.98

36 rs8587007 COL5A2 Intronic T 0.06 0.25 A 0.00273 0.06 0.30 0.24 0.18 0.05-0.60
<Z': 38 rs24048794 OPTC 0Q | ¢w C 0.23 0.09 A 0.01696 0.39 0.80 0.75 3.08 1.20-7.86

9 rs24560587 COL1Al Intronic C 025 046 A 0.02576 0.59 0.9 0.76 0.39 0.18-0.85
5 6 rs24306291 COL 24A1 Intronic T 051 029 C 0.00002 <0.01* <0.01* <0.01* 2.56 1.66-3.97
> 6 rs24306964 COL 24A1 Synonymous A 057 041 G 0.00458 0.11 0.41 0.21 1.86 1.21-2.85
= 8 rs8721919 LTBR Intronic G 053 04 A 0.01443 0.36 079 037 174 112272
ad 12 rs22217603 COL 11A2 Synonymous T 0.05 0.12 G 0.01828 0.46 0.85 0.37 0.37 0.160.87
_§ 38 rs24048817 OPTC Splice region synonymous A 0.04 0.01 G 0.02313 0.58 0.90 0.37 7.91 0.96 64.96
_‘g 3 rs2354671@8 ACAN Synonymous A 017 03 G 0.02435 0.61 0.91 0.37 0.46 0.22-0.98
@ 38 rs24038028 OPTC Downstream C 0.03 001 T 0.04115 1.00 0.98 0.48 6.82 0.81-57.24

38 rs24029015 OPTC 0Q}] ¢w T 0.03 0.01 C 0.04148 1.00 0.98 0.48 6.80 0.81-57.06
% 9 rs24535768 N/A (Was Elastin) Intergenic C 0.01 0.24 A 0.00098 0.02* 0.08 0.09 0.07 0.01-0.53
2 9 rs8680883 COL 5A1 Intronic C 053 034 T 0.00802 0.20 0.47 0.37 2.20 1.22-3.94
2 30 rs23637297 FBN1 Intronic A 032 047 C 0.02989 0.75 0.92 0.5 0.52 0.29-0.94
5 30 rs23651397 FBN1 Intronic T 0.33 047 A 0.04391 1.00 0.97 0.5 0.55 0.30-0.99
o 15 rs22378757 Decorin Upstream T 0.11 0.03 C 0.04%0 1.00 0.98 0.5 3.66 0.96-14.01
— 6 rs24278005 COL 11A1 Intronic A 0.14 0.02 G 0.03693 0.96 0.95 1.00 8.37 0.82-85.42
(‘3,0) 12 rs22255739 COL 11A2 Synonymous A 025 0.08 G 0.0460 1.00 0.97 1.00 4.00 0.95-16.83

12 rs22184922 COL 12A1 Synonymous G 0.27 052 A 0.05014 1.00 0.98 1.00 0.35 0.12-1.02
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KEYAL = base for allele 1, A2 = base for allelde®] = Europan Newfoundlands, NA = North American Newfoundlands, SBT = Staffordshire
Bull Terriers, Al = allele 1, A2 = allele RA/U = frequency of allele in affected/unaffected dogs(raw) = rawp-value. Three different tests

for correction for multiple testing wee performed: p (BONFSTYLE= modified “Bonferronistyle” corrected p-value (EU, Labrador
retrievers, Rottweilers corrected for 25 tests, NA corrected for 23 tests, Staffordshire Bull Terriers corrected for 2§ @$EDR) p-value

for FDR, p(perm) p-valuefor 100,000 permutations.OR = odds ratio, 95% CI = 95% confidence intervéh®fOR.Asterix (*) = significant

after multiple correction,“A  =nificamt i more than one breed
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Fourof the 104SNPghat passed QAn the European subgroup of Newfoundlands
had araw p-value2 ¥0.03The SNPswvere found within collagen genes (Al
and COBA1) and the fourth SNP was found in the ACAN géifter correcting for

multiple testingwith all three methodsnonewere significant

Three of the 90 SNPsthat passed QAin the North American subgroup of
Newfoundlandshad araw p-value 2 ¥ )KJjihe B8Pswere in collagen genes
(COBA2 and CO1A1) andin OPTC geneftar correcting for multiple testingising

all three methodshone were significant

Eightof the 92 SNPsn the LabradoRetrieversthat that passed QAad araw p-
valuez2 T0.02The most significanSNPn this breed (s2430629) was significant
after correding for multiple correctionin al three tests ¢Bonferroni Styl&
p=0.00L, permutationp=0.003, FDR=0.002). Tis was an intronic SNP in COA24
The second most associated SNP was also present iM&Ddrad the SNP ranked
fourth was in COLUA2, the remaining significanBNPswvere within genes LTBP2,

OPTC and ACAN.

Fiveof the 92 SNPghat passed QAn the Rottweiler grouphad araw p-value of
Xn dTheSNRhat ranked number two was in a collagen gerf@OBAL. The other
associatedSNPswvere in FBN1 and Decorin. The most associated ISNI335768

(originally chosen for being in the Elastin gene in the CanFam2 annotation) is
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intergenic in he new CanFam3 annotationfté correcting for multiple testing

none were significant

Threeof the 87 that passed QAn the Staffordshire Bull Terrier grolyad araw p-
valuez2 ¥0.05KAIl of theSNPsvere within collagen genes (CQAL, COL1A2 and
CQ.12A1). Ater correcting for multiple testingising all three methods)one were

significant.

A metaanalysis was carried outn the data to compare the breeds in ease
control study as a whole coharirable5.4 showsSNPghat were associatedvith

CCL rupture from this analysis.
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Table 5.4. SNPsassociated with CCL rupture from the eta-analysis ofthe
candidate gene dateof the stratified CMH Newfoundland data, théuropean
Newfoundlands North American Newfoundlands datasets and the Labrador

Retriever, Rottweiler and Staffordshire Bull Terriers dagets.

Consequence of Estimated
Gene  CHF Positon  SNP SqNP ALA2 P p(BONF OR
STYLE)

COL 5A1 9 50752492 rs8680883 Intronic C T 0.0011 0.03* 1.46
COL 1A1 9 26190947 rs24560587 Intronic A C 0.0018 0.04* 152
COL bA1 9 50806219 rs24546447 Intron splice variani T G 0.0022 0.05* 2.45
COL 3A1 36 30519543 rs23942103 Intronic G C 0.0036 0.08 3.06
COL 5A1 9 50752484 rs8680884 Intronic G A 008 018 1.38
COL 5A2 36 30575052 rs8587007 Intronic T A 00114 026 0.65
EI/aAs'EmV\;aS 9 2163162¢ rs24535768 Intergenic C A 00177 041 0.15
COL 5A1 9 50752527 rs8680882 Intronic T C 00195 045 1.38
COL11A1 6 47575177 rs8652327 Synonymous C T 0028 050 0.31
FBN1 30 14717526 rs23648407 Intronic C T 00249 057 0.72
LOX 11 12036988 rs22190862 Intronic A G 0026 060 0.76
COL24A1 6 6228230C rs24306291 Intronic T C 00288 066 1.31
Novel (Was o 51569516 rs24553222 Intronic T C 00291 067 054
Elastin)
COL 5A1 9 50800325 rs24546410 Synonymous A G 00357 0.82 133
E{:SEmV\;aS 9 2162270C rs24535705 Intergenic A G 00358 0.82 057
COL 5A2 36 30548758 rs8867454 Intronic T C 00498 1.15 0.74
LTBP2 8 47686777 rs24469329 Missense T C 00499 115 1.56

KEY:Al = base for allele 1, A2 = base for all@eNovel = novel protein coding
gene, U6 = U6 spliceosomal RNAR = odds ratio.Estimated correction for
multiple testing was run using the modifie@onferroni correction, correcting for

23 tests(genes common to all breed analyses).

Seventeen of the 10BNPswhich were common in two or more breed analyses
were significant with a rayp-value2 ¥0.03KOf the17 SNPghat were associated
with CCL rupturell were within collagen genes seven of wich were collagen

type-V (five in ©OL5A1 and two in COBA2). The remaining collagens thabntained
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associatedSNPsvere COLA1, COBAL, COL1A1 and COL2A1. The other genes
containing associated SNR&re FBN1, LOX.TBP2a novel gene and tw&NPs
were ntergenic.The threeSNPswvith the lowest rawp-values were significangafter
estimated correction for multiple testingThey were in COL5A1 and COA1,
indicatingpotential involvementof both the Collagen type | and type V genes with

CCL rupturesusceptbility.

One mutation rs24469329 (in gene LTBP2) is a missense mutation and causes a
change in the codon from GA®MAA. The altered codon causes an amino acid
substitution E*-K, an acidic amino acid (Glutamic acid) being substituted with a
basicone (Lyse). From the amino acid sequence the secondary structwes
predicted for LTBP2sing the prediction softwaralgorithmimplemented byChou

& Fasmar[340, 341]. The mutation is at amino acid residue 744 and is present in
helix 721. There have been no NMR oara¥( crystallography structural models
prepared for this protein that encompass the residue in quesaod so itis not
possible to map on a 3D structure where the mutation lies (binding site, internal or
external etc).Further functional analysis is required to determine the role of this

mutation in CCL rupture susceptibility
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Discussion

The candidate gendata were analysed on a breed by bre@dse controbasis to
determine whether any SNPsassociged with CCL rupturewere in multiple
susceptible breeds. It was hoped that this approach might identify risk (or
protection) associatedNPspecific for eaclbreed and common to all (or several)
breeds. A metaanalysis wasonductedto enablethe data to be examined aa
single cohort, this increasd statistical powerrelative to the individual breed
analyses. It ansideed genetic influences on CCL rupture aystibility across all

breeds studied

The most associated CCL rupture SNP in the Rottweilers (rs24535768) was an
intergenic SNRsee Table 5.3) that was significantafter correction for multiple
testing with ad . 2 y -84 KRRv@lde=0.02. The SNP is ~50Kb upstream of the
non-coding RNA for the U6 spliceosomal gene and is also ~50kb downstream of
several Keratidike associated genes. Keratin akeratin associated protesiare
involved in the strengtland structure of haiand skin andhave functional roles in
wound healing, epithelial repair and cytoskeletal protein synthE$4® 343]. The
homeostatic response to tissue damage in epithelial cells involves a complex
response, including the upregulation of keratin filament gendshas been
suggested that a similar process to that which occurs during the epithelial
regeneration, mayalso occur in other tissues (such as ligaments) in response to
their injury [342]. Associationof mutations in keratin genesvith CCL rupture is

therefore functiondly feasible.
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Two SNPghat were significant after correction for multiple testing in theneta-
analysisvere in Collagen typ® gene Thissuggestghat thiscould be gparticularly
important gene in relation to CCL rupture susceptibility. Collagen-¥me an
important candidate gene because it is involved in the formation and assembly of
the collagen fibril§234, 321, 323, which are key to the composition and strength
of the ligaments. A third SNP which alsignificantafter correction for multiple
testing was in collagen typlethe most abundant cadigen type found in ligaments
[43]. As ollagen is a key component of ligament, a number of collaggares were
chosen for investigation. Mutations that directly (or are in linkage disequilibrium
with one that do) alter the collagen protein sequence, formation, structure and/or
organisation of collagen fibrils, such that thaye unable to retain their ormal
organised structures and strength may cause weakness and loss of key siability
the CCLThis would mean that a ligament formed with the mutated collagen fibrils
may be more susceptible to rupture under normal conditiange. noncontact

rupture.

Other genes that hadignificantraw p-values (although significance was ns¢en
after correction for multiple testing) include: Cathepsin K, Aggrecan, OPTC, LTBP2,
FBN1, Decorin and LOX. Cathepsin K is a matrix degradation protease that is
involved n bone resorption and the degradation of cartilage and the HGM].
Levels are often found to be increased after inji8¢5 and defects in Catheps K
have been linked to skeletal disorders such as osteopor{3#f as well

inflammatory conditions such as rheumatoid arthriti847, 348]. There is an
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emerging rolefor Cathepsins in the innate immune respori849|, wherethey are
believed b initiate apoptosis of inflammatory cells such as neutrophdSQ.
Cathepsin K has been shown to be differentially expressed between ruptured and
intact CCLE351] and as such was seen as an important candidate gene to consider
in this study. The associaté@NPsn this gene may be in LD wiBNPdghat are in
regulatay regionsof the gene.lt is possible thaSNPsnay cause arincreaseor
decreaseof proteolytic/collagenolytic activityof Cathepsin K within ligaments.
Alternatively, a SNP may cause a change in localisation of the enzyme which may

contribute to diseassusceptibility.

SNPsn several &tracellular matrix (ECM) proteins were found to be associated
(raw p-values) with CCL rupture in this stugdglthough after correction for multiple
testing they did notshow significance They were Fibrillii (FBN1), Dsorin, Lysyl
oxidase (LOX)Aggrecan (ACAN), Opticin (OPTC) and Latent transforming growth
factor beta 2 (LTBP2EBN1, Decorin, ACAdhd OPTC are heavily glycosylated
glycoproteins (proteoglycans), important in providing the structural support and
integrity of the ECM and thdéigaments[352, 353. The integrity of the ECMis
important in growth and repaif354], cell matrix communicatiofi355 and isalso
important in withstandirg load compressiof356]. Altered ECM composition may
lead to an increase in CCL rupture risk, as the ligaments are structurally altered such

that they are unable to withstand normaldd and compression.
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Aggrecan (ACAN) is involved in cartilage formation which helps resist compression
of cartilage and ligaments and is therefore critical in the structure and strength of a
joint [66, 336, 357]. If ACAN is mutatesluch that theability of the ligament and/or
cartilage to resist compresm and stretch becomes compromiseatmay lead to
premature rupturing of the ligamenirhis theory is supported by Prattt al.[358]

and many dgenerative joint diseases such as osteoarthritis are characterised by

proteolytic destruction of the matrix and loss of AC[386).

Latent transforming growth factobeta 2 (LTBP2), which has a high degree of
homology with fibrilling[307], helps in the formation of elastin microfibri|859].

This gene mapave a key function imKS f A3+ YSydQa NBES I &
providingrecoil and resilience properties. It also has a role in cell adhd860

361], a key process in tissue repg367.

Fibrillin 1 (FBN1) is essential for the formation of the elastic fibres and is involved in
structural support of connective tissues such as elafd®3. Lke LTBPZ2it is

essential in maintaining the elasticity of the ligaments.

Lysyl Oxidase (LOX) is an extracellular enzyme that aids in the crosslinking of elastin
and collagen fibref51] by causing the catalysis of specifisihe and hydroxylysine
residuesin the collagen amino acid chain. The crosslinking determines the strength

of the collagen fibres and the integrity ofie ECM and the ligament. Mutations
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within this gene may impact on the strength of the collagen and lead to a ligament
that is unable to withstandlaily stresses and is more susceptible to rupture than a

ligament formed with normal crosslinks.

Decorin isinvolved in matrix assembly and fibril formation and organisafi@®v]

and can help bind growth factors suchegsdermal growth facto(EGF) as well as
collagend369. Disruptions in the decorin gene may lead to altered packing and/or
assembly of the ctdgen fibrils, disrupting the normal strength of the fibres and

may leadto a ligament that is more likely to rupture.

Finally, Opticin (OPTC) helps to regulate collagen fibril asse{8bf and

2NEIF YAAlI GA2Y® adziil §A2ya Ay GKAZ 3ASyS YI &
A0NHzOGdzNBE 060& O2YLINBYAAAY3I (GKS tAIFYSY(Q
rupture susceptibility. Although opticin has predomingtdédeen found localised in

the ocular systenj366], it has also been detected in seveddher canine tissues
includingshoulder, elbow, rib chondrocyteglhment, skin, muscle and testg805];

therefore association with CCL rupture can be tentatively inferred

All of the above genes, although thaeyere not significant after correction for
multiple testing, were chosen for analysis because they are key components in the
ECM and are structural constituents of ligaments. A defect in any one of these

genes may significantly affect the structural integofythe ligament, resulting in its
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failure during normal activity. Failure to retain significance after correction for
multiple testing may be due to the small samples numbé&tsther validationof
these data in a larger cohort of dogswould verify the true signficance ofthe

results

Comparing the alleles that confer risk to the disease is impotfiantievelopment

of genetic screening tests and for determining risk of each dfigh the exception

of SNRs23546710 between the Eapean Newfoundlands and Lalolar Retrievers,

GKS aGNRalé¢ FtftStS BEP rEBBKE710ads hé sahe/minSrk OK 6
allele (A) in each breedout the odds ratio shows the risk allete be WD Q F 2 NJ
European Newfoundlandsy R W! Q A yRetiiekess This-amiguity taydbe
attributed to the SNP being ibDwith the associatedmutation rather than being
associativeitself. These mutations may be different and present with variable
frequencies in the breeds studiedr there could have been a genetic crasger

during breed ceation. Alternatively, theSNP<ould be subject to genotyping error

and may have been missalledby the analgis software- this is unlikelyhowever,

as all SNPswere visually checked for correct clustering. Once #ssociated
mutations have been ideifted and the risk allele have beerdetermined for each

breed, a screening test can be developddhe genotype of eacdog would be
examinedand those that have the risk alleles at each loould be significantly

more at risk compared to those dogs thave fewer or no risk alleld867].
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To date, no cadidate gene studies have shovamgnificant results for canin€CL
rupture. This study is the first of its kind to sh@etential associatios of certain
SNP&enes withCCL rupture in dogs. The results need further validation in a larger
number of dogs and breeds to confirm the associations and also to confirm (or
refute) that differentSNPsnay be important in different breeds for susceplityi to

CCL rupture. Fine mapping and next generatioiseguencing of the associated
SNP regions should also be carried out to further examine regions of association.
Expression work such as transcriptomics usiAgCGR should also be conducted for

the siquificantly associated genes found in this study.

In summary, this study confirms conclusions of several other studies investigating
genetic components of cruciate rupture; collagens are important genes in CCL
rupture susceptibility. Collagen typé and ype-l are the predominant genes that

have statistically significal@NPsssociated with CCL rupture in this study
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Chapter 6.
DLA typing of
Newfoundlands
with cruciate

rupture



Introduction

Previous chapters haveconsidered genetic involvement n CCL rupture
susceptibility, but have not focused their approach on any spetgtiailedgenomic
regions.As theremay be an autoimmune component to CCL rupt[8e31, 105
the main genes thatcontrol the immune system- the Major Histocompatibility
complex (MHC) will bstudied MHC genes control the strength @amature of
immunity and mn dogs this is called the dolgucocyte antigen (DLA) system
Variations in the DLA region can control susceptibitifydogs to diseases. DLA
associations have been found for sevecanine autoimmune diseases such as

hypothyroidsm, polyarthritis and diabetg4.19, 120, 124].

There are two classes of MHC molecules, class | and class Il. Class | have the role of
presenting antigens from intracellular origin to CD8 cytotoxaels[368]. Aass I
molecules can only present antigens from an extracellular origin, which have been
taken up from vesicles of phagocytic cells such as macrophageadritiecells and

B cells[369]. The DLA molecules then present the antigens to CbdllF[368].

These are helperf-cells which activate other T cells and B lymphocytes to generate
effectiveimmuneresponseg369. Destructive autoimmune responsé&say occurif

selfantigens are recognised and targeted.
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There are three genes that code for the MHC classolecules in dogs and these
are called DLARB1, DLLBQA1 and DL-RQBL1It is the hypervariable region in the
second exon of each of these genes tdatermines the efficiency of bindindo
different antigens[370]. There are many different alleles for each gerZb0 for
DRB1 (206 with official names), >#% DQAL 87 with official names), >14@or
DQB1 (100 with official names) and >280 haplotype combinations foutidee or
more dogs [personal communication from Dr LJ Kenneédghy oftheseare breed
specific and each breed has only a limited diversity of DLA a[@fds374]. The
Centre for Integrated Genomic Medical Research (CIGMR) at Manchistersity
has considerable expertise in studying DLA alleles and their disease associations;
because of the possible autoimmune nature of CCL ruptldeAtyping our
Newfourdland dog populations was considered to be a viable strat@ygre is
high linkage disequilibrium within DLA, especially between-DQA1 and DLA
DQB1[375), because of thig is possible to determine haplotypes of the DLA group
by typing just two of the three known genes (BDRB1 and DI-BQB1) to assess if

there is an DLA association with susceptibility to CCL rupture.

Methods

Sample selection
Ninety-five Newfoundland dogs (the san®® that have previously been genotyped
by llumina GWAS and Sequenom) were characterised for the two main loci of DLA

class Il (DLARB1 and DEBQB1) by sequence based typing of DNA using locus
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specific intronic primess. A negative control containing no DNA was also included

to identify any contammation or crossover of reagents.

Primer design
The primers were produced by MetabigiMartinried, Germany)as previously

described[372 376], and are detailed ifable6.1

Table6.1. DLA primers used for genotyping the DLA

Primer SEQUENCE

DRBL1 forward DRBIn1 CCGTCCCCACAGCADATT
DRBA reverse DRBInZI7 TAARCGACTCACTATAGGGGTACAACTCAGCAB(
DQBIlforward DQB1BT7 TAATACGACTCACTAGEALICACTGGCCCGGCTGTC
DQBlreverse DQBR2 CACCTCGCCGCTGCABCG

The product sizes are 303bp for DRB1 and 300bp for DQB1.

PCR

DNA was normalised to 5Ad. The PCR reaction was carried out in 96 well plate
format, with 25ng DNA in a 25l reaction volume, containing 20ul of master mix
and 5ul of DNAShg/ul). For each well the master mix included: 2.5ul 10x PCR
buffer (20mM, Roche Hertfordshire UK), 0.5ul dNTP mix (10mM,Roche
Hertfordshire UK, 0.13ul of fast start Taq (5U/URoche Hertfordshire UK), 0.5l

of forward primer (50uM), 0.5ul of reverse primer (50uM) and 15.87ul egDdH he
PCR was run on a tetrad gradient cycler in a tedmivn PCR ycle with the

following conditions:
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DOB DRB

dp g 3 minutes dp g3 minutes

dp g 30 seconds dp g 30 seconds

Toglminute- 1° C e X14 g elgé&minute- 1 ° C e X14 cycl e
T H g 1 minute T H g€ 1 minute

dp g 30 seconds dp g 30 seconds

c ¢ § 1 minute X20 p p g1 minute }XZO

T H g 1 minute T H g€ 1 minute

T H g 10 minutes T H § 10 minute

To confirm successful amplification, 5ul of each resulB@R producivas run on a
2% agarose gel. The PCR products were purified using shrimp alkaline phosphatase
(SAP}o remove any unincorporated dNTP# 1:8 dilution of SARJEB® EX0SAR®,
Affymetrix, UK was made and 4pl was mixed with 1pl of PCR prodilus was

then left for oneK 2 dzNJ | { thentheated fonypR YAy dziSa |G yne/ @

DLA sequencing
The samples were sequencatlSourceBioscience (NottinghanuK. The sequence
analysis and allele/haplotype designation was carredconjunction withDr LJ

Kennedy, CIGMR

Allele designatiorof sequence peaks was conducted using the SBTengine software

(http://www.gendx.com) ¢ see Figure6.1.

Dr Lorna Kenned¥;IGMR (Centre for Integrated genomic research)lBaof Medical and Human
Sciences Manchester University, Manchester, M13 9PT, UK
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heterozygous (28 positions) 404455405_CRUO168drb_T7F_a11 (RC) G:9138 A:5920 T:7518 C:12882 OY: 48.17
C A ¥ T T C K T G A R G A T G X B W A & G K Y C G

Figure6.1. An example chromatogram showingequencing of DLA haplotypes
Allele designationwas carried out in standard waycolour of peaks- allele: Green

= A, Red =T, Blue = C, Black = G. Double jpeaie position=heterozygougC+G
=S, C+T=Y,C+A=M, G+T =K, G+A=R, T+tA=W).

The softwarealignedthe generated sequences a consensus sequence and each
polymorphic locus was analysedby the software and checkedmanually. The
annotated sequence was matched to library reference sequence (taken from

http://www.ebi.ac.uk/ipd/mhc/dla/index.htm).

Analysis of haplotypes

Haplotype frequencies were determined for each analySssé contrglEuropean
case contrglNorth Americarcase controand EuropearversusNorth America) and
the statistical analyses was performed using STATCMA ntingency tables
OH Rverel wsed to determine a Yates corrected -shuared value and
correspondingp-value which are tabulated in each results tableCorrection for

multiple testing is not currently carried out when analysing DLA fitd 173].
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Results

Ninety-five Newfoundlandsvere characterised for their DLA l@eid ninedifferent
DLA haplotypes wer@t@ind in the cohort as a whol®RB*00601/DQB*00701
DRB*00201DQB*00101 DRB*006010QB*02001 DRB*00901»QB*008011
DRB*01201DQB*013017DRB*01301/DQB*0020DRB*015010QB*02301

DRB*02001DQB*01303nd DRB*030012QB*00301

Analysis was split into staiadd case controlanalyses Table6.2) andcase control
analyses were carried out on the Europedmlfle6.3) and North AmericanT@ble
6.4) samples separately. dmparison between the European and North American
dogs was also carried out irrespective of cruciatgture status {Table 6.5).

Significant haplotypepfKn ®np 0 NS KAIKE AIKISR Ay
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Table6.2. DLA haplotype frequenciesull cohort case control

Number Number
DLA Haplotype haplotypes: haplotypes: p-value OR 95% CI
Cases Controls
DRB*00201 / DQB*00101 16 16 0.953 0.95 0.41-2.17
DRB*00601 / DQB*00701 7 5 0.825 1.37 0.37-5.20
DRB*00601 / DQB*02001 4 5 0.947 0.76 0.16-3.38
DRB*00901 / DQB*008011 0 5 0.062 0.00 0.00-1.09
DRB*01201 / DQB*013017 16 22 0.288 0.63 0.29-1.38
DRB*01301 / DQB*00201 25 10 0.013 290 1.22-6.99
DRB*01501 / DQB*02301 8 6 0.847 1.30 0.39-4.45
DRB*02001 / DQB*01303 13 12 0.907 1.04 0.42-2.62
DRB*03001 / DQB*00301 5 9 0.358 0.51 0.14-1.74
KEY: Yellow = significanH{/alue<0.05), OR = Odds ratio
Table6.3. DLA haplotype frequencies, European case control study.
Number Number
DLA Haplotype Haplotypes: Haplotypes: p-value OR 95% CI
EU case EU control
DRB*00201 / DQB*00101 12 13 1.000 0.90 0.332.46
DRB*00601 / DQB*00701 5 5 0.738 1.00 0.234.37
DRB*00601 / DQB*02001 3 5 0.712 0.57 0.103.00
DRB*00901 / DQB*008011 0 0 - - -
DRB*01201 / DQB*013017 11 14 0.642 0.72 0.261.98
DRB*01301 / DQB*00201 11 5 0.171 256 0.739.41
DRB*01501 / DQB*02301 1 2 1.000 0.49 0.027.24
DRB*02001 / DQB*01303 3 0 0.241 - -
DRB*03001 / DQB*00301 2 4 0.673 0.48 0.063.27

KEY: EU = European, OR = Odds ratio
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Table6.4. DLA haplotype frequencie$\orth American case control study.

Number Number
DLA Haplotype Haplotypes Haplotypes: p-value OR 95% ClI

: NA case NA control
DRB*00201 / DQB*00101 4 3 0.900 1.24 0.22-7.55
DRB*00601 / DQB*00701 2 0 0.515 - -
DRB*00601 / DQB*02001 1 0 0.963 - -
DRB*0091 / DQB*008011 0 5 0.051 0.00 0.001.01
DRB*01201 / DQB*013017 5 8 0.436 052 0.131.97
DRB*01301 / DQB*00201 14 5 0.064 3.24 0.9411.69
DRB*01501 / DQB*02301 7 4 0.628 1.71 0.407.65
DRB*02001 / DQB*01303 10 12 0.622 0.69 0.242.03
DRB*03001 / DQB*0301 3 5 0.613 0.52 0.092.72
KEY: NA = North American, OR = Odds ratio
Table 6.5. DLA haplotype frequencies, European versus North America
(irrespective of cruciate status).

Number Number

DLA Haplotype haplotypes haplotypes: p-value OR 95% CI
EU NA

DRB*00201 / DQB*00101 25 7 0.00238 4.07 1.56-11.08
DRB*00601 / DQB*00701 10 2 0.05290 5.00 0.99-34.10
DRB*00601 / DQB*02001 8 1 0.05500 7.91 0.97-172.13
DRB*00901 / DQB*008011 0 5 0.05560 0.00 0.00-1.04
DRB*01201 / DQB*013017 25 13 0.08840 2.03 0.91-4.58
DRB*01301 / DQB*00201 16 19 0.50800 0.73 0.33-1.62
DRB*01501 / DQB*02301 3 11 0.03420 0.23 0.05-0.92
DRB*02001 / DQB*01303 3 22 0.00004 0.10 0.02-0.36
DRB*03001 / DQB*00301 6 8 0.65400 067 0.20-2.23

KEY: EU = European, NA = North American, Yellow = signifisasai (e <0.05), OR

= Odds ratio
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A visual representation of the haplotype data for each analysis (usirghpis) is

shown inFigure6.2.

DLA haplotype Case DLA haplotype Control

DLA haplotype EU Case DLA haplotype EU Control

KEY:
m 00201 | 00101
m 00601 | 00701
m 00601 | 02001
DLA haplotype NA Case m 00301 | 008011 p o haplotype NA Control
il m 01201 | 013017
m 01301 | 00201
® 01501 | 02301
® 02001 | 01303
» 03001 | 00301

DLA haplotype EU DLA haplotype NA

Figure6.2. Pie charts showing the DLA haplqgyg frequencies in the different
analyses. A star'E) indicates significantly different haplotype g9.05) EU =
European, NA = North AmericarA —Case controbnalysis, B- EUcase control
analysis, G-NAcase controlanalysis, D- EU/NA analysis
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Discus®n

DLA associatiorfsave been found fomany canine autammune diseases including
SLE and autoimmune haemolytic anaerfii@2 378]. However, it has previously
been reported, in a cohort of Labrador Retrieveasd Golden Retrievers, that there

IS no association between DLA haplotypes andrGg@ture [379. At the time of this
study, there had been no investigation into DLA haplotype association with CCL
rupture in Newfoundlands, nor had there been a study investigating DLA

haplotypes across geographical grougthin the same breed of dog.

Comparing DLA haplotypes in a case control study using Newfoundlands with
cruciate rupture compared to helhy controls (using the whole, unstratified,
cohort of 95 Newfoundlands), there was only one haplotype that was significant
haplotype DRB*0130DQB*00201(p=0.013). However, having demonstrated in
previous chapters thait is inappropriate to analysilorth American and European
Newfoundlands in the same analysis without first accounting for population sub
structure, this woull need to be validated in the separate European and North
American cohorts before the haplotype can be classed as keuhg associated

with cruciaterupture susceptibility in Newfoundland dogs.

When the data was split into separate European and Nétmerican cohorts and
the DLA haplotypes then assessed for association with cruci@iteire on acase
control basis, there were no significant haplotypes associated in the European

cohort, but there was one haplotype significant in the North Americahott. This
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haplotype DRB*00901/DQB*008011was only found inthe North American

Newfoundlands.

Haplotype DR®1301/ DQB*00201had the lowesip-valuein the European and the
second lowestp-valuein the North American haplotypep-{alue 0.17 and 0.06
respedively). It failed to reach significance in eithanalysis which may in part be

due to the small individual sample group sizes4&dogs from the European group
and 48 from the North American group. To confirm whether this haplotype is
definitely sigificantly associated with CCL rupture in the Newfoundland breed the
analysis should be repeated with a much larger cohort of Newfoundlands from each

country.

When comparing the European Newfounadls with those from North America
(irrespective of the cruate status), there wereight DLA haplotypes common to
both subgroups ofNewfoundlandsfour of which exhibited significant differences
between thetwo populations These werdDRB*02001/DQB*01303(@+£0.00001),
DRB*00201/DQB*00101 p£0.002, DRB*01501/DQB?2301 p=0.03) and
DRB*@601Y/DQB*00701 p=0.053). There were also two haplotypes that were
nearing statistical significance in the data@#B*®601/DQB*02001 p=0.055) and
DRB*@90Y/DQB*008011 p=0.056). The four significant haplotypes and tthat
were rearing significanceshowed that there are clear DLA differences between
European and North American Newfoundlands also confirmed the genetic
population stratification within the Newfoundland breed from different
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geographical originghat was foundin the other datasets in thigroject The
stratification is probably due to limited intercontinental breedirthis effectively
acts as if the populationare isolated from each other and will lead to different
allele frequencies between the two groups. Thérasfication within the
Newfoundland breed will have an impact on any future genetic investigations into
canine immune-related conditionsusing the breed It would suggest that any
genetic studies (small or large) have a PCA (or similar populationistritin test)
conducted on the data (even from dogs within the same breed) to determine if
stratification exists before performing any genetic and statistical phenotype
association analyses. If there are differences within the populatitimsn the

stratification must be accounted far the results analysed separately

Previous research has shown that there are differences in the DLA haplotype
frequencies found between different breeds of dfgy1, 373 380. This isdue to
breed isolation, breed creations ah other bottlenecks There has beerimited
reseach has been conducted into different haplotypes within the same breed of
dog but from different populationsg such as geographical locatiofsolated
populations of feral dogs, such as those fouwd islandslike Bali, Australia and
New Guinea have larggenetic diversityof DLA[381]. There are no selective
breeding pressuresr physical barrierdo prevent cross breedingopulationsare

large outbred and hetrozygosity is high Pedigreedogshoweve, are isolated by

breed rules and strict breeding standargdshence m these circumstances
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heterozygeity and genetic diversityis low and resistanceto certain diseases

including auteimmune diseasess reduced

In conclusion, this chapter supports thrk of Clement®t al. (2011) that there is

no DLA association involved in CCL rupture susceptibility whether this be in the
LabradorRetriever Golden Retriever or Newfoundland breeds of dog. There may
still be autoimmune components to cruciatgamentrupture, but the SNPsand
genes involvedre not part of the DLA region. This chapter confirms that thisre
genetic stratification within the Newfoundland breed, which can be attributed

the geographical originf the dog
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Chapter 7.
Quantitative gene
expresson
analysis betweer
ruptured &
healthy CCL tissL



Introduction

In previous chapters, candidate genes and genomic regions associated with CCL
rupture were identified either by whole genome approaches (GWAS) or by
selection as potential candidates usirtige existing knowledge of the disease
process. These genetic approaches considered the inheritance of CCL rupture, but
did not take into account potential downstreanifects of these genetic changes.

The first important step after genomic changes is th&uakexpressiorof a gene

under different circumstances such as growth, repair or disease. It is possible that
many genomic differences could be detected between the different phenotypes but
only a few would be relevant to the development of a phenotypeis Ifor this
reason, so much attentiohas been given to gene expressionthe last 20years

particularlyin relation tohealth and diseasg382-387].

By investigating gene expression patterns, one may identify particular processes
which are functioning to either causa condition orattempting to preventthe

repair of disease processes. Another reason that the science of transcriptomics has
become so well useth comparative biology is because it is noelatively easy to

do andis cheap to generate quantitative data with fairly inexpensive laboratory Kkit.
Indeed, it is far easier, because of the genome annotations now available, to assess
gene expression forlaost any molecule in almost any species and this would be
virtually impossible to achieve at the level of proteins, even with the recent

advances in proteomics.
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Gene expression changes have been described for many disg8&3888-391].
Genetic variationghat influence gene expressiosuch as changes in the DNA
sequence in the promoter or enhancer regioofsa gene can impact on disease
phenotype. Previously, gene expression would have been assessed by RNA
microarrays[392, 393, but these have largely been superseded byPCR[385,

394 and more recently, globaranscriptomics (RNAse395. QuantitativePCR
(@-PCRcan be used to examine changes in gene expression over time in a disease,
or duringtreatmentsregimensand as such is a useful diagnostid, as well as a

tool for research

Q-PCR is an innovative version of a standard PCR reaction that evaluates gene
expression changes in real time. It measures the kinetics of the reaction in the early
stages of the cDNA amplification (exponential phasesufing 100% reaction
efficiency, the amount of product doubles with each cycle of PCR that is carried out
There is a quantitative relationship between amount of starting product and

amount of target product at any given cycle.

The aim of this study wa® evaluate gene expression changes betweeptured
CClLtissuescompared to normal healthy CCL tissue samples inaadsird case

control experiment.
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Methods

Sample collection and storage

Five clinical CCL rupture casesuftured ligament tissue) were clected during
reconstructiveCCL surgeryihe breeds were varied and included a Border Terrier, a
Jack Russell Terrier, an English Springer Spaniel, a Bulldog and LRetaidoers
These werecompared with healthycontrol CCL tissueollected fromfive cadavers
that had beeneuthanasedfor reasons other than degenerative joint diseagas
describedpreviouslyin Chapter 2. The control breedscomprised ofBeaglesand

Staffordshire BIl Terrier type breeds.

Once collected, the tissue was immediately @iced into RNAlater solution
(InvitrogenCalifornia, UBto quickly and efficiently stabilise the RNA in the sample
This alleviates theecessity tqorocess it immediately or snap freeze the samples in
liquid nitrogen. When required for analysis, the saeplas removed from RNAlater

and processed as if it were normal fresh tissue just collected.

RNA Extraction

Tissue samples were removed from the RNAlater solution and homogenised with
1ml of trizol reagent (InvitrogerCalifornia, Upbefore RNA extractiorThe RNA was
extracted from samples using the PureLink RNA mini kits (Ambion, UK) according to
the standard Y I y dzF | O dzNB NX¥é&r mdre/ deiniNHe® (matéridlst and

methods (Chater 2).
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The RNA qualityand quantity was assessed as detailed in Chagteising the

Agilent 2100 Bioanalysé€Agilent, California, US)

cDNA synthesis
Reverse transcription was performed using oligo dT primers and Superscript I

reverse transcriptase (Invitrogei€California, U8 | OO2 NRAy 3 (G2 GKS

instructions;for a more detailed rathod see materials and methods (Chapter 2).

Design of primes and probes

Target sequences were chosen fPCRoy predicted functional association with
CCL ruptureMMP-2 (matrix metalloproteinas®), BGN (Biglycan), TRAP (tartrate
resistant acid phosphatase), CTSK (CatheggiMMR1 (matrix metalloproteinase

1), COL1Al (collagen type | alpha 1), COL1A2 (collagen type | alphé 2), IL
(interleukin 6), TNF (tumour necrosis factor alpha). In addition, the nine most
associated genes from the GWAS were also sele&EMA5b (semaphorin type 5),
CDH19 (cadherin 195AP43 Growth Associated Protein #43DIRC2 (disrupted in
renal carcinoma 2), CDH7 (cadherin PARPL4 (oly ADP ribose polymerasat),
PARPD (poly ADP ribose polymera$y, PARRAS (poly ADP ribose polymeradé)

and PDIAbfrotein disulfide isomerase famiy member 5).

Transcript sequences of the cDNA were obtained from Ensembl

(http://www.e nsembl.org CanFam2) and primer and probe reactions were
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designed for each gene of interest using the Universal Probe Library Assay Design
Centre [396] (Roche Hertfordshire UK. GAP43 was excluded from the study
because assay design failed, leaving a totall’dbfgenes todesign and validate

primers andorobesfor.

Each primer and probe sequence wasmpared against the canine genome using
BLASTh({tp://blast.ncbi.nim.nih.gov) to ensure specificity for chosen targenly.

Primers were designed with the following constraints; 4 @ontent within the

range of30-80%, identical runs of bases (especially guanine) were avoided and the
Tnwas intherangeof 58 ng/ ® ¢KS LINAYSNE ¢SNBE RSaA3y
boundaries so that any contamination with genomic DNA cowldbe detected(

only cDNA from mRNA gerteanscripts vould be amplified, not genomic copies of

the gene Chosen genes and the associated primer/probe sequences and details are
shown inTable7.1. The probe for the PARER4 assay was not found iruplibrary

and was exclded from the experimerg this left 16 genes for experimental

detection.

Lyophilised primers were resuspended to a stock concentration of>MD0The
primer mix was created for each assay>16f forward primer plus 18 feverse
primer and 186 fof molecular grade water, each primer in the mix was at a

concentration of & a
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Table7.1. Genes (inalding 3 reference genes)sed for expression analysia CCL

tissue
s(;rirl:l)il CHF Transcript ID F;?gl?; squrL?(laJr?ce Alrgrr:lg;fk?n Primers ™ (;/%
# (nt)
CDH19 1 ENSCAFT00000000( 5 cagccacs 75 'F‘Q‘ia;th'tfggagggZgggf‘&g‘f;g;ggg o0 o
CDH7 1 ENSCAFT00000000( 89 ggatgcty 114 E?étﬁfgggggggggg;i’;‘gf‘ac gg ‘5‘2
MMP2 2 ENSCAFT00000014¢ 14 ctgggaga 95 'F‘Q‘iagh't?gggt@’ai?;if;fggégi gg 22
MMP-1 5 ENSCAFT00000023¢ 48 actgggaa 94 I&?gr;tﬁ?:?;?;;gaigté:f;?;fcatca 28 gg
COL1A1 9 ENSCAFT00000026¢ 65 ctggagga 94 '&?gh':tgtf;;‘;‘;‘;‘:cagzztgggggaag gg gg
TNF 12 ENSCAFT00000080¢ 29  cttctgcc 119 '&?ghct_ct‘g;;gg;gg;;zcégiug gg 23
COL1A2 14 ENSCAFT00000031f 81 ggccctgg 66 E?étﬁfjgﬁﬁ?cgtfgtgiffiizzggc gg gg
IL6 14 ENSCAFT00000004: 65 tcctccag 114 Ili?g]th_t?;?;Zi;tt?:gggf;if;%itagt gg gg
CTSK 17 ENSCAFT00000019; 38 ggaagcac 78 '&?ghct_Cff;gggzggéggczzg;za gg jg
TRAP 20 ENSCAFT00000027¢ 20 ctggctgg 111 I&?gﬂ:;gii%?tacigigggttggt gg 2?;
DIRC2 33 ENSCAFT00000019( 5 tgtggctg 113 'E{?ghct_t‘;tgg:g;i%%%ag‘;gt‘;%gaagi gg Sé
PARF 33 ENSCAFT00000018¢ 39 aggtggag 60 ';;f;‘tfggaciz?gggggégzggtc 28 gg
PDIA5 33 ENSCAFT00000019. 20 ctggctgg 85 'E{?gr;f‘gtcga‘:;ffctg;;zg?gsa gg jg
SEMASE 33 ENSCAFT00000019: 14 tctcccag 109 'E{?gh't?gg;ﬁiﬁig’;@;ﬁggﬁg gg ig
PARPL4 33 ENSCAFT00000019( 35 agaagagg 91 'E{?gh'tf"‘Szggé‘gt?é?é‘;agag?;’;?g? gg 22
PARPL5 33 ENSCAFT00000018¢ 19 ggctggag 64 'E{?ghct_t;i‘t:gg;%ilgcgcﬁ;gzzftc gg gg
BGN X ENSCAFT00000030: 22 ctccacca 84 'E{?;thct_t?;t?ggt?fgffggg‘::;t;:g o0
CIA 5 nscarTomon 72 g 09 LISy %05
ATC 37 EnscAFTowmo0zz 02 cagosr 70 LS oottt 54
RES 1o enscarTamoons: 3 sogupey 77 Lot syt o029
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Reference gene selection

To account for variations in RNA extraction, the amount of initial sample or RT
variability, it was necgsary to include reference geseto which each unknown
samplewas normalised[397]. Reference genes (often referred to in the literature
as howsekeeping genes) need to be stably expressed in the tissue of interest and
the expression levels of such genes should not alter with disease state or

environmental factor$398).

Historically,the same reference genesere used universally for all experiments
across all tissue types and experimerti®wever, nore recently it has been found

that there is huge variabilitin the expression otommonly usd reference gees

such as GADPH and betetinin different tissues and under different experimental
conditions[399, 400. It has been necessatierefore, to use statistical algorithms

such as geNORNMO1], BestKeepel397] and NormFinder[402] to determine

which genes are stably expressed in the specific tissue being studiexlis donéy

testing a panel of SNPsin the chosen tissue on either microarray orR@R
platforms. Reference genes that have already been proven asystaipressed in

CCL tissue via these methods were used in this study; ATIC, HIRP5, C70rf28B,
MRPS7 and ORMLDZ23]. These five genes were furtheeduced in numbr by
selecting the three most stably expressed genes (ATIC, HIRP5 and C70rf28B) which
were then taken forward as reference genes for the normalisation of tHeGR

data within this project. Sequences and probe information for the selected

reference genesare included on the end dfable7.1.
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QPCR

Each QPCR reaction was carriemit using the Applied Biosystems 7900HT PCR
machine in 384 well formats. There were three negative (no template) controls for

each assay. Each reactiomas in 10ul volume containing 5ul of master mix

(Tagman 2X PCR master mix, Applied Biosyst@alfornia, Usn @ Hobprimer mix

(each forward and reverse primer in mix atNj, Roche Hertfordshire UK, n dm >t 2 ¥F

M N > aobe (RocheHertfordshire UK0 = n dom>d | (RANJGIAY R SiRdc > 2
cDNA(or water for the negative controJsThe PCR reaction was cadrieut using

the following thermal cycling conditions:

p N g2 minutes
dp g 10 minutes

bp g15 secon?
c n g1 minute X40

The QPCR was carried out using TagMan style profres) the Universal Probe

Library (RocheHertfordshire UK. Theprobes weredualtlabelled with a reporter
FEAd2NRLK2NE 6C!av 2y GKS pQ SyR FyR | |
polymerase extends through the probe it is hydrolysed and the fluorophsre

released from the inhibitory effect of the quencher. A fluorescent signptoduced

that is then detected by the camera in real time. This process is illustrateidjime

7.1.
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Forward primer
5’ 3

3’ N 5’
1.
5’ ' :
3’ . g
Primers and the FAM labelled probe anneal to the Reverse primer
cDNA
Forward primer A A
3 ool Y 5
2.
5’ 3’

|
Reverse primer
Taqg Polymerase extends the primer and synthesises

the new DNA strand (as shown by the dotted arrow)

Forward primer A
3. 3’ _IIIIIIIIIIIIII 5’

5 3

Reverse primer

Taqg Polymerase extends to the probe, causes
hydrolysis of the probe releasing the fluorophore
from the probe and emitting fluorescent signal

Figure 7.1. Diagrammatic representation of TagMan probehemistry (adapted

from www.Invitrogen.com).
1. The probe anneals to the cDNA sequence downstream of the primer.
2. Tag DNA polymerase extends the primer and synthesises a new DNA strand.

3. Taq DNA polymerase extends into the probe causing hydrolysis of the probe
and relkease of the fluorophore. This emits a fluorescence signal that is

proportional to the amount of amplicon product.
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Primer probe validation

The primers and probes needed to be validated to check they worked effectively
and to check the efficiency of theeactions. A serial dilution of the template was
made with six dilutions from 1:10 to 1:1,000,000negative control was included

to form a standard curve. Each dilution was run in triplicate with the standard Q

PCR mix, for the standard cycling conditi@see above).

The efficiency of a ®@CR reaction is the rate at which the amplicon is generdted
the geometric phase of amplificatipthe product rate should double with each PCR
cycle, so a reaction should have an efficiency of 100%. The slope wdaction can

be used to determine the efficiend§) using the following equation E =1{5°Pe},

The ideal slope should have a value-2B32 which correlates with an efficiency of
100% i.e. 100% of the target is amplified. A slope of betweh and -3.7 is
considered to be the acceptableith upper and lower values for an efficiency of
between 110% and 86%. A reaction that has an efficiency of greater than or less
than this rangeindicates a a nonlinear reaction. Thisnay occur when too much
target is added (causes inhibition and saturation of the PCR reaction), too little
target is added (too low a concentration of sample to detect g @pgtting errors
when creating the standard curve, detection of a PCR inhibitor, prdmeer
formation or bad design of primers/probe#ny primer/probe sets that were out of

the efficiency range in this project were excluded from the study.
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A 1:10 dilution of sample was chosér usein experiments in this projectThis
concentration of sample universallyquuced the best amplification curves during
primer testing and showed no inhibition of reaction due to too much template or

too little amplification due to small amounts of target.

Data analysis

Determination of CT values

A threshold value is decided the exponential phase of the amplification reaction
and the cycle threshold (CT) is defined as the number of cycles required for the
fluorescent signal to cross the threshold. CT levels are inversely proportional to the
amount of target in the sample the largerthe amount of target sample the lower

the number of PCR cycles required for the fluorescence to exceed the threshold

hencethe smaller the CT valu€T values are used to calculate fold change.

Fold Change
The fold change between experimentalnclition and controls was calculated using

relative quantification usinghe deltadelta CT method in the following manner:

First, the mean and standard deviations of the CT data were determined. Any
values falling outsidet2 SD of the mean were excludexs outliers. Technical
replicates were averaged before analysis and biological replicates averaged after

delta-delta CT calculation.
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The delta CTpCT) was calculated using the geometric mean of the reference genes

(ATIC and HIRIP5) using the formula:
NCT= CT target gene of interest (GQET gemetricmean reference genes (REF)

¢tKS {5 2F GKS n/¢ gl & OFfOdZ I ISR o6& dzaa

following formula:

{5 pIo0B O "YOY OO
The deltadelta CTjf € was calcul R dzaAy3a GKS p/ ¢ 2F SELIS
and the control condition in the following formula:
nnpnl/ ¢ T n/ ¢cnpS BLISNRYYISRE
¢KS {5 2F G(GKS nppn/¢ Aad GKS aly$S @FfdsS I a
condition

The fold change is calculated usthg following formula

Fold Change ="/ ¢

Statistics

An urpaired ttest was used to compare the fold change values between the
ruptured/healthy samples to determine whether or not the difference in expression
was significant. The data was non parameinidts distribution (ShapiraVilk test

for normality was applied to the datq see Appendix V1) and subsequentlynon
parametric versions ad t-test were run; the Mann Whitney test was performed as

the samplesare independent of each other.
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The fold change was deemed to be significantly different in the experimental

samplescompared to control/normal if the resulting rapsvaluewas>.05.

Results

Efficiency of primer/probe sets

The efficiency of the primers was evaluated after running standard curves. The
efficiency of the reaction for the primers/probes used was on average 105%, with
an R value of ¥0.9. Primers and probes with lowefficiency and/or poor
amplification were removed from subsequent experimemtshese were CDH?7,
SEMAS5b, CDH19, PAR®and TNF. For a full table of all primer efficiencies’> R

values and the threshold valusseAppendixVIl

Fold change
Any samples that had failed to amplify, or had a CT value that deviated +2SD from
the mean were excluded from analyses. The spread of variation of the remaining

samples is plotted ifigure7.2

Thee wassometimeslarge variation between each replicate sample, as indicated
by the standard error of the mean (SEM)alues ranged from 4.898.02. Thiswas
due tono biological replicates because of the small amountgsdrtient available
from each dog,particularly in theruptured tissue group The amount of RNA

obtained from the extraction was also lawmany cases
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Fold change andonsequentp-valuesare shown inTable7.2. They are graphically

represented inFigure7.3. Significant result{).05) are indicated by an asterix (*).
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Figure7.2 Gene expression changes in CCL rupture tiss@gstering of the individuatuptured (n=1Q five samples withtwo technical replicate¥ and
healthy sanples (n=10 five samples withtwo technical replicate} for each gene (minus sample®SD from mean)Error bars(standard error of the
mean)are shown in redCT = Cycle threshold
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Table7.2. Fold change vaks forruptured vs.healthy experiment.

Fold
Change + SEM P vaIug(Mann

Ruptured Whitney)
MMP 2 9.19 6.85 0.1153
Biglycan 0.28 7.89 0.9677
Trap 3.67 5.11 0.0172*
Cathepsin K 1.47 8.02 0.4427
COL 1A1 36.58 5.40 0.0001*
COL 1A2 72.87 1.77 0.0172*
IL6 0.31 4.89 0.6547
DIRC2 12.14 5.29 0.0028*
PDIAS 2.86 6.74 0.1153
PARP 9 3.01 6.60 0.4429
MMP 1 1.71 6.19 0.4429

KEY: * significant result p <0.05) SEM =standarderror of the mean.
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Figure 7.3. Gene expression imuptured CCLFold changedifferences between

healthy andruptured CCltissue. Asterix ) = significant result p <0.05) Data is

shown on a log10 scale.
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Therewere four genes that have significant differential expression levels batwee
the ruptured and healthy tissues, TRAR=0.0172), COL1ADp=#).0001), COL1A2
(p=0.0172) and DIRC»=0.0028) They all showed increask expressionin the

ruptured ligament tissuesompared to the control tissue

Discussion

Analysis of gene expressioatd is a very powerful way to study the pathogenesis
of diseaselt can help elucidate the underlying mechanisms of disease initiation and
progression by investigating differential gene expression between disease or
experimental conditions and contro[891]. This chapter aimed to determine the
expression levels of select candidate genes identified as potentially having a role in

the susceptibility or resiance to CCL rupture.

Q-PCR evaluates changes in expresaiade time of tissue collectiarAlthough the
cases have ruptured their C@iLmay have beemays/weeks/nonths or years after

the initiation, diagnosisand subsequentsurgery to collect the saple. Gene
changesimportant for CClrupture may have already occurrednd nmay nothave
beenpresent at the time obampling andanalysis Indeed, changes expression of
genes that promote repair mayave beenprominent instead. Despite this
significant reservation, it is still valid to investigate gene dysregulationCi@L
rupture, as long as the above provisos are considered when data interpretation is

concerned.
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The data showed two potentially important genesvhich have significantly
upregulated expresion in theruptured tissues. These are COL1A1 and COL1A2 with
p-valuesof 0.0001 and 0.0172 respectively. Tylpeollagen is the predominant
collagen protein type found within ligamenf43] and its production is crucial in the
ligament repair processes and during healing/scar formatipt03, 404].
Upregulated expression of these genes in tuptured ligaments compared to
healthy ligaments denotes that a reparative processy bebeing attempted by the
cells. Theprocess of ligament healing after injury is thought to involve four phases;
the inflammatory phase, an epiligamentous repair phase, a proliferative phase and
then a remodelling phaspt05. Gollagen is involved primarily in the proliferative
and remodelling phases of this procdg96, 407]. These resultand conclusions
are confirmed in otherndependent studie$408, 409 [50]; the authors proposed
that the differential gene regulation was thought to be due to a reparative process

within the ligament after the injury/rupture.

A study by Clementst al. (2008) investigated the expression profile of CCL irsdog
using normal and ruptured ligaments from Labrador RetrieversThey also
compaed normal Labrador RetrieveZCLs to normal Greyhound C@GlLbreed that

is less susceptible to CCL ruptyrE)]. There were ndlifferences between the high
and low risk breedsbut 16 geneswere differentially expressed between the
Labrador Retrieveraith CCL rupture and healthy Labrad®etrievers COL1A2 was
one of several matrixassociated proteins (including COL5A1, COL3A1, lumican,

aggrecan, tenascin) that were upregulated in theuptured tissues. Our study not
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only confrms the work of Clementst al, that COL1A1 and COL1A2 are
upregulated in CCL ruptured tissue comparedntormal CCLtissue samples, but
also confirms their hypothesis that this is due to a remodelling and repair of the
matrix of the after ligament injury.We did not wish to repeagvery gene that
Clementset al. studied(this thesis is an original piece wfork), so were not able to
confirm similar trends withany other genes.This section of the project was
performed concurrently to the Sequenom candidate gene study which had not
been analysed at the time of choosing genes. This is also why certain kegatand
genes such as Collagen type V were not studied in this project, but they should be

included in any subsequent expression studies.

We have showed thatollagen mRNA levels are increased in ruptured compared to
healthy CCLs (indicative of an attempt@gbarative process being carriedit), but
Younget al. 2011 [41Q] found that the actual collagen levels in CCL tissaeew
reduced.There are several flaws @irectly comparinghe two studies. Firstlythe
collagen produced within the cells may be rapidly degdhtiefore secretion to the
ECMand therefore not able to be detected kthe hydroxyproline assays used
Secondly levels of mMRNA do not necessarily correlate to proteinttsgsis and
expressiorbecause otomplex stagebetween transcription and translatiof#11].

It is feasible hat both hypotheses are corredhdeed lower levels of ECM protesi

are consistent with a structurally altered ligament that is bleato withstand

normal loadingand therefore more susceptible to rupture.
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Two other genesshowed significant differences in gene expression between
healthy andruptured CCLsThese were térate resistant acid phosphatase (TRAP)
and disrupted in renal carcinorda (DIRCR with p-values of 0.0172 and 0.0028
respectively. TRAP @ interest as it has been found, along wi@athepsirk and
some other matrixmetalloproteinases, to be expresse during chronic
inflammation and it induces leucocyte mediated collagenolj#i®-414]. TRAP is
secreted by osteoclasts and macrophaf#t5, 416 and can initiate collagenolysis
by forming freeradicals and reactive oxygen species (RO8Bgseare highly toxic

to cells and can cause degradation and loss of structure/strength of the collagens
(and therefore ligaments]414]. Over expression of TRAP has been shown to
increaseamounts of ROSyhich may absequentlyincrease the amount of collagen

destruction[413 417].

DIRC2 does not have such an obvious role in the pathology or susceptibility to CCL
rupture. DIRC2 is a member of the major facilitator superfamily jM&8sporters

[418. Theyare a group of single polypeptideghich act as secondary carrieesd

are capable of transporting small solutes across membranesesponse to
chemimmotic ion gradients[419]. DIRC2 has been found localised inngna
organelles including lysosomal membranes. Lysosomal enzymes can degrade
collagen fibres in periodontal ligamen{g20], so it is feasible that iDIRC2 is
upregulated then the enzymes within the lysosome are releasede abundantly

and cause degradation and loss of sture/strength of the collagensand

subsequentlythe ligaments.
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The upregulation of TRAP and DIRC2 seen in ruptured CCLs contpaesdthy
CCLs indicates that degradatiis occurring within the ligament simultaneously
with the attempted reparative procesdhisis conclusive with the limited healing
potential seen in aCCL after ruptur@421, 422]. Although the limited healings in
part attributable to reduced vascular respon$423, it may also ke due to ths

protease degradation

The weakness of this-RCR experim@ was that thebreed, age, sex, neutering
status or veight of the dogsvasnot collected Also, more importantly, the histry

of trauma preinitiating the rupturewas unknown. This part of the project was
focussed on investigating the disease process and was not concerned with any
inherited genetic components of theondition; hence, the breed of dogvas less
important. CCLrupture-associated changda expressiorare likely to be the same
regardless of breed and so this should not impact the biological significance of the

results.

Only very small amounts of RNA are extsate from CCL tissue and given the high
sample consumption of ®CR experiments thisnited the number of genes that
couldbe studied by this approach. For this reason, the number of reference genes
used was reduced from three to tw¢C7orf28Bwnvasdroppedfrom the list because

it was reported as being the least stably expresgEf]) and only the most efficient
Q-PCR reactions were selected for inclusionthe experiments The small amount

of RNA also meant that only a small number of replicate samples coulddziin
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the experiment (wo per sample). The standard errors were large due to only
having dupliate samplesréther thantriplicates, which is the standd for Q-PCR

experimentsthe error bars represent this on the fotdhangechart Figure7.3).

Alternative methods of studying gene expression involve the use of microarray
chips to examine a wide selection of mMRNA sequenceshidnat been hybridised to

a chip[393). Differential labellingof the case and control RNsamples can identify
genes that haen been up or down regulatedy measuring the intensity of the
colour on the microarray424]. This method uses an unbiased appro&zldentify
novelgenes that may be upr down regulated in a disease proceBata analysis is
lengthy and requiresvalidation by QPCRto avoid false psitive data Due to
budgetary and time constraints, this approach wagpractical aud is why gene

expression wasvaluated by @PCRnstead

Innovative, next generation sequencing approaches have recbatdyn developed.
Thesesequence the entire RNA ldmy (transcriptome) of individudissue samples

to generate information pertaining to the differential gene expression between
cases and controlgl25, 426]. This technology was extremely new when conducting
this project and as such the cost implication for running this would have been
prohibitively expensive This would be a good way to follow up the results of this
experiment to confirm and eplicate the gene expression changes sdamddition

this approach may identify novel genes that may not have been identified in the
current literature as candidate genes.
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In conclusion, this study revealed that collagen type | genesl(€0Dand COL1A2),

as well as TRA&hd DIRC2 were significantly upregulateduptured versus healthy

CCL tissue samplekhis indicates that repair and proliferation is being attempted

by the ligamens after the initial injury but that a degradative process asso still
occuring. The data shown herenost likely representggene changes thahave
occurred after the injury and not initiating factors in ligament rupture. It is
impossible to predict when a dog will rupture its ligaméoit the stage of rupture)

SO investiging pathological changes in expression before rupture occurs is not
feasible Our approach is best viewed as a way to help elucidate changes that occur
after injury. Treatments can be targeted to the effects, thereby hopefully limiting

the damage causeatthe contralateral ligament.
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Chapter 8.
Quantitative
gene expressior
analysis in ann-
vitro model of

CCL rupture



Introduction

In previous chapters, the CCL rupture disease process and genetic susceptibility
factors were investigated usingase controlassocation studies.Swch studies
require large numbers of both case and control samplesptovide sufficient
statistical power For gne expression workhere is afinite amount of ligament
tissue available which hampers that approactio disease investigatits. A
laboratory model of CCL rupture which coulthe simulated in a controlled
laboratory situation may facilitate investigatiominto the causes and treatments of
diseasesand would reducethe needfor laborious collection of samples. Various
methods of dsease modelling are available from the more traditiomaitro
primary cell cultureg427, 428], isogenic/inmortalised cell line modelg429, 430
and in-vivo animal and transgenic modelpt31, 432, to the more recently

developed 3Bcell culture technologiept33.

Cell culture models (primary or secondary/isogenic cell lines) have been ugsed as
vitro models to map diseasand tumour progression in many cancers such as
cervical cancer (HeLa cel[43(Q]), breastcancer (MCH cells[429]), colorectal
cancer HCF116¢ells[430)F YR Ay 20GKSNJ RAaSlasSa 4&dzOK
[4340 | YR ! 1 KSMREMEuDbIaRANE SdiE3S). The advantages

of using cell lines as models for disease are that theycase effective relatively

easy to maintain and are reprodutgbunder the defined conditiongurthermore

they reduce the number odnimals that areneeded in researctDisadvantages are

that the cells may not behave like they wouldsitu because the mgyhological
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and spatial development may be differemt-vitro relative to the disease process
being modelled[436). Such variation can beinimisedby using primary cultures
that have beertaken directly from the tissue of interest preference tosecondary
(immortal) cell lines Qultures should be monitored for senescence and/or
transformation due to genetic drift andhould bediscarded before this happens
[437]. Alternatively, animals models can be developedv{vo research), but this

can be costly43g.

In-vivo transection of the CCL in animals has bemed to as arexperimental
laboratory model to study the developental process of osteoarthritiassociated
with CCL rupturg432, 439, 440]. This model is considered to be suitable for
studying downstream effects after the initial CCL rupture, but not the early disease
changeswhich occurbefore the ruptue. There are few verifiable models for early
stage ligament degeneration. Lopet al. [441] developeda model that simudtes
partial rupture/damage of the CCL,hwh will then progressto complete CCL

rupture.

Qurrogate platforms may only have limited clinical relevance, as cell lines and
surgicallyinduced animal models do not always fully represent the normal disease
process that is seen in the human or ddg 2. A surgically induced transection (or
otherwise tampered with) ligament may not behave in the same wagy asturally
stretched ligamentand subsequent degemation and rupturing may be altered as a
result. Despite their chwbacks these laboratory models of diseasan enable
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proof or denial ofphysiological processdhat may increase disease susceptibjlity
initiation and progression ocanbe useful for tating therapeutic agents to treat or

prevent a disease.

Models that effectively modela disease process and enable a reduction or
replacement of animals usefbr researchare very useful[443]. They willallow
more general laboratory work to be carried out within a more ethical framework
without the restrictions of home office licences and animal husbandry etc.
Currently, there are ndn-vitro models for CCL rupturand it is br this reason we

aimed to try and develop aim-vitro modelfor the condition

Tissue culture modelling can be accomplished by three main methods: cell culture,
explant culture or organ/biopsy culturd444-446]. Primary cell culturing is
conductedvia enzymatic or mechanical disruption of a tissue, to disperse the cells
into a suspensiorand @lls are thengrown as a monolayer culturgl47]. Explant
culture involves a fragment of tissue beintaged directly onto a culture plate
During culture with appropriate medjahe cellsslowly migrate and outgrow from

the tissue to form a monolayer cultufd44, 448]. This method is time consuming
and carries a high risk dfacterial contamination fronthe original tissuesample

This method was attempted but was not taken forwardthe projectas no cell
migration was seen within a week of culturing amdker two weeks onlya small
number of cells had migrated out was not seen as a viable option for monolayer
culturing withinthe projec@ time frame. Anorgan biopsy is similar to an explant
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culture but the experiment is carried duon the piece of tissue itse[#46. The
histological and cell architecture istagned but the reproducibility is low and
intersample variationis high, making this method redundant in most studies.
Microscopic monitorig of the cells daily to check for sgyof contamination is

important for all of the methods

TNP is a preinflammatory cytokine which i€ommonly used in a laboratory
environmentto model chronic inflammatory and autoimmune disorders such as

osteo YR NXSdzYlI §2AR I NIKNAGA&AS / NPKYyQa RAA
[428, 449-452]. Levels of theTNF have been shown to beelevatedin ruptured

ACLsn man[453, 454]. The aim of this chapter was to compare and evaluate gene
expression in cultured ligamentocytes in the presence or absence of,TthIF

detertY AYS 6KSUOKSNJ ¢bCh AYyRdzZOSR ATl WSy G208l

vitro model for CCL rupture

Methods

Sample collection

Samples were collected Isharp dissecion of CCL ligamentrom five cadaveric
dogsthat had been recentlyuthanasedfor rea®ns other than degenerative joint
diseasesand which had beendonated to the University for teaching purposdhe

tissue waglaced directly into sterile culture mediuas described in th€hapter
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2),to obtain primary ligamentocyte cell line$hebreed could not bepre-selected

but the majority ofcadaversvere of the Staffordshire Bull Terrigype.

Sample preparation

Once collected the tissue was immediately processed for tissue culturing
enzymatic disruptioras described previousl{o generde ligamentocyte monolayer
cultures(see tissue culture of ligament cells in materials and methp@&apter 2)
Onceconfluent, the cells were cultured for 24 hours with or without recombinant

OF YAY S ¢bCh deécribedfebw.Yt 03 | &

Ligamentocyte stimlation with TNF

Recombinant canine TNF 6 w3 5 Mieap8iy BS) was used. This was
reconstituted to a stock volume of 100ug/ml in sterile PBS with 0.1% bovine serum
albumin. When used in stimulation experiments it was used at a working
concentratty 2F wmny3dkYfod ¢KS OStta oSES SELR

described in the monolayer sectiatetailed inmateriak and methods- Chapter 2

prior to assessment of changes in gene expression.

Experiments were carried out in triplicaten three indeperdent daysto allow for
technical and biological replicatesseeFigure8.1. Cells in this project were never

taken beyond passage 8 to avoid cellular transformation or senescence.
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Dog1l Dog 2

EYE)
OO0

DAY 2 o o o TNF Induced
OCD Control

DAY 3 o o o TNF Induced
OCD Control

TNF Induced TNF Induced

DAY 1

Control Control

TNF Induced

Control

TNF Induced

Control

Technical Biological
replicates replicates

Figure 8.1. Plate setup for the tissue culture induced/control expression
experiment, shown for two dogs Colours indicate the biological (red circles) and

technical replicates (blue circles) which were used in each experiment.

CCL ligamentocytes wereultured in 6well platesei t her wi t h or
(10ng/ml) as shown aboveEach experimentvas executedin triplicate on three

separate daysfor five dogs.

For each dog there are nine induced samplé@sumbered) and nine control
samples Forthe five dogs usedthere were a total of 45 TNFr induced samples
and 45 control sampleso be analysed by €PCR Technical replicatedrom each
day (1-3, 46, 7-9) were averaged before deltalelta CT calculationswere
performed (15 induced values three from ead of the five dogs, and 15 control
values- three from each of the five dogsto determine gene expression changes

between normal andTNFEr i n digamenticytes
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RNA Extraction
Post culture, the adherent cells were lysed directly on the plate with Thefare
continuing with RNA extraction. The RNA extraction protocol was as described in

Chapter 7.

cDNA synthesis
Reverse transcription of RNA was performed using oligo dT primers and Superscript
Il reverse transcriptase (Invitroge@alifornia, UsacccNRA Yy 3 (2 G KS Y I ydz

instructions. Further details are Dhapter7.

Design of primes and probes
Target sequence aneference gene selectiowas performed as in Chapter using

the samegenes and primer sets

Primer probe validation
The primershad been found to be efficient from the experiments reported in

Chapter 7.

QPCR
Each GPCR reaction was carried out in triplicate using the Applied Biosystems

7900HT PCR machine in 384 well formats, as detailed in Chapter 7. A 1:10 dilution
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of each cD was used for experiments in this projees this concentration of
sample produced the best amplification curves during primer testing and showed

no inhibition of reaction.

Data analysis

Fold Change
The fold change between experimental condition andteools was calculated using

the deltadelta CT method as detailed previously in Chapter 7.

Statistics

A paired ttest was used to compare the fold change values between
induced/control samples to determine whether or not the difference in expression
was ggnificant. The data was non parametric in its distribution (Shayiiik test

for normality was applied to the datg see Appendix V1) so non-parametric
versions of the test were use¢d The Wilcoxon test waperformed as the samples
were paired. The fold change was deemed to be significantly different between the

experimental cultures compared to control cultures if the resulting ppvaluewas

0.05.
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Results

Fold Change

The variation betweereach individud replicate of induced/control samples was
minimal; once samples which varieg? SD from the mean were removed, the
clustering of the45 individual replicatesamples for each gene was evaluatsl

the results presented ifrigure8.2
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Figure8.2. Gene expression in canine ligamentocytes induced by @NFHustering of the inducedn=45)and control(n=45)samples for each

gene (minus samples2SD from mean). Error bafStandard error of the meanare shown in red.
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The fold changes and thevalues for each gene are shown irable8.1 and are
graphically represented in a grouped bar chéfigue 8.3). Significant resultsp{

value>).05) are indicated by an asterix (*).

Table8.1. Fold change values faZCL cells that had been cultured with 10ng/ml

TNFa for 24hrs versus nor mal , contr ol
Fold
Gene change = SEM p-value (Wilcoxon)
Induced
MMP 2 1.33 1.69 0.0640
Biglycan 0.56 1.40 0.0180*
Trap 0.70 2.61 0.3780
Cathepsin K 0.85 2.16 0.7610
COL 1A1 0.33 1.80 0.0130*
COL 1A2 0.28 1.81 0.0160*
IL6 45.78 2.59 0.0001*
DIRC2 1.12 1.70 0.2010
PDIA5 1.09 1.64 0.2080
PARP 9 5.81 2.99 0.0001*
MMP 1 6.57 2.90 0.0009*

KEY: * significant result p-value<0.05), SEM = standard error of the mean
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Figure 8.3. Gene expression in cultured CCL celsld Change between normal
cultured CCL cells and CCL cells that had been cultured ¥Wthg/mI T N F a . *

significant result p-value<0.05)

Six genes showed signiificant differential expression between the induced
ligamentocytes and the normal cells, these were Biglygas0.0180), COL1A1l
(p=0.0130), COL1A2pi{n®nmcny BGKAOK KFR NBRdAzOSR
stimulation and IL6 (=0.0001), PARP $=0.0001) andVIMP-1 (p=0.0009) which

% SNB dzLINEB 3 dzistimilich Theexptess®h of-Bafter ¢ b Griduction

was 45 times that of control cultures.
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Discussion

We evaluated gene expressiarhangesn cultured ligamentocytes in the presence

or absence of TNE Ths method was used not onlo determine the gene

dzLJk R2 gy NB 3 dzf | G A 2y, buk afso tBetetnithg ititi8sysiesth was la C h

valid in-vitro model for CCL rupture. Readily identifiabl@vnstream inflammatory

or degradative molecules are induced whegll cultures (in a variety of tissues) are
stimulated with¢ b G449, 455]. This is seen here with the liggentocyte cultures

that areinduced to over express PARP 9, MM&nd most strongly, H6. Similarly,

0KS tA3IFIYSyd20eGdSa Odz (ddzNBR gektradéllulayr b Ch K

matrix moleculesBiglycan, COL1A1 and COL1AZ2.

Upregulation oflL-6 is highly relevant as it confirms that the TNF dzA SR Ay (0 F
project was viable and that the experiment induced a-pritammatory response
When cells are challenged witNF A G Ol dzaSa (KS MNBénSI as 2
cytokines such as-B[456] and as such the significant upregulation séwame, is a

directresultofthe TR A Y RdzOG A2y ®

MMP-1 6 I & £ a2 dzLINBS 3 dzf | G SR -tréated yigarfiehtQus y (G f &
fibroblasts. Matrix metalloproteinases are commonly involved in many diseases

where inflammation is preserfd57, 458 and have a key role in tissue remodelling

w»

and degradation332. GA Sy (0 KI 0 (K OStta KIFI@S 06SSy
inflammatory mediatorf A G0 AYyRAOIFGSa GKIFG GKS OSf ¢

stimulation in both an inflammatory and degradative manner.
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PARPFO (poly ADP ribos®) cataly®s the postiranslational modification of proteins

by the addition of multiple ADRribose moieties (ADP riboglation) and may be

induced bycellular processes invdlvy 3 Ay FEF YYIF G2NB YSRALF (2
macrophages]L-1, IL:6 and nitrite molecules(NG) [459. PARP can also interact

with other proinflammatory mediators such as MNF. As suchit will have an
inflammatory effect on cell460] via these other pathways, which are also likely to

be activated/induced under inflammatory conditianigpregulation of this gene is

thereforealsoconsistent withthe A y ¥ I YYI G A2y OF dzZASR o6& GKS

Biglycan, a small leucinech proteoglycan,is functional in the formation of
connective tissue and mineralised tiss(mne) matrices due to its mineralisation
deposition propertied461]. It also has a role ialastic fibre fornation (during the
elastogenic phs@ in fibres such as tropoelastin and fibrilgontaining microfibrils
[462] as well as in tissue remodelling#63® | a (i Kehted ¢cblI€ fare
undergoing an inflammatory response, the ability of the cells to form medris
hindered ¢ hence the downregulation of this gene. This downregulation is
consistent with other research(in man) that has found that stimulatin of

AN

FTAONROTf aAGa 6A0K ¢bCh3I [REBMBEBI &4Sa ELINB & & .

The downregulation of the COL1A1 and COL1A2 gene expression is also consistent
withi KS RS3INI RFEGAGS NBalLkyaS FNRY GKS ¢bcCh

proliferation ofthe matrix.
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We aimed to determine whether TRFwas a suitable model for studying CCL
rupture in the laboratory. Expression data from the induced ligamentocytes
compared to normal ligamentocytes varied considerably from the expression of
ruptured CCltissueversus healthy tissue (as detailed in Chapter\p) genes were
simultaneously up or downregulated to the same extent in both studiaptured

CCL tissue ionsidered to be abnormabnd changes relating to CCL rupture may
have alreadyoccurred therefore comparative investigations intdhe disease
processusingthis method may not be suitabl@he¢ b Ch  Yuimy$éalthy CCL
tissue)may instead be used as a successful model to investitate€CCL rupture

disease process

¢tbch Oly 06S dzaSR fS3IAGAYF(GSte G2 aiddzRe
cells),andthe early stages of CCL ruptungay bemodelled using this cytokineia

this model However,as factors other than inflammatory process are considered to

be involved in the initiation and progression of CCL ruptureay alsobe deemed
unsuitable CCL rupture isonsidered acomplex disase with many environmental

and genetic factors playing a role in the initiation and progressioth@fdisease

[36], as a resultlt is very difficult to study early stage CCL rupture animals.
Furthermore, it is important to consider the nature of the cells in the test system

is difficult to know in any meaningful way how much they can represent the
function of ligamentocyteand whole ligamenin-vivo, as the morphological and

spatal characteristics will be differem-vitro compared toin-vivosituations
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As the factors involved in early stages of CCL rupture are still largely unknown,
studying this procesm-vitro will be difficultand in-vivo models (using rabbits etc)
are stll primarily the best model to investigate changes that occur after CCL

transectionin a laboratory environment.

In conclusion, we showed that TNhay be suitableas a laboratory model to study
CCL failure as an-vitro model, and will be useful to identifyndividual pathways

that may be important after CCL failure in dogs.
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Chapter 9.
General
Discussion &

Conclusions



Introduction

This thesis aim# to investigate the genetic basis of cranial cruciate ligament (CCL)
rupture in Newfoundland dogs, but also considered other susceptible breeds and
investigated downstream vents from genomic variationsBy using a whole
genome genotyping approach (GWA&)ook for SNP associations, a large amount

of data was generatethat was useful for identifying a list of key genesnsidered

likely to have some involvememt CCL rupture susceptibilitfubsequent studies
were able to concentrate on specific candid genes and their potential role and
expression in both diseased tissues and in a potential laboratory model for CCL

rupture.

Stratification

A primary confounder in ouassociation studiegvasthat the genetic structure of
the two main Newfoundlandyroups Europe and North America were significantly
different. Stratification of genetic data between different ethnicities in humans
[467] as well as in different #eds of dog[170, 231 is well recognisg and is
expected given the wide variation in shape, size and wolmetween different
breeds of dogbut is not necessarily expected between dogs of the same breed
Sratification within the Newfoundland breed has not been documented before. To
avoid spurious associations within datasets it is essential to use caseaindls
from the same breeds and location. However, to increase the power to detect
disease associations in studies, researchers béea included doggrom the same

breed but other locations with little regard to how this potential s@ructure
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would affect underlying stratification irthe datasetsi.e. assuming same breed,
same genetics approad23]]. Stratification within the same breed of dog from
different geographical locatiortzas been reported in recent yedis77, 230 and as
such it is now commonplace to assess stratification before carrying out analyses to

ensure nounderlyng bias will be present in the data.

GWAS results

Analyss ofthe GWAS data accoung forthe stratificationusinga CMH stratified
by countryanalysisidentified three main chromosomal regiorassociatedvith CCL
rupture on chromosomes 1, 3 and 33. Ttweo most associatedSNPsfrom the
analysis BICF252313365hd BICF2P13110862eached genome wide significance
andwere significantafter testing for multiple correctionThese twoSNPsvere both
on chromosome 33 in the gene SEMASB aede found in a sthstically significant

haplotype block with each other

The keySNPsdentified by the GWAS in the Newfoundlands were subsequently
considered in aalidationstudy using Sequenoilextechnology in a larger cohort

of Newfoundlands and inthree other higHy susceptible breeds (Labrador
Retrievers Rottweilers ad Staffordshire Bull TerriersJhe regions of association

on chromosomes 1, 3 and 33 were confirmedthe Newfoundlands but did not
validate significantlyin the other breedsInteresting associains with CCL rupture
were found in genes involved meurological pathways such as SORCS2 (Chr 3) and

SEMASB (Chr 33) indicating that mechanotransduction, neurological and

-233-



neuromuscular pathways may play an important role in the pathogenesis and
susceptilility to CCL rupturel y 2 @St LINE OS&aa GKIFG KIay

documented with regards to CCL rupture susceptibititgogs

Candidate geneesults

¢KS GdNIRAGAZ2YLEFEE OFYRARIFGS 3ISyS &GdzRAS
potential functional involvenent in CClupture initiation or progression. Across all

of the CCL ruptursusceptible breeds studied, the data suggests thatationsin

the collagen genes have the most significant role in CCL rupture susceptibility, with
11 of the 17most significantassociationgrom the metaanalysis being within ik

gene family Thiswas expected agollagen is the main component of ligament
structure[37]. The collagen and collag@ssociated genes have a prime function in
assembly and formation of collagen fibrils that are important in the integrity of the
ligamentextracellular matrixand the ligaments strength and stabilffy2, 301, 311,

318, 329, 359). Other CCL rupture associated mutatievithin the different breeds
were also found in Aggrecan (ACAN), Opticin (OPTC) and lteastorming
growth factor beta 2 (LTBR2key proteins involved in the ECM formati@mnd
maintenance[66, 305, 359]. Mutations within these genesnay compromise the
ligamen®@®@ strength and composition leading ta &ncreased risk of CCL rupture for
dogs with theassociatednutations. It is clear theefore, that mutations affecting

the strength and structure ahe ligament and its composition may be important in

CCL rupture susceptibility.
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Changes in gene expression

Having investigated gene expression changes between diseased and healthy tissue
samges, we found that there were significant differential expressions seen in
certain genes. @lagen type | genes (COAL1 and COL1A2) as well as TRA®
DIRC2 were found to be significantly -rggulated in CCL rupture tissuebhis
suggestghat the ligamen is undergoing proliferation as part of a repair process
following the initial rupture but that a degradative process is still in progresgsch
hinders the actual repair of thdigament These changes, althougimlikely to be
indicative of prerupture dhanges, are importanfor understanding changes that
occur after injury and may be useful for developing treatment regimens to minimise

further damage to joint and/or contralateral ligament.

2S |ftaz2 aK2gSR 0(KIG | a0 asukaflRsideinRo OS T f
study CCL rupturen-vitro, although itis more useful tomimic the inflammatory
changes seen after the injury and hence be useful in studying the mechanisms of

new treatment regimens rather than the early changeést precede CCL rupture

DLA association

Having assessed the main loci of the DLA region, for association with CCL rupture,
we showed no association of the DLA region with condition. Wedid identify
differences inhaplotype frequencies between the Newfoundland®nr North
America and those frorkurope This confirmghe genetic stratification within the

Newfoundland breedthat was seenwithin the GWAS data. Without further
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replication in a larger cohort of Newfoulahds from both North America and
Europethis DLAresult cannot be confirmed, buit does support other studies

indicating that there is no association of DLA regions with CCL ru3ree

Conclusions

These data have shown that there are complex multigenic interactions involved in
CCL rupture in Newfoundland dogkhere are likely to be different variations
involved in susceptibility between different breedsof dog. Furthermore, the
involvement of environmental factors is highly likely, making the determination of

risk for CCL rupture even more complicated.

This research has made a small but significant understanding in CCL re$teigrch
gratifying that nevly developed technology has potentially enabled the
identification of key genesthat may beimportant in CCL rupture susceptibility.
These associations obviously require furth@rvestigation and analysis in
Newfoundlands andn other dog breeds with CQupture, as well asn humans
where this is also a major clinical problefhese findings arenly a small part of a
much bigger picturgbut they may be used to help develop advances in treatment

and/or prevention of CCL rupture and limit damage to colatieral ligaments.

In summary, to take this work forward, the associated regions anégeassociated

with CCL rupture need tde further investigated in larger numbers of dogs
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(samples and breeds) using more-tigpdate technologies such as targeted next
generation sequencing or transcriptomic approaches such as RNAseq. These
technologies would allow the regions/genes to be examined in greater detail and
could potentially identifythe exact causative mutationghat are involved in CCL
rupture. Further wok involving functional analysidor example knockout or
transgenic modelscould also be considered to determine the effect of the
mutations in a mouse model. Once tbausative mutations have been determined

in each breed, a screening test can be depetb and usedto allow an informed
breeding program to be instigated thahould reduce the incidence tfie disease

in dogs This would be of greabenefit to dog ownersbreeders and of course, to

the dogs themselves!
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Chapter 11.
Appendices



I. Sample dog data

Appendix 1. Summary of age and sex data for each dog breed: including age (minimum and maximum), sex of dogs (number of males,

females, unknown sex and the number of dogs spayed/neutered) and the total number of dogs in each category.

Age of dogs Sex of dogs
Minimum Maximum Mean | Total Female Female Total Male Male  Unknown Total
Breed : ) number
age age age |females (entire) (spayed) males (entire) (neutered)  sex of dogs
Newfoundland Case 4m 12yr  3yr3m| 53 27 26 45 24 21 1 99
Newfoundland Control 5yr 13 yr 7yr6m| 93 40 53 45 30 15 34 172
Labrador Case lyr 12yr1m 5yr3m| 68 23 45 51 25 26 5 124
Labrador Control 5yr 13 yr 7yr3m| 76 43 33 87 62 25 2 165
Rottweilers Case lyr 10 yr 3yrdm| 30 17 13 22 19 3 5 57
Rottweilers Control 5yr 14 yr 7yr2m| 26 20 6 24 21 3 31 81
Staffordshire Bull Terriers Case lyr 10 yr 4yr2m 6 1 5 5 3 2 2 13
Staffordshire Bull Terriers Corl 5yr 8yr3m 6yrdm| 19 11 8 19 15 4 0 38
749

Key: yr = years, m = months
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[I.  Sample submission form which accompanied each sample submitted

Appendix2. Sample submission form which accompanied each sample sulaaitt

Canine cruciate disease
Newfoundland

ClIENt NAME.. oot er e e

Age............. Voo m Gender: N

Neutered/Spayed: YES

Referring CliNICIian............uuvvviviiiiiiiiiiiie e,

Kennel Club NUMDE e e e e e b

AQE Of ONSE e ——————

Family hiStOr e

Bodyweigh e

HIStOry Of traUMi e e e e e e e

(@ L= T a1 = 1 o N

DOog NamM e




Cruciate information
Age of onset (index joint)

Age of onset (contra lateral joint)

affected: LEFT RIGHT

Radiographic findinggif available)
Index joint Effusion [ ]
Contra lateral joint ~ Effusion D
Synovial fluid analysigf available)

Index joint

Contra lateral joint

Surgical findings

Partial tear

U
U

Med. Meniscal injury

days/weeks/monthslie

days/weeks/months/years Joi

BOTH

Osteophyte 0 1 2 3

Osteophyte 0 1 2 3
............. x20 [ tabQa PPPPPPDPP
............. x20 [ el @ Qa 00D O

Complete tear

0

Lat. Meniscal injury D
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Information sheet for owner

Great advances veterinary medicine have been made recently and many of these
centred on new developments in body imaging, new treatments and surgical proce
and the identification of genes which cause disease. Major developments in mo
biology have ta&n place in the last few years, making it possible to quickly analyse th
of both humans and animals. This is helping scientists work out what the underlying
are for diseases and why some individuals become ill, whereas others remain wellof
the diseases seen in companion animals including dogs, cats and horses are cau
O2Y0AYylLGAZ2Yy 2F 3ISySa FTNRY GKSANI LI NBy
external or environmental factors they have experienced during their lives {¢ghcalle
Gy dzNIi dzZNB ¢ 0 &

Most scientists now accept that for the majority of features about ourselves and our a
are the result of a mixture of nature and nurture. For example, body weight, anththaie
in part caused by which genes are inheritedian part caused by our nutritional intake.
the same way, diseases such as diabetes in dogs, sarcoid in horses, and renal failu
are likely to be caused by a combination of both nature and nurture. The analogy oftel
to explain why such deases develop is that of requiring both seed (nature) and th
(nurture) before a plant can grow.

If researchers can determine which environmental factors (for example vaccination,
drugs) and which genes interact together to cause diseagemay be able to make hu
strides in improving animal welfare by, for example, advising owners which food the
should have or avoid in order to reduce risk of developing a particular disease.
Researchers from all six UK Veterinary schools ave lieginning to investigate the gene
and environmental factors underlying a wide range of diseases in companion animals
this it is important to collect large numbers of DNA samples from animals where the
features of the disease are clearlyfuheed. The Vet Schools in the UK have agreed to
together in assembling one national UK DNA archive to avoid many small or duj
sample collections.

The information collected will be kept strictly confidential. The samples and clinical da
be made available, through application to a review committeebtma fideresearch groug
working on projects that are ethically sound. It is also possible that samples will be
available to research groups working in partnership with-4asademic indusial partners.
The DNA samples being submitted to the archive will be usually deriesdiflood leftove
from routine pathology tests being performed. Samples will only be included if the o
give their written consent. The sample will be anonymous once it is entered in the a
The owner retains the right to remove the sample frore #@irchive in the future if so wishe
No information regarding tests performed on the DNA sample will be given back
owner. This is because it will only be possible to find out which genes and environ
factors are important by identifying pattas in large numbers of affected and unaffec
animals.

Should you require further clarification of any issues raised please contact Wendy |
Archive coordinatoifel: 0151794720&hallows@liv.ac.uk
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Owner Informed consent

. | have read and understood the accompanying leaflet explaining the UK DNyedin|
Companion Animals

. | appreciate that in order to advance our understanding of veterinary diseases thq
need to determine how a particular condition relates to the genetic profile of the
animal

.l understand that any genetic tests relating tg mnimal will not provide specific
information about its condition but will contribute to the general body of knowledg
about the disease in the species. | realise that no specific information regarding ¢
tests on my animal will be reported back tem

. | agree to DNA being extracted from blood that may be taken from my animal for
agreed clinical investigatiorandthat is surplus to requirements for clinical tests. |
agree that this will be used entirely for research purposes. | give consetfiefor
material to be stored and made availableldona fidescientists in the field of animal
disease and genetics.

. lunderstand that all information | give will be held in strict confidence and the sou
the archived DNA will not be divulged

. lundestand that this research will not benefit my animal directly, but in the future
be of benefit to other animals.

.l understand that the custodianship of the DNA resides with the University of Live
0dzi L NBGFAY GKS N 3 fedronitife a2 tieSuturesf sq
wished.
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lll.  Table detailing full gene name and abbreviation

Full gene name

Abbreviation

Aggrecan

Anoctamin 4

Biglycan

Calsytenin 3

Cartilage oligomeric matrix protein
Cathepsin K

Coiledcoil domain containing 85a
Collagen type |

Collagen type llI

Collagen type V
Collagen type VI
Collagen type XI

Collagen type XIi

Collagen type XIV (also named Undulin)
Collagertype XXIV

Cytochrome P450, family 39, subfamily A, polypeptide 1
Decorin

Disrupted in Renal Carcinoma 2

Elastin

Fibrillin 1

Fibromodulin

KALRN

Latenttransforming growth factor binding protein B2
Leucine rich repeat transmembrane neuronal 3
Lysyl oxidase

Matrix metalloproteinase 1

Opticin

Popeye domain containing 2

Procollagerysine, 2oxoglutarate 5dioxygenase 1
Ring finger protein 152

Semaphorin 5b

Serpin peptidase inhibitor clade B (ovalbumin) member 13

Serpin peptidase inhibitor, clade H member 1

SIX homeobox 1

Sortilin-related VPS10 domain containing receptor 2
Stabilin 2

Syntxin binding protein 5 like

Zinc finger DHHE/pe containing 23

ACAN
ANO4

BGN
CLSTNS3
COMP
CTSK
CDOC85a
COL1A1, COL1 4
COL3Al
COL5A1, COL5A
COL5AS
COLG6AL1 COLBA:
COL11A1,
COL11A2
COL12Al
COL14A1
COL24A1
CYP39al
DCN

DIRC2

ELN

FBN1
FMOD
Kalirin
LTBP2
LRRTM3
LOX

MMP-1
OPTC
POPDC2
PLODBL
RNF152
SEMA5B
SERPINB13
SerpirH1
SIX1
SORCS2
STAB2
STXBP5L
ZDHHC23
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V.

Primer and probe sequences for the replication study detailed in

Chapter 4

Appendix3. Primer and probe sequences for the replication study

Plex

#

SNP_ID

Forward Primer Reverse Primer Probe
(5'-3) (5'-3)

1

rs22051140

(5-3)
ACGTTGGATGGAC,ACGTTGGATGCTT(
GTATAGGTTCTAAS AGATCATCCTCTCC CATCCTCTCCTCACCAA

1

rs24496570

ACGTTGGATGAGT/ ACGTTGGATGGGC
AGCCAGAGAACAC, CAGAACACCAATAT | | ACCTGTIRACAGAC

rs23827731

ACGTTGGATGCTTAACGTTGGATGTGA
GGAATTATGCTTGCCATCCTAACTCAGC CCTAACTCAGCATTTCCA

rs9063975

ACGTTGGATGCCAIACGTTGGATGGTG!
GGCCTATTATGTTCACTGTGATTAGGA/ CAAGTGCTGTAGGTGATT

rs21971362

ACGTTGGATGTTC(ACGTTGGATGTCG
TCCCACTTACGTACTGTGTTGTTCTCCC TGTTCTCCCCAAGGGTACA

rs23801997

ACGTTGGATGCCC ACGTTGGATGCGG
GTAAATCAAAGCTCGGGATCGCTTTTA/ TATACAGGGACGGAAGAAG

rs23048918

ACGTTGGATGCTT(ACGTTGGATGGAA,
GGCTGTAGGATTT(TGTGGTAAACTTCC CTAAMCTTCCAGAAATGGTC

rs23935034

ACGTTGGARBGGA ACGTTGGATGAAC(
GTCTGCTCAGATG CTTCTAATGCCAGC CTTTCTAATGCCAGCCTCAT/

rs9094558

ACGTTGGATGATG ACGTTGGATGTTG(
TCGAGTTCTGTGTCTAAGAAACACAGG( CCAAGAMCACAGGGLTCTA

rs8568925

ACGTTGGATGGGT' ACGTTGGATGGGA
TCTTTGAATGCCGTACCATGCACATGA!/ CAGGGCATBBATCCCGTGA

rs23813763

ACGTTGGATGAAT(ACGTTGGATGAAA™
TGGTTGGACCACAITGCAATTTCGTGG( CTCGCGGGGTTTAACGGLLS

rs23795335

ACGTTGGATGTTG/ACGTTGGATGECC,
GACAGTGGGAACA GGATTTCCTTCCAR CCTAAMAGTGCAAGGGACTA

rs23566023

ACGTTGGATGACC, ACGTTGGATGTTTT
GATGTGTGTGTCT(GGATGTGGCTCTG CCAGTGTGCACGCCTTCCAT

rs22074260

ACGTTGGATGGGA ACGTTGGATGAGC
AAAAATAATGAGCT GTAGATAACTGTGT AACAGAAAAGTTGCATTTGA

rs23812432

ACGTTGGATGATT/ACGTTGGATGGAC, :
GGATCACAACCTGITCTTTTTCTTCAG CATCTCTTTTTCTTCAGATAT

rs23835082

ACGTTGGATGTGGI ACGTTGGATGAAT(
AGACTGAAAGCAA/ GGGAGCTGAGAGC ATAAAAGCTGTTTGGCCAGA,

rs23333120

ACGTTGGATGGGG ACGTTGGATGACA(CTACCATGACGGTGAGTCTA
ATGGGTATACAAG(CCTTCCTCATAGACC

rs23829198

ACGTTGGATGTATCACGTTGGABAGGA CTGAACAGAAAGGAGGAACT
CAAGTGGTTGCCT(ACAGAAAGGAGGA GT

rs9253138

ACGTTGGATGTACTACGTTGGATGGGG CGCCACTGGTTTATAACACA
TTGACATTCCGGACACTGGTTTATAACAC

rs22418471

ACGTTGGATGACA ACGTTGGATGCGC TGAACAAAATTATGGGCAAT(
TCACCAAACTCAG(ACATCATAGAGAALTC

rs22017302

ACGTTGGATGAGT/ACGTTGGATGCCC, GAAAAGTTAGAAGATGCCAG
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Plex
#

SNP_ID

Probe
(5'-3)

Forward Primer Reverse Primer
(5'-3) (5'-3)

GTTCTTTGTAGAGCGTATGATTACTCTC CAC

rs21960910

ACGTTGGATGGAA, ACGTTGGATGTAG! CTCTCCCAGCACTCTGTAAA,
AAAAAGGTCTACG(CCTGCTTCCAGCA(AAA

rsg8748659

ACGTTGGATGGGC ACGTTGGEGATTT!
CAGTATTACAAAG/ ACATCAGAGATCA( “ACTTTCATGCTTCGTC

rs23804256

ACGTTGGATGCCAIACGTTGGATGAGC!
GCTACCATTTGTGCATAATGGTTGCAG( | CCACCGATGGCTTTTA

rs23835584

ACGTTGGATGTATTACGTTGGATGACG!
GGACTGCGTCCTT(GACTCATACACCTC CTCATACACCTCAAGAGA

rs21956708

ACGTTGGATGOAG ACGTTGGATGTCC”
ATGATACCTGAACTAATGACATCACCC( TCATTCTCCCCACAGCAGE

rs23569097

ACGTTGGATGGTA ACGTTGGATGAAC(
CAAGGCTGGGAAA AACACAGAAGTCCI TGCCCCACTCTAMGGTGA

rs21976781

ACGTTGGATGTCC(ACGTTGGATGCTG
TCCCTCTGCTCCT GACTGCTTTATGAA TTTTTGAGAGAGTARC

rs22035867

ACGTTGGATGAAACACGTTGGATGTCA!/ A A
ATCTCGTGAGTGA(CAGGCTCCCCATA! CCCCATACTCTACATGG

rs8987872

ACGTTGGATGTGCIACGTTGGATGGAT(
GGTTAACAAAACTCTTCTGCAAGAAAGC CCTTGGLCTCAACGTATCCC

rs8498499

ACGTTGGATGCCT(ACGTTGGATGARA |
GCTGAGTGAGGTT AGCCGGTCTGGCT HCCCCCTCTCELTTCTATTC

rs24526391

ACGTTGGATGAGT(ACGTTGGATGCAC
GATACTAACCTGG/AGTAGTGACATCAT GCAGTTTGTGACAATCAAGTT

rs22030434

ACGTTGGATGTGG, ACGTTGGATGAGT/
AGCAAAGTGAGGC CTGTGAAAACTTG( =1 T COATCTAATTGAAGCTCC

rs21882305

ACGTBGATGATTTTACGTTGGATGCAT(
CATTTCCTCTTCC TCCATGGACCAAA( TTCCAGAGATAGAGAAATAG

rs21880947

ACGTTGGATGGCTIACGTTGGATGGGC
CTTTCTCCTTGAGA GGAACATTCCTTC# TTTCCTTGTTTACTAGAGTAC

rs24114482

ACGTTGGATGGTA ACGTTGGATGCAT/
ATCCAGGCAGCCA TCCAAATCTTCGGT “AT CTTCCCTGATAATGGAG

rs9122813

ACGTTGGATGGGC ACGTTGGATGCAG! A A
CACCTGCACAGTT/TCAGAAGACTGAG! GCGAATGTTGCAGCCT GT

rs23828846

ACGTTGGATGACT(ACGTTGGATGAGG GGCAATCAGACAGTGGTGAC
GACTTCCTATCTGCAATCAGACAGTGG C

rs21946491

ACGTTGGATGGCC ACGTTGGATGTTC(GGAAGAGATAAAGAGAAAGA
ATAAAAGGTCATTG CTAGAGGAATATCCA

rs21895425

ACGTTGGATGCACIACGTTGGATGCGA
TTAGTGCACAAAG(CTCATTAGTAATCT TTGATTTCTTCTGAAMGTAAC

rs23800347

ACGTTGGATGTGG, ACGTTGGATGAAA(GGAACTOTGAGACTAGAATTC
TTTGAAACCCAAGCGGGAAATTCTGAG, CG

rs23798518

ACGTTGGATGTCATACGTTGGATGTGA(CATTCCTGGGGAAGATGCTT
ACGCAGTACATGCITGTGGAGTGTGGT GT

rs21882298

ACGTTGGATGCTC(ACGTTGGATGCAC CCCCATAAATCCATTCTGAG(
AATAAGATAGCCACCACTCAAGGACTTITT

rs23799015

ACGTTGGATGTGA(ACGTTGGATGTCA(
AAAGCGATGAAGC TGTGGACCTGAAC! TGAACCTTCCAACCTCC

rs23048917

ACGTTGGATGGCA ACGTTGGATGAAA(GGTGTGAGCACTGTCCC
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#

SNP_ID

Probe
(5'-3)

Forward Primer Reverse Primer
(5'-3) (5'-3)

GGCGATAAAGCTT ATGATGCCTCACTC

rs23811087

ACGTTGGATGCCC,ACGTTGGATGAGC!
GCATCCCAGTTAALTTCCTACTTTTACC CCATTTAGTTGTCACTCC

rs21973355

ACGTTGGATGAGT/ACGTTGGATGATC!
ACACGTGTTCTCTC GCTCTCACACCTA( CCAGTGTACGTTAGAGTT

rs22184669

ACGTTGGATGACC ACGTTGGATGCTA”
AAGTTACCTCTTTC ATTCATACTCCTGC TCATACTCCTGGCATAAAA

rs8959368

ACGTTGGATGAGT(ACGTTGGATGGGT.
TCCTGACTTCCTCT TTAGGAGTGCCTG CTAGTGCCTGAGAGTGAGA

rs23605299

ACGTTGGATGAAC/ACGTTGGATGTTC(
AAAGGAGGAGAAG AGACGTAGGAGGA ATTCTGAGGCGATCGGATTC

rs23806044

ACGTTGGATGCCA,ACGTTGGATGTGC
GACAAGCAGGTCT TCAGCAATTCTCTC CCCAATTCTCTCTTCCTTTTC

rs22014075

ACGTTGGATGGCT ACGTTGGATGACC!
CAAATAAAACACTG TCCTCTATTGCCTC CCTCTOAATTGATGTCTTGC

rs8712319

ACGTTGGATGCCC ACGTTGGATGGTC
TTGAGAAGTTTCCCACTCCCCTGAAAC CCCCACCCTEARMCACCCLE

rs8647709

ACGTTGGATGGGA ACGTTGGATGGGG
AGATTTAAAAAGGCGTGAGTTCTGGTTT ATAAAATGTCTTCCAGRTA

rs22346338

ACGTTGGATGTTG(ACGTTGGATGTGC,
CAGGGGTCCTCAA TGTGCTGGCTTTG O CCCCTECCAGTGTTCATC

rs8754330

ACGTTGGATGAAC(ACGTTGGATGTGT(
CCTGATGCAAACTCATTGCTAGTGCAC/ CCTGTTAGAAGCAATGLCCA

rs21946171

ACGTTGGATGAAC/ACGTTAAI GTGCCC
CTTAGTGTCTCTACTTCAAATCACTATG CAGGAGCAAGCAGTGTTTCT

rs8613571

ACGTTGGATGGAG ACGTTGGATGTGA/
AGGGAGCAATATC ATGAGGAAAGAAG CCACTCACGAAAGAAGGLLL

rs21987554

ACGTTGGATGGGG ACGTTGGATGTTC(
TTGCATGAAGGAG TTGCAGACTCTTTC TGCAGACTCTTTCTATGTATT

rs223B3474

ACGTTGGATGCTATACGTTGGATGCTG! ‘
TCCTCCATGGAAC(CGAATCTTGGTTCTC cerTecreeeeaTeceTier

rs21998646

ACGTTGGATGTCT(ACGTTGGATGGGG
TTATCTGCAAGGACCATTCATGAGTAAA CCTACTTCTTAGAATAAGTCT

rs23801537

ACGTTGGATGCGG ACGTTGGATGCRE CCGACTGATATTTAAAGCAA(
AAAAGATTGGATACCTTTAGACTGATA T

rs21977372

ACGTTGGATGTCACACGTTGGATGGGA CTTCACCTTTCTACTAATAAA
GCAGGACTCACTT/ATTGTAACCTTTCT. T

rs22380841

ACGTTGGATGACA(ACGTTGGATGGTG. GGTTTAATGACTGTCAAATTC
AGCCCTAGATCTALCTGGATACATTGCC(AA

rs21880470

ACGTTGGATGCTC/ACGTTGGATGTCC: CCCAAAACAGCCATTTATAC!
GCCATTCATTCTGCTCAGGACAGAACAIAT
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V. Primer and probe sequences for the candidate gene study detailed in

Chapter 5

Appendix4. Primer and Probe sequences for candtdayene study

Plex SNP ID Forward Primer Reverse Primer Probe
# - (5'-3) (5'-3) (5'-3)
1 1s23942105 ACGTTGGATGAAAC ACGTTGGATGTGAG TCCTCTGAGAGCCCA

TGGCAGGTGGTTC CCTGTGCTTCCCC

ACGTTGGATGCTGAACGTTGGATGCGCC
1 rs24048819 ACCCAGTACCAAG GTGTGACTCIEC CACTGAGGGGTTTCC

ACGTTGGATGTACA ACGTTGGATGACAG
1 rs22868921 AGACCCTGTGGATCGCCAGGCCCGTCAL CGCCCCCTCGLACGLC

ACGTTGGATGGAACACGTTGGATGACCC
1 1524260515 AGTCCCCTATACAC GGACATCTAAGAG GCETGCGETGCCGTECAT

ACGTTGGATGTACT ACGTBGATGTAGCT
1 rs24469329 AGCTCACATATCCC TCTGTGCTTGCTC GGCCAGTTCCTCCTCTT

ACGTTGGATGCTTT ACGTTGGATGAGGC
1 rs22255739 AGCTGTTCCAGTC CAGCAGGAGAGAC CCAGGGCCCCCAGGACC

ACGTTGGATGCCTCACGTTGGATGTTAG!
1 rs24535768 CAATAATAAGAGGC AAGGGTCATCAGAG CTTGGAGAATTGCATGG

ACGTTGGATGTCTG ACGTTGGATGAGCT
1 rs24730359 GCTTCAGGTTGTTC GGAGATGATGAGG GCCAGCGTCAAGTACCAG

ACGTTGGATGTATC ACGTTGGATGCTGT
1 rs22957764 CTGCTCAGCTTTTG CTAGCAGGGACAT CTGCCTGCCCAGCAGTCCC

ACGTTGGATGCCTT ACGTTGGATGACTT,
1 189049305 |\ G ATCTCTTGACTG TTGGCTCCAACAG C 1 1CCTCCAACAGGGA

ACGTTGGATGAGCTACGTTGGATGTGGC
1 rsg8721918 CTGAAGCCAGAGT( GACACCTTCTTG GACGTCTTGCCAGGAGGGT

ACGTTGGATGGTG/ACGTTGGATGGACC
1 rs8652327 TAATGGTCTGCTGC GGACTCCATCTCTC CCCTCATCTCTCCCTGCGGG

ACGTTGGATGCTTC ACGTTGGATGAGCC
1 rs22229903 CGGTGTTGAAAAGC GTGAGCGTATATTG TGAGATTGCGAAGACTGCTA

ACGTTGGATGTGAT ACGTTGGATGAATT!
1 rs8867454 CCTTTGTCACCTCG GTCTCACCAAGC TGTATCACCAAGCAATATCCA

ACGTTGGATGTATC ACGTTGGATGTTCT!
1 rs23527990 GCCATCTGCTACAC CTCCCCTCCTCTG GCACCAATTTCCGTGGTGCT/

ACGTTGGATATGT ACGTTGGATGCTTT(
1 rs22876135 AATGTCACTTTGGC GTGTTGAGAGGTG TGTGTTGAGAGGTGAGATCT!

ACGTTGGATGGGC(ACGTTGGATGAGTC
1 rs24048798 TGCTGCTAGCTCA GCCTTTGGCAGGT GCAAGGTGGTGAGGCCCCTT

ACGTTGGATGAGAC ACGTTGGATGACAA
1 1sB706010 ) ATGCATGGAATC TTTTGCAAGAGCAG ACAAAACAGETCTTGTTTAAT

ACGTTGGATGGGG ACGTTGGATGTGCC
1 rs24546719 GGGAAGTCCAGG TCCCCTCCGCTG GGTTTTGGCCGAGATGGCAT!

ACGTTGGATGTTTG ACGTTGGATGGTGA
1 rs22578989 TGGATAACTGTGCC ACTCTGCTTCACA GGGGTTGCTTCACAGCAGCT.

rs8957513 ACGTTGGATGCTCAACATGGATGTTGAC GGACAAGGTTATGATGTCAG(

=
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Plex
#

Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

CAAACTCTGTGCTC ATCAGACTCAAGGG

ACGTTGGATGGTCAACGTTGGATGGAGC
rs22270010 TCTGACTAATGGAC AGGCTAAAGTAGAG TTTGAAAGTGAACCTCTTTCC

ACGTTGGATGGTCCACGTTGGATGTCTC! .
rs22402697 TGTCAGTTTTTTTT CTTTCTGTGTCTCTC TTGCATCTCTCTCTCTCTAGC

ACGTTGGATGCCAL ACGTTGGATGTGAT!
rs8907726 CCCGTTATTCTCTC CATCCAACTTGCAG GGGATCAACCCAGTACTCTC(

ACGTTGGATGAAAT ACGTTGGATGTGGA ATCTAGTTGACATTAAAAAATI(

1 rs22214751 TTGGGTGAACCACCTCCACCTGTTGAAG C

1 1523269193 ACGTTGGATGTTCC ACGTEGATGGCAAC CCCTTCTGCAGAATCATCTAC
GTCCTCATCTCATC CCAAACTGCTTGAG TC

1 rs24324848 ACGTTGGATGTTTG ACGTTGGATGGTTAAATGATTATATTCTTACTTTTT
ACCAGATGAACCAC GAATTATTACTCAG A

1 rs24535784 ACGTTGGATGGTATACGTTGGATGCTGC GGGTTGGACTTCTCAGGOKT
ATTGTGAGGGATTC TAGACTTCACTGC CT

1 (8615753 ACGTTGGATGCTCT ACGTTGGATGAGCA CCCATTTTGGTTTTTTTTTTAA

TCTGTGACTATC  CTATCTCCATTTTIG T

ACGTTGGATGTGG(ACGTTGGATGAAGC
$22197326 TCGGTAGGAGACA(GGCTCAGAGCAAAC CACAGTCCCCLACAC

ACGTTGGATGATGCACGTTGGHSITCAGGC
rs23644868 GGCCACAAAATAAC TCAAGTGTTTGAGC GCCTCATGTCGAGTG

ACGTTGGATGGTTAACGTTGGATGAAGG
rs22816235 , , AGCCCGTGTGTC ACACAGGTCCCAC ACTCCCCTTCATGCCC

ACGTTGGATGGTATACGTTGGATGGCTA
rs22330976 AGAAAGTTATGAG ACCATCTCCCTCG CTCTCCCTCGGCATTG

ACGTTGGATGTAGAACGTTGGATGTTGA
24048807 CCAGCAGACAGAC GGATTGCCATCCAG GGGATGTCTTCCAGCL

ACGTTGGATGAGCCACGTTGGATGCTGT
r$24048794 CTGCAAAACTCACC GTATATGTGTGTGC TGCTCCCGTGTAGCAG

ACGTTGGATGCCCCACGTTGGATGGCAC
$22378757 TATACCACATAAGC AGAAAGTTTATCGG ATCGGCCTTTTTTCTCC

ACGTTGGATGTTTC ACGTTGGATGACCA
24448973 CTGCTTCTGCAGCCCAGGCCTACTGAC CGECCTACTGACCTETGC

ACGTTGGATGTGGLACGTTGGATGATGA
rs24754119 CTACAACAGGTAAC TGGGAGGAGAGAAC TGAGGAGAGAACACTGAG

ACGTTGGATGGGTC(ACGTTGGATGTTTC
rs24306291 TACAAGAAAATGAG GTGTAGCCTCAAC TTGTAGCCTCAACTACATT

ACGTTGGATGAGCLACGTTGGATGCCCC
rs24770733 AAGAAACAAAATG AGTTGTGATCATGC ATGACTGTATAGCTGAACT

ACGTTGGATGCATCACGTTGGATGCCTT
rs23624676 GTGGTCTCAGAAC TGTAACTTITTCTC AACTTTTCTCTTGACATCAT

ACGTTGGATGCAGL ACGTTGGATGATAT(
rs8686504 TTTAGATGCCCTGC GACCACCCGTCAC ACCGCCACCCCCCTGGGGTA

ACGTTGGATGCTAC ACGTTGGATGGTGC
rs24278934 AAGGCAGTATGAAC CATCTCTTTCTACC CCTAGAGAGAACATTCTAGAT

ACGTTGGATGAAAA ACGTTGGATGACGA
rs24602445 GAGAACCTGCCATC CACATGTCTTGCAG TGGGATAAGAAAATGCCTTAC

rs2436964 ACGTTGGATGGTTT ACGTTGGATGAGGC CATCTCCAGAGAGACCTCTTC
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Plex
#

Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

ACTGGGTTACAGG(GTCTCTCCTTTTTC

ACGTTGGATGTAAAACGTTGGATGCTTG .
rs22919040 TGGCCTCCTGGTCl TCTAGCAACTCAC GGCGCTAGCAACTCACCTTC

ACGTTGGATGAAAT ACGTTGGATGAGGT
rs8946670 GCAGTGGATCCGA(AGTACTGGTCTCC GTAACTGGTCTCCCGTCGCT(

ACGTTGGATGTGCTACGTTGGATGCGGT
rs23906411 GTCTATATACTCTG GACCCTGAAGAAAA AATTTTAGAGGTAAAAAAGCA

ACGTTGGATGGATT ACGTTGGATGGAGA
rs24560587 AGGTGAGGCCTCA” AGGATTAGAATCAG AACAAGGACAAAGGGGACCC

ACGTTGABATATC(ACGTTGGATGTGCT
rs24575600 ACGATGGGCACTTC CAGACGAAGAAAG GCATACGAAGAAAGGGTATC,

ACGTTGGATGGCTCACGTTGGATGGGTC \ s A A A
s8697617 AGAATTCAGCAACC CAAAACCATTAACC( TA CCATTAACCCCAA

ACGTTGGATGCTTAACGTTGGATGTATC, CCCACCCCGAGGTCCAGGAT

[$22842378 - - ATCTCAGGGTC TACCTTCACACCC C

ACGTTGGATGGAGTACGTTGGATGGGGC TGCAATAAAATATCTTTCACA

[S24748955 \ 1CTGGGAATTTC ATCTGGAAATATAG A

(s8946915 ACGTTGGATGGACLACGTTGGATGGAGC CTTCAACATTTAGCAATAGTG
TGGTATATAAGACA TTGTCCACTTAAAC T

(8879536 ACGTTGGATGRATT ACGTTGGATGCCGT GCCGTTGAGTGTAAGTTACTC
CCACCACTGGTCTCAATTAGTGGTGTTC T

ACGTTGGATGAAGL ACGTTGGATGAATCICTGTCCCCTCCCCAGACTAG!

522929544 AAAGGAGGAGGCAICTTTGTTCCCCTC C

(S9222557 ACGTTGGATGGTTT ACGTTGGATGCAGC TTCTCCATGTCTTTTTATTTTT!
TTGGTTTTGTTTG ACATATTTTCTCC A

ACGTTGGATGAGACACGTTGGATGGAAG TGGACGAAACAAGTCTGCCC

$22786371 AGGTCCCTGTCCCCACAAGTCTGCCCTG ACGA

ACGTTGGATGGCACACGTTGGATGAGCA
$23627318 ACTGCTTCTCTTCC TTTATGCCTCACAC CCTCACACTCAGGLT

ACGTTGGATGCTTA ACGTTGGATGAGGC
$24654871 GAGGGGAGCTGGG TGCGGACAGAGAG/ AGAGGGGLGGLCTCC

ACGTTGGATGACCC ACGTTGGATGAACC
r$24299845 1 A 1 GGACAATAAGC GAGAAGCAGGGAA( NCCAGGCACAGGCGT

ACGTTGGATGAAACACGTTGGATGTGAG
$23942103 TGGCAGGTGGTTC CCTGTGCTTCCCC reerreecceeeTeet

ACGTTGGATGAAGCACGTTGGATGATGG
8721919 CACAAAGCAGTGACAGGGATGAGAGGAC TTGGCCCTGACACCTTC

ACGTTGGATGGGG, ACGTTGGATGGAAT
58861243 GTATGAGATCAGAC ACAGAAACCAGGGC CATAAGAGTCCTCGGTT

ACGTTGGATGTTCCACGTTGGATGCAGC
522930994 CTTTGGGTCCTTC ATACTTACCTTGGC ACTTACTTGGCTCCTTT

ACGTTGGATGAACT ACGTTGGATGTCAG
rs22597612 TCCAACTAAGCCAC ACTGTGCTAGGTGC GCTAGGTGCTAGAGACAG

ACGTTGGATGAACAACGTTGGATGCATG
rs22217603 GACTTACAGGCTCC GTCTCCTTCAGGE CTCCCCTTCAGGCTGCCCG

ACGTTGGATGATGCACGTTGAASGTTGTA
89222556 CCCATTGGACCAGTGGTTTCTCATACTG ACCTCATTTTTGCTTTAGG

rs24029016 ACGTTGGATGGCATACGTTGGATGTCAG GGAAAGAGGATGAGAAATG
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#

Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

GCAGAATGTCCTTC GCCGTAAGGTTTTC

ACGTTGGATGGCC/ACGTTGGATGTCTC
rs22861513 ACAGACACAGTTTC CATCCTCTATACC TTAGCACACACACAACCCAA

ACGTTGATGAACTT ACGTTGGATGTCTG
rs22738485 TTCAGGAGCTCTCC GCTGCAGTTATGAC TGCAGTTATGACGTGGTGTT

ACGTTGGATGCATCACGTTGGATGAATG
rs22190862 CCCTGTATGCTGAC AAGGGTTTTGCTTG TGAAAGTACTAATGTTTCCTT

ACGTTGGATGCAGTACGTTGGATGATAC!
rs24566255 TATTGACAGTAGCC ATCTGCTTTATCC CCAATTGCTTTATCCGTTCAT

ACGTTGGATGACTAACGTTGGATGTGTA
rs8824603 GCTCCAAGGAGAA(AATGGCACTGCCE CCCTATGTGTCATTCTTCTGC

ACGTTGGATGATTC ACGTTGGATGCTTA
rs24278947 AGTGTCAGAAGGTC GAGTTCTGCTGCC GTCTGCCAAATCTTCTGTAAT

ACGTTGGATGATTC ACGTTGGATGCTGC
rs22239815 TCAAAGTTGGEC ATGCAAAAGAACTC GGGCAAAAGAACTCAAACAA/

ACGTTGGATGCGC(ACGTTGGATGGGTC
rs22184922 CATCCTTGAGTTTC CTCATCACTGATGG CGGATGGAAAATCACAAGAT(

ACGTTGGATGAACAACGTTGGATGGTGC
rs8680883 ACGTCTTGGTCCC CCTTTGTATGCATC GTACCTTTGTATGCATCTCCC

ACGTTGGATGGAACACGTTGGATGTCAC
rs8945015 CTTGCAGTGTTGTC CTGTGTGCTAGAC CTTTGGCACTTCGAACCACTC

ACGTTGGATGTGTT ACGTTGGATGATCT .
rs24736591 CATGTTGGAACAC GGCTGATGAAGTC TGTTGACTTCAGTTTAACTAA

ACGTTGGATGACACACGTTGGATGAGAA
rs9095802 ACCTTGTCCCCATC AGATGGGATCCCAC GGGGTCCCAGGGCCCCTGGH

ACGTTGGATGGAACACGTTGGATGTTCT(GATGGCACCCGCCACCGCGT

1924522318 116, AGCAGTGCC CCCCGCTGGCAC  CC

ACGTTGGATGAAACACGTTGGATGTTTC ATGACCCATCCCCACACATG"

524535705 G GGTCTAACTTAGC GAGCATGCACCTG A

ACGTTGGATGTGG. ACGTTGGATGACAC AACTTCAAAATGAGATTTTAA(

rS8821422 T CATCTGTGTCTGG ACTTTGGGCACAAC T

ACGTTGGATGAGG/ACGTTGGATGTGTAI CCACACAGACACACCGATGC

r$24029017 TTCTGCACATGCAC AGACACACCGATG ATA

ACGTTGGATGGGGIACGTTGGATCCIGG ATTGCAATATCAATTTCTTTGI

$22378728 GTGACTACAGAATC TAAAACTTTCATTGC CA

ACGTTGGATGGAG(ACGTTGGATGCCTT ACCGTTGTCAGGCTAATGCA(

522309803 5 G AGAAAGAGTAAC CAGGCTAATGCAG TAG

ACGTTGGATGTCCCACGTTGGATGACCC
23269200 TGGCAGCGATGAC ACTTCTCTCTCAC CTeTeTeACCCCCee

ACGTTGGATGGTTCACGTTGGATGCTCA
8686503 TGGCTGAGAGGTTC(TCACCTTTGCTTC TreerTecceTeeTe

ACGTTGGATGAGG(ACGTTGGATGATCC
rs22863806 GACAGGCCCAGTG GAAGACCCTCAG AGGCCCCATACGTCC

ACGTTGGATGTTCCACGTTGGATGAGTA
s8891835 GTCAACCTGGTGC GCCCAGAACTCACC CGATGGATGTCBE

ACGTTGGATGTGCCACGTTGGATGTCAG
rs23639382 GAAACTGCACATAC ACTTAGTGAGTAGG AGGGTCACTTCACTGT

rs23589114 ACGTTGGATGTGACACGTTGGATGTAGA GTTGTCCTGCACCCCAC
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#

Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

TCTTGCCAAAGCAC GACCAACTGGTCTC

ACGTTGGATGACACACGTTGGATGGTGA
rs24466233 GCAGAGGAAGGAG GAGTGOSSCTCAT CGCATGCTGGCGGTGTG

ACGTTGGATGGGG, ACGTTGGATGCTCT
1$23242714 11 - C ACCCAGAAAC TCAAGTCTGCTGG CCCAGCCGGATAGAAGA

ACGTTGGATGGGC ACGTTGGATGGGGA
rs24288752 AGAATAAATCAGAG AAACATTGGTAGAG TCTACTGCTCTGACACTG

ACGTTGGATGTTTC ACGTTGGATGACCA
rs24448071 CTGCTTCTAEEC  CAGGCCTACTGAC CCCTCTACTGACCTGTGCC

ACGTTGGATGATCT ACGTTGGATGCCAG
rs22823788 AGGCCTCTCCTTCC CCAGAGAACCTG CCCAGAGAACCTGAGAGAC

ACGTTGGATGATTC ACGTTGGATGGCCT
$22378703 CATGCTGAGGTTTC ATGCTCAGGATTAG CATACAATGGGTGGTTTTT

ACGTTGGATGAATA ACGTTGGATGTGTT
rs24607®3 CGCCATTTGCTTCG CCTTCTCCGATTG TTTCACTCAGCATAATACCCT

ACGTTGGATGTGG. ACGTTGGATGATGC
rs8680882 GGTTTAGCAAAGGC ACAAAGGTCCCACG GGCCAAGGTCCCACGGGCCT

ACGTTGGATGGCCTACGTTGGATGTCGG
rs22308173 ATGGATGAGGAGA( ACCAGTTCAATC CATGGGAACCTTGCAGAATG,

ACGTTGGATGTAAT ACGTTGGATGTCAT
rs24546410 CCACCTTCTCTCTC CTCCTGAACCCAC CCCTCTGGCCGCCCTTCTCT!(

ACGTTGGATGTCTC ACGTTGGATGCACT
rs24052183 ATGTTCCCAGGCAC ATTAGATGTGCCC TGCCCTATTTATTTCTGCATA(

ACGTTGGATGCCTTACGTTGGATGGAGT
rs24278933 GAACTCTAACAAG AAGATGTTTGTCCC CTCTGTTTGTCCCATTCAATTI

ACGTTGGATGAACCACGTTGGATGATTT(
rs22372241 GATCTGGTTTTTTG ATCCTGTCTCACTC CTCGCTGATGAGTCTGGCTA/

ACGTTGGATGCTGCACGTTGGATGCTGG
rs22803160 CTTAGGAGTCTAGC ACCTAGCAACTGAG GGGTACCCCUJGCATCCCATC

ACGTTGGATGTTCCACGTTGGATGTGGC
rs24221465 GACCAGCAGAACA( TCCATCACCTTAAC TAAGTCCATCACCTTAACTAA

ACGTTGGATGAGACACGTTGGATGCTGT
rs22320220 ACCACGTGGAGAA, GTTTTCTGTAGTTTC TAACATGTAGTGTTTAAATAT(

ACGTTGGATGTAAC ACGTTGGATGGATT!
rs8898239 ACCTACCACBEC TTGAGAGGTCCAC CCCAACCTGGCCCAATGGGT

ACGTTGGATGGAALACGTTGGATGTCCT CATTATCCTTCCTCTCAGGAA

$22957760 CCCAGGACAAAAG(AGCTGCCACTTAC A

ACGTTGGATGTGAT ACGTTGGATGGCTC ATCTTTTACTTTTASGEGATAAC

24278005 GCTCTGTGAAAGGCCTTTTACTTTTGG A

(8679272 ACGTTGGATGGGA/ACGTTGGATGAAGC TGACTTAGATTAGTTGTATTA(
ATAGATATAAGGAA CAGTGTTGACTTAG G

ACGTTGGATGGTGCACGTTGGATGCCTT. GCCAGATTACATTCCCAATCT

522535948 A TTCTAGTGGAAG CACAAGTTGGACC CT

ACGTTGGATGGGTC(ACGTTGGATGCCTA GATTAATTTTAAGTTCATGAC

1S23537789 S GGTAGATCTTC AGTGAAGAATGGC AA

ACGTTGGATGAGCTIACGTTGGATGGAGC GGACTGATTAAGATTCATTAT

$24568755 TCTGATCTCTGAAG CCTGATTAAGATTC GAT

rs24048809 ACGTTGGATGTTGA ACGTTGGATGTAGA CCCGAGGEACAAA
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Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

GGATTGCCATCCAC CCATGCAGACAGAC

ACGTTGGATGATCCACGTTGGATGCCTT.
rs9117174 CATGAGGTAGGAAC TCATAAAGCAATC TCTTTGCCTCAACACT

ACGTTGGATGTTAC ACGTTGGATGCTCT,
r$22881468 - \ rcTCCTTTAGGC CTCTCTCTTACCE  CCCTGGCTTCAAGGGC

ACGTTGGATGGCTTACGTTGGATGCACA
rs23637297 GTTCTGGAGATTGC ACACAGCAGAAAAC ACAAGGTTCATAGCGAA

ACGTTGGATGATTT ACGTTGGATGAGAA
22738509 TACCCAGAAGCCC CTCTGGAGAAGCAC AACGCGGACAAGGAGGA

ACGTTGGATGGTGTACGTTGGATGGTTG
r$23648407 -1 G AAGAGTACCAC ATGAAGAATCCCAC CAACAATCCCACCATGAT

ACGTTGGATGCTTT ACGTTGGATGCTTG.
rs9008179 CAGACTTTTGTGAG ACTGAGGACCTGC TGATGGCAGGAGATTATT

ACGTTGGATGCAACACGTTGGATGCTGA
rs8950487 TATCGATGAGCTGC CATCGCTGTACTG CCCTGCTGTACTGAGCCAC

ACGTTGGATGAGALACGTTGGATGGTGC
rs24767776 ATCTCAGCCATGCC TCTTGGAGCCTTTC AGGAGCCTTTCTTAGGGAG

ACGTTGGATGAGG(ACGTTGGATGATCC
23625894 AGACATAGGCAGACGAGACCTGGGATCC CCCCCGEGATCEAATCLLAC

ACGTTGGATGGACTACGTTGGATGCCTT.
rs22214750 AGAGAAAAGTCTTC TTTGGTCTCTGGC TTCTATCACGGTATGAATTG

ACGTTGGATGTTCC ACGTTGGATGTAAA,
rs23651397 GCGTGATGGTTCC ATGGGAGTCCTG GGAGAAGAATTCCATGAAGG

ACGTTGGATGTTGT ACGTTGGATGATCG
rs22106265 GGACTGAGTTACCC GAAGAGAGAAACGC CCCGGGGAGAAATCTTCAAC

ACGTTGGATGTTGC ACGTTGGATGAAGG
rs24546447 CCCTACATCCTTC ACATGGGCATCAAG AGAAAGGGTGATCGGGTAAG

ACGTTGGATGAACCACGTTGGATGTTAA(
rs22919923 CCTAGTTTGATTC TGCCTCAGTGTTC GGTATAGCCAAATGCTTTCTC

ACGTTGGATGCCACACGTTGGATGAGCA
rs8703991 TCAGGTAAAAACAC ACTCAGTACTTCAC GAGTTACCAATGTGTAAGAAC

ACGTTGGATGACACACGTTGGATGGCAA
rs22413365 TGTGTGTGTATGGC TGTAGATTTCTCTG GTAGATTTCTCTBATCTCAT

ACGTTGGATGGGA(ACGTTGGATGATCT!
rs23989232 GCTAACCAATTCTC TCACCTGGAGTTC GGGTGAGGCAAGGTAAGTAT

ACGTTGGATGCTCCACGTTGGATGCTAT!
rs8587007 GGGAGAAAGGGTA TCCTTACTATCCC TTACGATCCCAAAATCTACCC

ACGTTGGATGCGACAGGTTGGATGAATTT
rs8907730 GAACACATATGGAC GTGTGGACGTTGGC GGATGTTTGCTTTTTATAAAC!I

ACGTTGGATGAGACACGTTGGATGAGGA
rs24346522 GACGCTGTACAAAT ATTTCTCCTGGGAC CTCATGGGACATGGTATTAAA

ACGTTGGATGCTGTACGTTGGATGAAGG GAATGGAACTTGTGAGGACT!

522255738 (- 1 TTAGCAACGTC AGTAAAGGGTCAGC T

ACGTTGGATGTGG(ACGTTGGATGTGTC _
r$8893358 1~ TGTAAGTATTG CTCCACACCTTTC OV IAATTCTGTTTTTITTTTIC

(8785162 ACGTTGGATGCCCCACGTTGGATGTTTGIAAGATGCTCAACTCAAATCAA
TGAGTAGAATTTTG AAGCTGCTCAACTC AA

rs23209310 ACGTTGGATGGGATACGTTGATGAACTA(GTTCCTCTTTCTGTTTTAGGG
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Plex SNP ID Forward Primer Reverse Primer Probe

# - (5'-3) (5'-3) (5'-3)
CCTCGATAGCCATCAGGCTTTCACCGAGC

5 (8780512 ACGTTGGATGCCC/ACGTTGGATGACCC TCATGAAAAACTAAGTGTATA
ATGACAAGTATTTC TTCATTCTTTTC AG

5 1522165230 ACGTTGGATGCCG(ACGTTGGATGTGTC CCCCCCACCATGCCATCCAC
CTCAGTAACCTG GGAGTACTTGTAG TGG

5 (524737225 ACGTTGGATGGCAC(ACGTTGGATGGAGC ACAAGAATTTCCTATTTAGAA
CAGTCATTCAGAGC TCAACCTAAACCAG AAC

5 1522195359 ACGTTGGATGTACAACGTTGGATGTGTG ATAGCTGACATGATTCCACAT

CATCCCCAGAGTTC GTCACTGTGTGATG ATG

ACGTTGGATGAGAC ACGTTGGATGTCCA
r$24619748 1 A GTGCTTCCTCAG ATGCCTTCCTTGAC CCTTGACAACCACCC

ACGTTGGATGATAC ACGTTGGATGTTAC!
24732865 CTTATCTGTGACGC CGAGGGTCATTCC GGCATCTCCAGCLLL

ACGTTGGATGAGGTACGTTGGATGTCTC.,
r$24011145 GTGGTTGTCTTGGC TGCGTGTGCCTTG TGGLTCCTCTGTGTA

ACGTTGGATBATGCACGTTGGATGACTG
s9024664 ACATCACACAGACCAGCTCTGTGGGTTC GCGGTTCTCAGCGGGA

ACGTTGGATGTGTCACGTTGGATGACTA!
r$24038028 CGAGAGTGTCATTC AACCATGTTCTTG ACAATGACATCGCTCA

ACGTTGGATGGGTC(ACGTTGGATGGCAC
rs22106266 GGTCGGCCGGCG CGATCCTGCTGE TGTCCTGCTGCTCCGCA

ACGTTGGATGTTCA ACGTTGGATGAGCC
rs24615406 TTCGGGCTCTCTGC GTGCTCTCCAAAGA TCTCCAAAGACGLTTTA

ACGTTGGATGTTGC ACGTTGGATGTGTG
524278945 AGCTGCCATTTCTG CACGATGATCACC CCATGGACTTAGATGCT

ACGTTGGATGGCCTACGTTGGATGTCTG
s8830091 TTTTTTCCAGGATG CCTCTGCACTTAG GCAGGCCTTGCCTGTTEEE

ACGTTGGATGAGG/ACGTTGGATGTTTAC
rs24278946 TTGGGTATTAGGAC TGTGCGGCACCTC CCGAGGCACCTCCTGAACA

ACGTTGGATGCTCTACGTTGGATGTCCA
rs24380667 ATGAATATTTTACAL TTTAAGAGCCGAC GAGCCGACTCTTAATAGAT

ACGTTGGATGCTGAACGTTGGATGCAAG
8950488 TCATCGCTGTACTG TATCGATGAGCTGG TCCATGTCAMCLAGAGEG

ACGTTGGATGCTGA ACGTTGGATGGGAA
rs8561539 TTCTTGGAGTTGCC TTGGCTTTGGCAAC CCTGGATTAAATACTGACCC

ACGTTGGATGTATC ACGTTGGATGTTCC.
rs8927359 AATTAAAATCACC GGGAGCAGATGGC GGCTTCAGAGGCCTCAAGGC

ACGTTGGATGGAG(ACGTTGGATGGCAC
rs24566251 TAATTGCTTGCAGG TCTTGAGTTCTTAG TCCTCTTGGGAATCCACATAT

ACGTTGGATGAGALACGTTGGATGTTCC!
rs9095803 GCCCAACAGCTCC, CAGGGTGAACGTG GGCATGGCCCCACAGGGAAL

ACGTTGGATGGCALACGTTGGATGAGGA ‘
rs24261266 ACCATAAAAGATG TGTGGGAAGTCCAG GAGTCCAGGGAAAAAGGTAA

ACGTTGGATGCCATACGTTGGATGTACA!
523232135 AGTCATCTTGCAGC CCTTGACGTTCAC CCAGAATCACGAAGAAATAAC

»

ACGTTGGATGTTTC ACGTTGGATGCATT,
rs8926268 , GGGACCTGCC CTTGTTACTCTGC CACGCTTGTTACTCTGCACTT

»

rs8898240 ACGTTGGATGGGT(ACGTTGGATGCTTG TCGCTTGCTTTGAGAGGTCC!/
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Plex
#

Forward Primer Reverse Primer Probe

SNP_ID (5'-3) 5-3) (5'-3)

CCAGTAGACCCAT GAGTTTGGTCTAC

ACGTTGGATGTAGAACGTTGGATGTTAG!
rsg8861242 GTCACCACCTCCAC ATGGAGAGAAACGC TATAGAGAGAAACGCATAATC

ACGTTGGATGACACACGTTGGATGATAA,
rs24553222 AAGACACGAGTGC(AGCCATTCCCCCTG CCCTGATATTAAAMICTGATT

ACGTTGGATGACAAACGTTGGATGTCTA(
rs24048817 TTCTGGACTCCATC AGTGGTCTTGCTC AAGGATCCTGGGGAGGCTGC

ACGTTGGATGCTGCACGTTGGATGCCAC GGAGAGGAGAAGAAAAGGAC

524029015 A AAGCATGCCACTC AGAATGTCAGGAAG G

ACGTTGGATGGGC! ACGTTGGATGGGGT GGGAGTCTGTAGGAAAATGA.

522595730 - ACAGTTATGAAC TCTGTAGGAAAATG C

ACGTTGGATGGCC(ACGTTGGATGTGTC ACAACCATGCCATCCACGCG!

22165232 CGCTCAGTAACCT GGAGTACTTGTAG GG

(8523506 ACGTTGGATGCCC/ACGTTGGATGCACA ACAAAATGAGAAAACAAATAMA
TGATTTAGGAGAAA ACTAACAAGTTAGA AA

ACGTTGGATGACACACGTTGGATGGGGA GAAAAGAAATTTGAATGTAAT

522378754 1CTCAAATCTGACC CCCTTACGAAAAG AATC

ACGTTGGATGTCGCACGTTGGATGACCA
24528134 TCCACGTAGGAGA GTTGCAAAGGCTGC GAGCACCCLLLTTGT

ACGTTGGATGCTGTACGTTGGATGBGAA
rs24048796 GTATATGTGTGTGC CTGCAAAACTCACC CCACCCCCACTCCCTT

ACGTTGGATGATGCACGTTGGATGTTCT(
522356416 GCACTCACAGCTG(TCTAGGGAGCCCG TGAGAGAGGACGTGT

ACGTTGGATGAGG/ACGTTGGATGATTA"
r$22217604 TCCTTTCACTTACG TGAGGAGACGGAG ACCCTGCCTTGTCTGC

ACGTTGGATGCTAT ACGTTGGATGACGT
524864610 CTGTAGGTTATGC CACCTTTCACCAC GGGTAGCCTCACTGTC

ACGTTGGATGGTG(ACGTTGGATGAACA
8680884 CCTTTGTATGCATC ACGTCTTGGTCCC GCGTCCCTCCEEAAGCCA

ACGTTGGATGAGG(ACGTTGGATGTCTT
rs24758506 TTTTGGACATATTC CACTGTGGCAGTC TTCTCCTTGAATTCCTCC

ACGTTGGATGGCALACGTTGGATGTTGT!
2354610 ATGGCACTGTTCTC CCATTACAGAGCC GCGTCAGAGCLATCTCCAC

ACGTTGGATGTTCA ACGTTGGATGAGGA
rs24535614 AGAGGCAGAGAGA GAGTCCTGCATTGG GTGAGGAGCCTGTTTCTC

ACGTTGGATGAAAC ACGTTGGATGTGTC
rs24578426 CCCGGGCGCAGGT TCCCCACAGGGTC CCTTGTCCTCCCGGGCCCA

ACGTTGGATGCAGCACGTTGGATGGACT
rs24770735 TACAGTCATGTAAT TCAAGAAACTACCC ACTACCCGTAAGTTGTGAT

ACGTTGGATGGGG ACGTTGGATGTGAA
rs22917971 TTCTTGGCACACTC GGTTTAAGCCCCAG ATCCCCAGGGTTATATAGTC

ACGTTGGATGTTTC ACGTTGGATGCCAA
rs22289709 GTTGAGCCCGEAT ATGCACTATGGATG GGATGCTATCAAAGTATACTC
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VI. Q-PCR data Shapiro Wilk normality test

Appendix5. Normality test results for the @PCR datasets as described in Chapters
7&8

MMP2 Biglycan Trap Cathepsin kCOL 1A:COL 1A: IL6 DIRCZPDIA5 PARP MMP1

D/N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I/C 0.00 0.2 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00

KEY:DNdi sease vs nor mal ti ssue, | / C = TNF

A value less thar®.05 mears that the data is norparametric and does not follow
a Gaussian distribution

VIl.  Q-PCR data primer efficiencies

Appendix6. Efficiency data for the @PCR primers used in Chapters 7 & 8.

Gene Threshold Slope R Efficiency
MMP-2 4.57 -2.92 0.99 120%
Biglycan 0.52 -2.96 0.99 118%
TRAP 3.98 -3.60 0.99 90%
Cathepsin K 0.60 -3.10 0.97 110%
COL1al 0.40 -3.05 0.97 113%
COl1a2 0.33 -3.24 0.95 104%
IL-6 151 -2.80 0.97 128%
DIRC2 1.47 -3.21 0.91 105%
PDIAS 1.6 -3.18 0.93 106%
ATIC 1.00 -3.20 0.99 105%
PARPO 0.84 -3.54 0.98 92%
HIRIP 0.52 -3.44 0.99 95%
MMP-1 0.20 -3.78 0.90 84%

Average efficiency: 105%
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