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SUMMARY

Glaucoma is a term describing a group of oculaordisrs with multi-factorial
etiology united by a clinically characteristic iabticular pressure-associated optic
neuropathy. Collectively, they are the leading eawd irreversible blindness
worldwide. Primary angle-closure glaucoma (PACG)aissubtype of glaucoma
characterised by irido-trabecular contact and eéelantraocular pressure (IOP).
Almost half of individuals who reach legal blindsedue to glaucoma have PACG.
PACG may be clinically divided into acute and cheoiorms, and the pathogenesis
is multifactorial. Short axial length and a “crovdienterior segment are established
risk factors in the development of PACG. Similat more extreme clinical findings
are found in a rare developmental disorder knownammphthalmos. Recent studies
have highlighted the heritable component of bothopathalmos and PACG. The
aim of this thesis was to further explore genes& factors in the development of

nanophthalmos and PACG.

This study identified a novel variant ¢.577G>C kechin exon 8 offransmembrane
protein 98 (TMEM98) gene in a large family with autosomal dominant
nanophthalmos, and reports variants Mémbrane frizZed-related protein and
Protease serine 56 in two other families with nanophthalmos. Thesee¢hgenes
were further analysed for association with PACG aodlerline significance was

identified, motivating further study on a largehoat.



We then conducted a genome-wide association sB#AS), which is an approach
that involves scanning the whole genomes of mampleeto find genetic variations
associated with a particular disease, on patients RACG from two different
cohorts available at the time of the study (Ausarahd Nepal). We chose different
cohorts to investigate the differences in the alleéquencies and the genetic risks
between these two cohorts. Unfortunately no sigaift single nucleotide
polymorphisms (SNPs) reaching genome-wide signifieawere detected from this

GWA study, so we aimed to build up the PACG colfmrthe next larger GWAS.

Meanwhile, analyses of previously published caneidgne studies for PACG were
undertaken. This study shows that common variatinthin Matrix
metalloproteinase-9, and Endothelial nitric oxide synthase genes were significantly
associated with PACG in the Australian cohort, ehieHepatocyte growth factor
gene was associated with the disease in the Nepatdwrt. Finally, replication of
three novel loci rs11024102 PLEKHA7 (Pleckstrin homology domain containing,
family A member 7), rs3753841 inCOL11A1 (Collagen, type XI, alpha 1), and
rs1015213 located betweeACMTD1 (Protein-L-isoaspartate (D-aspartate) O-
methyltransferase domain containing 1) andST18 (Suppression of tumorigenicity 18)
from a recent GWAS indicates replicated associatibthese candidate loci with

PACG.



Data from this thesis advance understanding of gie@es involved in the
pathogenesis of nanophthalmos and PACG. It magtassrefining of the genetic
screening programs to identify individuals at madarly high risk, especially in

families with nanophthalmos, as they develop blesdnat a younger age.

Identification of TMEM98 as a gene for autosomal dominant nanophthalmalsasa

finding of significance, which requires further tiional work to unveil the role of

this gene in the human eye.



Publications arising from data presented in this tkesis:

Awadalla MS, Thapa SS, Burdon KP, Hewitt AW, Craig JE. Theoasgion of
Hepatocyte growth factor (HGF) gene with primary angle-closure glaucoma in the
Nepalese populatioiol Vis. 2011;17:2248-54.

Awadalla MS, Burdon KP, Kuot A, Hewitt AW, Craig JE.Matrix
metalloproteinase-9 genetic variation and primary angle-closure gla&oin a
Caucasian populatioMol Vis. 2011;17:1420-4.

Awadalla MS, Thapa SS, Burdon KP, Hewitt AW, Craig JE. A credimicity
investigation of genes previously implicated imnpairy angle-closure glaucomol
Vis. 2012;18:2247-54.

Awadalla MS, Thapa SS, Hewitt AW, Craig JE, Burdon KP. Assticraof eNOS
with primary angle-closure glaucomaVs. 2013;5:2108-14

Awadalla MS, Thapa SS, Hewitt AW, Burdon KP, Craig JE. Asstioraof genetic
variants with primary angle-closure glaucoma in thiferent populationsPlosOne.
2013; 8:e67903

Awadalla MS, Laurie K, Coote MA, Walland MJ, Casson RJ, Kuot A,
Galanopoulos A, Souzeau E, Usher B, Burdon KP,gCi&. Genetic variation of
MFRP and PRS56 in families with nanophthalmo<Clinical and Experimental
Ophthalmology. Submitted August 2013.

Awadlla MS, Burdon KP, Souzeau E, Landers J, Hewitt AW, Sh&®m@raig JE. A
mutation in TMEM98 in a large Caucasian kindred with autosomal domtina
nanophthalmos linked to 17p12-qUAMA ophthalmology. Submitted August 2013.



SIGNED DECLARATION

| certify that this thesis does not incorporatehaiit acknowledgment any material
previously submitted for a degree or diploma in aniversity; and that to the best of
my knowledge and belief it does not contain anyemal previously published or

written by another person except where due referenmade in the text.

Mona S Awadalla



ACKNOWLEDGEMENTS

This thesis is dedicated to my amazing family. Mthér Prof Salaheldin Awadalla
has been my inspiration since | was a little didJways dreamt to be like him. My
appreciation goes to my beautiful mother for hafless encouragement and support.
Together they taught me how to challenge life andjeét the best out of it. Their
emotional and financial support has enabled meiofartably fulfil my passion for
research. | thank my brothers Mohamed and Magethdorg so supportive and for
always being there for me in my ups and downs. Thaye provided utmost
emotional encouragement and support for the lasétpears and also shared the joys
of outcomes and successes of this project. To mrycée Moataz, thank you for

enlightening my life with your love, smile and kihdart.

Working on my PhD in the Department of Ophthalmglobpas been an
overwhelming and rewarding experience. | have Ml greatest honour to work
under the supervision of Associate Professor J&ragy and Dr Kathryn Burdon. |
strongly believe that anyone who has the chancedadik with them is extremely
lucky. To Jamie, you have been a steady influehosughout my PhD candidature
with your support, care and encouragement in tiofesew ideas and difficulties.
Thank you for being a person open to ideas, antdtping me to shape my research
interests. To Kathryn, | cannot thank you enoughyfour tremendous support and
always finding time for me. The outcome of the pobjin this timeframe would not
be possible without you. Furthermore, | am gratéduimy co-supervisors Professor
Robert Casson and Professor David Mackey for timsightful comments in this

thesis, and for their many motivating discussions.

Vi



Professor Douglas Coster is sincerely thanked &lie¥ing in my ambition when |
first came to Flinders Eye Clinic as an ophthalmgab trainee in 2005, he
encouraged me to always aim for the top. | am yegithteful for his incredible

generosity and support and for being my honoratefain Australia.

| thank all participants who contributed in thisoject. | am grateful to the
ophthalmologists who assisted with recruitment atipipants; Prof Robert Casson,
Dr Mark Walland, Dr Guy D’Mellow, Dr Richard MillsDr Stewart Lake, Dr
Michael Coote, Dr Deepa Taranath, Dr John Land&r&rica Mancel, and Dr Anna
Galanopoulos. Assistance for the recruitment otigpants by Dr Suman Thapa
from the Nepal eye clinic and Dr Alex Hewitt forcreiting the Normal South

Australian cohort is highly appreciated.

The Department of Ophthalmology Centre for Clini¢dsearch Excellence of
Flinders Medical Centre, the FMC Foundation, theidtel Health and Medical
Research Council (NH&MRC), Flinders University atite Ophthalmic Research

Institute of Australia are acknowledged for theinding support.

I would love to thank Ms Emmanuelle Souzeau fordféort as a genetic counsellor
and together with Ms Bronwyn Ridge for their effortassisting with the recruitment
of patients and data collection. The assistance avehreceived from the
Ophthalmology laboratory group is appreciated: Moraham Kuot, Ms Sarah

Martin, Ms Alpana Dave, Ms Greta David, Mrs Kathidaowell, Mr Rhys Fogarty,

Vii



Ms Shari Javadiyan and Ms Kate Laurie. | also askedge Dr Stuart MacGregor at
the Queensland Institute of Medical Research fardooting and analysing the
genome-wide pooling data in chapter 3. As the thissihe end result of team work,
so the pleural personal pronoun “we” was used atstd the singular form. One sure
thing is the rewarding experience | have receivakimg in the Department of
Ophthalmology, Flinders Medical Centre from evemyoparticularly Dr Georgia
Kaidonis, Dr Jude Fitzgerald, Dr David Dimasi, DhiBani Sharma, Ms Deb
Sullivan, Dr Miriam Keane, Mrs Lynda Saunders, Man& Cazneaux, Ms Lyn

Harding and Prof Keryn Williams.

viii



Chapter 1

INTRODUCTION

Glaucoma

The term glaucoma was first used by the ancienekdréo describe a form of ocular
pathology that may, in fact, have been a catafactear difference between cataract
and glaucoma was not described until 1705. At tbgirming of the 19 century a

French physician (Dr A. Demours) showed that ameiase in intraocular pressure
(IOP) can lead to glaucoma. In 1973, Drance wadittieto describe glaucoma as an

optic neuropathy influenced by several risk fact{k$antzioros 2006)

In modern nomenclature, Glaucoma is a term desgyihigroup of ocular disorders
with multi-factorial aetiology united by a clinidpl characteristic intraocular
pressure-associated optic neuropathy. (Casson|d@hat al. 2012) It is not a single
entity and is sometimes referred to in the plusaltae glaucomas”. All forms are
potentially progressive and can lead to blindn&hs. different subtypes of glaucoma
each vary in their pathophysiology and clinicalgemtation; (Morrison and Pollack
2003; Knaski 2008) however, an elevated IOP isgmeat some stage of the disease

process in all forms of glaucoma except so-caledmal tension glaucoma.

Loss of vision from glaucoma is preventable bugvarsible. In Australia, the cost of
managing glaucoma exceeds AUS$50 million per yda#r the cost of glaucoma-
related prescriptions alone increasing from $19iwonil per year in 1994 to $71

million per year in 2003. (Walland 2004)



Classification of Glaucomas

Glaucomas are classified by the anatomy and appeai@ the irido-corneal angle,
located at the junction between the iris and coindle anterior chamber, into two

main groups: open-angle glaucoma, and angle-claggateoma.

Primary open-angle glaucoma (POAG) is the most comrorm of glaucoma
worldwide. POAG shows normal structure of the aantechamber of the eye with
normal anterior chamber depth (ACD), and a widenadpido-corneal angleHigure

1.1.9. (Yong, John et al. 2009) Primary angle-closutaugoma is caused by
anatomical narrowing of the anterior chamber angiel is characterized by irido-
trabecular contact, an elevated IOP and glaucommatpiic neuropathy (GON)

(Figure 1.1.b.
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Figure 1.1. Structure of the anterior chamber of the eye POAG (A) the drainage
angle formed between the cornea and the iris isswigen ~40The anterior
chamber depth is large. PACG (B) the iris and ttats meshwork in contact (irido-
trabecular contact) blocking the flow of agueohste the anterior chamber depth is

shallow. (Adapted from http://www.medrounds.org)



Primary Angle-Closure Glaucoma

PACG has been classified into three categoriesviatig the International Society of
Geographical and Epidemiological Ophthalmology E&3 classification as
described by Foster and colleagues; (Foster, Butmratial. 2002)

 Primary angle-closure suspect (PACS) has an “oetlied angle on
gonioscopy with IOP less than or equal to 21 mmHgl ano
glaucomatous damage.

e Primary angle-closure (PAC) is defined by the pmeseof peripheral
anterior synechiae (adhesion of the iris to thenea), or elevated IOP
greater than 21 mmHg without evidence of optic dismage.

e Primary angle-closure glaucoma (PACG) is the preseri glaucomatous

optic neuropathy with irido-trabecular contact.

PACG is further subdivided into acute, subacute anbnic clinical forms. The

acute type is characterized by a sudden severateewf IOP with corneal oedema
and associated severe ocular pain. There may lselemic component to the optic
neuropathy and this subtype is visually devastatitbout emergency reduction of

the I0OP.

The subacute form is characterized by peripherram synechiae and a history of
periodic unilateral headache, blurred vision antbwed halos, and may resolve

without treatment. (Sihota and Agarwal 1998)



Chronic PACG is usually asymptomatic and its diagmaelies on gonioscopy,
which makes it more likely to go undetected. (QeyglCongdon et al. 2001) It is
characterized by a chronically elevated IOP witdoitrabecular contact and the

presence of glaucoma optic neuropathy. (FosterrBahn et al. 2002)

The pathogenesis of PACG is complicated and inwbeatomical, physiological

and/or environmental factors. Whether a particalatomically predisposed eye will
develop PACG is quite unpredictable. (Hung and Ch®d9) Wang et al, showed
that only 10% of individuals with narrow-angles dwped PACG. (Wang, Wu et al.
2002) Different studies have divided PACG into ¢hi@ategories according to the
mechanism of action; (Ningli, Wenbin et al. 1997aMg, Wu et al. 2002; Huang and
Barocas 2004)

1. Pupillary block: The term pupillary block has baesed to define any of
the various mechanisms which interfere with theviod flow of agueous
humor through the pupil. (Shaffer 1973) It is thesnnfrequent and
clinically treatable type, is usually associatedthwincreased lens
curvature, short zonule-iris distance and formatdriris bombe. It is
associated with acute and sub-acute attacks. Pennegsolution may be
achieved by iridectomy or laser iridotomy.

2. Non-pupillary blocking: may be associated with assic plateau iris
configuration or may occur without characteristiatpau features. In
plateau iris, the iris root is angulated forwardl arentrally by anterior
located ciliary processes. The iris appears flatgbpioscopy, and the

central anterior chamber is not shallow. Platesusrfound in up to 30%



of PACG patients who had laser iridotomy. (Kumaaniisevi et al. 2009)
3. Multi-mechanism: Several factors are involved sashpupillary block,
crowding of the anterior chamber, especially in tfhresence of an
enlarging lens due to cataract, and an anatomieaitgriorly positioned

irs.

Incidence of primary angle-closure glaucoma

Glaucoma is the leading cause of irreversible Ioles$ worldwide and it is estimated
that 80 million people will be affected by 2020. uigley and Broman 2006)
Blindness is reported to be 25% more likely in peopith PACG than POAG
worldwide. (Foster and Johnson 2001) PACG is reoid be the cause of blindness
for about half of blind glaucoma patients, and ais thigh visual morbidity rates,
particularly in Asian individuals. The number oftieats with PACG is expected to
rise by approximately 5 million people, from 16 ioih over the next decade.

(Casson 2008)

PACG has been shown to be the most common caudelatéral blindness in
Singapore, China and India. (Quigley, Congdon e2@01) In contrast, Caucasian
populations have an overall prevalence of approtained.4%. (Day, Baio et al.
2012) The prevalence of acute PACG in Caucasiairgylin Israel was noted to be
higher than other Caucasian populations, indicativag environmental factors may

be involved. (Ilvanisevic, Erceg et al. 2002)



Risk factors

PACG has anatomical risk factors: short axial langmall corneal diameter, thick
anteriorly positioned crystalline lens, and hypécaefractive error. (Salmon 1999)
A shallow anterior chamber depth (ACD) is the mogtortant risk factor, because it
is consistently present, and is a heritable t(Aisbirk 1976; Alsbirk 1992; Aung,
Nolan et al. 2005) It shows an association witheoldge, gender (more shallow in
females) and race (more common in Eskimos and Axigisalmon 1999) The
parents of affected individuals will often be desmd whilst children will be too

young to manifest disease.

Casson has suggested that the reason for the whafiterior chamber found in
certain people of Asian extraction is that thisttoaiginated inH. sapiens in north-
east Asia as an anatomical adaptation to resigteabrfreezing and that their

descendants possess the trait. (Casson 2008)

Aging plays a role in the disease development astystalline lens gets thicker and
displaces the iris forward leading to appositiorthad trabecular meshwork, relative
pupil block and development of peripheral antesgnechiae as found in chronic

angle-closure glaucoma. (Bonomi, Marchini et aD@0

Glaucoma in Nanophthalmos

Nanophthalmos (interchangeably referred to as smplicrophthalmia) and
posterior microphthalmia (PM) are two rare subtypes microphthalmia.

Microphthalmia is a developmental eye disorder idtérally small eyes, and is
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characterised by the axial length of the globe dp@nore than 2 standard deviations
smaller than the normal range (< 20 mm in adultdhgolo, Steindl et al. 1994) The
cornea and lens are typically of normal size, (Sundharmaraj et al. 2008) causing
high lens to eye volume ratio and severe hyper@araightedness) of +7.00 dioptres
or more. (Othman, Sullivan et al. 1998) In patiemith nanophthalmos, the decrease
in the anterior chamber’'s dimensions cause thedaodcheal angle to be typically
narrow, and abnormal thickening of the scleral @atine tissue is often observed.
(Figure 1.2 (Sundin, Leppert et al. 2005; Sundin, Dharmatagle 2008) The
abnormal structure of the anterior chamber obsemvetnophthalmos differs from
posterior microphthalmia where the anterior chamiserof normal dimensions
(Spitznas, Gerke et al. 1983; Khairallah, Messaeu@l. 2002; Khan 2006) and
patients with posterior microphthalmia do not tetw develop angle-closure
glaucoma. (Khairallah, Messaoud et al. 2002) Régent study has revealed that
eyes with posterior microphthalmia have corneakmtaing proportional to the
degree of the short axial length, suggesting tluh Imanophthalmos and posterior
microphthalmia are not a distinct phonotype butythepresent a spectrum of high

hyperopia. (Nowilaty, Khan et al. 2013)

The worldwide prevalence of all microphthalmiasagproximately 1-5 per 10,000
births. (Eurocat work group 2010; International &ieg House for Birth Defects

Surveillance and Research 2010)
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Figure 1.2. Morphological features of nanophthalmosA diagram of the eye in
sagittal section, showing the difference betweehNaArmal eye, and (B) eye with

Nanophthalmos. (Sundin, Leppert et al. 2005)

The aetiologies of different types of microphthamare varied and includes
teratogens, foetal alcohol syndrome and intra-u¢emfection (Kallen, Robert et al.
1996) but most cases are considered to be due netigedefects. (Verma and
Fitzpatrick 2007) Nanophthalmos is often reported conjunction with other
systemic abnormalities including cardiac defects fatial clefts. (Kallen, Robert et

al. 1996)

Secondary complications from microphthalmia reduttm the small eye being

required to accommodate a normal sized retina,imgusss of the foveal pit from



slippage between the retina and retinal pigmerthelim (RPE) and the formation
of macular folds. (Sundin, Leppert et al. 2005)ifR@tdetachment can also occur
due to the accumulation of fluid between the RP& ratina, driven by the thickened
sclera, which reduces the flow through choroidadsets. (Sundin, Leppert et al.

2005)

Development of angle-closure glaucoma in patientth vmanophthalmos most
commonly results from the forward displacementhef iris towards the cornea, with
obstruction of the irido-corneal angle and formatad peripheral anterior synechiae

(PAS). (Singh, Simmons et al. 1982)

Investigation of Angle-Closure Glaucoma

With more than 50% of patients with PACG undiagmbdke rate of detecting early
asymptomatic cases should be increased throughueaging family members of an
affected individual to be screened and examined?ASG tends to run in families.
(Green, Kearns et al. 2007) Public health educasoreening and early diagnosis
are important ways to avoid permanent blindnedan@gan 1998) This will help to
monitor the disease progression, to initiate timelyatment and postpone the

complications.

First-degree relatives of PACG cases should beesecefrom the age of 40 years. If
the initial assessment is normal, it has been revemded that 2-year interval
reviews should be done until the age of 50 yeaes tAnnual review thereafter.

(Kanski 2007)



To diagnose a patient with angle-closure glaucameeshould assess;

Visual field. Humphery perimetery is used for assessment ofaviald. Early
changes of glaucomatous damage show asymmetritattslebetween both eyes
which develop to nasal scotoma, paracentral scqtansaate scotoma, ring scotoma
and finally by adherence of all scotomas leavingalbmslands of central and
temporal vision. (Kanski 2007)

Comparing the visual fields between PACG and PO#e&,damage is more diffuse
in the angle closure type while there is no diffee in the structural damage
uniformity in both types when measured by OCT NFRickness. (Boland, Zhang et
al. 2008)

Anterior chamber angle.

e Gonioscopy is an important diagnostic tool to pigk early changes in the
anterior chamber (AC) of PACG and should be comsiilas a routine part of
the eye examination (Vijaya, George et al. 2008ndy be either diagnostic
for any abnormalities in the angle and estimatibitsowidth, or therapeutic
by visualisation of the angle during laser trabepldsty or goniotomy
procedure (Kanski 2007).

« Ultrasound BioMicroscopy (UBMjs a high frequency B scan to assess the
configuration of the angle and analyse the mechani$ angle closure
dynamically. (Pavlin, Easterbrook et al. 1993)slhelpful in extreme narrow
angles, where it is so difficult to clarify the griinsertion position by
gonioscopy even with indentation, also preferredlamk room provocative

testing. (Elaine K. Woo, Pavlin et al. 1999)
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Intraocular pressure. Intraocular pressure is measured using a Goldmann
applanation tonometer. It measures the pressurdymount of force applied to
flatten the cornea. If the patient is bed ridderapaesthetized we can use Perkin
applanation tonometer, a hand-held tonometer.

Optic disc changes.Disc changes are assessed by optical coherencegtapiy
(OCT) showing multiple cross sections of the retusing high-resolution quality.

(Kanski 2007)

Management of Primary Angle-Closure Glaucoma

The main goal for treatment is to prevent furthemdge to the optic nerve head thus
saving vision. To date, the only method used taeaghthis target is to maintain the
IOP within the normal range. It is essential to itmmthe progress of the disease by

baseline evaluation, and the follow-up visits.

Laser Peripheral Iridotomy

Laser peripheral irodotomy is the cornerstone ofaging PACG due to pupil block,
and, if treatment is indicated, is generally recanded in all forms of angle-closure
to eliminate any element of pupil block. Laser pkeral irodotomy allows aqueous
to flow directly from the posterior to the antericmamber circumventing the pupil
block to aqueous flow, and allowing the periphara to move away from the
trabecular meshwork. However, this approach witl lme effective in the presence of
peripheral anterior synechiae, or non-pupil bloachanisms, or in the presence of a

very large lens due to cataract.

11



Medication

Ocular hypotensive therapy is routinely used in ceoh with laser peripheral
irodotomy to achieve reduction of IOP when it remsanigh despite laser peripheral
irodotomy. Medications such as prostaglandin ansdeg carbonic anhydrase
inhibitors, a- agonists an@- antagonists, have been shown to prevent the gssiye

damage of the optic disc and visual field loss ases with chronic PACG by

lowering the IOP. (Sharmini, Yin et al. 2009)

Laser Peripheral iridoplasty

Laser peripheral iridoplasty acts by pulling the noot away from the angle through
immediate focal iris stromal contraction leadingwadening of the irido-corneal
angle. It can be used alone, or combined with nadieatments in managing acute
PACG. Both strategies have a similar result of lomgethe IOP by greater than 75%
within an hour after the iridoplasty in cases ofitacPACG. (Lam, Lai et al. 1998;

Tham, Lai et al. 1999)

Trabeculectomy

If the IOP cannot be controlled medically or foliogy laser treatment then
trabeculectomy is an effective method to controP Iih both acute and chronic
PACG. Unfortunately the failure rate of the surgeryPACG is higher than that of
POAG. (Aung, Tow et al. 2000) The eyes should baitoced frequently afterwards

to ensure that the IOP remains within normal rafga@rongoy, Ho et al. 2009)

Phacoemulsification

Removal of the lens, either as a clear lens extraadr cataract extraction will
relieve appositional iriodotrabecular contact ascaipossible surgical option. The

prevalence of PACG decreases with an increaseeimate of cataract surgery. The

12



surgery widens the anterior chamber and irido-carrengle as the artificial
intraocular lens inserted is much narrower than rth@ural crystalline lens, thus

reducing the incidence of acute attack of PACG efiéan, Salmon et al. 2009)

Genetics considerations in angle-closure glaucoma

At the beginning of this study, the genetic conittibn to PACG was largely
unknown. Pathogenesis of PACG has a multi-factanakritance (Lowe 1972)
where there is interaction between multiple genesgawith environmental factors,

and not following Mendelian patterns except inéi&reme case of nanophthalmos.

Family history and ethnicity highlight the geneficedisposition of the disease.
PACG is more common in Asian and Eskimo populatitas Caucasians, and first
degree relatives of patients with PACG show highesbability of developing

narrow angles. (Wang, Wu et al. 2002; Amerasindgtigang et al. 2011) Most
studies have looked for genetic associations WAKC® by analysing a number of
candidate genes in cohorts of unrelated cases.sGeae chosen for their previous
association with other glaucoma subtypes or thespeaation with one of the PACG

risk factors such as hyperopia or short axial lengt

Unlike PACG, primary open angle glaucoma has beemhmmore extensively
studied. Up to 20 different loci have been ideatfifor this complex disease, but
only a few have been replicated in further stud{Ean, Wang et al. 2006) Of these
loci, the relevant genes have been identified ity anfew casesMyocilin, at 124

(Fingert, Heon et al. 1999@ptineurin at 10p13 (Sarfarazi, Child et al. 1998; Alward,

13



Kwon et al. 2003; Craig, Hewitt et al. 2008)D repeat-containing protein 36 at
5922.1. (Monemi, Spaeth et al. 2005; Hewitt, Dimeisial. 2006) More recently,
genome-wide association studies have identif&X;homeobox 1/ S X homeobox 6
(SX1/9X6) at 14923.1 (Ramdas, van Koolwijk et al. 2010; ygigYaspan et al.
2012) Caveolin 1/ Caveolin 2 at 7931.1(CAVLI/CAV2) (Thorleifsson, Walters et al.
2010; Wiggs, Kang et al. 201Tyansmembrane and coiled-coil domains 1 (TMCOL1)
at 1g22-g25and CDKN2B antisense RNA 1 (CDKN2B-ASL) at 9p21.3. (Burdon,

Macgregor et al. 2011; Sharma, Burdon et al. 2012)

Because glaucoma consists of many subtypes of sgiseavith overlapping
phenotypic similarities, researchers have studiedn$ of glaucoma grouped
according to specific clinical features. For exaenayje of onset (such as in juvenile
and congenital forms of glaucoma), or clinical praation (such as secondary
glaucomas associated with pigment dispersion avliexion syndrome). ldentifying
Myocilin as a glaucoma-causing gene and its role accoufaingp to 4% of POAG
was the end result of multiple cumulative experitaeapproaches. The mutations
within the Myocilin gene were discovered in a large autosomal domifaanily
pedigree affected with juvenile open-angle glauco(&tone, Fingert et al. 1997)
Then myocilin protein had been detected in theetatar meshwork by cellular
studies. (Polansky, Fauss et al. 1997) Subsequewlies have reported that
approximately 3-5% of primary open-angle glauconmases worldwide are
attributable to mutations in th®yocilin gene. (Wiggs, Allingham et al. 1998;
Fingert, Heon et al. 1999) Recently a mouse motidymcilin glaucoma has been

developed to investigate the role of this gendédevelopment of POAG. (Shepard,
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Jacobson et al. 2007; Paper, Kroeber et al. 2098)oBnbining all these results, we

have a better understandinghdyocilin function and its role in POAG pathogenesis.

The same strategy needs to be conducted for PAGC@hesfirst target is to identify
the causative gene(s) for PACG. Until mid-2012 ¢hevas no genome-wide
association study (GWAS) published for PACG. Thmplex nature of the disease,
the late age of onset, and the lower prevalend@?@G in our population has made
the search for causative genes difficult in congmarito POAG. Recently, the first
genome wide association study for PACG was conduate large group of patients
with PACG from Asian ethnic groups identifying terenew susceptibility loci;
rs11024102 irPLEKHAY7; rs3753841 irCOL11A1, and rs1015213 located between

PCMTD1 andST18. (Wilkins, Gasteiger et al. 1999)

Unlike PACG, nanophthalmos has been linked to s¢sprecific genes and loci. For
autosomal dominant nanophthalmos, studies haveategpbtinkage to chromosome
11p (Othman, Sullivan et al. 1998) 2q11-q14 (Li,nyaet al. 2008) and 17p12-q12.
(Hu, Yu et al. 2011) To date additional familieowing linkage to these regions
have not been reported and the causative genebese tfamilies has not been
identified. For autosomal recessive nanophthalnte®, major genes have been
reportedMembrane frizzled-related protein (MFRP) (Sundin, Leppert et al. 2005)
and Protease serine 56 (PRS56). (Gal, Rau et al. 2011; Orr, Dube et al. 2011)
Mutations in theMFRP gene have been shown to cause autosomal recessive
nanophthalmos, both isolated (Sundin, Leppert eR@D5) or in conjunction with

retinitis pigmentosa and other retinal featuresyala-Ramirez, Graue-Wiechers et
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al. 2006; Zenteno, Buentello-Volante et al. 200kkbpadhyay, Sergouniotis et al.
2010) MFRP is a frizzled related protein likely involved im& Wnt signalling
pathway, important in ocular development. (Sunteppert et al. 2005) The gene is
expressed in retina during the later stages of yomiic development and patients
homozygous foMFRP mutations do not appear to undergo the normalgaoof
axial growth to correct refraction and obtain enmm@ia. (Sundin, Dharmaraj et al.
2008) PRSX6 is a serine peptidase of the chymotrypsin famiégd has been
reported following linkage analysis and fine mapgpin nanophthalmos families
from Tunisia and the Faroe Islands. (Gal, Rau et2@ll1) PRSS56 is highly
expressed in retinal ganglion cells and may alsmbaved in the remodelling of the
eye during early post-natal development to estaldimmetropia. (Gal, Rau et al.

2011)

The importance of identifying the genetic causeitkthese two eye conditions is to
reduce blindness from this severe condition, andhfwove our understanding about
the development of the disease. This can offerebettethods for improving the

diagnosis and the treatment. Identifying the gemetsk can help us to screen the
high risk individuals on a regular basis and previgarly management of any
complications that rise from this condition. We bglpesised that due to the high rate
of angle-closure glaucoma in individuals with namiyalmos, identified causative

genes for this condition would also be attractimedidates for PACG.
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In this thesis, | set out to achieve a better ustdeding of genetic contributions to
ACG, with the following specific aims:
1. To identify the genetic risk factors in the devetgmt of PACG and
attempting to replicate previously associated adatéi genes in two different
populations (Australian Caucasian and Nepalesert9)hecruited as part of

this PhD project.

2. To investigate genetic causation in families wigdmophthalmos and, to seek

association of nanophthalmos genes with PACG diseas
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Chapter 2

MATERIALS AND METHODS

2.1 Nanophthalmos

Participant recruitment

Twelve families with at least one affected membetipipated in this studyHgure
2.1). Nanophthalmos was defined as: bilateral symcatrsmall eyes, with axial
length <20 mm, hyperopic refractive error >+7.00ptdres, shallow anterior

chamber, thick lenses and thick sclera.

This study adhered to the tenets of the declaradioRlelsinki and approval was
given by the Southern Adelaide Clinical Human Rege&thics Committee. Written

informed consent was obtained from all participants

The participants were referred to the AustralianvNEaland Registry of Advanced
Glaucoma (ANZRAG) by their treating specialist. §@eau, Goldberg et al. 2011)
All families were from Australia except for Famii®, 10 and 11 which were from
New Caledonia. Genomic DNA was extracted from eitheripheral whole blood
using QiaAmp DNA blood Maxi Kit (Qiagen, Doncastéfictoria, Australia) or

from saliva using Oragene® saliva DNA collectiorisk(DNA Genotek, Ottawa,

Canada) according to manufacturer’s protocols.

18



1:1 -2 1:3 1:4 1:5 e 17 1i:8 9 110 | 0ttt 012 | 13

N

V7 Iv:8  IV:9 V10 IViid IVii2 IVi18 IVii4 IV:15

V3 Vi4 V5 V:6 V7 Famll‘ z 1 V8 V:9
O 0 O—-o0
1 | o* 1.3 1.1 1.2

Mé o m o E

1% 112~ I, 4% IL5*  IL6* 7 s Family 3
Family 2 .(
1% .2
D——O

[ U
. 4 g

- I

Family 4 Family 5 4+ .2+
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Direct DNA sequencing

Primers were designed to amplify exons and flankinmgron sequence
(http://frodo.wi.mit.edu/) forMFRP (Appendix 1) and TMEM98 (Appendix 2).
Primers for sequencinBRSS56 have been published previously. (Orr, Dube et al.

2011) All primers were synthesised by GeneworksLidy

Exons were amplified by polymerase chain react@R) using HotStar Plus Tag®
DNA Polymerase (Qiagen). All PCR reactions followted same protocol with a 15
min for enzyme activation at 95°C, followed by 3@les of (denaturation at 95°C of
30 sec, annealing at 60°C for 30 sec, and elongatic’2°C for 30 sec extension),
and followed by a final elongation step of 72 °G ® min. PCR product was
visualised on 1% agarose gel stained with Gel Re@iotium) and purified for
sequencing using 0.5pul Exonuclease | (20U/ul) andul2 Shrimp Alkaline
Phosphatase (SAP) (1U/ul) for each sample, incdbaite8?C for 60 minutes then
inactivated by heating to 80 for 20 minutes. (Bell 2008) Sequencing of the PCR
products was performed using BigDye Terminatorsplfgal Biosystems, Foster
City, CA) and electrophoresed on an ABI 3100 DNAqgusncer (Applied
Biosystems). Chromatograms were compared to eabbr cind the reference
sequence using Sequencher® Software 5.0 (GeneCoalgmration, Ann Arbor,

MI).
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Identified variants were checked for novelty by @amson to dbSNP
(http://www.ncbi.nlm.nih.gov/snp) and the exomeiaat server (NHLBI GO Exome
Sequencing Project, Seattle, WA) (http://evs.gshwegon.edu/EVS/) [date

accessed; November 2012].

The potential functional significance of non-synomus variants were analysed
using PolyPhen2 (Adzhubei, Schmidt et al. 2010)TSIRg and Henikoff 2001) and
Mutation Taster (Schwarz, Rodelsperger et al. 20pf)grammes. PolyPhen-
2 (Polymorphism Phenotyping v2) is a tool whichdices possible impact of an
amino acid substitution on the structure and fumctof a human protein using
straightforward physical and comparative considenat The variant is either
classified, as benign, possibly damaging, or probdédmaging. (Adzhubei, Schmidt
et al. 2010) SIFT prediction is based on the degfeeonservation of amino acid
residues in sequence alignments derived from clostated sequences, collected
through PSI-BLAST. The amino acid substitution isgicted damaging is the score
iIs <= 0.05, and tolerated if the score is > 0.08g @nd Henikoff 2001) Mutation
Taster integrates information from different bionoadl databases. Depending on the
nature of alteration, Mutation Taster chooses betwdifferent prediction models:
‘silent/polymorphism’ for synonymous or intronicteations, or ‘disease-causing’
for alterations affecting a single amino acid, beration causing complex changes in

the amino acid sequence. (Schwarz, Rodelsperger 2010)
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2.2 Primary Angle-Closure Glaucoma

Recruitment of Participants

The cohorts in this study were recruited from twfiedent populations (Australia
and Nepal). This study was conducted in accordaittethe Declaration of Helsinki
and its subsequent revisions. Written informed eahsvas obtained from each

individual.

The Australian cohort consisted of participantsuiged from ophthalmology clinics
in Australia and New Zealand. Most patients from Blinders eye clinic and Royal
Adelaide Hospital eye clinic were recruited by ttamdidate, Dr. Mona S Awadalla.
Patients from other Australian States and New Zwhlaere recruited through the
Australian and New Zealand Registry of Advanced uGtema (ANZRAG).
(Souzeau, Goldberg et al. 2011) Approval was obthinom the Southern Adelaide
Clinical Human Research Ethics Committee. All mipénts share the same
ethnicity: Caucasian, of European descent. The riiddrSouth Australian” control
group (NSA) was ascertained from aged care fagslith Adelaide, South Australia

and from members of the Flinders Medical Centreintder service.

The Nepalese cohort was recruited from the Nepau€&ma Eye Clinic, Tilganga
Institute of Ophthalmology, Kathmandu, Nepal by Buman S Thapa. The
recruitment was based on a population-based cemtmsal study. Citizens above
the age 40 years and resident in the defined saanpiewere included in the study.
(Thapa, Paudyal et al. 2012) The aim for Dr. Thep#udy was to estimate the

prevalence of POAG and PACG among Nepalese citizenthis area. Ethics

23



approval was obtained from the Institutional Revi@emmittee of the Tilganga
Institute of Ophthalmology (T10). The control growas chosen specifically to be
matched for age, gender and ethnic group to thealdsg cases. (Thapa, Rana et al.

2011)

All participants from both cohorts underwent a deth questionnaire containing
information regarding sex, age, ethnicity, ageiaguosis of PACG, family history

of glaucoma, and previous glaucoma surgery or lmabeculoplasty. They also had
a complete eye examination including; slit lamp reixetion of the anterior

chamber, gonioscopy, best corrected visual acumgasurement of IOP, fundus
examination with special attention to optic discrgmaeters, and visual field
assessment. Objective refraction was carried ougus streak retinoscope (Beta
200, Heine, Germany), which was followed by a sctinye refraction. (Thapa, Rana

et al. 2011)

Inclusion Criteria

Cases were classified into three categories foliguthe ISGEO classification into
primary angle-closure suspect (PACS), primary acggsure (PAC), and primary
angle-closure glaucoma (PACG). (Foster, Buhrmanralet2002) Controls were
required to have no PACG, and no family history asfy type of glaucoma.
Participants with pseudophakia or secondary angkdce glaucoma caused by

events such as uveitis, trauma or lens sublux&Ene excluded.
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As recruitment was part of this PhD project, thenbar of available participants
varies between chapters reflecting the number diggzants recruited up to the time
of each analysis. The earlier studies used 100scasel 216 controls in the
Australian cohort and 100 cases and 200 controlhenNepalese cohort for the
GWAS (Chapter 5). 106 cases and 288 controls inAllrgtralian cohort and 106
cases and 204 controls in the Nepalese cohort w&sd to investigate candidate
genes Membrane frizzled-related protein (MFRP), Matrix metalloproteinase-9
(MMP-9), Hepatocyte growth factor (HGF), Calcitonin receptor-like (CALCRL), and
Methyltetrahydrase folate reductase (MTHFR) (Chapter 6). The number of
Australian cases increased to 200 when testingidar@dgene$rotease serine 56
(PRSS56), Cytochrome P450 (CYP1B1), Endothelial nitric oxide synthase (eNOS),
and Neurotrophin 4 (NTF4). The number of cases in the Australian cohort was
further increased to 310 and 288 controls, andh& Nlepalese cohort the cases
reached the number of 160 cases and 324 contrdfstiwe inclusion of primary
angle-closure suspects in the analysisMEM98 with PACG, and in the replication

studies of our GWAS, and the recently published G3VA

SNP selection and genotyping for candidate gerdiestu

Candidate genes were selected based on recemigsma the literature relevant to
PACG. Here we used known common variants in thedmgenome reported by

HapMap to select tag SNPs to look for associatigh RACG.

Tag SNPs relevant to the gene were selected ohatie of linkage disequilibrium

patterns observed in the Caucasian samples fronMeladCEU: CEPH, and Utah
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residents with ancestry from northern and westenojge) for the Australian cohort.
For the Nepalese cohort SNPs were selected fromHe#q@EMap Han Chinese in
Beijing, China (CHB) sample as the most closelptesd population available at the
time of the study. We consider the choice of tagPSMNappropriate, as allele
frequencies and linkage disequilibrium structureengmilar between the Nepalese

and CHB HapMap datasets for the chosen tag SNPs.

SNPs were selected using the tagger program impiletiein Haploview 4.2
(http://www.broadinstitute.org/mpg/haploview). Reése tagging was used and tag
SNPs must have af>0.8 with SNPs displaying a minor allele frequenty5% in

the target population.

Peripheral whole blood samples were obtained frbrpaaticipants. Genomic DNA
was extracted using the QiaAmp Blood Midi (Nepalsseples) or Maxi (Australian
samples) Kit (Qiagen, Doncaster, Victoria, AusttpliGenotyping was conducted
using the IPLEX Gold chemistry (Sequenom Inc, Sdagb, California) on an
Autoflex mass spectrometer (Sequenom Inc, San Di€gbfornia) at the Australia

Genome Research Facility (AGRF), Brisbane.

Statistical analyses

Baseline characteristics of cases and controls werapared using a t-test for
continuous variables and chi-square test for disdmits. SNPs were assessed for
compliance with Hardy-Weinberg equilibrium using chi-square test. Linkage

Disequilibrium between markers was calculated uslagloview 4.2 All association

26



analyses were conducted using PLINK (v1.06). (Hurbkeale et al. 2007) Genetic
association was assessed under an allelic modkl regipect to the minor allele.
Bonferroni correction was applied to each p-valoeoading to the number of SNPs
typed from that gene. Further combined analysis ezlucted with the Cochran-
Mantel-Haenszel 2x2xK test (cmh) performed to miaen the population

stratification. As the genetic matching betweenesaasnd controls was not perfect,
we subjected the association tests to adjustmemtsdx and age using logistic

regression in PLINK.

Haplotype analyses from our data were conductd@lLiNK based on the observed
linkage disequilibrium blocks, as visualised in Haew using the “solid spine”
definition. (Barrett, Fry et al. 2005) Haplotypebk is defined as sets of consecutive
SNPs between which there is little or no eviden€ehistorical recombination.
(Gabriel, Schaffner et al. 2002) Haplotype testsewadjusted with a simple
Bonferroni test for the number of observed hapletym the block examined with

frequency >1%.

Power calculations for this study were performeidgithe Genetic Power Calculator

(Purcell, Cherny et al. 2003) for each cohort sitilg population specific PACG

prevalence, minor allele frequencies, and relaisie

More detailed methods specific to individual stsdege provided separately in each

chapter.
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Chapter 3

GENETIC VARIATIONS OF MFRP AND PRSS56 IN
FAMILIES WITH NANOPHTHALMOS

Introduction

Membrane frizzled-related protein (MFRP, OMIM 606227) was the first gene to be
identified for isolated autosomal recessive nanoghtos, using genome-wide
linkage followed by exome and genomic sequencindetect mutations. It is located
on chromosome 11g23.3 (genetic locus NNO2; OMIMZ®). (Sundin, Leppert et
al. 2005) MFRP has also been found to be associated with syndrdonms of
microphthalmia with retinal degeneration. (Ayalanftieez, Graue-Wiechers et al.
2006; Crespi, Buil et al. 2008) One of the MFRPt@imodomains is the cysteine-rich
domain that binds to wingless type protein (Wnthick is involved in ocular
development. (Katoh 200MJFRP is expressed in the retinal pigment epithelium and
ciliary body. It has been suggested that its fumctis restricted to ocular
development (Sundin, Dharmaraj et al. 2008) an& @EcMFRP function during
childhood appears to lead to disruption of the ebmwp&ation process and
development of refractive error in patients witophthalmos. (Mandal, Vasireddy

et al. 2006)

In 2009, genome-wide linkage analysis was condu@edsix consanguineous
Tunisian families with autosomal recessive postemecrophthalmia, and a genetic
locus was identified on chromosome 2qg37.1. (Hmafa;ABen Salem et al. 2009)

Further sequencing analyses were conducted in thasdies to identify the
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causative gene, and two novel mutations have lortified in theProtease Serine

56 (PRSS6) gene, with additional support for causation canimom a mouse
model. (Nair, Hmani-Aifa et al. 2011) Additional ggegating variants were
identified in families with nanophthalmos (Orr, Bubt al. 2011) and families with
posterior microphthalmia in independent studiesal(@Rau et al. 2011) Thus,

PRSS56 has also been clearly implicated in autosomalssee nanophthalmos.

Aim
We aimed to identify novel segregating variant$ViRRP and PRSG5 in families

with nanophthalmos.

Methods

Coding regions and exon/intron boundaries of MfeRP and PRS6 genes were
screened by direct sequencing in the probands efetaven families. The large
Family 1 was excluded as earlier linkage analysee (chapter 4) had eliminated
these loci in this family. Details of recruitmemdadirect sequencing methods have
been described previously 8ection2.1 PCR primers oMFRP are inAppendix 1,

and primers foPRSS56 have been published previously. (Orr, Dube e2@l.1)

For sequencing of the PCR products, chromatograere wompared to each other
and the reference sequence (NM_031433 NfRP, and NM_001195129.1 for
PRS6) using Sequencher® Software 5.0 (GeneCodes CdiporaAnn Arbor,

MI).
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Results

We ascertained eleven families with non-syndronaiems of nanophthalmos; 30
members were recruited, of whom 18 were affectednifes 5, 7, and 11 showed
autosomal dominant inheritance and the remaindgregate in an apparent
autosomal recessive mode. Most families are of &san origin except 10 and 11,
which are Polynesian and Melanesian from New Caledoespectively.

All patients presented with high hyperopia with meaafraction of +8.4 dioptres
(standard deviation (SD) 4 dioptres) in associatitih short axial length with a

mean of 18.8mm (SD 1.2 mm).

Variants inMFRP

Two novel heterozygouSIFRP variants were identified in the proband of Fandly
(Il:2). The first is a predicted splice site vatiaat position ¢.1124+1G>T,
p.R375fsX91, altering the first base of intronFglre 3.1.9. This is predicted to
disrupt the donor splice site resulting in the usobn of intronic sequence in at least
some portion of exon 9 in the processed mRNA. Tdeoisd variant is a missense
variant at positionc.1709C>T (p.Ala570Val) in exon 1@igure 3.1.H. These
variants are not present in dbSNP v.135 or in tteme variant server. No further
DNA samples were available from Family 3, so segtieg of this variant with

disease could not be assesdadyre 3.1.9.

Polyphen2, SIFT and Mutation Taster were used tedipt the functional
significance of the allele replacement for i&RP missense variant found in the

proband of Family 3. PolyPhen2 predicted the vatiate benign with total score of
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0.192 (specificity 0.73, sensitivity 0.88) undee tHumVar algorithm. SIFT score
also found the variant to be tolerated with scdr@.86. Mutation Taster predicted

the variant to be a harmless polymorphism. All amats$ identified inMFRP in the

probands are presentedAppendix 3.a.
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Figure 3.1. Novel variants inMFRP in the proband ll:2 of Family 3. (See next
page for legend)

31



Figure 3.1.Novel variants in MFRP in the proband II:2 of Family 3. The arrow
points to the variant in sequence chromatogramenpatient sample. (A) Splice
variant at the first base of intron 9 (c.1124+1G>Hnd of exon 9 is indicated by red
rectangular. (B) Missense variant at exon 12 (QTZI). The panels also show the
wild type of the corresponding regions in contrdS) Pedigrees of nanophthalmos
Family 3. Square symbols indicate male, round symliemale, diagonal line
deceased, dark symbols are individual with nanahtbs, unfilled symbol

unaffected individuals, (+/-) indicates the hetengus variant.
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Variants inPRSS56

Two novel variants were identified PRSS56 in two unrelated families.

In Family 2, a frameshift variant was detectedha proband (11:4), c.1066delC in
exon 9 resulting in the predicted inclusion of 147 aminoida followed by
premature stop coddp.Pro355fsX147)Kigure 3.2.9. This variant was observed in
a heterozygous state in all affected family memiggrs, and 11:6) Figure 3.2.b).
No other variants segregated in this family and tthe second variant leading to the

assumed recessive phenotype is as yet unknown.

In the autosomal dominant Family 5, one novel leatggous frameshift variant was
detected in exon 13 iIRRSIH6 gene Figure 3.3.9, ¢.1573delG at the protein level
p.Cys536fsX54 of the proband (I:1). The variant was found in the other affected
individual (1.2) and thus does not segregate wigdmophthalmosHigure 3.3.b). It
was also not detected in the unaffected particgpaNo potentially pathogenic
variants were found in remaining families. The lgdt variants identified in the
probands is presented Appendix 3.b. Polyphen-2 and SIFT programmes do not
detect the pathogenicity of DNA sequence alteraiiorframeshift variants. No
internal Ensembl transcript ID was found #8RSS56 using Mutation Taster as in

December 2012.
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Figure 3.2. Novel variant in PRSS56 in Family 2. (A) The arrow points to the
frameshift variant at exon 9 (c.1066delC) in thgusnce chromatogram in patient
ll:4. The panels show the wild type of the corresfing regions in controls. DNA
sequences are shown on the top of the figure. @)igPees of nanophthalmos
Family 2. Square symbols indicate male, round symlfemale, diagonal line
deceased, dark symbols are individual with nanaghtbs, unfilled symbol

unaffected individuals, (+/-) indicates the presewné the frameshift heterozygous

variant and (-/-) presents the wild type.
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Figure 3.3. Novel variant inPRSS56 in the proband of Family 5.(See next page

for legend)
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Figure 3.3.Novel variant in PRSS56 in the proband of Family 5. (A) The arrow
points to frameshift variant at exon 13 (c.1573ddlthe sequence chromatogram
in patient I:1 of Family 5. The panels show thedwype of the corresponding
regions in controls. DNA sequences are shown onajhef the figure. (B) Pedigrees
of nanophthalmos Family 5. Square symbols indicaéde, round symbols female,
diagonal line deceased, dark symbols are individuith nanophthalmos, unfilled
symbol unaffected individuals, (+/-) indicates thhameshift heterozygous variant

and (-/-) presents the wild type.
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Discussion

We identified novel variants in two genes previgushown to cause autosomal
recessive nanophthalmo®RSH6 and MFRP) in three of our nanophthalmos
families (families 2, 3, and 5). We identified tweterozygous variants in individual
[I:2 of Family 3 in MFRP. The ¢.1709C>T(p.Ala570Val) variant was predicted
unlikely to be pathogenic. However, bioinformatigsedictions may not be
completely accurate, for example the specificityre prediction by PolyPhen2 was
0.73 and the sensitivity was 0.88 for this varidhtis reported that PolyPhen-2
achieves true positive prediction rates of 92% lw HumDiv dataset and 73% on
the HumVar dataset (Adzhubei, Schmidt et al. 201B)s certain percentage of
misclassification can occur with such predictioBsven that this is a novel variant
identified in a patient with a disease caused liy glene, there is a high likelihood
that this variant has some functional effect. Thespnce of a splice variant of the
first base at intron 9 IMFRP gene is expected to be a functional change in this
patient and it is plausible that in the contextho$ likely null allele that the milder
p.Ala570Val substitution has some detectable foneti consequence. Additional
family members were not available and thus segi@yaif these variants could not

be assessed.

PRS56 is broadly expressed in the human eye especrallya retina and the sclera,
suggesting it is essential to eye development.,(Ral et al. 2011) Alteration of
PRS56 in a mouse model revealed a phenotype similar anophthalmos in

humans. (Nair, Hmani-Aifa et al. 2011) The genalieration in the mouse model

was a T to A transversion in the splice donor siteexon 11, which results in
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retention of intron 11 in the mutant transcriptdieg to small insertion followed by
premature stop codon. The mouse carrying the muatleie displayed significant
decrease in the axial length and equatorial dianoet@pared to wild type, while the
lens diameter remained similar to wild type animdlse mouse also had a narrow
anterior chamber, and developed angle-closure gtaac (Nair, Hmani-Aifa et al.
2011) Identification of a novel variant in one afrdamilies further confirms the

association oPRSS:6 with recessive nanophthalmos in the Australian pedjmn.

In Family 2, we found a segregating heterozygoasé&shift variant caused by a 1bp
deletion (c.1066delCdesulting inp.Pro355fsX147, in the affected participants I1:4,
[I:5, and II:6. Interestingly, in the same locatiGal and colleagues (Gal, Rau et al.
2011) found a segregating homozygous variant iruaistan family consisting of
healthy consanguineous parents and 11 childrea,dithem having an autosomal
recessive posterior microphthalmia (POM). The vdrias 1 bp duplication
(c.1066dupC) leading to inclusion of 152 amino afliowed by premature stop
codon (p.Pro356fsX152). The investigators also cmeg the phenotypes of
nanophthalmos and posterior microphthalmia and laded both phenotypes were
very similar and the difference was only in thensal diameter (micro-cornea in the
patients with nanophthalmos and normal cornea itieqa with posterior
microphthalmia) and thus these two conditions iedyl to represent a continuum of
phenotypes.

As the inheritance of nanophthalmos in Family 2espp to be recessive, it would be
expected that a second variant should be preseatl iaffected individuals. The

sequencing strategy may have been unable to déececond variant, potentially
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due to deletions in a primer binding site or retahamutations outside the screened
exons. Alternatively, a second gene may contriboithe phenotype in this family.
In addition, we do not have DNA or clinical infortran from the father (I:1) and
thus his contribution to this disease is unknowd atthough unlikely given the
family’s knowledge of his eyesight, dominant inktence cannot be definitively

excluded.

The frameshift variants observed MFRP and PRSS56 are both likely to be
pathogenic through introducing nonsense sequent@ gmemature stop codon. The
MRNAs containing these premature stop codons ketylto be degraded through

nonsense-mediated decay resulting in a loss otiamc

Although previous reports have showMFRP and PRSS56 associated
nanophthalmos to be limited to autosomal recesseritance, we looked for
variants in nanophthalmos families with autosomamphant inheritance. Other
genes, for exampl€rystallin, alpha A (CRYAA) in congenital cataract, have been
reported to contribute to both dominant and reegessiheritance. (Litt, Kramer et al.
1998; Khan, Aldahmesh et al. 2007) Our study catesuhatMFRP and PRSS56 do

not account for autosomal dominant nanophthalmaisase families.

In conclusion we identified variants MFRP andPRSS56 in two out of ten families
with autosomal recessive nanophthalmos. ThesenfysdshowMFRP and PRSS56
account for a minority of cases in the studied @aian population. Further

investigation is required to identify other nandyimos genes.
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Chapter 4

A MUTATION IN TMEM98 IN A LARGE CAUCASIAN
KINDRED WITH AUTOSOMAL DOMINANT
NANOPHTHALMOS, AND ITS ASSOCIATION WITH
PACG

Introduction

In contrast to recessive nanophthalmos, multipldies have reported different loci
for dominant nanophthalmos; however, no additiofahilies in these linkage

regions have been reported and the causative getteese families has not been
identified. The first locus identified was linkeal thromosome 11p in a family from
the United States of America. (Othman, Sullivaalet998) Subsequently, loci have
been described on 2q11-g14 in a Chinese familyWang et al. 2008) and 17p12-

gl2 also in a Chinese pedigree. (Hu, Yu et al. 2011

Hyperopia and Angle-closure glaucoma are the mamptications in patients with
nanophthalmos. Identifying the causative gene intosamal dominant
nanophthalmos will help in the future to identifigitrisk individuals at an earlier
age and provide regular eye screening. This wilbval early detection and
management of angle-closure glaucoma and prevamingss, which has been a

common outcome in these families.

40



Aim
1. To identify the causative gene for autosomal domtimanophthalmos in a
large family of European ancestry.
2. To test the identified novel gene in additional ilz@s with nanophthalmos.
3. To investigate the association of the novel carididgene in unrelated

individuals with PACG and hyperopia.

Methods

Recruitment

Family 1 Eigure 2.1) was identified following presentation of the paoi at
Flinders Medical Centre, Adelaide, Australia foraation and treatment related to
angle-closure glaucoma. Following full ophthalmi@kiation of the proband, V:3,
by A/Prof Jamie E Craig, the primary diagnosis sblated nanophthalmos was
made. The family history of this patient was ob¢girand the extended family traced
over five generations. Thirty family members weeeruited into the study, 15 of
whom were diagnosed with nanophthalmos. An additiaeven family members
were reported to have the same phenotype, but n&revailable for study. The
proband and her immediate family reside in Ausirabhut the majority of her

extended family lives in the United Kingdom (UK).

The proband (V:3) received full ophthalmic examioatwhich included refraction,
IOP measurement (via Goldmann tonometry), centialeal thickness measurement
(via Pachymetry), slit lamp biomicroscopy, A-scaltrasonography to determine

axial length, and optic disc tomography. Angle-alesglaucoma status was assessed
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in all participants, but it was not a part of thi&eria used to determine affection
status. The rest of the family members were classivith nanophthalmos if they
had an axial length <20.00 mm and/or refractiverer+7.00 dioptres, in line with
other published work on autosomal dominant nanagitbs. (Othman, Sullivan et

al. 1998)

Genome-wide linkage study

All available family members were genotyped on X0 SNP arrays (Affymetrix,
Santa Clara, CA, USA) at the Australian Genome &ebeFacility (Melbourne,
Australia). Data were provided in the form of ligikeaformat files and analyses were
conducted in MERLIN by Dr Kathryn P Burdon and Katurie. (Abecasis, Cherny
et al. 2002) Due to computational limitations ore thumber of members of a
pedigree, initial genome-wide linkage analysis wasducted using individuals from
the proband’s branch of the family (descendantdi:bfand 1I:2), excluding 1V:1,
V:1, V:2 and V:7 under a fully penetrant dominamtdal. To confirm the findings,

different individuals were excluded and the analyspeated.

Analysis was then repeated in the remaining brasfcthe family (descendants of
[1:6 and 1I:7). Results were compared and onlyrala region on chromosome 17
showed linkage in both halves of the family. SNEs@inding the linked region on
chromosome 17 were extracted from the dataset éesl Wwere formatted with

MEGA2 (Mukhopadhyay, Almasy et al. 2005) for linkagnalysis on the entire
pedigree in SimWalk2. (Sobel and Lange 1996) A lyigienetrant dominant model

was used to calculate Location scores (equivalemhualti-point LOD scores) and
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location scores vs. chromosome location were mlottélaplotypes were
reconstructed in MERLIN (Abecasis, Cherny et al020on sub-sections of the
pedigree with overlapping individuals included iack run to facilitate combining

the data into the whole pedigree.

Exome sequencing

Sequencing was performed in five individuals seldcto represent both main
branches of the family; four affected (IV:5, IV¥;9, and IV:9) and one unaffected
member (IV:4) were chosen. Enrichment for the exomas performed with the
TruSeq Exome Enrichment Kit (lllumina Inc. San DiegA, USA) and enriched
DNA was sequenced on HiSeq 2000 (lllumina Inc) bg tAustralian Genome
Research Facility (AGRF). Sequence alignment t®hgds conducted with lllumina
CASAVA v1.8.1 and aligner module ELAND v2. Realigamt and variant calls
were made with Illlumina Exome Script and variamaaiated by ANNOVAR. All

bioinformatics was conducted by the sequencingseprovider.

Data were provided from the service provider asstadf variants for each sample
compared to the human reference. The lists weterdd according to the following
criteria:

1. Presentin the linkage region.

2. Not present in dbSNP135, or the exome variant serve

3. Segregated in all five sequenced individuals.

4. Missense, stop or splice variant.
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Segregation in the remainder of the family was ss=# by Sanger sequencing as
described inSection 2.1 using primers forTMEM98 exon 8-1 Appendix 2).
Chromatograms were compared to each other and éfierence sequence
(NM_001033504.1) using Sequencher® Software (Gede€dCorporation, Ann

Arbor, MI).

The presence of the novel missense variant wasdt@st285 independent unaffected
controls using a restriction fragment length polyplesm. The NSA cohort was
ascertained from aged residential care facilitesAdelaide, South Australia. The
mutation introduces a cut site f&su36l (New England BioLabs Inc.). PCR was
performed using the same primers used for sequgrdiove. 10 ul of PCR product
was digested with 2 unit8su36l enzyme and 0.2ul BSA in NEBuffer 3 and
incubated at 37°C for 2 hours. The digest produete visualized on 1.4% agarose

gel stained with Gel Reg@iotium™).

Test on additional nanophthalmos families

Direct sequencing was done on the rest of nanophtisafamilies to identify novel
variants iInTMEM98. Recruitment, DNA extraction and sequencing of ghabands
are described irsection 2.1 Functional significance of the allele replacemant
TMEM98 was analysed using PolyPhen-2, SIFT and Mutatiastéf programmes,

using Ensembl protein ID ENSP00000261713.
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Expression analysis

Ocular tissues including sclera, iris, retina,acii body, optic nerve, optic nerve head
and corneal endothelium were from post-mortem hueyas, and obtained through
the Eye Bank of South Australia according to gursed of the Southern Adelaide
Clinical Human Research Ethics Committee. Total RM#s extracted from tissues
using RNeasy® micro kit (QIAGEN) protocol for humdissue. Primers were
designed through NCBI/ Primer-Blast (http://www.nobm.nih.gov/tools/primer-
blast/index.cgi?).

Isoform 1 (NM_015544) forward primer (5'-3') GCACGTCATCCTCTTCCCCA
and reverse primer (5-3) GCAGTCGTCCGTGCGTCCAG.ofdsm 2
(NM_001033504) forward primer (5'-3) GGGAGCCACAGTGAGCTTT and
reverse primer (5-3') AGGAGCAGGGCAGTCGTCCG. Fisddtand cDNA was
synthesized using the SuperScript 1l reverse tapisse (InvitrogeH"). PCR was
conducted with the following conditions; 95°C fos inin, (95°c for 30s, 62°C for
30s, 72°C for 30s) x30 cycles for retina, opticveerciliary body, iris, and lens and
x32 cycles for sclera, then 72°c for 5 min. PCRdpici was visualised on 1.4%
agarose gel stained with Gel Red (Biotillh and purified for sequencing using
exonuclease | (20U/ul) — USB® Shrimp Alkaline Phumjase (SAP) (1U/ul),

incubated at 3 for 60 minutes then inactivate by heating té@ébr 20 minutes.

Association ofTMEM98 with PACG and hyperopia

Finally we testedTMEM98 for association of common sequence variation in
independent cases with PACG and hyperopia as lootthittons are complications of

nanophthalmos. In PACG, we used tag SNP methodaodyoth Australian and
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Nepalese cohorts as describedetction 2.2 The analysis was done in mid-2012, so
we had 310 cases and 288 controls in the Australdnort, and 160 cases and 324
controls in the Nepalese cohort. Seven tag SNPe salected. The numbers of tag

SNPs chosen for both cohorts are presentdaioe 4.1

For hyperopia, we selected participants with refoac> +6.00 dioptres and axial
length of more than 20.00 mm. There were total®participants in total from two
different cohorts; six NSA controls, and 14 PACGae= The gene was assessed for
coding variants using direct sequencing methodolgygescribed iSection 2.1to

screen coding exons and intron/exon boundaries.

Table 4.1.Tag SNPs and its base position selected for ealobrcin TMEM98 gene.

SNP bp Position Australia Nepal
rs12952271 31255616 - Y
rs3025293 31259984 - Y
rs28923 31261649 Y Y
rs29014 31261974 Y -
rs28921 31265745 Y Y
rs28920 31265855 Y Y
rs11851 31268429 Y -

“Y” indicates that the tag SNP was selected to eegnt variation in the specified

cohort, “-” tag SNP was not selected for that coh@hr’ chromosome.
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Results

Family 1 presented with an autosomal dominant nath@bmos. Fifteen family
members were classified as affected and their [dedae given inTable 4.2 The
affected members presented with abnormally thidégrac mean refraction and axial
length of +11.8+2.5 dioptres and 17.6+0.6 mm, reSpely. Best corrected visual
acuity in these patients ranged from no perceptiblght to 6/6 and visual acuity
did not necessarily correlate between the two @fesach patient. Angle-closure
glaucoma was detected in six of the 16 patientsluding the proband (V:3).
Individual 1V:2 demonstrated elevated IOP but withsigns of glaucoma at the time
of recruitment. Representative images of the oqoil@notype showing the proband
(V.3), sister (V.5), and her mother (IV.5) are simowvith shallow anterior chamber
depth and narrow irido-corneal angle in both slitp and Pentacam imadéigure

4.1
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Table 4.2.Clinical characteristics of the affected family mzars.

D Age BCVA Refraction (D) Axial length (mm) IOP (mmHog) ACG
(years) RE LE RE LE RE LE RE LE

l:4 91 n/a n/a +11.5 n/a n/a n/a n/a n/a n/a
l:10 78 6/24 6/30 +15.00 +15.00 18.12 17.92 13 14 No
:13 86 HM CF +9.50 n/a 18.02 n/a 16 17 ACG
:15 84 n/a n/a +7.00 +9.50 17.43 17.31 n/a n/a CRA
IV:2 64 6/6 6/9 +11.00 +11.00 17 n/a 24 24 No
IV:3 49 6/9 6/12 +13.75 +12.87 n/a n/a 18 18 n/a
IV:5 61 6/48 6/12 +14.00 +15.00 17.1 17.14 33 26 GAC
IvV:7 63 n/a n/a +11.87 +12.37 n/a n/a 18 19 No
IV:14 52 n/a n/a +9.00 +10.00 n/a n/a n/a n/a n/a
IV:16 49 n/a n/a +12.50 +12.00 n/a n/a n/a n/a n/a
IV:21 52 6/9 6/36 +14.25 +14.50 n/a n/a n/a n/a ACG
V:3 34 6/60 6/6 +9.75 +10.50 18.46 18.34 42 41 Yes
V:5 26 6/12 6/15 +15.50 +15.00 17.02 16.9 19 18 No
V7 30 6/6 6/6 +13.25 +13.75 n/a n/a n/a n/a n/a
V:14 24 6/12 NLP +7.50 n/a 18.42 n/a 40 n/a ACCG
V:15 26 n/a n/a +8.25 +8.50 n/a n/a 11 11 No

RE=right eye, LE=left eye, BCVA=best

corrected wakwacuity, D=dioptres, IOP=highest recorded inttdac pressure, ACG=angle-closure

glaucoma, N/A=data unavailable, HM=hand movementd@knt fingers, NLP=no perception of light



Proband
V.3

¥

V.5

Figure 4.1.Clinical photos of the affected members in the Ausalian branch of

Family 1. External eye appearance of patients with nanabiibs presented in
participants V.3, V.5, and IV.5. Corresponding Ream photos of the affected
individuals show narrow irido-corneal angle andllslwa anterior chamber depth in

the affected eyes.
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Linkage analysis in the branch of the pedigree @esded from I1:1 and 11:2 is shown
in Figure 4.2.a Linkage was excluded to previously reported natiogdmos regions

on chromosomes 11p, 11q, 2qg; however, linkage wesscted in the first branch of
the family on chromosome 17 between SNP markef26659 and rs967293 with a
maximum LOD score of 2.67. The region was defingddrombination events in
individuals 111:3 (untyped) and IV:7. The remainifiganch of the family similarly

showed linkage to this region on chromosome 17;dwan no recombinants were
observed that would further refine the linkage oegiThe linked region is ~16.9Mb
in physical distance between 15.3Mb and 32.7Mb, &wwhted at 17pl2-ql2,
encompassing the centromere of chromosome 17. pduiti linkage analysis of this
region in the entire family using SimWalk2 gaveoadtion score of 4.1Figure

4.2.1).

The 5’ boundary marker rs2323659 is located onstimt arm of the chromosome.
The next informative marker, rs1589464 is separétat the boundary marker by
approximately 10Mb, including the centromere. A¢ tither end of the linked region,
the recombination event in individual IV:16 occurdetween rs952540 and
rs967293. These markers are separated by ~370kbthésdegion contains no
annotated coding exons. Thus further fine mapptriia end of the linked region is
unwarranted. The linkage region contains 383 tngpisc annotated in the UCSC

genome browser, from 250 genes.
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Figure 4.2. Genome-wide linkage plot of Family 1(See next page for legend)
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Figure 4.2.Continue
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Figure 4.2. Genome-wide linkage plot of Family 1) Linkage plot showing LOD
scores across the whole genome for the Australiamch of the family (descendants
of 1I:1 and 11:2). A suggestive peak was identified chromosome 17. B) Linkage
plot showing multi-point LOD scores (Location sc®rdor the linked region of
chromosome 17 (between 50 and 60 cM) in the efdinaly. A maximum LOD

score of 4.11 was noted at marker rs952581.
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Three novel variants meeting the stringent filtgreriteria outlined in the methods
were identified in genes within the linkage reglmnwhole exome sequencing. Two
of these were later reported in dbSNP databaseNEhS5), leaving only one novel
variant, located in exon 8 of thEMEM98 (Transmembrane protein 98) gene,
segregating in the 5 individuals (4 affected, 1 flawaed) sequenced. It is a
substitution at position ¢.577G>C (NM_015544.2Yieg to changing of the coding
protein alanine to proline at p.Alal93Prd-igure 4.3). Segregation with
nanopthalmos was confirmed in the remainder of fdmaily (Figure 4.4). The
variant is neither present in db SNP v.135 norh@ Exome Variant Server (as at
November 2012). It was not observed in 285 unagfibcinrelated Caucasian controls
using RFLP methodology. The mutation resulted indsaof 180 and 420 basepairs
following digestion with Bsu36l and the undigestedd type product was 600bp

(Figure 4.5).
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Figure 4.3. Mutation located in exon 8 of TMEM98 gene. (A) Ideogram of

TMEM98 and the black arrow points to exon 8. (B) Mutat&malysis showing
sequence chromatograms for the novel mutatioRnMEM98 in the proband V.4 of
Family 1. Red arrow points to the mutation ¢.577G@p@lal93Pro) in the proband.

The panels also show the wild type band observednitrols.
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Figure 4.4. Family 1 displaying autosomal dominanhanophthalmos.(See next page for legend)
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Figure 4.4. Family 1 displaying autosomal dominant nanophthalme. Square

symbols indicate males, circles indicate femalesd aliagonal line indicates
deceased individuals. Blackened symbol indicatéectsfd individual. The proband
is indicated by an arrow. Individuals marked witth&d DNA available and were
included in the linkage study. Haplotypes at tided region of chromosome 17 are
shown and the segregating haplotype is colouredkbld@he markers at the

boundaries of recombination events are indicated.

57



Cases Controls

600bp

420bp

180bp

Figure 4.5. Representative result of restriction eryme digestion for ¢.677G>C
(TMEM98) on 1.4% agarose gelThe PCR products containing c.677G>C were
digested by restriction enzyme Bsu36l. Fragment#taioing the C allele at site
c.677G>C was cleaved. Lane (L) shows 100 bp laddases show genotype G/C

(600 bp, 420 bp, and 180 bp), controls show wiftktgenotype G/G (600 bp).
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Functional prediction

Polyphen-2 predicts this mutation to be possiblynaging with a score of ~60%
(sensitivity 81% and specificity of 83%) under tHamVar algorithm which is the
most relevant for Mendelian disorders. SIFT preditie mutation to be damaging

with a score of 0.05. Mutation Master found thelafairto be disease-causing.

Expression Analysis

There are two annotated transcripts TMEMO98: isoform 2 differs in the 5' UTR
compared to isoform 1, however both variants enctide same protein. The
expression of both transcripts ®MEM98 in ocular tissues was assessed by RT-
PCR. Isoform 1 revealed a product of 544bp (exped&é6bp), and isoform 2
showed a product of 534bp (expected 562) by sedngprmé cDNA. Both isoforms
were found to be expressed in all ocular tissuesessed including corneal
endothelium, iris, sclera, optic nerve, optic nehaad, and retina. RT-PCR results

for isoforms 1 and 2 are presentedrigure 4.6

Analysis in independent families with nanophthalmos

Independent families with non-syndromic forms ohoghthalmos $ection 2.}
were sequenced to detect variantSfTMEM98. No novel variants were detected in
independent families with nanophthalmos. All varsaidentified inTMEM98 in the

probands are presentedAppendix 4.
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Figure 4.6.Expression analysis of MEM98 in human ocular tissues(A) Isoform 1 (B) Isoform 2. RT-PCR products weitgserved in ciliary body
(CB), iris (1), sclera (Sc), corneal endotheliunE{Coptic nerve head (ONH), optic nerve (ON), aetina (R). RT negative (RT-) and a no template

(NT) samples were used as a negative control eoaul contamination of the RT-PCR reaction mix.d@@&dder is indicated by (L).

60



rs28323 rs28920

rs12952271
3025293
J/ s l 1529014 rs28921 rs11851
TMEMS3 l l
- f— 1 3 e i 3 >

Figure 4.7. TMEM98 gene ideogram depicting the location of all tag I*s genotyped Exons are indicated by solid boxes and joinednibyons

indicated by lines. Figure adapted from NCBI webitttp://www.ncbi.nim.nih.gov/gene).
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TMEM98 association with PACG and hyperopia

Angle-closure glaucoma and hyperopia are the mamptications in patients with
nanophthalmos. First we tested whether common ti@mz in TMEM98 gene are

associated with PACG. All selected tag SNPs aratést in introns, except for
rs11851 located in the 3’ untranslated region. physical location of the tag SNPs

are presented iRigure 4.7.

In the Australian cohort, SNP rs3025293 (A allalepwed nominal association with
PACG with p-value of 0.041 (OR 0.6, 95% CI 0.3-0&)d rs11851 (C allele) with
p-value of 0.045 (OR 1.7, 95% CIl 0.9-2.9). The comabt analysis showed
rs3025293, and rs29014 showed nominal associatigts p-value of 0.015 and
0.021, respectively. None of the above SNPs sudvogerection for multiple testing
(Bonferroni correction for the seven SNPs is 0.65(.007 {Table 4.3. No

association was found in the Nepalese cohort.

The power of this study at=0.05 was assessed. The prevalence of PACG isasimil
in both Australian (0.4%) (Day, Baio et al. 2012)daNepalese cohorts (0.43%).
(Thapa, Paudyal et al. 2012) Assuming completealpekdisequilibrium between the
disease-causing variant and the marker, we hav@nvarpof 85% in the Australian
cohort and 76% in the Nepalese cohort to deteemnatgpic relative risk of 1.1 with

a risk allele frequency of 0.3 under an additivedeio

In the haplotype results, the global p-value redckignificance in the Australian

cohort (p-value= 0.021) but not in the Nepalesesdlnre= 0.584). The variants
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formed one linkage disequilibrium blockigure 4.8). Two rare haplotypes showed
borderline association in the Australian cohorteTirst haplotype, GGTGCTC
which was associated with increased risk of PACGntains the risk alleles
(rs3025293 G allele, rs11851 C allele) of the tvawderline significant SNPs (p-
value 0.045, OR 1.7, 95% CI 0.9-2.9). The GATGCTaplbtype has a protective
effect and it contains the protective alleles (B&fD3 A allele, rs11851 T allele) of
the two borderline SNPs (p-value of 0.045, OR ®@6% CI 0.3-1.0), and the
GGTGCCT haplotype with p-value 0.047 (OR 0.4, 95P02-0.9) Table 4.4).

No associations were observed in the Nepalese tohor
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Figure 4.8. LD plot of tag SNPs inTMEM98 haplotype. Linkage disequilibrium
plot generated in Haploview shows the haplotypelblstructure in the Australian

population using the solid spine definition. Thamer in the box represents tife r

value.
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Table 4.3.Minor Allele frequencies of the tag SNPSTIMIEM98 gene in both Australian and Nepalese cohort unsajys-value for association under

the allelic model with odds ratio (95% CI). Boldvplue indicates significance after Bonferroni coti@ for 7 SNPs (0.007). Table shows the

unadjusted p-value, and combined p-value using Roeklantel-Haenszel 2x2xK test.

SNP N Minor Australian Nepalese Combined

allele MAF | p-value OR (95%Cl) MAF | p-value OR (95%ClI) p-value

rs12952271 1 A 0.31 0.354 1.1 (0.9-1.4) 0.2 0.800 1.0 (0.8-1.4) 0.164
rs3025293 2 A 0.04 0.041 0.6 (0.3-0.9) 0.07 0.478 .8 (0.5-1.4) 0.015
rs28923 3 C 0.38 0.330 1.1 (0.9-1.4) 0.49 0.753 (@B1.2) 0.418
rs29014 4 C 0.09 0.703 1.1 (0.7-1.6) 0.05 0.052 (@D4.2) 0.021
rs28921 5 G 0.23 0.910 0.9 (0.8-1.3) 0.44 0.690 A®1.4) 0.109
rs28920 6 C 0.32 0.921 1.0 (0.8-1.3) 0.3 0.616 (AL8-1.4) 0.415
rs11851 7 C 0.06 0.045 1.7 (0.9-2.9) 0.08 0.510 (@3B1.7) 0.097

p*= p-value adjusted for sex and age. OR (95% CDhdds ratio (95% confidence interval). Chr= chroaros. MAF= minor allele frequency
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Table 4.4.Haplotype association between variants acfddEM98 gene and primary angle-closure glaucoma in Auatraind Nepalese cohorts. The

significantly associated haplotypes are highlightedold. The order of SNPs in haplotype follows ttumbering of SNPs in Table 4.3.

Haplotype Australian Nepal
1234567| cases| Controls p-value OR (95% ClI) Case  Control palue OR (95% ClI)
AGTGCCT 0.31 0.29 0.397 1.1 (0.9-1.4) 0.25 240. 0.666 1.1 (0.8-1.5)
GGTGCTC 0.06 0.04 0.045 1.7 (0.9-2.9) 0.03 0.04 0.483 0.7 (0.3-1.7)
GGTGCTT 0.11 0.14 0.053 0.7 (0.4-1.0) 0.05 060. 0.503 0.8 (0.4-1.5)
GGCGCTT 0.14 0.12 0.171 1.2 (0.8-1.7) 0.07 090. 0.336 0.8 (0.4-1.4)
GATGCTT 0.04 0.06 0.045 0.6 (0.3-1.0) 0.07 0.08 0.600 0.9 (0.5-1.5)
GGCGGTT 0.24 0.24 0.996 0.9 (0.7-1.3) 0.43 420. 0.804 0.9 (0.7-1.4)
GGTCCTT 0.09 0.08 0.691 0.9 (0.6-1.5) 0.05 020. 0.058 1.9 (0.9-4.2)
GGTGCCT 0.02 0.04 0.047 0.4 (0.2-0.9) 0.06 0.05 0.828 1.0 (0.5-1.9)
global p-valued.021 global p-value 0.584

OR= odds ratio, 95% CIl= 95% confidence interval.
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For unrelated hyperopia cases, we sequenced 20idodls who presented with
refraction of > +6.00 dioptreS &ble 4.5. The mean refraction of these participants
was +7.10 dioptres (SD 2.4). The sequencing resefisrted 12 common variants

and no novel variants in these patieftalle 4.6.

Table 4.5.Spherical equivalent of participants with hyperojaaest for association

with TMEM98. Participants were recruited to have refractiomafre than +6.00

dioptres.
Participant ID Refraction (Dioptr'es) Angle-closure glaucoma
Left eye Right eye status
ACGO066 +13.00 n/a Present
ACGO072 +7.50 +5.50 Present
ACGO093 n/a +7.37 Present
ACG116 +7.75 +8.50 Present
ACG121 +6.00 +7.25 Present
ACG147 +6.25 n/a Present
ACG150 +7.25 +6.50 Present
ACG193 -3.12 +6.37 Present
ACG154 +12.50 +9.50 Present
ACG247 +4.00 +6.75 Present
ACG292 +7.50 +7.0 Present
ACG301 +8.00 +8.00 Present
ACG314 +6.75 +6.50 Present
ACG332 +5.50 +7.75 Present
NSA262 +6.50 +5.00 Absent
NSA180 +6.50 +6.25 Absent
NSA040 +6.00 +6.75 Absent
NSA079 +5.50 +7.00 Absent
NSA231 +3.75 +7.50 Absent
NSA107 +0.75 +15.00 Absent
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Table 4.6.Single nucleotide polymorphisms identified by setgieg TMEM98 gene
in 20 cases with hyperopia. The table shows thelesl] location in the gene, the
minor allele frequencies (MAF) in cases with hyggaoand MAF obtained from

NCBI website (http://www.ncbi.nlm.nih.gov/snp).

. MAF . MAF
SNP Alleles Location Protein (Hyperopia
(NCBI) cases)
rs9911256 A/G exon 0.06 n/a 0.10
rs11558976 AIG exon 0.04 n/a 0.07
rs148593533 A/G exon 0.01 p.Leu37Leu 0.05
rs72817027 C/IG intron 0.03 n/a 0.05
rs29019 TIC exon 0.06 p.Asp65Asp 0.05
rs29016 AIG intron 0.06 n/a 0.05
rs11080195 C/IA 3'UTR 0.04 n/a 0.05
rs28259 T/IC 3'UTR 0.05 n/a 0.05
rs28258 T/A 3'UTR 0.09 n/a 0.10
rs28919 T/IC 3'UTR 0.34 n/a 0.23
rs9Q772 TIC 3'UTR 0.29 n/a 0.15
rs11851 G/A 3'UTR 0.09 n/a 0.10
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Discussion

In this chapter we described a large pedigree ofic&sian background with
autosomal dominant nanophthalmos and localizedyéime to a 16.9 Mb region on
chromosome 17pll.2-q12 between 15.3Mb and 32.7Mbagridsis of

nanophthalmos in this Caucasian family was basedroraxial length less than

20mm and/or refractive error greater than +7.0@iules.

When sequencing the whole exome to identify thesatve gene, a single novel
segregating missense variant was identified in lihkkage interval meeting our
filtering criteria, located INTMEM98. The p.Alal93Pro variant is predicted to be
damaging and, given the lack of other segregatirgtwely functional variants, is
likely to be the causative mutation in this famijbsence of the missense mutation
in 285 normal controls and in the exome varianvesestrengthens the hypothesis
that this gene is the cause of nanophthalmos sf#mily. However no pathogenic
variants were identified in additional families Wwibanophthalmos, which indicates
that other genetic loci for this disorder are yebe identified and replication of this
finding in an independent family is yet to occur.

TMEM98 is found to be expressed in eye tissues affecidtiddisorder such as the
sclera and also the tissues of irido corneal angiuding ciliary body and iris,
which are involved in the pathogenesis of anglswle glaucoma. To my
knowledge, very little is known about the functiohTMEM®98 in general and even
less in the eye and no clear functional domains Haeen identified. The level of
TMEM98 antibody staining was reported in most ndrtissues, as well as in 88%

of cancers (http://www.proteinatlas.org/ENSGO00GIRLR).
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A similar linkage region has been previously repdrin a Chinese family with
nanophthalmos, specifically from 14.1Mb to 33.0 NiHu, Yu et al. 2011) Thus the
region reported in our study is entirely encompdsig the previously reported
region in the Chinese family. The overall phenotgpeears similar to that described
in the linked Chinese family (Yu, Hu et al. 200®haugh the Caucasian family has
on average slightly worse refraction (mean of +@1D8compared to +8.00 D) and
correspondingly slightly shorter axial length (me##nl17.6 mm compared to 19.2
mm). Rates of glaucoma are similar between thefamdlies. It is possible that the
causative gene is different between the two famjilmit it is highly likely that they
are both caused by the same gene within the smalieon defined by the Caucasian

family, given that the phenotype is quite similatween the two families.

The trend of association with PACG in the Austmaliand combined analysis
suggests that this gene may play a role in theseoaf developing narrow angles in
the population. It is expressed in ciliary body ans, which are important in the

pathogenesis of angle-closure glaucoma. We havenempof 80% to detect SNPs
with MAF of 0.31. However the associated SNPs are and a replication in a larger
cohort is essential to detect an effect. Identdyihe functional role of this gene in
the eye will also help uncover the involvementTMEM98 in the development of

angle-closure glaucoma.

In conclusion, this is the first study to report tattons inTMEM98, to identify a
novel gene to be linked to autosomal dominant bfpganophthalmos, and to show a

possible association with angle-closure glaucoma.
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Chapter 5

GENOME-WIDE ASSOCIATION STUDY TO IDENTIFY
GENETIC SUSCEPTIBILITY LOCI FOR PRIMARY
ANGLE-CLOSURE GLAUCOMA

Introduction

A genome-wide association study (GWAS) is a metbatployed to find genes
associated with a disease or trait. No hypothesisquired about what genes will be
included. It screens the whole genome without Itasandidate genes of known
function. A GWAS investigates the association afiefec markers with the disease
phenotype, and positive genetic markers at anyoregyill be further analysed
regardless of the gene function. GWAS has beenlyigsed to identify various loci
associated with other complex eye diseases suabeaselated macular degeneration
(Klein, Zeiss et al. 2005; Rivera, Fisher et al020Edwards, Fridley et al. 2008)
keratoconus (Burdon, Macgregor et al. 2011) opeglearglaucoma (Burdon,
Macgregor et al. 2011) and pseudoexfoliation dseéBhorleifsson, Magnusson et

al. 2007; Craig, Hewitt et al. 2009; KrumbiegelsBto et al. 2011)

In this chapter we conducted a GWAS in our PACGoctzhusing a novel blood
pooling methodology, whereby the whole blood islpddefore the DNA extraction
stage and pooled samples are genotyped. This redineecost and the time of the
study and has been previously validated in eyeadese with known genes of large

effect size. (Craig, Hewitt et al. 2009)
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Aim
PACG is a complex disease, with the causative ggeeso be identified. Thus, in
order to further understanding of the genetics ACB, a GWAS was conducted

using cohorts from Australia and Nepal to deteatahgusceptibility loci.

Methods

Sample Selection

This part of the study was conducted earlier inRh® (2010). The Australian cohort
included 100 cases and 216 controls, and in thealdse cohort included 100 cases

and 200 controls. Further details about the colu@ipresented iSection 2.2

Blood pool methodology

The Australian and Nepalese blood samples usedmstrcting the pool were
stored in a cold room at 4°C in EDTA blood colleatitubes. The pooling procedure
has been described previously. (Craig, Hewitt eP@09) In brief, each sample was
first lysed with QIAGEN protease® then an equaluwoé of 200ul blood of each
case sample from one cohort were pooled togethietrensame was done for control
samples, forming at the end a single blood sampledch case and control cohort.
The DNA was extracted from each of the pooled bladzks using QlAamp DNA
blood maxi kit following the manufacture’s protoc&ach pool was prepared in
duplicate. The concentration of DNA samples wasreged using the Smartspec

Plus spectrophotometer (Bio-Rad, Sydney, Australia)
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Genotyping methodology

Blood pool genotyping was carried by the departn@@nGenetics and Population
Health at the Queensland Institute of Medical Rete&QIMR). DNA from each
pool was hybridized to multiple 1M lllumina arraykach array slide has the
capacity to genotype two independent samples argdalacated to receive a case
and a control poolAll analyses of array data and the statistics whsigned and
conducted by Dr Stuart Macgregor. Bead-level intgndata were analysed and
SNPs with beadscore valug§80 were excluded. Copy number variants and SNPs
from the sex chromosomes were not analysed. Tw gltmling analysis an option in
the lllumina software was used to make raw two wol(green/red) beadscores
available as output from array scans. (MacgregtigoZet al. 2008) Beadscores
required calibration because green beadscores demolebe larger than red
beadscores. Illumina 1M arrays had 20 stripes payaeach with 50,000 SNPs.
Within each stripe, half of the SNPs were from lthamina “TOP” strand (A/C and
A/G SNPs) and half were from the lllumina “BOTTOMsStrand (T/C and T/G
SNPs). The pooling allele frequency (PAF) was comegbuas the corrected red
intensity divided by the total (corrected red pleen) intensity. Normalization was
performed within stripe, separately for each strapdescaling the red beadscore to
make the mean PAF value = 0.5 (for all SNPs on sh@pe/strand). A very small
number of SNPs had <5 PAF estimates available and dropped. (Craig, Hewitt et

al. 2009)

SNPs were removed from the analysis if they hadreomallele frequency <2% in

the HapMap reference samples. SNPs were also rehfovm the analysis if they
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had a -log10(P) quality control value >6. With thesiteria, the pooling method has
shown to be a reliable technique to find genetisceptibility loci for complex
diseases when compared to individual genotypingar$dn, Huentelman et al. 2007,
Macgregor, Zhao et al. 2008; Bosse, Bacot et @d9pThis pooling methodology
has an important limitation in the lack of indivedugenotype data and thus we are
unable to adjust for covariates in the analysisaddition, due to error in the allele
frequency estimation the power of pooling-based GBNgtudies will decrease
compared to individual level genotyping. In the &kaban cohort 851,989 SNPs
were retained after standard quality control, winlehe Nepalese control we had

860,265 SNPs.

SNP selection and individual genotyping

The top 10,000 SNPs showing significant differenbetween case and control
frequencies in each cohort of PACG were supplieDbilacgregor for data mining.
A SNP was given priority for individual validatiahit has a p-value of less than
1x10% in either the Australian or Nepalese cohort, obyk0 in the meta-analysis
of both cohorts. These prioritised SNPs were assign a multiplex for individual
validation and replication. The ability for a SN® ke included in a multiplex is

dependent on the base change of the SNP and tikénfipsequence.

Individual genotyping for validation used the sasaenples as in the blood pool. For
replication analyses additional samples subsequesttuited into each cohort were
used. The top ranked SNPs were genotyped for validand replication using the

IPLEX Gold chemistry (Sequenom Inc., San Diego|f@Gadia) on an Autoflex mass

74



spectrometer (Sequenom Inc., San Diego, Califoraiakhe Australia Genome
Research Facility (AGRF), Brisbane. SNP associatiware considered as validated
if they reached p-value of <5x¥din the allelic model of the univariate analyses in
the original pooled cohort, and replicated if tihgngicant SNP had p-value of less
than 0.05 in additional independent participantsuigéed. All analyses of individual

genotyping were conducted in PLINK (v1.06).

Results

GWAS in the Australian cohort

The Australian cohort consisted of 100 cases (2dtA®ACG, 45 chronic PACG,
and 31 PACS) and 216 controls. The GWAS resulth@fAustralian cohort did not
show striking genome-wide significant hits, as aaded inFigure 5.1. The level of

genome-wide significance is p<5x%0

The top variant, rs10505841 on chromosome 12, hastaue of 4.6x18; however,

it failed quality control checks. Several SNPs wikosvever of potential interest as
they showed a trend towards association, whichiregjundividual genotyping for
validation and replication; rs761214865C22A) on chromosome 3 with p-value of
1.44x10Y, rs3325401(0C133789) on chromosome 5 with p-value of 1.65%1@nd
rs10066520 (located betwedAKMIP2-SPINK1) on chromosome 5 with p-value of

2.19x10% (Table 5.1).
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Table 5.1.Top ranked SNPs from the Australian cohort.

Gene Symbol | Chr SNP ID bp position p-value Relatg'}%?]éo the
SEC22A 3 rs7612146| 120312970 1.44 x10 intron
LOC133789 5 rs332540 85984431 1.65 x¥0 exon
JAKMIP2 5 | rs10066520 142314627 2.19 %10 within 5kp

bp=base position, chr=chromosome

-log10iChbservad p)

| I I 1 5
- Wom % W om M~ ® @8 r MDA wrOREoy

Figure 5.1. Manhattan Plot showing the GWAS resultsfrom the Australian
cohort. Each dot represents a SNP with its —log p val@aEhEcolumn represents a

chromosome.
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GWAS in the Nepalese cohort

The Nepalese cohort consisted of 100 cases (5@ 8ALCG, 50 chronic PACG, and
no PACS) and 200 controls matched for age, genttkethnic group. In the GWAS
on Nepalese samples, five SNPs had significantciasm p-values of <5x1¥ as
presented ifrigure 5.2 rs6917933QDX43 gene) on chromosome 6 with p-value of
2.77x10%, rs100374371(OC285577) on chromosome 5 with p-value of 2.68X£0
rs3735351 RPARP12) on chromosome 7 with p-value of 2.28%20rs4146792
(FAM198A) on chromosome 3 with p-value of 6.02X20and rs9895456A8C2) on
chromosome 17 with p-value of 3.44 x%Q(Table 5.2. Further validation and

replication is required to detect whether thesengtresults are false positive or not.

—
£n

-
ha

-log10(Obs=rvad p)

Figure 5.2. Manhattan plot of the top ranked SNPsrbm GWAS results on
Nepalese cohort with PACG.Circled SNPs reached genome wide significance

(p<5x10%).
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Table 5.2.Top Ranked SNPs of the Nepalese cohort.

Gene Symbol Chr SNP bp position p-value Rtilstéoennéo
DDX43 6 rs6917933 71302766 2.77E-15 5'UTR
LOC285577 5 rs10037437 3309754 2.68E-12 within 80kb
PARP12 7 rs3735351 134018561 2.28E-10 intron

FAM198A 3 rs4146792 43081068 6.02E-10 intron
ASIC2 17 rs9895456 27667387 3.44E-09 intron
S100A7 1 rs12132927 12479494( 7.25E-04 intron
GLYAT 11 rs948559 54803184 1.42E-07 within 20kb
HAR1A 20 rs6011613 58449973 1.99E-07 intron
CDH18 5 rs2972819 19490583 6.05E-07 intron
SPC24 19 rs8111157 10835294 6.89E-07 intron
PDIK1L 1 rs2783711 24682916 7.71E-07 within 9kb

Validation and replication in the Australian cohort

Validation analysis was conducted using the 10@sasd 216 controls included in

the Australian pools. SNP were considered validdtdbey reached a p-value of

5x10% in the individually typed samples from the podislfle 5.3.

An independent cohort of patients subsequentlyurestt was used for replication.

This consisted of 210 cases and 72 controls inAtlistralian cohort. 28 of these

cases were identified with acute PACG, 113 cas#s etironic PACG, and 69 cases

with PACS.

None of the SNPs in the Australian cohort reaches level of significance for

validation, but one SNP rs10066520 (located betwd@&KMIP2-SPINK1) on



chromosome 5 showed any level of association irrdpcation with p-value 0.028
(OR 0.4, 95%CI 0.2-0.9). No associations were fowheén analysing the combined

validation and replication cohorts.

Validation and replication in the Nepalese cohort

Validation analysis was conducted on the 100 caswbk 200 controls from the
Nepalese pools. In the replication cohort, 60 casels118 controls were included in

the study; all 60 cases were identified as PAT®le 5.4.

SNP rs10037437 was unable to be genotyped due tmahbility to design a

Sequenom assay for this SNP. It is in strong LChwatl0039361 in the HapMap
CHB reference sample®&1), and thus this SNP was typed as a proxy. FOIRSS

showed a trend towards significance in the valatatiesults however none reach
level of genome-wide significance (>5x1); rs6917933 (p-value 0.005),
rs10039361 with p-value 0.007 (OR 2.3, 95%CI| 144rs3735351 with p-value
0.004 (OR 0.1, 95%CI1 0.01-0.7), rs4146792 with jue#.003 (OR 0.2, 95%CI 0.1-

0.7), and rs9895456 with p-value 0.017 (OR 0.3, 85%1-0.9).

The odds ratio was not calculated for rs691793BX43 gene) as the minor allele

was not present in cases of the validation coidwhe of the above SNPs reached
the required level of significance nor did theywhassociation in the independent
Nepalese cohort. No genome-wide significant sigmadse detected when analysing

the combined validation and replication cohorts.
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Table 5.3.The table shows p-value of the top ranked SNPBarAstralian cohort from the pooled GWAS dataidadion, replication and combined

analysis from the individual genotyping data.

GWAS Validation Replication Combined
SNP p-value p-value OR (95% CI) p-value OR (95% CI) p-alue OR (95% CI)
rs7612146 1.44x10 0.393 0.8 (0.5-1.3) 0.715 0.8 (0.2-2.8) 0.544 (0.9-1.3)
rs332540 1.65x18 0.405 1.2 (0.7-2.1) 0.885 1.1 (0.3-5.0) 0.387 (0.8-1.7)
rs10066520 2.19x19 0.944 1.0 (0.7-1.4) 0.028 0.4 (0.2-0.9) 0.49% (0.2-1.4)

OR= odds ratio, Cl=confidence interval, Bold p-valndicated significance. p-value of <55%h validationis considered GWAS significant. p-value

of <0.05 is required in replication to reach leggekignificance.
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Table 5.4.The table shows p-value for validation and repitabf the top ranked SNPs in the Nepalese cohort

DNA Pool Validation Replication Combined

NP p-value p-value OR(95% CI) p-value OR(95% CI) p-valie OR(95% CI)

rs6917933 2.77E-15 0.005 - 0.550 1.4 (0.5-4.0) .11 0.5(0.2-1.2)
rs10039361 - 0.007 2.3(1.2-4.4) 0.221 1.9 (0.3-5.4 0.119 1.2 (0.9-1.6)
rs3735351 2.28E-10 0.004 0.1 (0.01-0.7 0.170 2B12.6) 0.074 0.4 (0.2-1.1)
rs4146792 6.02E-10 0.003 0.2 (0.1-0.7) 0.370 04-101) 0.007 0.5 (0.3-0.8)
rs9895456 3.44E-09 0.017 0.3 (0.1-0.9) 0.925 10207) 0.067 0.5(0.3-1.1)
rs12132927 7.25E-08 0.765 1.1 (0.7-1.5) 1.000 a®1.7) 0.800 1.0 (0.8-1.4)
rs948559 1.42E-07 0.964 0.3 (0.1-0.9) 0.914 140-200) 0.972 1.0 (0.8-1.3)
rs6011613 1.99E-07 0.595 0.9 (0.6-1.4) 0.026 03Qm) 0.063 0.7 (0.5-1.0)
rs2972819 6.05E-07 0.575 0.8 (0.5-1.6) 0.640 0.3200) 0.478 0.8 (0.5-1.4)
rs8111157 6.89E-07 0.787 0.9 (0.6-1.4) 0.918 0810®) 0.776 1.0 (0.7-1.3)
rs2783711 7.71E-07 0.432 1.6 (0.5-5.3) 0.050 26:-612) 0.052 2.0 (1.0-4.2)

p-value of <5x10%in validationis considered GWAS significant. p-value of <0.08dguired in replication to reach level of sigréfice. OR= odds
ratio, Cl=confidence interval.
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Discussion

Much research has been conducted to investigateinterlying genetic causes of
PACG for a better understanding of this diseasee ke attempted to conduct a

GWAS study to identify the susceptibly gene cantdigdor this disease.

This GWAS was the first to be done for PACG attihee it was performed. Genetic
markers that showed significant association wite thsease were not validated
through individual genotyping in the Australian oo In the Nepalese cohort only
five SNPs showed a p-value of <0.003 in validatiom failed to reach level required

for significance.

Several limitations of this study are apparent. iFability to follow up a number of
SNPs that were significant in the blood pool duefdibed assay design on the
Sequenom platform is a limitation, and differenthieologies may be needed in
future studies to genotype these SNPs. Also thedspmoling design can lead to
pooling error and possible imprecision in allelegmnency estimation. It is also of
note that all associations detected in the bloadipg were significantly reduced on
individual typing; this can be from inflation of @l result in the pool. Other
significant SNPs may have not been detected irptinding due to a false reduction
in associations. Suboptimal power in both cohortss vanother limitation. The
limitation in the Nepalese cohort is we don’t hdkie proper reference population,
and HapMap CHB population was used as the moseklglazlated population
available at the time of the study, as allele festpies and linkage disequilibrium

structure were similar between the Nepalese and B&iEMap datasets as explained
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previously inSection 2.2.The potential explanation for the lack of significa in
the Nepalese replication cohort, in addition to sh&all number, is that all 60 cases
were identified having PACS, whereas all casesiged in the blood pool presented

with PACG.

In conclusion, this GWAS was not able to identifgnsficant associations with
PACG in either cohort. It is accepted that addaicBWAS on a much larger cohorts
will be essential to detect an effect. The aimlo$ tchapter was to determine if a
susceptibility locus of large effect size suchlysyl oxidase-like 1 (LOXL1) for
pseudoexfoliation syndrome (Thorleifsson, Magnussioal. 2007) an€omplement
factor H (CFH) for age-related macular degeneration (Klein, Zatsal. 2005)
existed for angle-closure glaucoma. The next thobapters investigate the
association of previously reported candidate gevits PACG in our cohorts, and in
addition to testing the association of nanophthahkassociated geneMFERP, and

PRSSE6) with PACG.
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Chapter 6

CANDIDATE GENE STUDY FOR IDENTIFYING
GENETIC RISK FACTORS FOR PRIMARY ANGLE-
CLOSURE GLAUCOMA

Introduction

Hepatocyte Growth Factor (HGF OMIM: 142409) plays an important role in
stimulating the growth and migration of various lacuissues including cornea, iris,
retinal pigment epithelium, lens epithelium ando&eular meshwork. (Li, Weng et
al. 1996; Weng, Liang et al. 1997; He, He et ab89Nordinger, Clark et al. 1998)
It affects the emmetropization process of the eyarious investigators have
revealed that the concentration dGF in the aqueous humor was significantly
higher in glaucomatous eyes than in cataract eged as a control group, with no
difference between open angle and angle-closungcgiaa. (Hu, Han et al. 2001;
Veerappan, Pertile et al. 2010)

The increase in thélGF concentration in agueous humor of glaucomatous eyes
possibly reflects the functional effectsldGF on enhancement of aqueous flow and
an attempt to repair trabecular injury, rather tdaectly causing glaucoma. (Hu and

Ritch 2001)
No previous study has looked for associatiotH&F with PACG, but other studies

found association with myopia (near-sightednesgn(Hap et al. 2006; Yanovitch,

Li et al. 2009) and keratoconus (an eye conditfat affects growth and refraction
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of the eye). (Burdon, Macgregor et al. 2011) Twtanic SNPs rs12536657 and
rs5745718 within theHGF gene have been reported to be significantly astati

with hyperopia (severe farsightedness) in a Caanasbhort. (Veerappan, Pertile et
al. 2010) Furthermore SNP rs12536657 in the samgystvas also shown to be
associated with myopia. The authors hypothesisgtdwhat seems to be refraction in
different directions (hyperopia and myopia) witle ttkame allele of the SNP could
result from the influence of neighbouring SNPs, egagene interactions, or gene—
environmental influences. Since both PACG and hypiarshare the same feature of
a relatively short axial length (Sihota, Lakshmagdlal. 2000), we hypothesized the

association of this gene with PACG.

Matrix Metalloproteinase-9 (MMP-9 OMIM: 120361) is one of a tightly regulated
family of zinc-dependent enzymes, and is imporiantemodelling of the extra-
cellular matrix (ECM). (Wong, Sethi et al. 2002) eETMMP9 protein plays an
important role in extracellular matrix remodellity cleaving denatured collagen
and type IV collagen in the basement membrane.kgiiGF, MMP-9 has been
previously investigated for association with PAQ®. association was identified via
candidate genes studies between SNP rs17576 M9 gene and PACG in 78
Taiwanese patients. (Wang, Chiang et al. 2006) rékearchers postulated that the
gene activity may have been down regulated in PA@tents, leading to reduction
of MMP-9 activity in ECM remodelling during ocular developnt and thus shorter
axial length. SNP rs17576 is located in exon 6 e MMP-9 gene, where the
mutation leads to the substitution of positivelyaded amino-acid (arginine) by an

uncharged amino acid (glutamine) at residue 27%tiyilad, Cooke et al. 2006)
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This non-synonymous substitution is situated in ¢being sequence of a highly
conserved gelatinase-specific fibronectin typedinain (FN2). (Allan, Docherty et
al. 1995) The FN2 domain is one of three typedhefihternal repeats that combine
to form larger domains within fibronectin (a plasm@tein that binds various cell
surface compounds such as collagen, fibrin, hepBfNA and actin). This domain is
responsible for the collagen affinity MMP-9. (Banyai and Patthy 1991) Neither a
study involving 217 Singaporean (Aung, Yong etZ24008) nor one including 211
Southern Chinese patients (Cong, Guo et al. 206p)icated this association.
However, the latter reported an association betveagther SNP rs2250889 in the
MMP-9 gene with PACG. SNP rs2250889 is also a missengdation |located in
exon 10, in the second COOH-terminal hemopexin-tlikenain ofMMP-9. It leads
to a substantial change from proline (a cyclic, pwar amino acid) to arginine (a
positively charged residue). (Cong, Guo et al. 3008e precise impact of these
mutations on protein function is currently unknownt it has been suggested that it
could lead to partial loss of function in ECM reretithg during eye growth and

development. (Wang, Chiang et al. 2006)

Methyl-tetrahydrofolate Reductase (MTHFR OMIM: 607093) encodes for the
methylene tetrahydrofolate reductase (MTHFR) enzymiech is responsible for the
conversion of homocysteine to methionine. (Yam&t&n et al. 2001) Michael and
colleaguegMichael, Qamar et al. 2008; Micheal, Qamar e2809) identified two

non-synonymous SNPs associated with PACG in thestak population ¢.677C>T
(rs1801133) and c.1298A>C (rs1801131 The c.677CsTa imissense mutation

leading to the substitution of valine for alaninie p@sition 222 of the MTHFR
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enzyme, causing the synthesis of a thermolabileyreaz A further SNP,
€.1298A>C, which is located within the COOH terntinegulatory domain of the
MTHFR, results in substitution of glutamate to alanimsidue. Apparently the
c.1298A>C mutation alone does not significantlyeaff homocysteine levels, but
requires the combination of the ¢.677C>T mutatiorhave an effect. (Ghazouani,
Abboud et al. 2009) Both mutations are associatéd & reduction in MTHFR
enzyme activity (Van Der Put, Gabreels et al. 1998)ich leads to an increase in
circulating homocysteine levels. (Weisberg, Jacaies. 2001) High homocysteine
levels may predispose to neuronal cell death (bipt&im et al. 1997) and

extracellular matrix (ECM) remodelling. (Tyagi 1998

Membrane Frizzled-Related Protein (MFRP OMIM: 606227) is known for its

association with autosomal recessive nanophthalmasiultiple studies, and we
reported it to be the cause of recessive nanophtigin Family 3 in this thesis
(Chapter 3). As nanophthalmos patients often develop severgleaclosure

glaucoma due to the crowding of the anterior charfrioen the relatively large-sized
lens,MFRP has been studied in relation to PACG in 63 Taiwangatients (\Wang,
Lin et al. 2008) and 108 Chinese patients (Aungn Let al. 2008) by direct
sequencing, but no variants have been detectedte¥ed the common variations

within this gene with PACG.

Calcitonin Receptor-like Receptor (CALCRL OMIM: 114190)is a G protein-coupled
receptor transported to the cell membrane from éhdoplasmic reticulum by

receptor activity-modifying protein 2 (RAMP2), wieerit is glycosylated and
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becomes a receptor for adrenomedulin (AM). (McLiickraser et al. 1998) AM is
expressed in the irido-ciliary body where it haglaxant effect on the iris sphincter.
Topical administration of an AM antagonist has eorgg effect on I0P through
specific AM receptors, implying that AM is a candid for an IOP modulator.
(Taniguchi, Kawase et al. 1999) Overexpression lo$ gene causes pupillary
sphincter muscle relaxation, closure of the antesfmmber angle with obstruction
of the aqueous outflow and elevation of the IOPoy3ufzai, Ali et al. 1999) Cao
and colleagues (Cao, Liu et al. 2009) identifiedogsible association between the

intronic SNP rs1157699 iBALCRL and acute PACG in Chinese individuals.

Aim

This chapter will focus on a candidate gene stidy was undertaken with the aim
of replicating previously reported genetic assaaret of PACG in our cohorts from
Australia and Nepal. The hypothesis was that compagmorphisms within the

selected genes contribute to PACG risk.

Methods

This study was conducted in 2010. At that time Ahsstralian cohort consisted of
106 cases and 288 controls while the Nepalese tobatained 106 cases and 204
controls. In this chapter we tested the associatibrive genes IGF, MMP-9,
MTHFR, MFRP, and CALCRL) with PACG. SNPs selection and analyses followed

the same protocol as presentedsattion 2.2.The numbers of tag SNPs chosen in
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each gene for both cohorts are presentddlvie 6.1.

Previously reported SNPs for association with PA@&e included in the selection
of tag SNPs; rs12536657, and rs5745718GF (Veerappan, Pertile et al. 2010)
rs17576 inMMP-9 (Wang, Chiang et al. 2006) rs1801133NTHFR (Micheal,

Qamar et al. 2009636015759 and rs35885438Nt-RP. (Wang, Lin et al. 2008)

Table 6.1.Tag SNPs, chromosome and base position in eachigelneled in this
chapter. “Y” indicates that the tag SNP was setbdte represent variation in the
specified cohort, “-” tag SNP was not selectedtifi@at cohort, “*” SNPs included for

direct comparison to previous studies, “Chr” chreome.

Chr Gene SNP bp Position Australia | Nepal
rs5745752 75939418 Y %
rs5745718 * 75939418 Y %
rs5745692 81358266 Y %
rs5745616 76002095 Y %
rs3735520 76004677 Y %
7 HGE rs2286194 75959471 v Y
rs17501080 76007434 Y Y
rs17155414 75966501 Y %
rs12707453 75973166 Y Y
rs12540393 75967934 Y _
rs12536657 * 75954170 Y Y
rsl7427817 75968182 - %
rs17577 41384546 % Y
rs3787268 41383166 Y %
20 | MMP-9 | 153918254 41381826 Y Y
rsl7576 * 41381660 - ;
rs3918249 41379559 - %
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Table 6.1.Continue

Chr Gene SNP bp Position Australia Nepal
rs9651118 11017270 Y Y
rs1801133 * 11856378 Y Y
rs2066470 11018113 Y -
1 MTHER rs7538516 10991768 Y -
rs4845881 10982979 Y -
rs12121543 11009747 Y -
rs6541003 11010943 - Y
rs4846040 10992134 - Y
rs2510143 115156930 Y Y
rs3814759 115158279 Y -
rs948414 115155497 Y Y
rs10790289 115155864 Y Y
rs948413 115155470 Y Y
11 MFRP
rs883245 115158010 Y -
rs11217241 115154002 - Y
rs12421909 115156600 - Y
rs36015759 * | 115156978 - Y
rs35885438 * | 115155745 - Y
rs840617 180089856 Y Y
rs6759535 180097633 Y Y
rs3771073 180145781 Y Y
) CALCRL rs7591567 180164026 Y Y
rs3821183 180115725 Y Y
rs10931283 180071262 - Y
rs13411274 180095532 - Y
rs9288141 180119187 - Y




Results

In total, 705 individuals (310 Nepalese and 395 tAaliens) were included in this
study. Table 6.2 displays characteristics and clinical data of samed controls for
each cohort. Age and gender differences betweess sl controls were evident in
the Australian cohort but not the Nepalese. Sphkeaquivalent was not statistically
different between Nepalese cases and controls 16%0~hile Australian cases were
more hyperopic than controls (p<0.001). No SNP ated from Hardy-Weinberg
equilibrium in either cohort (p<0.05), and thus @NIPs were subsequently included

in the association study. The overall genotypingrete was >98%.

Power calculations were conducted assuming compigiage between the disease-
causing variant and marker SNP, and a prevalencBAEEG in the Caucasian

population of 0.4%. (Day, Baio et al. 2012) Our kakan subset had 86% power to
detect a significant genetic association for PAG@&eao=0.05 level for a genotypic

relative risk of 1.3, and a risk allele frequendyOat under an additive model. The
prevalence of PACG in the Nepalese population 43%. (Thapa, Paudyal et al.
2012) In our Nepalese cohort, under an additiveehae had 82% power to detect a
genetic variant with same effect size and alleégjdlency as that outlined for our

Australian cohort.
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Table 6.2.Characteristics of the Nepalese and Australian iteho

Variabl Australian Nepalese
ariaples
Case Control P-value Case Control P-value
Number 107 288 - 106 204 -
Sex 67% 53% 0.01 76% 75% 0.85
(% female)
Mean ‘?g%)'” years 76 (8.2) 69 (11.2) <0.001 57.3(12.30) 60.3(13.7) 070.
Mean S(Es'lg)d"’p”es 0.9 (2.2) 0.1 (0.4) <0.001 -0.30 (1.64) 0.1(0.3) 160

SD= standard deviation; SE= spherical equivalent
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H epatocyte growth factor

In HGF, all 12 tag SNPs were located in the introns, vt physical location

presented ifrigure 6.1 Bonferroni correction for the 12 SNPs was 0.05/020042.

In the Nepalese cohort, four SNPs reached statissignificance for association
with PACG,; rs5745718, A allele, (p=0.002, OR 2.3%CI 1.3-3.5), rs12536657, A
allele, (p=0.002, OR 2.1, 95%CI 1.3-3.3), rs1254)30 allele, (p=0.001, OR 2.2,
95%CI 1.4-3.5) and rs17427817, C allele, (p=0.(DR, 2.2, 95%CI 1.4-3.5). After
using multivariate analyses controlling for sex ag# via logistic regression, three
SNPs remained significantly associated with PACG7486718 (p=0.003),
rs12540393 (p=0.001) and rs17427817 (p=0.00aple 6.3. The analysis was also
adjusted for refraction, adGF is reported to be associated with different types o
refractive error diseases (myopia and hyperopiay all four SNPs remained
significant. No associations were found in the Aalgin cohort or in the combined

analysis.

Haplotypic associations with PACG were investigatedhe Nepalese cohort. Two
haplotype blocks were identified under the “soliging” block definition, as

displayed inFigure 6.2 Block 1 was defined by all SNPs between rs5725#4d

rs5745616 and block 2 as SNPs rs3735520 to rs188010 block 1 the frequency
of the GAATGCCAG haplotype was significantly greate cases (18%) than in
controls (9%) with p-value of 0.001 (OR 2.0, 95%CI-3.3) and remained
significant after Bonferroni correction for the @&piotypes observed (p=0.006).

Additionally, in block 2 the frequency of the CCAplotype was found to be higher
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in cases 15% than controls 8% with p-value of 0.(QR 1.8, 95%CI 1.1-2.9), but
this difference did not remain statistically sigeaint following Bonferroni correction
(p=0.068) Table 6.4.

In the Australian cohort, a rare haplotype ACGTGTAGIA block 1 showed nominal
association with p-value of 0.026 (OR 0.4, 95%Q}0.1); however, it did not pass
Bonferroni correction for the nine haplotypes okedr (corrected p=0.234). This
haplotype appears to be protective in the Austiat@hort as the frequency is higher
in controls 7% than in cases 3%. This haplotypeais and not associated in the

Nepalese cohort (p=0.288, OR 1.3, 95%CI 0.7-2.1).

512536657 . .o R
rs5745752 rs12707453
rs5745718 rs5745692 rs5745616 i
l HGF J/ i
I ..Hl.+ - .l.' - * - I. f b ' - - - i .' | ——tie - { - | 1 “ i .[
0
rs12540393
rs17427817 rs17501080
rs6942495

Figure 6.1. HGF gene ideogram depicting the location of all tag IR
genotyped.Exons are indicated by solid boxes and joined lbsons indicated by

lines. Figure adapted from NCBI website (http:/fmywcbi.nlm.nih.gov/gene)
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Table 6.3.Allelic association results faAGF gene in both Australian and Nepalese cohorts. pegabf less than 0.05 are highlighted in bold. &abl

shows the unadjusted p-value, adjusted p-valusgwrand age, and combined p-value using Cochraridideiaenszel 2x2xK test

Minor Australian Nepalese Combined
N# NP Allele | MAF | p-value OR p* MAF | p-value OR p* p-value
1 rs5745752 A 0.28 0.827 1.0 (0.7-1.4) 0.810 0.36 .7590 0.9 (0.7-1.3) 0.694 0.707
2 rs5745718 A 0.21 0.365 1.2 (0.8-1.7) 0.310 0.18 0.002 2.2 (1.3-3.5) 0.003 0.261
3 rs12536657 A 0.21 0.543 1.1 (0.7-1.6) 0.395 0.19 0.002 2.1 (1.3-3.3) 0.009 0.174
4 rs2286194 A 0.18 0.555 1.1 (0.7-1.7) 0.574 0.17 .48® 0.9 (0.6-1.3) 0.453 0.942
5 rs5745692 C 0.06 0.110 1.8 (0.8-3.8) 0.313 0.01 .13® 0.2 (0.03-1.9) 0.992 0.532
6 rs12540393 C 0.23 0.386 1.2 (0.8-1.7) 0.326 0.21 0.001 2.2 (1.4-35) 0.001 0.167
7 rs17427817 C 0.23 0.386 1.2 (0.8-1[7) 0.328 0.21 0.001 2.2 (1.4-3.5) 0.001 0.167
8 rs12707453 G 0.16 0.876 1.0 (0.6-1.6) 0.713 0.23 0.752 0.9 (0.6-1.4) 0.787 0.893
9 rs5745616 A 0.23 0.946 1.0 (0.6-1.4) 0.604 0.35 .54 1.1 (0.8-1.6) 0.474 0.689
10 rs3735520 T 0.41 0.942 1.0 (0.7-1.4) 0.923 0.38 0.247 0.8 (0.6-1.1) 0.139 0.384
11 rs6942495 C 0.45 0.911 1.0 (0.7-1.3) 0.756 0.48 0.752 0.9 (0.7-1.3) 0.880 0.886
12 rs17501080 C 0.13 0.431 1.2 (0.7-1)9) 0.618 0.12 0.575 1.2 (0.7-2.0) 0.862 0.816

OR= Odds Ratio; 95%CIl= 95% confidence intervalyvgite adjusted for sex and age; MAF= minor alledgfiency.
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Figure 6.2. LD plot of tag SNPs inHGF haplotype. Linkage disequilibrium plot
generated in Haploview shows the haplotype blodkctire using the solid spine

definition in the Nepalese cohort. The number mhbx represents théualue.
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Table 6.4.Common haplotypes inHGF (>1% frequency) observed, and their association Wi PACG. Bold values are considered significant at

the p<0.05 levelThe order of SNPs in haplotypes follows the ordefable 6.3.

Haplotype Australian Nepalese
Block 123456789 Case Control OR (95%C|) -\WRlue Case Control OR (95%CiI) P-value

ACGTGTGGA 0.14 0.13 1.1 (0.7-2.0) 0.55b 0.2/ 024 0.9 (0.6-1.5) 0.877
GAATGCCAG 0.21 0.23 2.0 (1.2-3.2) 0.632 &.1] 0.09 2.0 (1.3-3.3) 0.001
GCGAGTGAG 0.19 0.17 1.1 (0.7-1.9) 0.57p 8.1 0.19 0.9 (0.6-1.4) 0.594
GCGTGTGAG 0.34 0.32 1.1 (0.7-1.7) 0.629 70.2| 0.36 0.7 (0.5-1.0) 0.084

1 ACGTGTGAG - - - - 0.01 0.03 0.3(0.1-1.2) .0m
ACGTGTGAA 0.03 0.07 0.4 (0.1-1.1) 0.026 0.12 0.09 1.3 (0.7-2.1) 0.288
ACGTGTGGG 0.02 0.02 0.9 (0.2-3.1) 0.790 - - - -
ACGTGCCAG 0.02 0.03 0.8 (0.3-2.5) 0.61B - - - -
ACGTCTGAA 0.05 0.03 1.7 (0.8-3.9 0.167 - - - -
CGC 0.13 0.15 1.1 (0.7-1.9 0.500 0.11 0.12 1 (Q.6-1.9) 0.513

) CGA 0.42 0.39 1.2 (0.7-2.0 0.482 0.3% 0.38 9 (0.6-1.2) 0.424
TCA 0.41 0.41 1.1 (0.7-1.9 0.984 0.37 0.42 8 (0.6-1.2) 0.249
CCA 0.05 0.05 1.0 (0.4-2.3 0.69¢ 0.15 0.08 8 (1.1-2.9) 0.017

global p-value 0.450 global p-value 0.180

OR= odds ratio, 95% CIl= 95% confidence interval.
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Matrix M etalloproteinase-9

In MMP-9, most tag SNPs were located in the introns, exéeptrsl7576 and
rs2274756 with the physical location presente#figure 6.3 Bonferroni correction
for the 5 SNPs was 0.05/5= 0.01.

In the Australian cohort twdIMP-9 SNPs, rs3918249 (C allele) and rs17576 (G
allele), were significantly associated under aeligllmodel with p-values of 0.006
(OR1.6, 95%CI 1.1-2.2) for both SNPs. SNPs rs228425allele, (p-value 0.017,
OR 1.7, 95%CI 1.1-2.6) showed nominal significatica did not survive correction
for multiple testing Table 6.95. Multivariate analyses were conducted to corfiwol
age and gender. The first two SNPs remained sagmifiwith p=0.010 for both. No
associations were found in the Nepalese cohort.cohgined analysis showed only

one SNP rs2274756 to pass the Bonferroni corretiaralue of 0.008).

Analysis of the linkage disequilibrium structuretween the five tag SNPs showed
one haplotype blockSigure 6.4). A positive haplotypic association, with a glolpal
value of 0.014 was found in the Australian cohdithe tag SNPs formed three
haplotypes in this population. The commonest hgpkt TGACG, had a
significantly higher frequency in controls (69%athin PACG cases (59%), p=0.006
(OR 0.6, 95%CI 0.5-0.9). This remained significafter Bonferroni correction for
the three haplotypes observed (p=0.018). The CGG&sbtype was more frequent
in PACG cases 17% than in controls 11% (p-valu@®).@R 1.6, 95%CI 1.0-2.5),
but did not remain significant following multipleedting correction (corrected

p=0.105) Table 6.9.
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Table 6.5.Allelic association results faiMP-9 gene in both Australian and Nepalese cohorts. pegbf less than 0.05 are highlighted in bold. @&abl

shows the unadjusted p-value, adjusted p-valusgwrand age, and combined p-value using Cochrarididdiaenszel 2x2xK test

Minor Australian Nepalese Combined
N# NP Allele | MAF | p-value OR p* MAF | p-value OR p* p-value
1 rs3918249 C 0.41| 0.006 | 1.6(1.1-2.2)| 0.010 0.37 0.55 0.9 (0.6-1.3 0.573 0.018
2 rsl7576 G 0.41| 0.006 | 1.6(1.12-2.2)| 0.010 0.37 0.59 0.9 (0.6-1.3 0.615 0.021
3 rs3918254 T 0.00 0.4786 2.7 (0.1-48) 0.082 0.14 630.| 0.9(0.5-1.4) 0.737 0.717
4 rs3787268 A 0.23 0.235 1.3(0.8-1,8) 0.064 0.23 .830 | 0.9(0.6-1.4) 0.790 0.494
5 rs2274756 A 0.17 | 0.017 | 1.7 (1.1-2.6) 0.245 0.26 0.14 1.3 (0.9-1.9) 0.152 0.008

OR= Odds Ratio; 95%CIl= 95% confidence interval; ptwalue adjusted for sex and age; MAF= minor alfeéquency.
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Table 6.6.Haplotype frequencies ®fIMP-9 gene in patients with PACG and unaffected conti®t0.05 level is considered statistically significa

The order of SNPs in haplotype follows the ordefable 6.5.

Haplotype Australian Nepalese

12345 Cases Controls | OR (95% Cl)| p-value| Cases Controls R(95% CI) p-value

CGGCG 0.17 0.11 1.6 (1.0-2.5) 0.035 0.26 0.21 1.3 (0.9-1.9) 0.154

TGACG 0.59 0.69 0.6 (0.5-0.9), 0.006 0.37 0.39 0.7 (0.5-1.2) 0.636

CGGCA 0.23 0.19 1.3 (0.8-1.8) 0.217 0.23 0.24 .7(0.4-1.2) 0.744

CGGTG - - - - 0.14 0.16 0.7 (0.4-1.3) 0.654
global p-valueD.014 global p-value 0.686

OR= odds ratio, 95% CIl= 95% confidence interval
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Figure 6.3. MMP-9 gene ideogram depicting the location of all tag S*6 genotyped.Exons are indicated by solid boxes and joinedrsons

indicated by lines. Figure adapted from NCBI webéhttp://www.ncbi.nlm.nih.gov/gene)
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Figure 6.4. LD plot of tag SNPs inrMMP-9 haplotype. Linkage disequilibrium plot
generated in Haploview shows the haplotype blodkctire using the solid spine

definition in the Australian cohort. The numbetlie box represents thevalue.
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M ethyl tetrahydrofolate reductase

In MTHFR, most SNPs were located in introns except rs2274&801133, and
rs2066470 which were located in exons. The phys$ication is presented Figure
6.5.

No association was detectedMTHFR with PACG in either allelic {able 6.7) or

haplotypic Table 6.8 results in either Australian or Nepalese cohorts.

rs4845881
rs7538516 rs6541003
rs4846040 rs13306556 rs2066470
-« < - ——— —l--l-l—l—TrT;-—- ——f—— 1 ——

Figure 6.5. MTHFR gene ideogram depicting the location of all tag SNP
genotyped.Exons are indicated by solid boxes and joinedrtsons indicated by

lines. Figure adapted from NCBI website (http://wwabi.nIm.nih.gov/gene)
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Table 6.7.Allelic association results foMITHFR gene in both Australian and Nepalese cohorts. pegabf less than 0.05 are highlighted in bold.

Table shows the unadjusted p-value, adjusted pevalusex and age, and combined p-value using @oeliantel-Haenszel 2x2xK test

Minor Australian Nepalese Combined
N# SNP Allele | MAF | p-value OR p* MAF | p-value OR p* p-value
1 rs4845881 G 0.32 0.224 1.2 (0.8-1]7) 0.135 0.36 .59 1.1 (0.8-1.6)| 0.658 0.608
2 rs7538516 C 0.33 0.356 1.2 (0.8-16) 0.216 0.34 .19 1.3(0.9-1.8)|] 0.254 0.894
3 rs4846040 C 0.28 0.318 1.2 (0.8-1]7) 0.333 0.28 .11® 1.4 (0.9-2.0)] 0.121 0.763
4 rs2274976 A 0.05 0.313 1.4 (0.7-2.9) 0.209 0.09 .58® 0.8 (0.5-1.5)] 0.554 0.277
5 rs13306556 A 0.12 0.952 1.0 (0.6-1.6) 0.413 0.11 0.416 0.8 (0.5-1.4) 0.38¢ 0.596
6 rs12121543 A 0.27 0.986 1.0 (0.7-1.4) 0.7716 0.29 0.087 1.4 (1.0-2.0) 0.118 0.252
7 rs6541003 G 0.42 0.619 1.1 (0.7-1/5) 0.291 0.37 .29@ 1.2 (0.8-1.7)|] 0.353 0.743
8 rs1801133 T 0.30 0.753 1.0 (0.7-1.4) 0.998 0.22 .15D 0.7 (0.5-1.1)] 0.16(¢ 0.235
8 rs9651118 C 0.24 0.594 1.1 (0.7-1)6) 0.371 0.35 .98D 1.0 (0.7-1.4)| 0.88¢ 0.710
10 rs2066470 T 0.12 0.983 1.0 (0.6-1/6) 0.474 0.09 0.672 1.1(0.6-2.1)] 0.84¢ 0.780

OR= Odds Ratio; 95%CIl= 95% confidence interval; ptwalue adjusted for sex and age; MAF= minor alfeéquency.
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Table 6.8.Haplotype frequencies THFR in PACG patients and controls. The order of SNRsajplotype follows the same order in Table 6.7

Haplotype Australian Nepalese
12345678910| cases | Controls OR(95% CI) p-value Cases Controls QB5% Cl) p-value
ATGGGCATTC 0.31 0.32 0.8 (0.5-1.4) 0.582 .20 0.28 0.7 (0.5-1.2) 0.175
ATGGGCACCC 0.24 0.21 1.1 (0.6-1.8) 0.414 .340 0.33 1.3 (0.8-2.0) 0.727
ATGGGCACTC 0.03 0.03 1.1 (0.4-3.0) 0.614 .060 0.05 1.4 (0.6-3.2) 0.790
GTGAAAGCTT 0.03 0.04 0.7 (0.2-2.0) 0.612 .0® 0.02 2.3(0.7-7.6) 0.333
GCCGGAGCTC 0.14 0.16 0.8 (0.5-1.5) 0.529 .200 0.15 1.8 (1.1-3.1) 0.068
GCCGGCGCTQGC 0.13 0.15 0.8 (0.5-1.3) 0.414 .070 0.09 1.1 (0.5-2.2) 0.645
GCGAAAGCTT 0.02 0.03 0.7 (0.2-2.4) 0.546 0D 0.04 1.2 (0.5-2.8) 0.941
ATGGAAGCTT 0.05 0.03 1.7 (0.7-4.1) 0.194 - - - -
global p-value 0.830 global p-value 0.333

95% CIl= 95% confidence interval. OR= odds ratio.

105



Membrane Frizz ed-type Protein

In MFRP, most tag SNPs were located in introns, exceptd85885438, rs2510143
and rs36015759 which were located in exons, argBEs8 which was located in the

5" untranslated region. The physical location pn¢se inFigure 6.6

Three SNPs from th®IFRP gene were nominally associated with PACG: rs948414
T allele, (p=0.025, OR 1.5, 95%CI 1.0-2.0) and 3w 59 A allele, (p=0.021, OR
1.6, 95%CI 1.0-2.5) in the Australian Caucasianupaion. In the Nepalese cohort,
SNP rs10790289 C allele was associated (p=0.037, 1GR 95%CI| 1.0-2.0);
however, none of them showed association whendbelts were adjusted for sex
and age (p-values of 0.185, 0.075 and 0.063, r&spBg. In the combined analysis,
SNPs that were associated in the Australian cak®48414 and rs36015759 showed
association in the combined analysis with p-valie8.047 and 0.029, respectively.
Interestingly, two other SNPs rs948413 and rs253Ghbwed significance with p-
value of 0.029, and 0.034, respectively; howevieesé two latter SNPs were not
associated in either cohort individuallfyable 6.9. None of the SNPs survived
Bonferroni correction (0.05/11= 0.004). No sigraiint associations were found in the

haplotype results in either cohoftapble 6.10.
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Figure 6.6. MFRP gene ideogram depicting the location of all tag SNPgenotyped.Exons are indicated by solid boxes and joinednisons

indicated by lines. Figure adapted from NCBI wab@ittp://www.ncbi.nlm.nih.gov/gene)
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Table 6.9.Allelic association results faiIFRP gene in both Australian and Nepalese cohorts. pegabf less than 0.05 are highlighted in bold. &abl

shows the unadjusted p-value, adjusted p-valusdorand age, and combined p-value using Cochrarieldaenszel 2x2xK test.

Minor Australian Nepalese Combined
N# SNP Allele | MAF | p-value OR p* MAF | p-value OR p* p-value
1 rs11217241 T 0.06 0.88( 1.0 (0.5-2]1) 0.315 0.410.312 | 0.8(0.6-1.2 0.354 0.332
2 rs948413 A 0.37 0.078 1.3(0.9-1.8) 0.242 0.42 0.184 0.8 (0.5-11) 0.285 0.029
3 rs948414 T 0.32 | 0.025 | 1.5(1.0-2.0) 0.185 0.37 0.593 0.9 (0.6-11.3) 0.567 0.047
4 rs35885438 T 0.04 0.917 1.0 (0.4-2)2) 0.747 0.050.516 | 1.2(0.7-1.9 0.449 0.543
5 rs10790289 C 0.45 0.555 1.1 (0.8-115) 0.759 0.530.037 | 1.4 (1.0-2.0) 0.063 0.063
6 rs12421909 T 0.08 0.214 1.5(0.8-2]6) 0.0%3 0.300.960 | 1.0(0.7-1.4 0.987 0.567
7 rs2510143 A 0.05 0.243 1.6 (0.7-3.3) 0.054 0.14 0.078 1.6 (0.9-27) 0.080 0.034
8 rs36015759 A 0.15| 0.021 | 1.6 (1.0-2.5) 0.075 0.21 0.439 0.9(0.6-1.3) 0.403 0.029
9 rs883245 C 0.43 0.105 1.3 (0.9-1]7) 0.463 0.87 234.| 1.2 (0.9-1.8 0.285 0.691
10 rs948415 G 0.38 0.291 1.2 (0.8-1}6) 0.435 0.36 .31 | 1.2(0.8-1.7 0.376 0.922
11 rs3814759 G 0.38 0.331 1.2 (0.8-116) 0.457 0.360.314 | 1.2(0.8-1.7 0.372 0.973

OR= Odds Ratio; 95%CIl= 95% confidence interval; p*walue adjusted for sex and age; MAF= minor alfedquency.
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Table 6.10.Haplotypic association dIFRP tag SNPsn PACG patients and controls. The order of SNHew® the order in Table 6.9.

Haplotype Australian Nepalese
1234567891011 Cases | Controls| OR (95% Cl)| P-value Cases Controls  RO(95% ClI) P-value
TGCCCCGGTAA - - - - 0.05 0.04 1.4 (0.94. 0.541
CGCCTCGGTAA 0.29 0.22 1.4 (0.8-2.3) 0.08%5 0.10 0.07 1.3 (0.6-3.0) 0.243
TATCCTGGTAA - - - - 0.04 0.06 0.5 (0.15]. 0.296
CATCCCGGTAA 0.12 0.15 0.7 (0.3-1.3 0.215% 0.07 0.10 0.5 (0.2-1.3) 0.139
CGCCCCGGTAA 0.10 0.06 1.6 (0.7-3.6) 0.0983 0.06 0.07 0.7 (0.2-1.9) 0.674
TGCCTTGGTAA - - - - 0.03 0.04 0.8 (0.33. 0.680
CGCCTTGGTAA - - - - 0.02 0.05 0.2 (0.2 0.074
TGCCTCGGTAA - - - - 0.02 0.03 0.8 (0.B2. 0.889
TGCTCTGGTAA - - - - 0.04 0.02 1.5 (0.46b. 0.453
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Figure 6.10.Continue

Haplotype Australian Nepalese

1234567891011 Cases Controls OR (95% CI) P-value Cases Controls OR (95% CI) P-value
CATCCCGGCGG 0.07 0.08 0.9 (0.4-1.9) 0.85 0.03 0.05 0.3(0.1-1.4) 0.176
TGCTCCGGTAA - - - - 0.01 0.02 0.2 (0.BIL. 0.128
CATCCCGACGG - - - - 0.04 0.03 1.1 (0.83. 0.504
CGCCTCGACGG 0.07 0.10 0.6 (0.2-1.3) 0.16 0.04 0.03 1.1 (0.3-3.5) 0.483
CGCCTCGGCAA 0.03 0.05 0.6 (0.2-2.0) 0.32 - - - -
CGCCTCGGCGG 0.04 0.02 2.3 (0.7-7.8) 0.08 - - - -
CATCTCGGTAA 0.02 0.03 0.3(0.1-1.9 0.229 - - - -
CATCTCGACGG 0.03 0.03 0.9 (0.2-3.6) 0.630 - - - -

global p-value 0.069

global p-value 0.326

OR= Odds Ratio; 95%CIl= 95% confidence interval.
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Calcitonin-like receptor inhibitor

In CALCRL, all nine tag SNPs were located in the intronshwhe physical location
presented irFigure 6.7. In the single SNP association analysis, no Sicamt allelic
associations were detected in either cohbab(e 6.11). However, in the Australian
cohort the global haplotype p-value for associateinthe CALCRL gene was
suggestive Kigure 6.8), but not significant (p=0.063). One of the sipludypes in
the CALCRL gene (AATACAGAT) was significantly associated wlBACG in the
Australian cohort, with a p-value of 0.004 (OR 095% CI 0.02-0.7). The
association remained significant following Bonferroorrection for the six observed
haplotypes (corrected p=0.024)aple 6.12. This rare haplotype was more frequent

in controls than cases (4% vs 1%, respectively).

rs13411274
840617
- rs6759535 J—— rsiztggios e
L (6706141 lr59288141 l
CALCRL l J/

i = i, . - — |

Figure 6.7. CALCRL gene ideogram depicting the location of all tag SNP
genotyped.Exons are indicated by solid boxes and joinedrtsons indicated by

lines. Figure adapted from NCBI website (http:/fmywwcbi.nlm.nih.gov/gene)
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Table 6.11.Allelic association results faEALCRL gene in both Australian and Nepalese cohorts. pegabf less than 0.05 are highlighted in bold.

Table shows the unadjusted p-value, adjusted pevalusex and age, and combined p-value using @oeliantel-Haenszel 2x2xK test

Minor Australian Nepalese Combined
N# NP Allele | MAF | p-value OR p* MAF | p-value OR p* p-value
1 rs840617 A 0.13 0.122 1.42 (0.9-2.2) 0.795 027 .26® | 1.2 (0.8-1.8) 0.326 0.831
2 rs13411274 C 0.35 0.368 1.16 (0.8-1{6) 0.9116 0.170.090 0.7(0.4-12 0.072 0.706
3 rs6759535 T 0.43 0.581 1.09 (0.7-1.5) 0.447 0{320.703 0.9 (0.7-1.3 0.635 0.506
4 rs6706141 G 0.36 0.451 1.13 (0.8-1)5) 0.843 0/300.834 1.0 (0.7-1.5 0.707 0.485
5 rs3821183 T 0.16 0.683 1.09 (0.7-1.6) 0.485 0{260.680 0.9 (0.6-1.3 0.693 0.563
6 rs9288141 G 0.06 0.699 1.14 (0.5-2)2) 0.4p7 0[120.387 1.3(0.7-2.2 0.485 0.358
7 rs3771073 C 0.43 0.731 1.05 (0.7-14) 0.8119 0(240.342 0.8 (0.6-1.2 0.332 0.724
8 rs2063505 G 0.37 0.665 1.07 (0.7-1)4) 0.7p2 0/29.931 1.0 (0.7-1.5 0.855 0.703
9 rs7591567 C 0.33 0.530 1.11 (0.7-1)5) 0.884 0/15.226 0.8 (0.5-1.2 0.202 0.809

OR= Odds Ratio; 95%CIl= 95% confidence interval; p*walue adjusted for sex and age; MAF= minor alfeéquency.
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The significantly associated haplotype is highleghin bold. The order of SNPs in haplotype follbwe brder Table 6.11.

Table 6.12.Haplotype association between variants acfOASCRL gene and primary angle-closure glaucoma in Auatradnd Nepalese cohorts.

Haplotype Australian Nepalese
123456789 Case Contro OR (95% CI) p-valug Case Control OR (95% CI) p-value
TACGCAGGT 0.38 0.33 1.1 (0.7-1.5) 0.665 10.3 0.27 1.3(0.7-2.1) 0.534
TACATAGAT 0.16 0.16 0.8 (0.5-1.2) 0.634 D.2 0.25 1.2 (0.6-2.0) 0.926
TCTACACAC 0.35 0.31 0.9 (0.6-1.4) 0.656 9.1 0.17 0.9 (0.4-1.6) 0.168
AACACGGAT 0.03 0.02 1.1 (0.3-3.1) 0.665 ®.0 0.09 1.6 (0.8-3.1) 0.163
AATACACAT 0.07 0.08 0.7 (0.3-1.3) 0.381 8.0 0.07 1.4 (0.6-3.1) 0.629
AATACAGAT 0.01 0.04 0.1 (0.02-0.7)| 0.004 0.08 0.07 1.1 (0.5-2.1) 0.762

global p-value 0.063

global p-value 0.465

OR= odds ratio, 95% CIl= 95% confidence interval.
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Figure 6.8. LD plot of tag SNPs inCALCRL haplotype. Linkage disequilibrium
plot generated in Haploview shows the haplotypeclblstructure using the solid
spine definition in the Australian cohort. The nwemlin the box represents the r

value.
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Discussion

In this chapter we investigated the associatiofivef different candidate genes with
the disease. The genes were chosen according to pghtive role in ocular
development and functiom{GF, MMP-9, MTHFR, andMFRP affect the growth of
the axial length, an@ALCRL is believed to regulate the drainage of aqueousohum
All genes were examined for association with PA@Giievious studies, except for
the HGF gene which we proposed as a candidate gene. Tleeedces noted in
associations of the genetic risk among both cohugy reflect ethnic differences in

the disease pathogenesis.

In the Nepalese cohort, our study showed four mtr&NPs in theHGF gene to be
significantly associated with PACG (rs5745718, B36657, rs12540393 and
rs17427817). The former two SNPs were recently nedoto be associated with
hyperopia in an Australian Caucasian populatioreepdppan, Pertile et al. 2010)
Interestingly, the risk alleles for hyperopia, r45718 (A) and rs12536657 (A), in
their study were the same as in our PACG studys Tihding indicates a possible
common pathway, or similarities between hyperopid RACG, which are known to
share the same biometric feature of short axiaytlen(Young, Metlapally et al.
2007; Veerappan, Pertile et al. 2010) Interestingllyfour SNPs in our PACG study
were significantly associated with PACG independeit spherical equivalent
refraction, and there was no significant differencéhe refraction between cases and
controls in the Nepalese cohort. So the assocmtimne appear to occur through a
mechanism beyond an indirect association with hypmar in this population.

Furthermore, the significantly associated haplotgpatains the risk alleles of the
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four significant associated SNPs with frequency18f6 in patients and 9% in
healthy controls. These alleles do not occur onahgr common haplotype in this

population.

A meta-analysis study in two Chinese cohorts hgsorted a minor allele of
rs3735520 (A) to increase vitreous chamber depitls tncreasing the axial length,
so the investigators suggested tH&F is probably involved in development of the
posterior eye segment, and consequently in splegitar and axial hyperopia.
(Chen, Chen et al. 2012) The rolel&F in PACG remains unknown. Further work
iIs needed to determine its involvement in the pge¢hesis of this blinding disease.
The similar findings in hyperopia indicate thatay be involved in influencing the
structure of the eye and thus predisposing thoffe stiort axial length to the risk of
angle-closure. It is unlikely that the tag SNPsaged here are the functional
variants. All four tag SNPs are located in intrafishe HGF gene and are likely to
be in linkage disequilibrium with actual functiomahriants. The causative variant

will likely be found on the background of the GAATGAG haplotype.

In MMP-9, a significant association of two SNPs, rs17576 &8918249, with
PACG was identified in the Australian Caucasian ysation, and this remained
statistically significant independent of age and. Séhese two SNPs were in strong
linkage disequilibrium @=0.98). The minor allele of each SNP (G and C,
respectively) was associated with PACG under tldi@model. These risk alleles
were split across two haplotypes, only one of whechssociated with PACG. Most

importantly, the most significantly associated logygpe contains the common allele
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at both SNPs and appears to be protective withpdotype frequency of 69% in
controls and only 59% in cases, p=0.006. Howe\Z2'#4756 was more significantly
associated in the combined analysis than in thdralien cohort alone, which may
suggest the possibility of a link between this ShiRl PACG in the Nepalese

population.

Previous study has found an association between57€l and acute PACG in
Taiwanese populations. (Wang, Chiang et al. 2006yvéver, other studies on
Singaporean and Southern Chinese patients faile@pcate this finding (Aung,
Yong et al. 2008; Cong, Guo et al. 2009). Cong emlttagues also identified an
association oMMP-9 SNP rs2550889 with PACG in a Southern Chinese lptipao.
(Cong, Guo et al. 2009) This SNP was not includedur study, as it was unable to
be genotyped in a multiplex with the other SNPsweler, it is in strong linkage
disequilibrium with our two associated tag SNP4 7676 and rs391824%=0.85
and 0.86 respectively in the HapMap, CEU samplggssting a similar finding in
the current study. Further replications are reguite directly examine the
association of rs2550889 with PACG in Australiadliwiduals. Interestingly, all
three previous studies in Asian populations shothed the A/A genotype of SNP
rs17576 was more common in PACG cases than in n@onérols. Thus, the minor
A allele conferred risk for PACG. In the currentuCasian study, we found that the
A allele conferred protection against PACG andhis tinore common allele in this
population. There is a well-documented difference allele frequency across
populations at this SNP. The frequencies in Asiapupations range from 0.22 to

0.30 (Shibata, Ohnuma et al. 2005; Wang, Chiangl.e2006; Aung, Yong et al.
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2008; Hirose, Chiba et al. 2008; Cong, Guo et 8092 while the frequency in
Caucasians is approximately 0.65. (Rodriguez-Pé&atBet al. 2008; Brooks, Kizer
et al. 2010; Mossbock, Weger et al. 2010; Pintoprize et al. 2010) Similar

differences in frequencies are also observed inVidgp

The opposite association of an allele or genotyghedosame SNP with disease could
be due to different functional effects among dgfer ethnic groups, or the
heterogeneous effect of the same variant such awetige background or
environmental factors. (Lin, Vance et al. 2007) sThilip-flop” association may
indicate that rs17576 is not the causative alledepde being a non-synonymous
change (p.GIn279Arg), but that the risk variantscuncon different genetic
backgrounds in different ethnicities. Additionallyhe fact that this variant is
predicted to be benign or tolerated by both PolyRI®IFT and Mutation Taster
supports this hypothesis. Examples of such “flgpfl associations have been
previously reported and are well established intloglimology for the codingOXL1
variant rs1048661 (R141L) SNP associated with psendoliation syndrome in
opposite directions in Japanese population compaidd Caucasians. (Hayashi,
Gotoh et al. 2008) Alternatively, the findings adukpresent type 1 errors that will

not replicate in further studies.

In MTHFR gene, the ¢.677C>T polymorphism (rs1801133) adfdue homocysteine
concentration, and an increase in plasma level®wfocysteine has been detected in
Caucasian patients with PACG. (Bleich, Junemann akt 2002) Elevated

homocysteine levels lead to scleral restructuriaggd structural remodelling of
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connective tissue of the anterior segment (Mujum@iammalapalli et al. 2002) and
trabecular meshwork. (Michael, Qamar et al. 20G8 € differences seem to play a
role in the reported associations of this polymawh with various types of
glaucoma. A relationship has been reported betwddFHFR c.677C>T
polymorphism and open-angle glaucoma in Caucagiamemann, von Ahsen et al.
2005) and normal tension glaucoma in Koreans. (Wam, et al. 2009) However,
this variant was not associated with normal tengiaucoma or POAG either in
Japanese, (Mabuchi, Tang et al. 2006) or in Cenfatopean populations.

(Mossbock, Weger et al. 2006)

Recently Michael et al. found a significant asstera between the TT and AC
genotypes of MTHFR c¢.677C>T (rs1801133) and c.1298A>C (rs1801131)
polymorphisms with PACG in a Pakistani cohort. (Nael, Qamar et al. 2008;
Micheal, Qamar et al. 2009) Our data did not suppor association of variants
including rs1801133 in thMTHFR gene with PACG in either the Australian or
Nepalese cohorts. This gene has been studied ariety of glaucoma phenotypes
and ethnic groups with limited overlap of each kesw studies. The variable results
may reflect the study and phenotype differencesoatd suggest that the gene has a

very limited role to play in PACG.

Mutations in theMembrane frizzled-related protein (MFRP) gene cause autosomal
recessive nanophthalmos. HomozygMISRP mutation carriers have a shorter axial
length than normal eyes, with an increase in bdibraidal and scleral thickness,

which in turn leads to axial hyperopia. (Martorit288) As both nanophthalmos and
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PACG have similar anatomical abnormaliti®d;RP is a possible candidate gene for
PACG. However, studies done on Chinese and Taivapasents did not show any
coding mutations in this gene. (Aung, Lim et al020Wang, Lin et al. 2008)

In this study no significant SNPs survived cormactfor multiple testing in either
cohort. It is the first time this gene has beerdigth for association with PACG in

Caucasians, and further investigation in a largéiod is warranted.

In our study rs1157699 in tHeALCRL gene failed to be genotyped in a multiplex
with the other SNPs. However SNPs rs2063505 ant&Bi1, which are in strong
linkage disequilibrium with rs1157699 %41 and 0.96, respectively), did not
demonstrate any association in either cohort. éstergly, the AATACAGAT
haplotype did show an association in the Australeamort (corrected p-value
=0.024), which suggests genetic variation at@¢.CRL gene may play a role in
PACG. The examination of haplotypes in candidateeggtudies can be superior to
investigating individual SNPs when the haplotypgstaariation not tagged by the
individual SNPs. (Clark 2004) This haplotype appe&s be protective in the
Australian cohort. It is a relatively rare haplaty@nd the implication of its
association is not yet clear. Alternatively, theasated haplotype is more common
in Nepal and the lack of association here may ssigtiet the Australian cohort
result is a false positive finding. Further workreqquired to assess the potential
involvement of this gene with PACG and replicatafrthese results an independent

Caucasian cohort is required to confirm the findingthis study.
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In conclusion, this is the first report to identiyn association betwedtGF and
PACG, and to suggest an association betvékhr-9 polymorphisms and PACG in
the Australian population. Additionally the undeénly genetic aetiology of PACG in
people of Nepalese descent has not been previstuglied, and limited reports have
been made for Caucasian cohorts.

Previous positive associations previously repoaidd THFR gene failed to replicate

in our study in both Caucasian and Nepalese papotatPolymorphic variation at a
nanophthalmos geneMERP) showed a trend towards association but requires a
larger cohort to definitively detect an effect imst complex disease. In addition,
haplotypic association at tl&ALCRL gene with PACG in the Australian cohort may

implicate this gene further in the pathogenesiBACG.
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Chapter 7

ANALYSES OF THE COMMON VARIATION IN
PRSS56, ENOS, CYP1B1 AND NTF4 WITH PACG

Introduction

The data presented in this chapter was generat2@lih, by which time additional
cases had been recruited for inclusion in the Aliatr Caucasian cohort but the
Nepalese cohort remained the same. The cohortsuserkto analyse the association
of additional genes which have been more recentbgsested as candidates for
PACG; Cytochrome P450 (CYP1B1), Endothelial nitric oxide synthase (eNOS),
Protease serine 56 (PRSSh6), and Neurotrophin-4 (NTF4). CYP1B1, eNOS and
NTF4 genes have been reported to be associated withGPA&Chumans, and
mutation in thePRS6 gene was found to cause a phenotype in a mousel thadle

resembles angle-closure glaucoma in humans. (Negni-Aifa et al. 2011)

Mutations inPRS%6 [OMIM 613858] gene has been recently identifiedaasause

for an autosomal recessive form of nanophthalnt®al,(Rau et al. 2011; Orr, Dube
et al. 2011) and we found novel segregating vananbur study as described in
Chapter 3. Nanophthalmos and PACG share certain clinicalfea such as narrow
anterior chamber angle, short axial length, andehypic refractive error. Nair and
colleagues have found that mice carrying FIRSS56 mutation (T to A transversion

in exon 11 and disrupts a splice donor site) shoaeuhenotype that resembles
PACG in human. The mutant mice have a narrow amtetamber angle with a

significant decrease of the outflow facility andri@ase in the IOP compared to the
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wild type. Thinning of the nerve fibre layer andsttaction of the optic nerve was
also observed in the mutant mice. They also shosigrificant lower axial length

with increasing age than wild-type controls, howetre lens size was unaffected.
(Nair, Hmani-Aifa et al. 2011) This study is thesti to look for association of

common sequence variationsRRSEH6 with PACG in humans

CYP1B1 [OMIM 601771] is the most common gene known to elved with the
pathogenesis of primary congenital glaucoma. (8toi\karsu et al. 1997; Sarfarazi,
Stoilov et al. 2003) Sarfarazi has hypothesized ©41B1 is involved in the
development of the irido-corneal angle of the ayeking it a gene of interest for
PACG. (Sarfarazi and Stoilov 2000) Chakrabarti eolleagues have sequenced the
coding region of the gene, and found associatiah WIACG in an Indian cohort
consisting of 90 cases and 200 controls. (Chaktialiaevi et al. 2007) Another
study did not report any known or novel polymorpissor variants in a smaller
Middle Eastern cohort of 29 cases with PACG usemuencing methodology. (Abu-

Amero, Morales et al. 2007)

Nitric oxide (NO) is synthesized in the vasculadethelium via endothelial nitric
oxide synthase 3 (also known aNOS) using the substrate L-arginine.
(Karantzoulis-Fegaras, Antoniou et al. 1988DS[OMIM 163729] over expression
Is thought to be neuroprotective by causing vaatidih and increased blood flow in
human eye tissues. (Neufeld, Hernandez et al. 199@yexpression odNOS was
also reported to lower IOP in mouse eyes by ineraasthe pressure-dependent

drainage. (Stamer, Lei et al. 2011) Other factonschs as asymmetric
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dimethylarginine (ADMA) and symmetric dimethylargie (SDMA) also play an
inhibitory role in the production of NO. Our labtoey found that serum levels of
both ADMA and SDMA are significantly elevated intjgsts with advanced open
angle glaucoma. (Javadiyan, Burdon et al. 2012}hEumore, NO enhances the
activity of Matrix metalloprotinase-9 (MMP-9). (Dumont, Loufrani et al. 2007)
MMP-9 was reported to be associated with PACG in our toas discussed in
Chapter 6. (Wang, Chiang et al. 2006; Awadalla, Burdon et2@ll1) Alteration in
MMP-9 activity during eye development may lead to theettgpment of hyperopic
refractive error which is a risk factor for devetognt of PACG. (Wang, Chiang et
al. 2006) It has been reported that alteratioeNfDS expression causes impairment
of the blood flow and development of angle-closarg the 27-bp variable number
of tandem repeat (VNTR) polymorphism in intron 4eblOS is believed to alter the
production of nitric oxide and cause vascular dyslaion. (Nath, He et al. 2009)
This VNTR has also been assessed and found to dwriated with PACG in
Pakistani cohort. (Ayub, Khan et al. 2010) Convigrsa study of Han Chinese used
tag SNPs to look for association of common variamthieeNOS gene in 88 patients
with PACG, but no associations were observed. (L\W@ang et al. 2011) In this
chapter, we will look for association eNOS with PACG in both the Australian and

Nepalese cohorts.

Neurotrophin plays a vital role in the neuronall a#¢velopment, survival and
differentiation, and it has been suggested thatnghgrotrophin signalling system
prevents neuronal damage in humans including dewaaglion cells. (Pasutto,

Matsumoto et al. 2009) Heterozygous mutationsifr4 [OMIM 162662] have been
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reported to be responsible for 1.7% of POAG casdsuocopean descent. (Pasutto,
Matsumoto et al. 2009) This was followed by studies looked for association with
PACG in both Indian (Rao, Kaur et al. 2010) anddpean ancestry from the south-
eastern United States (Liu, Liu et al. 2010) byuseging the coding exons, but

results failed to detect an association.

Aim

Although theCYP1B1, eNOS, andNTF4 genes are plausible candidates, results are
not consistent between studies and even less sssaethnicities. In addition this is
the first study to look for association BRSS56 and PACG in human®RS$6 is a
very attractive candidate gene based on its caumsafi nanophthalmos in humans
and an angle-closure glaucoma phenotype in micethik study we aimed to
investigate the association between tag SNPs dfetlieur candidate genes and

PACG in both Australian and Nepalese cohorts.

Methods

Methods in this chapter followed the same prot@sopresented iSection 2.2 The
link betweeneNOS and MMP-9 with PACG in the Australian cohort was further
analysed by comparing the combined risk allele$ wie protective one using chi-
square test. The results fMP-9 were that previously discussedGmapter 6. We
selected the significant SNP from each geN®Srs3793342 andIMP-9 rs17576.
The numbers of tag SNPs chosen in each gene fbr dmjtorts are presented in

Table 7.1
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Table 7.1.Tag SNPs, chromosome and base position in eachigelneled in this
chapter. “Y” indicates that the tag SNP was setbdte represent variation in the

specified cohort, “-” tag SNP was not selectedtti@at cohort, “Chr” chromosome.

Chr Gene SNP bp Position Australia Nepal
rs1881494 233372766 Y Y
rs17360319 | 233381606 Y -
) PRSSES rs11902035 | 233386432 Y Y
rs733602 233388311 Y Y
rs12466358 | 233397525 Y Y
rs3828246 233398215 Y Y
rs2855658 38298203 Y Y
rs10916 38297170 Y -
2 CYP1B1 rs162562 38297515 - Y
rs162561 38298877 - Y
rs2551188 38302794 Y Y
rs3793342 150695195 Y -
rs1799983 150696111 Y Y
rs3918227 150700946 Y -
7 eNOS rs3918186 150702432 - Y
rs3918188 150702781 Y Y
rs1808593 150708302 Y Y
rs7830 150709571 Y Y
rs12973356 49562738 Y Y
19 NTF4 rs11669977 49564124 Y Y
rs4802546 49570686 Y Y
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Results

All cases in the Nepalese cohort presented with ®BAGf which 53 cases were
reported to have had an acute attack. In the Aismtraohort 71 cases were
identified as PACS and 129 cases as PACG (35 wiélviqus history of acute
attack).Table 7.2 shows characteristics and clinical data of casescantrols for
each cohort. The Nepalese cohort was well matahéloket control group for age, sex
and ethnicity, but in the Australian cohort a higphercentage of females was present
in the case than the control group (p-value of ¥D.@&s expected, peak IOP and
cup:disc ratio were significantly higher in the esscompared to the controls (p-
value <0.01). The Australian cases were more hyperwith p-value of <0.01,

unlike the Nepalese cases (p-value 0.16).

Assuming complete linkage disequilibrium betweea tiisease-causing variant and
the marker, we had a power of 94% in the Austratamort and 79% in the Nepalese
cohort to detect a genotypic relative risk of 1.dhva risk allele frequency of 0.31

under an additive model.
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Table 7.2.Characteristics of the Nepalese and the Australiduorts.

_ Australian Nepalese
Variables
Case Control p-value Case Control p-value
Number 200 288 - 106 204 -
Sex (% female) 75% 53% <0.01 76% 75% 0.85
Mean age in years (SD) 70 (8.2) 69 (11.21) 0.28 57.3 (12.30) 60.3 (13.71) 0.07
Mean SE in dioptres (SD) 0.9 (2.15) 0.1 (0.37) <0.01 -0.3 (1.64 0.1(0.31 0.16
Mean IOP in mmHg (SD) 23.5(12.9) 14.6 (3.4) <0.01 21.3(17.71) 12.8)(2.3 <0.01
Mean Cup/disc ratio (SD) 0.5 (0.16) 0.2 (0.25) <0.01 0.8 (0.11) 0.2 (0.12 0.0&

SD= standard deviation; SE= spherical equivalédB intra ocular pressure.
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Protease serine 56 (PRSS56)
In PRSS56, six tag SNPs were selected in and around the. g&dBs rs11902035

and rs733602 are located in intronic region. SN28%3444 and rs733603 did not
fit in the multiplex design, and were replaced 31881494 and rs3828246,
respectively (=1 for both SNPs). The physical location is presérn Figure 7.1

Bonferroni correction for the 6 SNPs was 0.05/6308.

The allelic frequencies and association p-valuesypéd SNPs are presented in
Table 7.3. In the Australian cohort rs11902035, C allele, e borderline
association with p-value of 0.045 (OR 1.7, 95%@F-3.0) and rs3828246, C allele,
with p-value 0.011 (OR 1.4, 95%CI 1.1-1.7). BothFR\remained significant after
adjustment for sex and age (p-value 0.005 and Qr@spectively); only rs11902035
survived correction for multiple testing (p-valu®@5). In the Nepalese cohort, one
SNP rs733602 showed significant association witlCBAwith a p-value 0.004 (OR
0.2, 95%CI 0.1-0.7) that survived correction for liqple testing, but not after

adjustment for sex and age (p-value=0.016).

In the haplotype analysis, only the Australian abtshowed significant global p-

value of 0.006. Tag SNPs in arouRBSS56 gene formed one linkage disequilibrium
block in the Australian cohortF{gure 7.2. TGTTCC showed a nominally

significant association with a p-value of 0.046 (DR, 95%CI 0.9-3.7)Table 7.4.

In the Nepalese cohort, the TGTGTT haplotype shoar@ssociation with PACG

with a p-value of 0.021 (OR 0.2, 95% CI 0.1-0.8)t did not survive correction for

multiple testing.
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Figure 7.1. PRSS56 gene ideogram depicting the location of all tag SR& genotyped Exons are indicated by solid boxes and joinedrisons

indicated by lines. Figure adapted from NCBI wabéhttp://www.ncbi.nlm.nih.gov/gene).

130



rs1881494
rs17360319 -
rs11902035
rs733602
rs12466358 N
rs3828246

=
P2
o
F-1
&
=r}

Figure 7.2. LD plot of tag SNPs inPRSS56 gene.Linkage disequilibrium plot
generated in Haploview shows the haplotype blodkctire using the solid spine

definition in the Australian cohort. The numbetlie box represents thevalue.
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Table 7.3. Allele frequencies (%) oSNPs in and around tHeRSS56 gene in the Australian and Nepalese cohorts andjusted p-value for

association under the allelic model with odds ré®%% CI). Values in bold are considered significgnx0.05). Table shows the unadjusted p-value,

adjusted p-value for sex and age, and combinedygwsing Cochran-Mantel- Haenszel 2x2xK test.

Minor Australian Nepalese Combined
N SNP Allele | MAF | p-value | OR (95% Cl) p* MAF | p-value | OR (95% Cl) p* p-value
1 rs1881494 C 0.32 0.921 1.0 (0.8-1.3)  0.921 31 750 | 1.1(0.7-1.5)| 0.654 0.347
2 | rs17360319 A 0.01 0.091 35(0.9-16)  0.153 012 58% | 1.2(0.7-2.0) 0.672 0.654
3 | rs11902035 C 0.07| 0.045 | 1.7(1.0-3.0) | 0.005 | 0.03 0.947 1.0 (0.4-2.6) 0.938 0.433
4 rs733602 G 0.02 0.302 1.9(0.6-56.1)  0.291 0.02 0.004 | 0.2(0.1-0.7) | 0.016 0.189
5 | rs12466358 C 0.20 0.659 1.1(0.8-1.4)  0.908 31 0.697 0.9 (0.6-1.3) 0.689 0.355
6 rs3828246 C 0.44| 0011 | 1.4(1.1-1.7)| 0.014 | 0.35 0.228 1.2 (0.9-1.8) 0.209 0.370

p*= p-value adjusted for sex and age. OR (95% QiYlds ratio (95% confidence interval). Chr= chrooms. MAF= minor allele frequency.
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Table 7.4.Haplotype association between variants acRiRSEH6 gene and primary angle-closure glaucoma in Auatraind Nepalese cohorts. The

nominally associated haplotype is highlighted itdb@he order of SNPs in the haplotype follow thdew in Table 7.3.

Haplotype Australian Nepalese
123456 | case Controls OR (95%CI) p-value Case Controls OR96%CI) p-value
TGTTCC 0.06 0.04 1.9 (0.9-3.7) 0.046 0.07 0.07 1.0 (0.5-2.0) 1.000
CGTTTC 0.13 0.11 0.5 (0.3-1.0) 0.271 0.06 0.06 0.9 (0.4-2.5) 0.920
TGTTTC 0.21 0.20 0.4 (0.2-0.7) 0.956 0.16 0.16 0.9 (0.5-1.6) 0.935
CGTTCT 0.04 0.04 0.3 (0.1-0.9) 0.555 0.07 0.06 1.8 (0.7-4.4) 0.318
TGTTCT 0.07 0.09 0.3 (0.1-0.6) 0.130 0.17 0.18 0.7 (0.4-1.3) 0.669
TGCTTT 0.03 0.02 0.7 (0.2-1.8) 0.277 - - - -
CGTTTT 0.16 0.17 0.4 (0.2-0.7) 0.268 0.12 0.13 0.7 (0.4-1.3) 0.583
TGTTTT 0.30 0.33 0.4 (0.3-0.7) 0.081 0.30 0.26 1.2 (0.8-1.9) 0.216
TGTGTT - - - - 0.01 0.05 0.2 (0.1-0.8) 0.021
TATTTT - - - - 0.04 0.04 1.1 (0.4-2.6) 0.874
global p-valued.006 global p-value 0.103

OR= odds ratio, 95% CIl= 95% confidence interval.
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Cytochrome P450 (CYP1B1)
In CYP1B1, SNPs rs2855658, rs10916, and rs162562 are locatethe 3’

untranslated region, while rs162561, and rs25514&88 intronic. The physical
location is presented ifrigure 7.3 Bonferroni correction for the 5 SNPs was

0.05/5=0.01.

The allelic frequencies and association p-valuedypéd SNPs in the Nepalese
cohort are presented imable 7.5 Two nominally significant SNPs from the
CYP1BL1 gene: rs10916, G allele, with odds ratio 2.1 (9%%C-4.0, p=0.022) and
rs162561, A allele, with odds ratio 2.2 (95% CI-4.3, p=0.014). Both SNPs
remained significant after adjustment for sex age, dut none passed correction for

multiple testing.

The CYP1BL1 gene formed one linkage disequilibrium blo&kglre 7.4). It showed
a nominally significant haplotypic association hetNepalese cohorTéble 7.6.
The AGCAC haplotype showed an association with PAG@&e Nepalese cohort
with a p-value of 0.019 (odds ratio 2.3, 95% CI1-6.8), but did not survive
correction for multiple testing. No significant asgtion was detected in the

Australian cohort in either allelic or haplotypesults.
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Figure 7.3. CYP1B1 gene ideogram depicting the location of all tag SP&
genotyped.Exons are indicated by solid boxes and joined lsons indicated by

lines. Figure adapted from NCBI website (http:/fmwvcbi.nlm.nih.gov/gene)
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Figure 7.4. LD plot of tag SNPs inCYP1B1 haplotype. Linkage disequilibrium
plot generated in Haploview shows the haplotypeclblstructure using the solid
spine definition in the Nepalese cohort. The numibethe box represents thé r

value.
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Table 7.5.Allele frequencies (%) of ta§NPs inCYP1B1 gene in the Australian and Nepalese cohorts andjustad p-value for association under
the allelic model with odds ratio (95% CI). Valuesbold considered significant (p<0.05). Table shdhe unadjusted p-value, adjusted p-value for

sex and age, and combined p-value using CochrarnielAaenszel 2x2xK test

Minor Australian Nepalese
N# SNP 0 0 Combined
Allele MAF | p-value ORC(I?S % p* MAF | p-value ORC(I;% & p*
1 rs2855658 A 0.44 0.537 1.1(0.8-1.4) 0.380 0.19 .46® | 1.1(0.7-1.8)] 0.315 0.876
2 rs10916 G 0.21 0.714 1.1(0.8-1.4) 0.670 0.090.022 | 2.1(1.1-4.0)| 0.023 0.542
3 rs162562 C 0.21 0.714 1.1(0.8-1.4) 0.670 0.13 09%.| 1.5(0.9-2.6)] 0.078 0.615
4 rs162561 A 0.16 0.641 1.1 (0.8-1.5) 0.800 0.10 0.014 | 2.2(1.1-4.3)| 0.022 0.507
5 rs2551188 T 0.28 0.716 1.0(0.8-1.4) 0.530 0.88 .54 | 1.1(0.7-1.5)] 0.625 0.919

p*= p-value adjusted for sex and age. OR (95% Cijlds ratio (95% confidence interval). Chr= chroome. MAF= minor allele frequency
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Table 7.6.Haplotype association between variants ac@g31B1 gene and primary angle-closure glaucoma in Auatraind Nepalese cohorts. The

nominally associated haplotype is highlighted itdb@he order of SNPs in the haplotypes followsdhder in Table 7.5.

Haplotype Australian Nepalese

123456 Cases Controls p-value| OR (95% ClI) Cases Controls| -yalue | OR (95% ClI)
ATCCCT - - - - 0.03 0.03 0.759 0.9 (0.3)2
GTACCT 0.27 0.28 0.689 0.9 (0.7-1.3) 0.34 0.31 0.528 1.1 (0.5-2.7)
AGCCAC 0.16 0.17 0.709 0.9 (0.6-1.5) 0.09 0.04 0.019 2.3 (0.8-6.7)
ATACCC 0.23 0.23 0.76 1.0 (0.7-1.4 0.05 0.07 0.263 0.7 (0.2-2.1)
GTACCC 0.28 0.25 0.277 1.1 (0.8-1.6) 0.47 0.52 0.239 0.9 (0.4-2.2)
AGCCCC 0.05 0.05 0.954 1.0 (0.6-1.9) - - - -

global p-value 0.874 global p-value 0.116

OR= odds ratio, 95% CIl= 95% confidence interval.
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Endothelial nitric oxide synthase (ENOS)
In eNOS typed SNPs are located in the introns, exceptstbr99983 and rs3918227,

which are in exon 8 and 17, respectively. The plalsiocation is presented in

Figure 7.5 Bonferroni correction for the seven SNPs was/7:09.007.

The minor allele frequencies and allelic assocmfmvalues of typed SNPs are
presented iMable 7.7 In the Australian cohort three SNPseHOS were found to
show significant association with PACG: rs37933823llele, with p-value of 0.002
(OR 1.9, 95%CI 1.3-2.8), rs3918188, A allele, wathialue of 0.013 (OR 1.4, 95%CI
1.1-1.8), and rs7830, A allele, p-value=0.011 (OR, 195%CI 1.1-1.9). Only
rs3793342 survived correction for multiple testibgf not after adjustment for age
and sex (p-value of 0.01). No significant assoorati were found in the Nepalese
cohort. In the combined analysis we found rs379384@ rs7830 to be associated

with p-values of 0.012 for both SNPs.

The linkage disequilibrium structure is shownFigure 7.6. Two haplotypes in the
Australian cohort showed association with PACG hwat global p value of 0.011
(Table 7.8. The CGCAATC haplotype conferred risk, with arsigant p-value of
0.005 (OR 1.1, 95%CI 0.6-2.3). This haplotype cmrstahe risk alleles of all the
three nominally associated SNPs. A second haplofy@B&ACTC with p-value of
0.022, OR 0.3 (95% CI 0.1-0.8) contains only onetled three risk alleles and

appears to be protective for PACG.
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When we further analysed the association betvedl&dS andMMP-9 with PACG in
the Australian cohort, a significant difference wimind between individuals
carrying the risk alleles of both SNPs rs17576vikIP-9 and rs3793342 ieNOS
(105 individuals)wvith those who do carry the protective allele of@§4 individuals)

with p-value 0.026 (OR 2.5).

-
e,
e

o

-~

rs3793342
rs1799983 -
rs3918227
rs3918186 —
rs3918188
rs1808593 -
rs7a3n

Figure 7.6. LD plot of tag SNPs ineNOS haplotype. Linkage disequilibrium plot
generated in Haploview shows the haplotype blodkcsire using the solid spine

definition in the Australian cohort. The numbetlfie box represents thevalue.
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Figure 7.5. eNOS gene ideogram depicting the location of all tag ISP genotyped.Exons are indicated by solid boxes and joinednsons

indicated by lines. Figure adapted from NCBI wabéhttp://www.ncbi.nlm.nih.gov/gene)
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Table 7.7.Allele frequencies (%) of ta§NPs ineNOS gene in the Australian and Nepalese cohorts andjustad p-value for association under the
allelic model with odds ratio (95% CI). Values inlth considered significant (p<0.05). Table showes whadjusted p-value, adjusted p-value for sex

and age, and combined p-value using Cochran-M&tdehszel 2x2xK test

. Australian Nepalese :
Minor Combined
N# SNP OR (95%
Allele | MAF | p-value | OR (95% Cl) | p* | MAF | p-value ci p* p-value
1 rs3793342 T 0.09 | 0.002 1.9(1.3-2.8) | 0.010 | 0.10 0.99 1.0 (0.5-1.7 0.95 0.012
2 rs1799983 T 0.34 0.475 1.1 (0.8-1.5 0.6R0 0.19 .730| 1.0(0.7-1.6) 0.76 0.435
3 rs3918227 A 0.10 0.186 1.4 (0.9-2.2 0.180 0.04 .170| 1.7 (0.8-3.6) 0.22 0.725
4 rs3918186 T 0.06 0.294 1.3 (0.8-2.2 0.250 0.11 .920| 1.0(0.6-1.7) 0.9 0.493
5 rs3918188 A 0.41 | 0.013 1.4 (1.1-1.8) 0.080 0.33 0.87 1.0 (0.7-1J5) 0.99  060.
6 rs1808593 G 0.25 0.334 1.2 (0.9-1.6 0.460 0.28 .420| 1.1(0.8-1.7) 0.46 0.214
7 rs7830 A 0.31 0.011 1.4 (1.1-1.9) 0.050 0.38 0.39 1.2 (0.8-1/6) 0.4 010.

p*= p-value adjusted for sex and age. OR (95% Cijlds ratio (95% confidence interval). Chr= chrooms. MAF= minor allele frequency.
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Table 7.8.Haplotype frequencies and association betweenntaraecros&NOS gene and primary angle-closure glaucoma in Auatraind Nepalese

cohorts. The significantly associated haplotypeigslighted in bold. The orders of SNPs in the bayde follow order in Table 7.7.

Haplotype Australian Nepalese
1234567 Cases | Controls| p-value OR (95% ClI) Cases| Controls -yalue OR (95% ClI)

TGCTCTC 0.02 0.02 0.842 0.9 (0.3-2.7 .010 0.02 0.79 0.7 (0.1-3.9)
CGCAATA 0.15 0.16 0.598 0.9 (0.4-2.2) .0® 0.11 0.23 0.6 (0.3-1.3)
TGCTCTA 0.04 0.07 0.060 0.4 (0.1-1.2) .08 0.05 0.54 1.3 (0.5-3.0)
CGCAATC 0.23 0.13 0.005 1.1 (0.6-2.3) 0.12 0.11 0.90 0.9 (0.5-1.6)
CGCAAGC 0.02 0.01 0.717 0.8 (0.2-3.6) .140 0.12 0.40 1.2 (0.6-2.1)
TGCACTC 0.02 0.05 0.022 0.3 (0.1-0.8) - - - -

CTAACTC 0.08 0.06 0.288 1.0(04-2.4)] 0@ 0.04 0.23 0.5 (0.1-1.4)
CGCACTA 0.09 0.12 0.294 0.7(0.315)| .21 0.25 0.43 0.8 (0.5-1.3)
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Table 7.8.Continue.

Haplotype Australian Nepalese

1234567 Cases Controls  p-value OR (9524 Cases Controls | p-value OR (95% CI)
TGCACTA 0.03 0.05 0.126 0.5(0.2-1.2) .00 0.01 0.69 0.6 (0.1-3.6)
CTCACGC 0.18 0.15 0.342 1.0 (0.5-2.1 130 0.1 0.34 1.2 (0.8-1.7)
CTCACTC 0.02 0.03 0.153 0.3(0.1-1.2) - - -
CTCAATC 0.01 0.01 0.502 1.3(0.2-7.2) - - - -
CGCACTC 0.08 0.10 0.397 0.6 (0.3-1.4 .150 0.13 0.41 1.2 (0.7-2.2)
CGCACGC 0.02 0.02 0.438 0.5(0.1-1.8 .010 0.02 0.73 0.5(0.1-3.3)
CTAACTA 0.02 0.02 0.765 0.7 (0.2-2.4) - - - -

global p-valued.011

global p-value 0.867

OR= odds ratio, 95% CIl= 95% confidence interval.
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Neurotrophin-4 (NTE4)

In NTF4, the physical location of the selected tag SNPsaesented irFigure 7.7.
Bonferroni correction for the three SNPs was 0.85(8016. SNP rs11669977
showed a p-value of 0.042 (OR 1.5, 95%CI 1.0-Zv4he Nepalese cohort, and a p-
value of 0.175 after adjustment for sex and agés $NP did not survive correction
for multiple testing.

No associations were found MTF4 with PACG in the Australian cohort in the
allelic results Table 7.9. Haplotypic resultsTable 7.1Q showed no significanade

either the Australian or the Nepalese cohort.

rs12973356 rs11669977 MBDZST
-« : o . d i

Figure 7.7. NTF4 gene ideogram depicting the location of all tag IP
genotyped.Exons are indicated by solid boxes and joinedrtsons indicated by

lines. Figure adapted from NCBI website (http:/fmywwcbi.nlm.nih.gov/gene)
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Table 7.9.Allele frequencies (%) of the tag SNPsNiiF4 gene in the Australian and Nepalese cohorts andjustaed p-value for association under

the allelic model with odds ratio (95% CI). Valuesbold considered significant (p<0.05). Table shdhe unadjusted p-value, adjusted p-value for

sex and age, and combined p-value using Cochrarnididdiaenszel 2x2xK test.

Minor Australian Nepalese _

N# SNP Combined
Allele MAF p-value | OR (95% CI) p* MAF | p-value | OR (95% CI) p*

rs12973356 T 0.11 0.289 1.1 (0.9-1.%) 0.230 0.21 0.673 1.1 (0.7-1.5) 0.776 0.270

rs11669977 T 0.34 0.479 1.1 (0.8-1.6) 0.360 0.22 0.042 1.5(1.0-2.4) 0.175 0.563

rs4802546 T 0.17 0.085 0.8 (0.6-1.0) 0.160 0.52 .46@® 1.1 (0.8-1.5) 0.363 0.367

p*= p-value adjusted for sex and age. OR (95% QiYlds ratio (95% confidence interval). Chr= chrooms. MAF= minor allele frequency.
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Table 7.10.Haplotype association between variants achdEs4 gene and primary angle-closure glaucoma in Auatradnd Nepalese cohorts. The

significantly associated haplotype is highlightedold.

Haplotype Australian Nepalese
123 Case Control p-value OR (95% ClI) Case Control p-vale OR 95%CI)
CAC 0.35 0.38 0.306 0.9 (0.6-1.1) 0.3 0.33 8.57| 0.9 (0.6-1.3)
GGC 0.12 0.14 0.283 0.9 (0.6-1.4) 0.22 0.16 80.1 1.5(0.9-2.3)
CGT 0.17 0.15 0.435 1.2 (0.8-1.8) 0.22 0.22 46.9 1.1 (0.7-1.7)
CGC 0.37 0.33 0.176 1.3 (0.9-1.7) 0.26 0.29 8D.3 0.9 (0.6-1.4)
global p-value 0.289 global p-value 0.340

OR= odds ratio, 95% CIl= 95% confidence interval.
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Discussion

In this chapter, we chose four genes targetinguifit functions in the pathogenesis
of glaucoma: development of the axial lengBREL6), development of anterior
chamber CYP1B1), retinal ganglion cell development and survivdTE4),
regulation of IOP €NOS). All except forPRSS56 have previously been implicated in
POAG or PCG and have been studied as likely cateidar PACG based on their

function.

As discussed ilChapter 3 PRSS56 has been recently reported to cause autosomal
dominant nanophthalmos, and to develop a phenoigpa mouse model that
resembles PACG in human (Gal, Rau et al. 2011;, Rrani-Aifa et al. 2011; Orr,
Dube et al. 2011) This study was first to expldms interesting candidate gene for
association with PACG in human eyes. Only one @KP rs11902035 showed
significant association in the Australian cohorithAugh the global haplotype p-
value was significant, none of the haplotypes shibagsociation with the disease in
the Australian cohort. In the Nepalese cohort, 3602 showed significance with
PACG,; the protective allele of this SNP is onlygmet in one out of nine haplotypes

which showed borderline significance in this popiola

CYP1B1 is well known for its association with primary ganital glaucoma (PCG).
It is expressed in tissues of the anterior charobéine eye such as ciliary body, iris
and trabecular meshwork. Previous studies haveebbdbr association of rare
variants with PACG in an Indian population (Liao,aWg et al. 2011) and in a

Middle Eastern cohort using sequencing methodol¢8kbu-Amero, Morales et al.
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2007) Here we genotyped tag SNPs to look for comwasrations within the gene.
Our study showed a nominal association in the Negatohort under both single
SNP and haplotypic analyses. However this SNP wmscansidered significant
when the number of tests conducted in this studse waken into account. Using
rs162561 to determine the strength of this assooiatve had a power of 86% to
detect a genotypic relative risk of 2.1 with a radlele frequency of 0.09 under an
additive model. Thus, replication of these resuit be required to confirm this
putative association. No statistically significaassociation was found in the

Australian cohort.

Variants ineNOS showed significant association with PACG in thestkalian cohort
in both allelic and haplotypic results. Since wgitoxide enhances the activity of
MMP-9, (Dumont, Loufrani et al. 2007) we looked at thek IbetweenMMP-9 and
eNOS. Both eNOS and MMP-9 (Chapter 6) showed significant association within
the same Australian cohort. Interestingly, patieaisying PACG-risk alleles at both
MMP-9 and eNOS associated SNPs have double the risk of develahieglisease
compared to carrying none. This may highlight tmespnce of a functional link

between these two genes in causing PACG in ther@lisst population.

Due to a low frequency oNTF4 variants, it has been reported to have a minor
contribution in the pathogenesis of POAG. (Chen,aigl. 2012). An Indian study
has not found associations MTF4 with PACG, and has reported that the most
prevalent variant (p.Ala88Val) presented at a highequency in controls (4.91%)

than in cases (2.85%). (Rao, Kaur et al. 2010) Thigpposite to the findings in a
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large cohort of POAG. (Pasutto, Matsumoto et aD@Q00ur finding looked for
common variations ofNTF4; the Nepalese cohort did not survive correction fo
multiple testing and no associations were detettetthe Australian cohort either.

Thus we were not able to confirm the associatioNT¥4 with PACG.

In conclusion, each gene is associated differeathongst the two cohorts. This
could be due to the changes in the LD structure aielic frequencies or the
variation in the functional effect of the allele ggnotype association with a disease.
Also heterogeneous effects such as environmentédriaand genetic background
could play a role in this scenario. The presena dadicate involvement of sequence
variation ineNOS and PRSS6 with PACG pathogenesis in our cohorts, and this
study was the first to explore the associationh&f RRSSH6 candidate gene with

PACG in human eyes.
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Chapter 8

REPLICATION OF GENETIC VARIANTS FROM A
RECENTLY PUBLISHED GENOME-WIDE
ASSOCIATION STUDY

Introduction

Recently in August 2012, a large two-staged GWASHACG were published. The
discovery stage consisted of 1,854 Asian PACG cards9,608 controls recruited
from Singapore, Hong Kong, India, Malaysia, and tNan. Genome-wide
genotyping was performed using the Illlumina 610K aQu beadchips
(www.illumina.com). The replication stage includé®17 PACG cases and 8,943
controls recruited from China, Singapore, Indiau@aArabia and the United
Kingdom. The genotyping in this stage was performesing the Sequenom

MassArray platform (www.sequenom.com). (Wilkins,s&ager et al. 1999).

Three susceptibility loci were detected at genonaewignificance on meta-analysis
of all data from both stages: rs1102410PLEKHA7; rs3753841 irCOL11A1, and
rs1015213 located betwePCMTD1 andST18.

PLEKHA7 [OMIM 612686] (Pleckstrin homology domain-containing family A
member 7) located on Chromosome 11 is an adherens jungifal) protein.
(Stewart, Streeten et al. 1991; Khairallah, Mesdagtual. 2002) AJ is required for
organization of the epithelial architecture (Nowyla Khan et al. 2013) and
contributes to tissue homoeostasis. (Hu, Yu e2@l1)PLEKHAY is likely involved

in affecting the fluid flow across the inner walf &chlemm’s canal. (Said,
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Chouchene et al. 2013) It has been proposed th#tions in PLEKHA7 could
affect the fluid dynamics in the pathophysiology ahgle-closure glaucoma.

(Wilkins, Gasteiger et al. 1999)

COL11A1 encodes one of the two alpha chains of type Xbagalh [OMIM 120280].
Mutations inCOL11A1 cause type Il Stickler and Marshall syndromes (Aramny
Korkko et al. 1999; Macgregor, Zhao et al. 2008;Hards, McNinch et al. 2012),
which are congenital conditions that include higypopia and blindness from retinal
detachment. (Richards, McNinch et al. 2010) The (BMata showed the single
SNP rs3753841 to be associated with PACG, anduti®es have proposed that the
causal variants predisposing towards PACG witB@L11A1 may alter its gene

expression thus causing a reverse effect (hyperapthat observed in myopic eyes.

The third locus, rs1015213, is located on chromasdn between two genes
PCMTD1 and ST18, but as the associated SNP was found to be in LD wit
PCMTD1, it has been suggested as the most likely caredigane. (Wilkins,
Gasteiger et al. 1999)PCMTD1 encodes for protein-L-isoaspartate O-
methyltransferase domain-containing protein 1. Vétye is known about the
function of this gene, but it is expressed in octiksues including iris and trabecular
meshwork which are involved in the pathogenesisP&CG. PLEKHA7 and
COL11A1 have also been reported to be expressed in moktrd@sues, especially

in iris and trabecular meshwork. (Wilkins, Gasteigeal. 1999)

151



The GWAS study also reported a fourth locus, rs3188which did not reach level
of genome-wide significance in the meta-analysssilts. It is located in an intron of
the TXNRD2 gene Thioredoxin reductase 2 OMIM: 606448) on chromosome 22.
Thioredoxin reductase has been recently foundernahs and reported to participate
in the repair process of oxidative-damaged lengeprs/enzymes in patients with
cataracts. (Yan, Lou et al. 2006) The variationthivithis gene may participate in
the pathogenesis of PACG, since one of the climisél factors of PACG is change

in thickness and position of the lens.

Aim

To replicate the recent GWAS results in our PACGBarts (Australia and Nepal).

Methods

As the recent GWAS study was published in Augusi22the candidate gene
analyses were conducted on a larger Australianrt@fi@32 cases and 288 controls,
and 106 Nepalese participants with PACG and 204raisn All cases included in
this chapter were diagnosed as having PACG onigatch the phenotype described
in the Asian GWAS data. SNPs for inclusion wereesteld from the published
literature. (Wilkins, Gasteiger et al. 1999)

Initially, analyses were conducted for each cokBeparately; p-values were adjusted
for sex and age using multivariate analysis. Furt@mbined analysis was then
conducted using the Cochran-Mantel-Haenszel 2x2@st tto minimize the

population stratification. All analyses were coniduaicusing PLINK.

152



Results

Replication of the recent GWAS results was invedéd using independent cohorts
with PACG from Australia and Nepal. The top rani&dPs rs3753841COL11A1),
rs1015213 (located betwedPCMTD1 and ST18), rs11024102 RLEKHA7), and

rs3788317 TXNRD2) were genotyped. (Wilkins, Gasteiger et al. 1999)

Power calculations (Purcell, Cherny et al. 2003)enendertaken to determine if the
current cohorts were sufficiently powered to deteifects of similar size to that
reported in the previous GWAS. Thus we used thegived risk and allele frequency
of SNP rs3753841C0L11A1) from the previous paper. The overall prevalente o
PACG is estimated to be 0.4% in European-deriveguladions. If the genotypic
relative risk 1.2 and the risk allele frequenc®6 under an allelic model, we had a
power of 82% to detect genetic association withdisease at=0.05 level assuming
complete linkage disequilibrium between the disezmsesing variant and the marker
in the Australian cohort (232 cases and 288 casjtrdlne Nepalese sample has 106
cases and 204 controls and with a prevalence @GP0 .# this population, we had a

power of 75%.

The allelic frequencies and associations were et@atlin each cohort independently
as shown inTable 8.1 In the Australian cohort, rs375384CQL11A1) was
associated under the allelic model with a p-valu8.016 (OR 1.3, 95%CI 1.1-1.7).
This association remained significant after adj@stirfor sex and age with p-value

of 0.017. No association was observed in the Nepatehort for this SNP.
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On the other hand, both rs1015213, located betviR&MTD1 and ST18, with p-
value of 0.010 (OR 2.3, 95% CI 1.2-4.4), and rs¥1@2,PLEKHA7 gene, with p-
value of 0.041 (OR1.4, 95%CI 1.0-2.0) showed asgioris with the disease in the
Nepalese cohort, and remained significant afteusadjent for age and sex with p-

values of 0.014 and 0.039, respectively.

The combined analysis of both cohorfsaljle 8.2 showed the three SNPs were
significantly associated with PACG: rs3753841 wathp-value of 0.009 (OR 1.3,
95%CI 1.1-1.6), rs1015213 with a p-value of 0.00R(1.6, 95%CI 1.1-2.3), and
rs11024102 with a p-value 0.035 (OR 1.2, 95%CI113)- SNP rs3788317 did not

show association with PACG in any analysis.

The differences in the effect size of Australiapidlese, combined cohorts and the

results from previous GWAS are presenteérigure 8.1, showing that the direction

of association of these three SNPs is the santeegzévious GWAS report.
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Table 8.1.Minor allele frequencies (%) of SNPs, and alleBsa@ciations of the Australian and Nepalese cohattsthe odds ratio (95% CI). p-values

<0.05 is considered significant.

Minor Australian Nepalese
Gene Chr SNP
Allele | MAF | p-value | OR(95% ClI) p* | MAF | p-value | OR(95%CI) p*
COL11A1 1 rs3753841 C 0.43 0.016 1.3(1.1-1.7) | 0.017| 0.35 0.321 1.2 (0.8-1.7) 0.308

o

PCMTD1-ST18 8 rs1015213 0.12 0.105 1.4 (0.9-2.1) 0.157 .100.010 2.3(1.2-4.4) 0.014

T
PLEKHA7 11 | rs11024102 C 0.31 0.312 1.1 (0.9-1.%) 0.411 0.50.041 1.4 (1.0-2.0) 0.039
TXNRD2 22 rs3788317 T 0.2 0.824 1.0 (0.8-1.4) 0.750 0.160.735 0.9 (0.6-1.4) 0.742

OR= Odds ratio, Chr =chromosome, MAF= minor alfedégjuency, p*= p-value adjusted for age and sex
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Figure 8.1. Forest plot of GWAS top ranked SNPsThe plot demonstrates the odds ratio and 95% GHefour typed SNPs in the Australian, the

Nepalese, our combined analysis and, the metasiaafsults of previous GWAS.
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Table 8.2.Top ranked SNPs in our combined cohort after adjast for population
stratification, showing p-value under the additiveodel. p-values <0.05 are

considered significant.

Gene SNP Minor Additive
allele p-value OR (95%Cl)
COL11A1 rs3753841 C 0.009 1.3 (1.1-1.6)
PCMTD1-ST18 rs1015213 T 0.004 1.6 (1.1-2.3)
PLEKHA7 rs11024102 C 0.035 1.2 (1.0-1.5)
TXNRD2 rs3788317 T 0.999 1.0 (0.8-1.3)

OR = odds ratio, Chr = Chromosome, Additive p-vakas analysed using Cochran-

Mantel-Haenszel

Discussion

The present results support the association of6&341, rs1015213, and 11024102
with PACG in our cohorts, and shows that carri¢rhe minor alleles of these SNPs
are as much as 1.5 times more likely to develop BAThe effect size in our
Australian cohort is comparable to the findingghe small UK cohort included in

the published GWAS study.

SNP rs3753841 is located in tBOL11A1 gene. It is a missense mutation, situated
in a coding region of the gene ¢.3968C>T (NM_0018p4The previous GWAS
showed the minor risk allele with a meta-analysisjue of 9.2 x 18° (OR 1.20).
The variant leads to changing the protein from ipeolto leucine (p.Prol1284Leu)
which is predicted to cause no damage in the proféhis may indicate the SNP is

unlikely to be the causative allele despite beingpa-synonymous change, but it is
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likely tagging another functional variant that ssponsible of this disease. Other
explanations are that either this variant has &eocefit the DNA level that alters
expression levels or splicing efficiency or perhapsore likely, that the

bioinformatics predictions are not accurate in ptag lack of pathogenicity.

Both rs11024102 and rs3788317 are situated in &oninof the PLEKHA7 and
TXNRD2 genes respectively. SNP rs11024102 met the @iteni genome-wide
significance in the published GWAS (meta-analysisjue of 5.33 x 1%% OR 1.22)
and our study replicates the observed associa8iP rs3788317 did not reach
genome-wide significance in the GWAS with a metabgsis p-value of 1.73 x10
(OR 0.82), but failed to replicate in either cohortour study. We also report
rs1015213 (located betwedCMTD1 and ST18) to be replicated in our cohorts;
however, further work is required to unveil theeralf this SNP in the development
of PACG. We accessed the ENCODE project data (Theydopedia of DNA
Elements) to determine if rs1015213 was locateany known regulatory elements.
As at December 2012, no such elements were lo@dtdus genomic position and
there is not much information can obtain from thisject. (The ENCODE Project

Consortium 2011)

In conclusion, this is the first study to replicated to confirm the role ®FLEKHA7
andCOL11A1 as likely candidate genes for PACG. However furtaalysis is still
required to identify how rs1015213 contributeshe tisease. The results presented
show-compelling evidence for progress in the urtdading of the molecular basis

of angle-closure glaucoma.
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Chapter 9

DISCUSSION AND CONCLUSIONS

Understanding the genetic determinants of primagieaclosure glaucoma (PACG)
Is important to provide a greater understandinghef mechanisms and pathways
involved in the development of the disease. It I avital for developing better
screening tests in the future which could deternthmese at highest risk so that
appropriate screening and treatment can be madlalaeabefore the disease causes
blindness. This is crucial for a disease such a€®Awhere more than 50% of
affected individuals remain undiagnosed in deveafopgeuntries. At present the
complex nature of the disease and our lack in kedgé of PACG genetics, have
made it impossible to move research forwards iis threction. To date ocular
screening is the only way to diagnose high-riskvilmidials, and special attention is
paid to follow-up of individuals who are angle-alos suspect who have not
developed optic neuropathy or significant visuaisloFortunately only 10% of these

patients go on to develop PACG. (Wang, Wu et 80220

Identifying the causative variants requires collabwe efforts as multiple genes are
likely to be involved in the pathogenesis of theedise and any identified variant
must be rigorously verified in different ethnic cots before it can be confirmed as a
causative gene. Other factors such as additivectsffencomplete penetrance and

environmental variables also contribute to the demfy of PACG.
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Nanophthalmos was included in this project, asviddials with the disorder develop
blindness at an early age secondary to angle-gdaglaucoma. The pathogenesis of
both PACG and nanophthalmos have been poorly uttaereind current established
treatments for glaucoma do not reverse the pati@bghanges but only delay

further progression of optic neuropathy and vidass.

Identifying the genetic factors that cause nanaghtbs and PACG offer the
potential not only to clarify the role of geneties a risk factor but of also
discovering new susceptibility loci for both conalits and to better understanding
the pathogenesis of the disease. This thesis aimegrplore the genetic risk for the
development of PACG, with a particular focus on tae developmental disorder

nanophthalmos.

Prior to this research project commencing, there wa knowledge of the genes
involved in autosomal dominant nanophthalmos. Weet a genome-wide linkage
study to narrow down the linkage region, followgddxome sequencing to identify
the causative variants amongst hundreds of genesvAl coding variant in exon 8
of TMEM98 was thus discovered. This was the first documeanriatif any gene

likely to be causative for the autosomal dominamtet of nanophthalmos. It is a
potentially significant finding that verifies theiginal hypothesis that formed the
basis of this project; however, this result mustvimwed cautiously until further

mutations inTMEM98 are identified in other autosomal dominant pedigredth

nanophthalmos which are rare.
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While conducting experiments to identify the nogelne TMEM98 for autosomal
dominant nanophthalmos, we screened additional ptahalmos families for
variants in eitherMFRP or PRSS56. We found PRSSG6 contributes to the
pathogenesis in Family 2, although the second navias not yet identifiedMIFRP
was found to be mutated in Family 3 who has aute@sgetessive nanophthalmos.
Identifying the causative genes in only three outwelve families indicates that
TMEM98, MFRP, andPRSS6 accounted for a minority of recruited nanophthalmos
families. Future studies are required to identifg genetic cause in the remainder of
the families and to investigate other candidateegamplicated in microphthalmia
and/or anophthalmia (Verma and Fitzpatrick 200 €)Juding Paired box 6 (PAX6)
(Glaser, Jepeal et al. 1998RY (sex determining region Y)-box 2 (SOX2) (Fantes,
Ragge et al. 2003; Williamson, Hever et al. 200&hrteider, Bardakjian et al. 2009)
Orthodenticle homeobox 2 (OTX2) (Ragge, Brown et al. 2005) ar@h-10 homeo

domain containing homolog (CHX10). (Ferda Percin, Ploder et al. 2000)

Common variants in the three nanophthalmos gdPleRSSH56, TMEM98 andMFRP)
were then analysed for association in an indepdenmdrort of PACG; onlf\PRSS56
showed significant association that survived cdmecfor multiple testing.The
association of a nanophthalmos gene with anglaistoglaucoma pathogenesis
highlights the complexity of genetic influence iath conditions. Thus future work
to detect the functional role of the gene in affegthe growth and development of

the eye is warranted.

Two methodological approaches, candidate gene stndyGWAS, were employed

161



to identify novel genes for PACG in the human pagiah. Using the candidate gene
approach to analyze the association of the speggine with the disease is one of the
advantages in this study as certain genes inflagrikmown functional pathways for
a disease or trait of interest are selected. (dsege Ruczinski et al. 2009) Another
advantage is the relatively low number of testsulteng in fewer false positive
results and a higher probability of finding the pmgenic variant if SNPs of known
functional significance are included. However, theadvantages of candidate gene
methodology are the requirement of intimate knogéeih the relevant molecular
pathways and their proteins for appropriate getersen, and the need for results to
be replicated in other cohorts to prove the genassociation with the disease.
(Tabor, Risch et al. 2002) Therefore candidate geam@lyses are not the optimal
way to study complex diseases such as PACG. Wa@thto overcome this problem
through conducting a GWAS as it is more effectava] provides access to the whole
genome at once. Whilst we had sufficient powerdtect genes of large effect size
such asLOXL1 in pseudoexfoliation syndrome, @FH in age related macular
degeneration, it has now been shown that the additigenetic complexity and
genetic heterogeneity in angle-closure glaucomanmbat our pooled GWAS
analysis had insufficient power to detect assammaéit the genome wide significance

level.

Conducting another GWAS on a larger cohort to iaseethe power is mandatory
and currently ongoing. Meanwhile the first GWAS RACG has been published in
late 2012 using a large cohort from multiple ethi@s, predominantly Asians. Three

novel susceptible loci have reached the level obgee-wide significance on meta-
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analysis of all data from both stag@&:EKHA7 rs11024102COL11A1 rs3753841,
and rs1015213 located betwe®CMTD1 and ST18. Our results supported the
association of these three loci in our cohorts dechonstrated that carriers of the
minor alleles of these SNPs are approximately trfed more likely to develop
PACG. The replication of associated SNPs from gedastudy suggests that these

findings represent a true association.

The differences noted in the genetic risk amongst tivo different ethnicities

included in this thesis have led to difficulty istablishing specific genetic risk
factors for the development of PACG. Few of the SNt were identified to be

associated with PACG in one of the cohorts alseveldoassociation in the combined
analyses. This may suggest the lack of associatitimn the other cohort to be due
to insufficient power. While most SNPs in this studid not show association in the
combined analysis, indicating differences in thedjie substructure and the allelic
frequencies among subpopulations. The variatiospetific alleles’ frequencies and
difference in genetic background leads to diffeeemt the genetic risk between
ethnic groups, which can explain the variationgiavalence and incidence of the
disease in one subgroup not the other. Considénege difficulties, the final chapter
in which replicated association occurs in some ShEtsess multiple ethnic groups
indicates that these genes are likely to be playamg important role in the

pathogenesis of angle-closure glaucoma.

Several limitations are inherent in this study,hsas the suboptimal power of the
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recruited cohorts meaning we had power only toaledssociation of SNPs with a
frequency more than 2%. The relatively low prevaéenf PACG among Australian
and Nepalese populations made it difficult to balthrge cohort in a limited period,
as it took more than 3 years to recruit 310 casethé Australian cohort. It is
accepted that replication of all results are resplim further large independent
cohorts to confirm findings from this study. Anothenitation was the failed assay
design in a number of SNPs on the Sequenom platfamch was overcome by
selecting SNPs in linkage disequilibrium with thaildd ones. Blood pooling
technigues used in the GWAS study suffer from ss\aaurces of error, which were
offset by individual genotyping for validation, a&slidation provides significantly
more information, but budget considerations werpartant in selecting appropriate

experiments to further the overall goals of thesthe
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Conclusion

The identification offMEM98 as a potential gene for nanophthalmos, coupleld wit
its possible role in causing PACG, is one of theshpertinent findings to arise from
this thesis. Not only does it recogniZéMEM98 as a gene worthy of further
investigation in terms of its function in the deygmnent of nanophthalmos, but it

could validate the genetic link between both coads.

The results obtained from this thesis have idesttitand refined plausible candidate
genes associated with nanophthalmos and PACG. Gherfindings of previous
candidate genes studies and those of this thésienfirms that complex polygenic
influences are at play in PACG. Many of the sigiafit genes in this project are
likely to have a specific role in causing PACG eitlthrough controlling IOP as in
PLEKHA7 andeNOS or causing hyperopic changes during ocular devedoy such
as for PRS56, HGF, MMP-9, and COL11A1. Other genetic and environmental
factors may indirectly exert their effects on PAQ@ directly influencing the
associated risk factors. Upon confirmation of diseasusceptibility of these
significant genetic markers, the information canused to predict the genetic risks
of PACG by estimating a genetic risk score (GRSERS can act as an independent
predictor of the disease, and helps to improve c¢iaksification for the disease. This
method has been previously used to predict thetigemsk in different diseases such
as age-related macular degeneration (Grassmansghiet al. 2012) type 2 diabetes
(lwata, Maeda et al. 2012) and cardiovascular desea(Paynter, Chasman et al.

2010)
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Collaborations for studying the genetics of PACQ amanophthalmos are still
ongoing. Research for this project will be contiuegter the completion of this
thesis with the aim of conducting another GWAS darger Australian cohort with
PACG participants and exploring the functional netgbm of TMEM98 in causing
nanophthalmos, and in screeniflEM98 for variants in further families with
autosomal dominant nanophthalmos. In the futureetye research into PACG
susceptibility will have the potential to make aedt impact on patient management
by improving screening regimes in high-risk indivadis. Identifying specific genetic
markers for those at high risk of developing sidfineatening disease could allow for
earlier intervention and management, which willhed¢pful in minimizing the global

burden of this blinding disease.
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Appendix 1: Primers for PCR-based amplification of coding oegi of theMFRP

APPENDICES

gene

Primer name Forward Primer 5'—3' Reverse Primer 5-3'
Exon 1,2 cccccacacagagacagagt agccccttctgttgggtatt
Exon 3,4 agctccctggcatggtaac tcaaggtgcctcttcctcac
Exon 5 gtgaggaagaggcaccttga cttcctcggttagceccttct
Exon 6,7 cagtttgggggttgagaaaa gactgagcaggaaatgctga
Exon 8 tttggcccagaacttgtttc gacccagtgtgggaacatct
Exon 9 caccaatgatgaaagcacca agctggagaatggaatgtgc
Exon 10,11 cttccatcacctttggcatc gcagtacggcagtagggtt
Exon 12,13 gattcggtgacttgccaca ctgctgatgctccttccttt
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Appendix 2: Primers for PCR based amplification of coding oegi of theTMEM98

gene

Exon Number

Forward primer 5°-3°

Reverse Primer 5°3°

J9

Exon 1 cagggtttcaatgggacagt tactcctttccccaacttcg
Exon 2, 3 ctggggagcaaattcttctg ttgcccaacactgaactacg
Exon 4 atggtgtatgtgggcctcag gctaagtgctctggcaaagg
Exon 5 tcccactctcagtggttggt ccaagtgtcaagttaaggaaag
Exon 6 cagctgcgatggaactcac ggctaccccagcttccag
Exon 7 tgggtttcaggagaggactg aagctgaggcaggagaatca
Exon 8-1 aagtctatctatttgggcttttgtg acggtggctcadtiitt

Exon 8-2 caaactgtggctggtgagtg tcctcaggattcttaggctct

168



Appendix 3.a: MFRP SNPs identified in the probands of families witmophthalmos. Table shows genotype of the identiEbiéPs in each proband. F

indicates the family number.

SNP/ Family aII:\ISIfe F2 F3 F4 FS F6 F7 F8 F9 F10 F11 F12
rs883245 C 1T 1T TT TT T CT 1T CcC T 1T CT
rs883247 G AA AA AA AA AA AG AA GG AA AG AG

rs3814762 G GG GA GG GG GG GA GG GG GA GG GA
rs36015759 C CC CC CcC CcC CcC CT cC CT CC CcC CC
rs2510143 T CcC CcC CcC CcC CC CC CcC CT CC CcC CC
rs2509388 G CC CC CC CcC CC CC GG CC CC CC GG
rs117790326 C CC CcC CcC CcC CcC CcC AA CcC CcC CcC CcC
rs145719998 G GG GG GG GG GG GG 1T GG GG GG GG
rs145881139 G GG GG GG GG GG GG GG GT GG GG GG
rs11217241 G GG GA GG GG GG GG GG GG GG AA GA
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Appendix 3.b: PRS6 SNPs identified in the probands of families wittaphthalmos. Table shows genotype of the identiBiéPs in each

proband. F indicates the family number.

SNP/Family aFIT:Ife F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12
rs2741294 C CC CcC CT CT T CT CcC CT CT CcC CcC
rs1550094 G AA GG AG AA AA AA AG AA AG AA AA

rs116445642 C CT CC CC CC CC CC CC CC CC CcC CG
rs2853444 T CcC CcC CT CcC CcC CcC CT CcC CcC CcC CcC
rs2853445 T TC TT TC TC TT TC TC TC TC 1T T

rs733603 A GG GG AG GG GG GG AG GG GG GG GG
rs733602 C CT CcC CcC CcC CC CT CcC CT CcC 1T 1T
rs79792358 G GA GG GG GG GG GG GG GG GG GG GG
rs285344 A GG GG GA GG GG GG GA GG GA GG GG
rs2741299 T GT GG GT GG GG GG GT GG GG GG GG
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Appendix 4: TMEM98 SNPs identified in the probands of families witmophthalmos. Table shows genotype of the ident&ldPs in each proband.

F indicates the family number.

SNP/Families alﬁglfe F2 F4 F5 F6 F7 F8 F9 F10 F11 F12
rs75168466 - - -A -A -- -- -A -A -- -A -A
rs9911256 G GG GG GG AG GG GG GG GG GG GG
rs72817027 G GG GG GG GG GC GG GG GG GG GG
rs148593533 G GG GG GG GG GC GG GG GG GG GG
rs29019 C CC CcC CcC CT CcC CcC CcC CC CC CcC
rs29016 G GG GG GG GA GG GG GG GG GG GG
rs9894694 C CC CcC CcC cC cC cC cC TT CT CT
rs28367276 C CC CcC CcC CcC CC CC CcC TT CT CT
rs28259 C CC cC cC TC cC cC cC cC CC CcC
rs28258 A AA AA AA AA AA AA AA AA AA AA
rs28919 C TT TT TT CC CcC CT CT CcC CT CT
rs9772 C TT TT TT CcC CcC TC TC CcC TC TC
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