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Abstract

Identifying Genes and Loci for Complex Diseases:
Examples from Primary Open Angle Glaucoma and Schizophrenia

by
Jennifer Abigail Woodroffe

Chair: Julia E. Richards

This purpose of this dissertation is to progress towards identification of disease
genes and loci for primary open-angle glaucoma (POAG) and schizophrenia. In studying
schizophrenia, we conducted a genome-wide linkage scan in 479 subjects from 129
Afrikaner families; Afrikaners are a founder population from South Africa. Conducting a
MOD score analysis, we were able to replicate a schizophrenia locus on chromosome
13934 in subjects with broadly defined schizophrenia, which includes schizoaffective
disorder- depressive subtype and schizoaffective disorder- bipolar subtype (MOD score
=3.76). We also detected a locus on chromosome 1p36 in subjects classified with a more
narrowly defined form of schizophrenia that include schizoaffective disorder- depressive
subtype, but not bipolar subtype (MOD score = 3.21).

We conducted two separate studies looking for POAG genes and loci. In the first
study, we replicated the GLCI1I locus on chromosomes 15q11-13. We initially tested 167

European American individuals in 25 multiplex open-angle glaucoma families and

viil



detected a LOD score of 1.01 at 14.3 cM. However when we used ordered subset
analysis, we found that by including only the 14 families with earlier average ages at
diagnosis (average=50.6 years £5.4 years), there is evidence for linkage to GLC1I (LOD
score = 2.09; p-value = 0.021).

In the third and final study, we tested whether glaucoma severity is associated
with variants in the promoter region of a known glaucoma gene, myocilin (MYOC).
There have been conflicting reports regarding the relationship between glaucoma severity
and the -1000CG MYOC promoter SNP, also designated mtl. This study tested for an
association in subjects from the Collaborative Initial Glaucoma Treatment Study
(CIGTS); a longitudinal study where the subjects were reevaluated every six months. We
found that there was not evidence for an association between -1000CG and visual field
mean deviation (p=0.98) or intraocular pressure (p=0.52) across the study period in the
CIGTS population. There was also no evidence of association between two other
MYOC promoter SNPs, -1075GA and -1081AG, and mean deviation or intraocular
pressure.

In describing these studies, this dissertation illustrates methods and techniques

that can be applied to the study of the genetics of other complex diseases.
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Chapter 1

Introduction

BACKGROUND AND SIGNIFICANCE

Genetic studies have identified causal mutations of many simple Mendelian
disorders and the focus is shifting to understanding the etiology of complex diseases' °.
Complex diseases are not caused by a single genetic variant, rather they are the result of
interactions between multiple genetic and/or environmental factors and it is likely that
different combinations produce the same clinical symptoms. It is possible that a common
allele increases susceptibility to the disease in many people® * or there may be many rare
variants in the same gene’ or in different genes” 7. Unfortunately, we typically do not
know the true disease model in an individual or in a population®; therefore, identifying
these variants has been challenging” '°. Complications for studying complex diseases
include: locus and allelic heterogeneity, incomplete penetrance, phenocopies, and

. : . o , 1511 12
interactions between genetic (epistatic) and environmental factors” "~ “.

However,
complex disease are often severe and may affect a substantial number of people, therefore
it is imperative that we understand how to study these diseases.

Since heterogeneity can make elucidating the causal alleles more difficult,

methods have been developed to identify a more homogeneous population. One method

is to stratify the sample population based on disease-associated characteristics®. It may



also be advantageous to stratify the population based on race or to control for race in our
models'*. Race can be determined by self-report, by incorporating information on
pedigree structure and affection status'’, or by genotyping unlinked markers to
empirically classify individuals into one of multiple populations'®.  Likewise, founder
populations may be studied because they are often more genetically and environmentally

2; 17; 18
homogeneous™ "

. In the studies described below, we will use these techniques to
create more homogeneous populations in which to identify causal variants for open-angle

glaucoma and schizophrenia.

PRIMARY OPEN-ANGLE GLAUCOMA

Anatomy of the eye. The outermost layer of the eye is made up of the sclera and cornea.
The sclera is sometimes referred to as white of the eye. It encompasses most of the eye
posterior to the cornea and helps maintain the shape of the eye. The cornea is the clear,
anterior portion through which light passes. Posterior to the cornea, the iris is the colored
portion of the eye that adjusts the size of the pupil to regulate the amount of light into the
eye. The lens is directly posterior to the pupil and changes shape to focus the light onto
the fovea at the back of the eye. The innermost layer of the eye is the retina, the neural
layer which converts light energy to nerve impulses. The retinal ganglion cells converge
at the optic disc and form the optic nerve. The optic nerve then passes through a
connective tissue matrix, the lamina cribrosa, as it leaves the eye before reaching the
lateral geniculate nucleus. The anterior chamber of the eye is the region anterior to the
iris and the lens, but posterior to the cornea (Figure 1-1). Particularly important in the

study of glaucoma is the anterior chamber angle. This is where the iris, sclera, and



cornea meet, and where the aqueous humor drains from the anterior chamber. The

structures of the angle include the trabecular meshwork and Schlemm’s canal".
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Figure 1-1. Anatomy of the eye. Figure 1-2. Anterior chamber angle of the eye.

Figures courtesy of the National Eye Institute (www.nei.nih.gov)

The aqueous humor nourishes the tissues that are not innervated by the vascular
system. It also aids in focusing the light on the fovea. The pressure from the aqueous
humor (intraocular pressure) helps maintain the shape of the eye. The humor is produced
by the ciliary body and flows between the iris and lens to enter the anterior chamber
through the pupil. It exits the chamber through the trabecular meshwork and Schlemm’s

canal, and is absorbed into the venous system'® ?° (Figure 1-2).

Definition. Glaucoma affects over 60 million people worldwide and is the second

leading cause of blindness worldwide®" **.

The prevalence in the United States for
individuals over 40 years is almost 2%”>. Glaucoma is diagnosed based on visual field

loss and abnormalities in the optic disc of the retina due to loss of retinal ganglion cells;

sometimes intraocular pressure (IOP) is a diagnostic criterion as well. If untreated,



glaucomatous nerve damage may lead to blindness®*. Primary open angle glaucoma
(POAG) is the most common subtype® and it occurs when the anterior chamber angle is

not physically obstructed and there is no secondary cause of the glaucoma *°.

Pathophysiology. The etiology of glaucoma is not well understood; however the
predominant theories suggest damage to nerve fibers caused by mechanical and/or
vasculature mechanisms. The mechanical hypothesis suggests that increased IOP causes
distortion of the lamina cribrosa. This warping is thought to pinch the nerve cells, causing
their death and the characteristic cupping of the optic disc seen in subjects with
glaucoma®®*’.

The vasculature hypothesis suggests that glaucoma is caused by a decrease in
blood supply to the retina. This ischemia results in a decrease in ATP, which depolarizes
the nerve cell and causes the sodium-glutamate transporter to reverse. The resulting
overstimulation of the glutaminergic system is toxic to the cells. The reduced blood flow

- 26-28
can be caused by increased IOP or trauma™ .

29; 30
’ and

Risk factors. The most consistent risk factors for POAG are older age
increasing IOP*'**.  The prevalence of POAG for 40-49 year olds in the United States is
only about 0.7%, and it increases ten-fold to 7.7% for individuals over 80 years old>.
Although IOP is an established risk factor, it is neither necessary nor sufficient for
development of POAG; 20-40% of patients with POAG have normal ocular pressures
(IOP < 22 mmHg)*"**** and only 10% of individuals with high IOP will develop POAG

36

within five years’®. However, lowering IOP slows progression in high-tension®® and



normal-tension subjects’’. Increased IOP is also correlated with larger fluctuations in
IOP and some studies have suggested that POAG is associated with IOP fluctuation
rather than with average IOP** *°, but evidence for this is not consistent*® ',

POAG prevalence also varies by race, thickness of the central cornea, and family
history. People of Asian descent have the lowest prevalence rates of POAG (1-2%),
people of European or Hispanic descent have intermediate rates (1.5-3%), and people of

African descent have the highest rates (3-6%) **

. Furthermore, populations of African
ancestry have an earlier age at diagnosis and different responses to therapies™ **. Thin
central corneas are also associated with POAG in subjects with normal IOP* and with
high IOP** % This association may be partly because the central cornea thins with age*’
and people of African descent have thinner corneas than people of European, Hispanic, or
Asian descent™. Family history is another significant predictor of POAG* *. The
increased risk for subjects with self-reported family history is estimated as high as nine-
fold, compared to subjects without a family history™. It has also been suggested that
subjects with a positive family history have a more severe disease outcome’'.
Interestingly, siblings appear to be at a higher risk than parents or children of an affected
individual®*, possibly due to a more similar environment or gene-gene interactions. It is
worth noting that of the five risk factors mentioned above, only IOP is currently

modifiable (Table 1-1).

In addition to the generally accepted risk factors, there is suggestive evidence for

54; 55 54; 56

increased risk of POAG with myopia®, diabetes , systemic hypertension , and

. . 57,58
cigarette smoking”" .



Table 1-1. Risk factors for primary open-angle glaucoma

Not modifiable
Increased age
Thin central corneas
African descent
Family history

Potentially modifiable
Elevated IOP

Genetics. Fourteen named glaucoma loci (GLC1A-GLCIN) and at least two unnamed
loci have been mapped®*; genes have been identified at three of the named loci (Table 1-
2). At GLCIA, on chromosome 1q23-q24°°, over 120 different mutations in myocilin

(MYOC) have been associated with glaucoma60'62.

Although primarily resulting in
juvenile onset POAG, alterations in MYOC also segregate in families with adult onset
cases (age at diagnosis after 35 years). Most MYOC mutations in juvenile-onset
glaucoma are missense mutations, while the GIn368stop nonsense mutation is most

61; 62

common among adult-onset families” . Expression of MYOC is ubiquitous; it is found

in intraocular, extraocular, heart, skeletal, and numerous other tissues. Although the

63; 64
7 In

function 1is still not known, it may be involved in cell-matrix interactions
transgenic studies, no abnormal ocular phenotype was observed in heterozygous and
homozygous null mice®. Over-expression of normal Myoc did not result in increased
IOP or glaucoma®, but knock-in mice bearing a known MYOC missense mutation do
manifest glaucoma®’. Therefore, MYOC-associated glaucoma is more likely caused by a
gain of function than loss of function®.

The gene encoding optineurin (OPTN) is located at the GLCIE locus on

chromosome 10p15-p14®®. Mutations in the protein are predominantly linked to normal-

tension glaucoma (IOP < 22 mmHg)®. OPTN is hypothesized to be a short-lived



secretory protein’” and is expressed in ocular tissues, including the trabecular meshwork,
as well as in non-ocular tissues such as liver, brain, and fibroblast cells®. Although the
function of OPTN is not clear, it may be involved in neuroprotection’' since ESOK, the
most common glaucoma associated mutation in OPTN, has been shown to increase the
rate of retinal ganglion cell death™ .

The most recently identified POAG gene is wd-repeat36 (WDR36), located at
GLC1G on chromosome 5¢22.17*. Mutations in this gene segregate in families with the
more prevalent adult onset, high-IOP form of POAG and is expressed widely, ocularly
and non-ocularly™. However, it has been suggested that mutations in WDR36 may not
be sufficient to cause glaucoma, rather the mutations may modify the effects of other

genes’". At present, the function of this protein is not known.

Table 1-2. Genes and loci implicated in primary open angle glaucoma

Chrom Gene Locus Chrom Gene Locus
1q23-24 MYOC®  GLCIAY | 7q35-36 GLCIF"
2pl6-15 GLCI1H" 8q23 GLCID®* ™
2cen-q13 GLC1B” 9q22 GLC1J*
3p21-22 GLCIL 10p13 OPTN® GLCI1E®
3q21-24 GLCIC* | 15ql11-13 GLCI11*
5q21-22  WDR36"  GLCIG™ | 15q22-24 GLCIN™
5q22-32 GLCIM® 20p12 GLCI1K™

It has been estimated that mutations in these three genes account for less than
10% of cases”™ ** . However, there is debate regarding whether or not all of the
reported alleles are causative. A meta-analysis of more than a dozen studies suggests that
some of the more prevalent alleles may not be causal™, so this may be an overestimate.

Linkage and association studies support the hypothesis of further heterogeneity in

glaucoma. A genome-wide linkage scan carried out on 182 POAG sibling pairs



identified five additional regions of interest’’. Also, eight Finnish families with POAG
were genotyped at glaucoma loci GLC1A-GLCI1F and eight other candidate gene regions.
The study did not find evidence for linkage to any of the regions®. At least 25 candidate
genes have been associated with POAG; however few of these findings have been

. 71; 90; 91
replicated > ™

. A recent genome-wide association scan identified a gene associated
with pseudoexfoliative glaucoma, but failed to find a significant association with

POAG®. Therefore, it is likely that additional genes for POAG remain to be identified.

SCHIZOPHRENIA

Definition. Schizophrenia is a chronic psychological disorder that affects over 50
million people and has an estimated worldwide prevalence of approximately 1% .
The Diagnostic and Statistical Manual of Mental Disorders, version IV (DSM-IV) defines

schizophrenia as a group of associated disorders, the symptoms of which include

irregular “thought, perception, affect, behavior, and communication”™. Therefore

schizophrenia may be a cluster of phenotypically similar disorders each caused by a

genetically heterogeneous etiology, rather than a heterogeneous disorder caused by a

97; 98

single mechanism”” . The effectiveness of treatment for schizophrenia is not consistent

across patients and there is no known cure™.

Pathophysiology. Although there is little definitive knowledge regarding the causal and
progressive mechanisms of schizophrenia, there are several hypotheses, all involving

abnormal levels of neurotransmitters or hormones. One hypothesis proposes a decrease

100; 101

in the excitatory neurotransmitter glutamate Administration of ketamine, an



antagonist that decreases neurotransmission of glutamate via the N-methyl D-aspartate
(NMDA) receptor, results in increased schizophrenic symptoms in previously affected

individuals'® and schizophrenic-like symptoms in control subjects'”.

Also, a mouse
model of schizophrenia has been induced by decreasing expression levels of the NMDA
receptor. The schizophrenic behavior of these mice can be decreased by administration
of antipsychotic drugs that are used to treat schizophrenia'®. The decrease in NMDA
receptor may result in further dysfunction by decreasing the gamma-aminobutyric acid
(GABA) related inter-neurons'®.

Another causal model hypothesizes disruption of the dopamine system'*® '”’.
Patients with schizophrenia show an increase in dopamine uptake and have an increased
release of dopamine upon inhibition of the dopamine transporter, likely due to increased

- . 108
dopamine synthesis

. The effects of drug use also support this hypothesis. Drugs that
increase dopamine can elicit schizophrenic-like symptoms in unaffected individuals and
can aggravate symptoms in affected individuals. In addition, some anti-psychotic
medications used to treat schizophrenia block the dopamine receptor'®.

There is also evidence that damage to the hippocampus due to stress may be
associated with schizophrenia. Stress causes an increase in glucocorticoids via the
hypothalamus-pituitary-adrenal gland axis that may be harmful. Stress may trigger
schizophrenic episodes in previously unaffected individuals and increase the severity of

109

episodes in schizophrenic subjects Some researchers suggest that schizophrenia is

caused by interacting effects from the above systems''’.



Risk factors. The strongest predictor of schizophrenia is having a first-degree relative
who is affected. Depending on the nature of the relationship, a first-degree relative with

schizophrenia increases the risk 6-17 fold; having a monozygotic twin with schizophrenia

97; 111

increases the risk of schizophrenia nearly 50 times Further support for a strong

genetic role in schizophrenia comes from adoption studies. These studies indicate a four
to ten fold increase in the prevalence of schizophrenia in adoptees with schizophrenic

112; 113

birth parents compared to adoptees with unaffected birth parents . There is also

evidence for an increased risk for migrants or individuals who live in urban areas,

possibly due to increased stress' ™.

Other risk factors associated with schizophrenia are
related to pregnancy or delivery complications: older paternal age, preeclampsia,

maternal infection during pregnancy, and famine during pregnancy’” ''* (Table 1-3).

Table 1-3. Risk factors for schizophrenia

Not modifiable
Family history
Velo-cardio-facial syndrome (22q11 del)
Older paternal age

Potentially modifiable
Migration
Urbanicity
Preeclampsia
Maternal infection during pregnancy
Famine during pregnancy

Genetics. As indicated above, a positive family history is the strongest predictor of
schizophrenia. Numerous genome-wide linkage scans and association studies have

116-118

identified genes and loci for schizophrenia , notably disrupted in schizophrenia 1

(DISC1) and trace amine associated receptor 5 (TAARS5/TRAR4) (Table 1-4). DISCI1

was originally identified by a balanced translocation between chromosomes 1g42 and

10



119

11q14.3 segregating with mental illness in an extended family ~. Follow-up detected a

120

maximum LOD score of 7.1 on 1g42 in that family © and there have been at least six

subsequent studies linking schizophrenia to 1q42. Association studies have indicated a

possible gender effect; the results are more significant in females'*'. Also, DISC1 knock-

. . . .. .. . . 122
out mice have physical and functional characteristics similar to schizophrenics .

The region containing TAARS was detected in a linkage study of 192 African

23

American and European American families with schizophrenia'”. A subsequent study

identified TAARS as the gene of interest and showed that TAARS is expressed in regions

124
d .

of the brain where pathological alterations have been identifie However, in

replication studies, no association between TAARS and schizophrenia was found in either

125 . . 126
a Japanese ~ or a Han Chinese population .

Recently, genome-wide association (GWA) studies have been conducted, using

127-129 130-132

either individual cases and controls or pooled samples One study provides
considerable evidence for association with ZNF804A at SCZDISm; however, there are
no overlapping results from these GWA reports. More consistent results have come from
looking for genome-wide copy number variants (CNVs). Multiple studies have found an

- : - 1334136
excess of rare CN'Vs in schizophrenic subjects .

11



Table 1-4. Genes and loci implicated in schizophrenia

Chrom Gene Locus Chrom Gene Locus
1p36 sczpi12"’ 8pl2 NRG1"™*
1q23 NOSIAPY  SCZD9 8p21 PPP3CC'¥ SCZD6
1q42 pIsc1'” 10q22 sczpi1'!
2932 ZNF804A'*"  SCZDI13 11q14-21 SCzD2'*
5q11-13 SCzD1'® 13¢32 DAOA'™ SCZD7
5933 EPN4'® 15q15 SCZD10'®
6p24-22  DTNBP1'Y  SCZD3 18p11 SCzDg'*®
PRODH'"
6q23 TAAR6'” SCZD5 22q11-13 coMT?  sCczD4'™
ZDHHC8"!

Founder population. Founder populations are valuable in identifying susceptibility loci
for complex diseases as they are often more genetically and environmentally
homogeneous'” ¥, Also, they typically show increased levels of linkage
disequilibrium'>, therefore providing more information from the same number of
markers. Afrikaners are a founder population descended from mostly Dutch immigrants
who settled in South Africa beginning in 1652. They became isolated due to geographic
location, as well as language and religious differences'™. Linkage disequilibrium

155

analyses identified significant disequilibrium extending more than five cM ™. In addition

to their genetic homogeneity, the Afrikaner population is valuable because they have a

limited number of initial founders and presently have a large population from which to

154

recruit individuals Founder mutations have been identified in the Afrikaners for

. . . . 156 . 157
various disorders, such as: Fancomi anemeia *°, pseudoxanthoma elasticum °’, and

: 158
ovarian/breast cancer .
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OVERVIEW

This dissertation will describe three studies aimed at identifying genetic loci or genes for
either of the complex diseases POAG and schizophrenia. The first study replicated a
locus on chromosome 13q34 for schizophrenia and identified a second locus on
chromosome 1p36 in families that did not show linkage to chromosome 13q. The second
study replicated the GLCI1I locus for POAG on chromosome 15q11-13 in families with
an earlier age at diagnosis. The last study failed to find an association between the

severity of POAG and the -1000CG SNP in the myocilin promoter.
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Chapter 2

High-Density Scan with 1980 Microsatellite Markers Highlights
Linkage of Schizophrenia to 13q34 and 1p36 in Afrikaners

ABSTRACT

We report on the results of a high-density genome-wide linkage scan for schizophrenia in
a population of Afrikaners, a founder population from South Africa. We tested 1980
microsatellite markers in 479 subjects to identify a genome-wide significant linkage peak
on chromosome 13q34. In our analysis, we used an algorithm implemented in LAMP to
optimize the frequency of the disease allele and genotype penetrances of our parametric
model. The highest LOD score when maximizing over these parameters (MOD score) is
3.76 (empirical p-value = 0.042). We also detected a nonparametric LOD score of 2.66
at that locus. This region of chromosome 13q34 has previously been implicated in
linkage scans for schizophrenia and bipolar disorder. Consistent with these studies, the
maximum MOD score was identified when we included subjects with schizoaffective
disorder, bipolar subtype in our analysis. In addition, when we repeated our analysis in

families that did not show linkage to 13q34, we identified a linkage peak on chromosome

My role in this study includes checking for genotyping error, validating the marker map,
performing linkage analyses, choosing SNPs for follow-up, conducting association
analysis, writing the manuscript, and preparing the tables and figures.
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1p36 (MOD score = 3.21). We also identified regions on chromosome 21q22 and 9921
that show suggestive evidence for linkage; MOD scores at these loci are 2.72 and 2.20,

respectively.

INTRODUCTION

Schizophrenia is a chronic, psychiatric disorder that has an estimated worldwide

93; 159

prevalence of approximately 1% . The diagnosis of schizophrenia encompasses a

group of associated disorders, the symptoms of which include irregular “thought,

. . . . 96
perception, affect, behavior, and communication”

. The effectiveness of schizophrenia
treatment is not consistent across patients’ and it is likely that schizophrenia is not a
homogeneous disorder caused by a single mechanism, rather the mechanisms
underlying schizophrenia are heterogeneous and include a variety of genetic

97; 111 . .
>*77. A molecular dissection of

susceptibility factors and environmental triggers
schizophrenia may provide insight into underlying pathological mechanisms that could
result in more effective and individualized treatment.

The strongest predictor of schizophrenia is having a first-degree relative who is
affected. Depending on the specific relationship involved, risk of disease increases 6-
17 fold for first degree relatives of affected individuals; having a monozygotic twin

increases the risk of disease even further, nearly 50 fold””'!!

. Adoption studies
indicate a four to ten fold increase in the prevalence of schizophrenia in the biological
children of schizophrenic parents compared to the biological children of control

112;113
parents ~ .
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Genome-wide linkage scans have been conducted to identify loci harboring
genes that increase susceptibility to schizophrenia. Although loci have been identified

on almost every chromosome, some regions have been replicated across studies; one

3137; 144; 160-165

region is the long arm of chromosome 1 Across studies, the linkage

peaks span 13q12 to 13q34. This region has also been linked to bipolar disorder; a

meta-analysis of 18 genome-wide scans identified 13q as one of the most promising

166

regions for schizophrenia, as well as for bipolar disorder *°. However, a more recent

meta-analysis of 20 studies, using a different analysis technique, did not find evidence

167; 168

for a schizophrenia locus or a bipolar locus on 13q . Perhaps the most promising

candidate genes in this region are G72 (DAOA) and G30, which are transcribed on
overlapping and opposite strands of DNA. Two recent meta-analyses explored the
association between these genes and schizophrenia. The first study found strong

evidence for an association, but noted that risk alleles and haplotypes were not

9

. 16 . ..
consistent across samples ~ . The second meta-analysis concluded a weak association

- - . 1705171
with schizophrenia ™ """,

Founder populations are valuable for identifying susceptibility loci of complex

diseases. These populations are often more genetically and environmentally

17; 18 153; 172

homogeneous and typically show increased levels of linkage disequilibrium
Afrikaners are a founder population descended from mostly Dutch immigrants who
settled in South Africa beginning in 1652. They became isolated due to geographic,
language, and religious differences'**. Analyses of this population identified

155

significant linkage disequilibrium extending more than five cM ™. In addition to its

genetic homogeneity, the Afrikaner population is valuable because they have a limited

16



number of initial founders and presently have a large population from which to recruit

154

individuals ~". Founder mutations have been identified in Afrikaners for several

disorders with Mendelian inheritance, such as: Fancomi anemeialsﬁ, pseudoxanthoma
elasticum'’, and ovarian/breast cancer'*.

Previously, we performed a genome-wide linkage scan using microsatellite
markers spaced, on average, nine cM apart in an Afrikaner sample. The maximum
nonparametric linkage LOD scores were 2.99 at 1p36 and 2.23 at 13q34. A subject was
identified with paternal isodisomy of his chromosome 1, potentially facilitating

identification of a chromosome 1 risk haplotype'*’

. Here, we present findings from the
high-density 2-cM follow-up linkage scan of 1980 microsatellites in 479 genotyped
individuals from an expanded sample of 127 families. Our results provide considerable
evidence for a schizophrenia locus on chromosome 13q and show that the chromosome
Ip linkage signal is strongest in a subset of individuals who do not have evidence of

linkage to chromosome 13q. We also identify modest evidence for linkage to 21q22

and 9q21.

METHODS

Study sample. Subjects were recruited from local hospitals, support groups, and
through newspaper/magazine advertisements in Pretoria. The clinical evaluation took
place at the Weskoppies Hospital in Pretoria. All subjects were confirmed as
Afrikaners by tracing ancestry back to the 1800s using state and church records and
finally to the initial 2,000 founders through the Genealogies of Old South African

e 173 . . . e .
Families . Interviews were conducted in person by trained clinicians using the
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Diagnostic Interview for Genetic Studies'’* and diagnoses were assigned according to
the Diagnostic and Statistical Manual of Mental Disorders, version IV (DSM-IV)*.
The diagnostic instruments were translated into Afrikaans and back-translated into
English to allow all interviews to be conducted in Afrikaans'>*. Affected subjects were
classified as either narrowly or broadly affected. The narrow diagnosis includes
subjects with schizophrenia or schizoaffective disorder- depressive type; it is the same

classification as LCI of the previous paper'’

. The broad diagnosis includes all
individuals classified as affected under the narrow definition as well as individuals with

schizoaffective disorder- bipolar type. Compared to the classifications in the previous

paper, it is more encompassing than LCI, but not as broad as LCII.

Genotyping. DNA from all study participants was extracted from 24 ml of EDTA-
treated blood, according to standard procedures'””. Genotyping for 2005 di-, tri-, and
tetra-nucleotide repeat microsatellite markers was performed by deCODE (Reykjavik,
Iceland), through their fee-for-service genotyping facility. The deCODE genotyping
protocol involves PCR amplification followed by capillary electrophoresis and
automated allele calling by deCODE’s Allele Caller software. Among all the markers
genotyped, 1904 autosomal markers and 76 chromosome X markers passed our internal
quality checks, which are described in detail below. Of the 960,395 possible
genotypes, 878,046 were successfully called, corresponding to an average (+standard

deviation) per marker genotyping rate of 91% (+7%)).
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Error checking. Prior to linkage analysis, we verified reported relationships using
genetic marker data. To do this, we used GRR to examine identity-by-state
distributions for all pairs of individuals'™® (Figure 2-1). We identified three instances of
non-paternity and one set of individuals who appeared to be switched. Using the X
chromosome information, we identified one subject who had the appropriate levels of
identity-by-state with their relatives, but was labeled as a male while appearing to be

genetically female. The pedigree file was corrected to resolve these discrepancies.

IBS StDhev
o
n
1
m]

1
0.5 Lo (m el
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Figure 2-1. Plot of mean identity-by-state by standard deviation identity-by-state for a pair of
individuals from the same family. Each square represents a pair of individuals who have been
genotyped for at least 900 of the same markers. Blue squares are unrelated individuals, green

squares are half-siblings, red squares are full siblings, and yellow squares are parents-
offsprings. The plot was created by Graphical Relationship Representation' .

Additionally, we identified problematic markers that either (1) exhibited more
than four Mendelian errors or (2) in a subset of 210 unrelated subjects, deviated from

Hardy-Weinberg equilibrium (HWE) at p<0.01. These tests help identify markers with
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high rates of genotyping error'’’. We excluded 12 markers with more than four
Mendelian errors and another 12 markers with evidence for deviations from HWE.
Thus, among the 2005 genotyped microsatellites, 1981 (99%) passed these initial

quality filters. The error checks were conducted using Pedstats' .

Genetic map validation. All of our multipoint analyses are based on the deCODE

linkage map'”

. For markers that did not have unique positions, we adjusted cM
positions slightly according to the UniSTS National Center for Biotechnology
Information database (www.ncbi.nlm.nih.gov). This small adjustment avoided
problems with likelihood calculations when obligate recombinants are encountered in
intervals of length zero. Since the results of multipoint linkage analysis can be
sensitive to errors in genetic maps, we checked the agreement of our genotyped data
and the published map by comparing the likelihood of the entire genotype set when: (1)
all markers were analyzed in their original locations, (2) the order of two consecutive
markers was switched, and (3) the position of a specific marker was changed so that it
was unlinked to all others (this analysis should identify markers that are mismapped,
perhaps due to an error in tracking primers during genotyping). By performing these
checks, we identified one marker that appeared to be at the incorrect location on the
chromosome (D14S56) (Difference in likelihood is 116.3; average +standard deviation

likelihood difference for all other markers is -14.12 £16.17). This marker was not

included in subsequent analyses, resulting in a total of 1980 analyzed markers.
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MOD score parametric linkage analysis. Since the mode of inheritance for
schizophrenia is unknown, we performed multipoint and singlepoint parametric

maximum LOD (MOD) score linkage analysis using LAMP!8%: 181

, calculating the
MOD scores at 1-cM intervals along the autosomes for the multipoint analysis. Both
multipoint and singlepoint analyses were performed because multipoint analysis is

more powerful, while singlepoint analysis may be more robust to genotyping errors'**”

'8 " In contrast to conventional parametric linkage analysis, MOD score analysis does
not require the disease allele frequency and penetrance parameters to be specified a
priori; they are estimated at each location using maximum likelihood. Thus, we expect
MOD score analysis to be more powerful than both traditional parametric and
nonparametric analysis in situations where the mode of inheritance is uncertain. We
initially used the unconstrained (free) model; however since most of our families
include a single affected relative pair, we used a multiplicative model that required

estimation of only two parameters (disease allele frequency and effect size). We report

the multiplicative results unless otherwise specified.

Nonparametric linkage analysis. We also tested for linkage to a schizophrenia locus
with multipoint and singlepoint nonparametric linkage using the Su; statistic'®. The San
statistic tests for excess identity-by-descent allele sharing between all pairs of affected

individuals within a family. We used the excess-sharing parameterization modified

187

statistic'® as implemented in Merlin'®’. LOD scores were calculated at 1-cM intervals

across all chromosomes for the multipoint analysis. To evaluate evidence for parent-of-

179; 185

origin effects, we defined a nonparametric linkage statistic that measured allele
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sharing for maternally inherited alleles only. In each case, these statistics considered all
pairs of affected individuals in each pedigree. For each inheritance vector, each pair
was scored according to whether they shared their maternally inherited allele (1) or not
(0). An overall nonparametric statistic was calculated for each pedigree by summing
all pair specific statistics and converted to a LOD score as previously described'” '*°,

An analogous statistic was defined to evaluate sharing of paternally inherited alleles.

Empirical significance levels. To assess the significance of our results, we simulated
genotypes for 1000 datasets by gene dropping as implemented in Merlin'®’. The
datasets used the same family structures, included the same 1980 markers, and both
phenotypes. To determine an empirical distribution of maximum genome-wide MOD
(or LOD) scores, we repeated our analysis using the simulated datasets. We then
counted the number of times a simulated dataset resulted in a genome-wide maximum
MOD (or LOD) score greater than or equal to our experimental genome-wide
maximum MOD (or LOD) score. To obtain the empirical p-value, we divided this

count by the number of simulations performed.

Follow-up association. The Center for Inherited Disease Research genotyped the
following seven SNPs that are located within 10kb of or in G72 on the Illumina
GoldenGate platform: rs1341403, rs1539070, rs3916968, 1s7139958, rs701567,
15778294, and rs954580. We tested each SNP for association with schizophrenia in 470
affected and 730 unaffected individuals from 412 multiplex families using LAMP. The

association analysis performed by LAMP accounts for pedigree structure and
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appropriately corrects for multiple individuals in a family. We used the free model that
does not constrain the penetrances for the three genotypes. Although the LAMP
algorithm does not control for population stratification, the subjects are members of a
founder population and it is unlikely that population heterogeneity is a confounder. We
calculated an empirical p-value to correct for the number of SNPs and affection

classifications tested.

RESULTS

We genotyped 479 subjects from 127 families. In the 54 families that have at
least two affected members, 95 individuals are diagnosed as affected in the narrow
category and 120 individuals are classified as broadly affected. There are a total of 60
and 79 affected relative pairs for the narrow and broad affection categories, respectively
(Table 2-1); this is 43% more affective relative pairs than were present in the previous
study. Of the broadly affected relative pairs, 30 are sibling pairs, 24 are parent-child,

14 are avuncular, six are cousin, three are second cousin, and two are grandparent-

grandchild.
Table 2-1. Summary of informative families
Narrow Broad

Affected individuals 98 (42%) 121 (43%)

Unaffected individuals 135 (58%) 160 (57%)
Affected females 42 (43%) 52 (43%)

Affected males 56 (57%) 69 (57%)
Families with:

>1 affected individual 118 127

>2 affected individuals 44 53

>3 affected individuals 8 12
Average affected individuals per 293 )98

family with >2 affected individuals ' )
Number of affected relative pairs 67 87
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Among markers that passed quality control, the average inter-marker distance is
1.9 cM (£1.4 cM) and the average heterozygosity for the autosomal markers is .71
(£.12). The high density and heterozygosity of the microsatellites results in an
information content across the autosomal chromosomes of .84 (+.046) (Figure 2-2).
137

This increase in information content, as compared to the previous scan (.60 £.085) 7",

improves our ability to detect linkage.
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Figure 2-2. Genome-wide information content.

Parametric linkage results. For our multipoint parametric analysis, the maximum
MOD scores for both affection classifications are on 13q34. The maximum MOD score
for the narrow affection status is 3.13 at 126 cM. When we repeated the linkage
analyses on 1000 simulated datasets, we calculated an empirical p-value of .093. For

the broad affection status, the highest MOD score is 3.76 at 131 cM, near D13S293,
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and the 1-MOD region spans from 115 ¢cM to the g-terminus. The empirical p-value for
the broad affection status alone is .025. When we include both the narrow and broad
classifications in our simulations, 42 of the datasets resulted in a MOD score greater
than or equal to 3.76. This empirical genome-wide p-value of .042 meets the criteria

'8 For the broad phenotype, the maximum likelihood

for a significant linkage result
estimate for the disease penetrance for an individual with two copies of the disease
allele is 1.0, for an individual with one copy is .073, and for an individual with no
copies is .005. Although the disease allele frequency is estimated to be fairly rare (fy=
.030), the relative risk is very high (RR = 13.77). Using these two parameters, the
attributable risk is estimated to be 0.28, indicating that 28% of the instances of
schizophrenia in the population from which the families were ascertained are due to this
mutation. In addition to the 13q locus, we identified linkage peaks on chromosomes
21qg22 at 46 cM, near D21S1900, with a 1-MOD interval from 41 to 48 ¢cM and on 9921
at 85 cM, near D9S1877, with a 1-MOD interval from 70 to 96 cM. The linkage signal
on 21922 is much stronger for the narrow classification (MOD=2.72) than for the broad
(MOD=1.18). Conversely, the MOD scores on 9921 are weaker for the narrow
(MOD=1.05) than for the broad category (MOD=2.20) (Table 2-2). Genome-wide
MOD scores are shown in Figure 2-3 and the correlation between the narrow and broad
MOD scores is 0.77. We also carried out single point parametric analysis. These

results paralleled the multipoint results; the three highest MOD scores are at 13q34,

9p13, and 21q22.
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Figure 2-3. MOD score analysis. Green line shows MOD scores for the narrow classification.
Blue line shows MOD scores for the broad classification.

Changed the color from green to orange because Steve thought it was hard to tell green from
blue.
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Table 2-2. Parametric multipoint MOD scores >1.5 for either schizophrenia status

(multiplicative model)

Position Nearest Fre Pen of Penof Pen of
Chr (1-MOD) Marker Af MOD of 1;1 RR AA Aa aa
3g21 137 cM D3S1589 N 1.95 .39 99.84  .065 00065 6.5x10°
(128-147) B 1.13 .53 99.97  .035 00035 3.5x10°
9p24 12 cM D9S1686 N 1.40 .01 9.86 77 078 .0079
(3-19) B 1.68 .01 11.03 >.99 .091 .0082
9g21 85 cM D9S1877 N 1.05 <01 1044 >99 .096 .0092
(70-96) B 220 <01 10.72 >.99 .093 .0087
10922 92 cM D10S537 N 1.58 .01 11.32  >99 .088 .0078
(77-112) B 0.71 17 4.04 .072 .018 .0044
1334 131 cM D13S293 N 3.13 .03 1476  >.99 .068 .0046
(115-qter) B 3.76 .03 13.77 >.99 .073 .0053
15921 56 cM DI15S1022 N 087 <.01 1035 >99 .097 .0094
(54-65) B 1.69 <01 1039 >99 .096 .0093
16pl3 31cM  D16S3047 N 1.31 17 5.60 .10 018 .0032
(27-45) B 1.64 .10 5.64 .14 .026 .0046
21q22 46cM  D21S1900 N  2.72 .36 99.95 .073 00073 7.4x10°°
(41-48) B 1.18 .52 99.86  .037 00037 3.7x10°
22qll 3cM D22S420 N 147 44 99.99  .049 .00050 5.0x10°
(2-9) B 1.62 45 99.99  .048 00048 4.8x10°

‘A’ is the disease allele, ‘a’ is the non-disease allele. MOD scores greater than 1.5 are bolded.
Abbreviations: 1-MOD, region in which the MOD score is within 1 MOD score of the highest
MOD score; Af, affection classification; N, narrowly affected; B, broadly affected; Freq, allele

frequency; RR, relative risk based on a 1% prevalence of schizophrenia; Pen, penetrance of

schizophrenia for the given genotype. Therefore, Pen of AA is the probability of having
schizophrenia, given two copies of the disease allele.

Nonparametric linkage results. The maximum multipoint nonparametric LOD score

is located about two cM away from D13S285 at 125 cM on 13q34. At this location, the

LOD score for the narrow classification is 2.65; for the broad classification the LOD

score is slightly higher at 2.66. The 1-LOD interval around this peak extends from 119

cM to the g-terminus. However, the empirical significance based on 1000 simulations

is not significant (p=.25). The nonparametric multipoint analysis also provides

evidence for linkage at 21q22. The LOD scores are 2.16 for the narrow classification

and 0.83 for the broad classification (Table 2-3). For the nonparametric singlepoint

analysis, the highest LOD scores are on 1p36, 13q34, and 21g22. We also conducted
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parent of origin analysis genome-wide, but found little evidence for imprinting and we
do not present the results. Parametric linkage analysis was only conducted on the
autosomal chromosome, however there was no evidence for non-parametric linkage on

the X chromosome; the highest LOD score on the X chromosome was 1.03.

Table 2-3. Nonparametric multipoint LOD scores >1.5 for either schizophrenia status

Chr Position Nearest 1-LOD Narrow Broad
(in cM) Marker interval LOD LOD
3q21 137 D3S1589 129-147 1.61 0.81
8qll 65 D8S1831 58-78 1.52 1.62
13q33-34 125 D13S261 119-qter 2.65 2.66
21922 46 D21S1900 38-48 2.16 0.83

LOD scores greater than 1.5 are bolded.

Abbreviation: 1-LOD, region in which the LOD score is within 1 LOD score of the
highest LOD score

Targeted subset analyses. Twenty-five of our families in our sample exhibited a
MOD score of < 0.0 at the location of our strongest linkage peak, at 131 cM on
chromosome 13934 near marker D135293. To examine evidence for additional
susceptibility loci, we carried out a series of analysis targeted at these 25 families.
When we repeated our genome-wide MOD score analysis, the maximum MOD
score in these 25 families occurs on chromosome 1p36 at 35 cM (~1 cM from
D1S2644) near the peak that was identified in the previous 9-cM scan. The MOD
score for the narrow classification at that position is 3.21; the MOD score for the
broad classification is 1.74. The nonparametric LOD scores in the region (both at
~29 cM, near D152697) were only 1.32 and 0.54 for the narrow and broad
classifications, respectively. The MOD score analysis results suggest a dominant
mode of inheritance, with the estimated disease allele frequency of .003 and

penetrances/genotype relative risks of 1.0, .93, and .004. In the original analysis,
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including all 69 informative families, only modest evidence for linkage was
observed in this region, with MOD scores of 1.28 and 0.20 for the narrow and
broad classifications, respectively (Table 2-4). Interestingly, the linkage to 13q34
is strongest in the broad affection category while linkage to 1p36 is primarily in
the narrow category. The difference in phenotype between the two affection
statuses is that the narrow classification does not include schizoaffective disorder,

bipolar subtype.

Table 2-4. Parametric linkage to chromosome 1p36 (dominant model)

Familv orou Number Position Nearest Narrow Broad
y group of families Marker MOD MOD
All* 69 35cM D1S2826 1.28 0.20
Unlinked to 13q 25 35cM D1S2826 3.21 1.74
Linked to 13q 43 35cM D1S2826 0.12 0.00

*One family had a MOD score of 0.000 and was not used in the subset analysis

G72 association. G72 is a candidate gene for schizophrenia located on 13q33.2 at
104.9 Mb. The gene is more than 25kb, consists of at least five exons, and has several
splicing isoforms. To determine if the linkage signal on chromosome 13 is due to a
variant in G72, we analyzed seven SNPs across the gene and flanking region for
association with schizophrenia. To test for stratification in our sample, we compared
the 537 unrelated founders from 412 Afrikaner families to the 60 unrelated HapMap
YRI, 60 unrelated HapMap CEU, and 90 HapMap JPT+HCB using principle

components analysis as implemented in EIGENSTRAT'®. We found that the
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Afrikaners are grouped in a single cluster and are distinguishable from the other three

populations, indicating no evidence of stratification (Figure 2-4).
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Figure 2-4. Principle component analysis of Afrikaners as compared to HapMap YRI, CEU,
and JPT+CHB analysis panels.

When we tested for association in the 412 families, we found an association with

two SNPs, rs1539070 and rs954580, that are in moderate linkage disequilibrium

(r*=.51; Table 2-5). For both SNPs the association is stronger in the broad category (p-

value of .0066 and .0096 for rs1539070 and rs954580, respectively). However, the

SNPs are not significantly associated with schizophrenia when we calculate empirical

p-values (.29 and .39, respectively). When we tested 41 of the 43 families that showed

linkage to 13q, both SNPs are no longer associated with schizophrenia (Table 2-6).
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Table 2-5. Linkage disequilibrium between G72 SNPs
rs1341403 rs1539070 1rs3916968 1rs7139958 rs701567  rs778294  rs954580

rs1341403 - <.01 .03 38 38 25 .02

rs1539070 .02 - .44 12 .15 .09 51

1s3916968 32 .97 - .05 .06 .19 .53

rs7139958 .62 1.00 45 - .50 .29 .29

1s701567 .87 .88 40 1.00 - .58 <.01

1s778294 .93 1.00 .99 1.00 1.00 - .16

1s954580 28 1.00 77 1.00 <.01 .96 -

R’ values are above the diagonal, D' values are below the diagonal

Table 2-6. Association between schizophrenia and G72 SNPs

.. All Families Chr 13 Families
SNP (ls(itt)el)i(r)lsnégg) élrl:lﬁ; Narrow Broad Narrow Broad
& d RR PV/EPV RR PV/EPV| RR  PV/EPV RR  PV/EPV

104,915 2

rs1341403 (5" (.58) 1.21 - 1.17 - 1.11 - 1.20 -
104,922 1 018 .007

rs1539070 (intron2) (81) 1.69 (.59) 1.99 (29) 1.10 - 1.22 -
104,926 2

1s3916968 (intron3) (67) 1.07 - 1.08 - 1.08 - 1.10 -
104,935 2

rs7139958 (intron3) (.59) 1.03 - 1.05 - 1.04 - 1.03 -
104,940 2

1s701567 (intron3) (41) 1.06 - 1.07 - 1.36 - 1.32 -
104,940 1 .005 018

1s778294 (intron3) (27) 1.10 - 1.13 - 1.56 (21) 1.47 (.56)
104,950 1 .050 .010

1s954580 (3" (.68) 1.48 (.86) 1.62 (39) 1.05 - 1.05 -

Abbreviations: Freq, allele frequency; RR, relative risk based on a 1% prevalence of schizophrenia; PV, p-value; EPV, empirical p-value
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DISCUSSION

We conducted a high-density genome-wide linkage scan that uses a microsatellite
panel of nearly 2000 markers to test for linkage to schizophrenia in an Afrikaner founder
population. In our analysis, we conducted both parametric and nonparametric linkage
analyses. Since the mode of inheritance for schizophrenia is not known, for our
parametric analyses we used the algorithm implemented in LAMP to estimate the disease
allele frequency and genotype penetrances by maximum likelihood. We used the
optimized parameters to calculate MOD scores, which are more powerful than LOD
scores when the disease parameters are unknown'”’.

Given the complexity of schizophrenia, it is unlikely that this disease has a
homogeneous etiology, even in the Afrikaner founder population. Our analyses indicate
strong evidence for a gene that increases susceptibility to schizophrenia on chromosome
13g34 in our broadly affected individuals. When maximizing the disease parameters in
our MOD score analysis, we estimated a MOD score of 3.76, with a genome-wide
significant empirical p-value of .042 using the multiplicative model. Although the
disease allele is found in only three percent of the individuals in our population, the risk
of schizophrenia for those who have a disease allele is more than 13 times higher than the
risk for those who do not have an allele. Also, it is noteworthy that two of the three other
schizophrenia linkage scans that identified a LOD score greater than 2.0 at 13q32-13q34

included schizoaffective disorder, bipolar type in the affection category (Figure 2-5)"**

160:163:165 “That our broad classification also includes this diagnosis supports the

hypothesis that a gene in this region increases susceptibility to schizophrenia and bipolar

spectrum disorders.
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Figure 2-5. Plot of peak LOD (or MOD) scores and 1-LOD (or 1-MOD) intervals for the four
papers reporting LOD (or MOD) scores greater than 2.0 on 13q32-34. The diamond in the line is
location of maximum LOD (or NPL or MOD) score, the diamonds at the start and end of each
line mark the 1-LOD (or 1-NPL or 1-MOD) scores. Blouin et al."**, Brzustowicz et al.'®, and
Woodroffe et al. included schizoaffective disorder, broad type in their phenotype classification;
Lin et al."" did not.

Based on the results of this study and previous ones, there is considerable
evidence for linkage to 13q. However, the causal gene has not been conclusively
identified. The gene G72 is located on 13q and is a candidate gene for both
schizophrenia and bipolar disorder. The function of this gene remains controversial. It
was originally proposed that the gene activates D-amino acid oxidase but a more recent
study suggested an alternative role for G72 in modulating mitochondrial function'®'. In
this population of Afrikaners, we found only modest evidence for association between
SNPs in G72 and schizophrenia. The results from this and other studies suggests a

possible role for G72 in schizophrenia etiology, but it seems likely that additional
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associated variants would be required to explain the strong linkage signal we observe at
this locus.

When we analyzed families that do not show evidence for linkage to chromosome
13q34, we identified another linkage peak on chromosome 1p36. This result was much
stronger when we used the narrow definition of schizophrenia that did not include
schizoaffective disorder, bipolar subtype. This suggests different causal mechanisms in
subjects with and without symptoms of bipolar disorder. The linkage to 1p36 appears to
be only in the Afrikaner population, and may be a founder mutation.

The chromosome 1p36 result is particularly interesting since one of the narrowly
affected schizophrenic subjects has uniparental disomy (UPD) for all of chromosome 1.
However, the evidence for linkage to chromosome 1p36 is strongest when using a
dominant model and UPD would be most indicative of a recessive model due to the
homozygosity for the susceptibility allele. When we compared the rates of allele sharing
with the UPD individual in unrelated affected and unaffected individuals, we found no
difference in allele sharing; unaffected individuals carried the UPD allele as often as
affected individuals.

There were, however, limitations of this study. By studying a founder population
that is more genetically homogeneous, we may have a better chance of identifying a
causative gene, but this homogeneity may limit the generalizability of our results to a
broader population. Also by using linkage analyses, we are able to overcome allelic
heterogeneity, but we are unable to identify susceptibility alleles that have a lower

disease penetrance.
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To identify these lower penetrant alleles, the next step would be to conduct a
genome-wide association scan. Hundreds of thousands of SNPs will be tested and it will
likely be difficult to discern which SNPs are truly associated with schizophrenia. The
findings from this linkage study can be used to prioritize regions. Using a false discovery
rate (FDR) weighted by the linkage results, it is possible to increase power to detect
disease loci. This method also does not cause a large decrease in power if there is not a
disease gene in the linkage region'*”.

In summary, we identified a region on chromosome 13q34 that shows significant
linkage to schizophrenia in broadly affected subjects, including those with
schizoaffective disorder, bipolar type. This result is particularly interesting because there
is previous evidence to suggest that this region may harbor a gene that increases
susceptibility to schizophrenia and bipolar disorder. We also found that in the families
that did not show linkage to chromosome 13q34, there is evidence for linkage to
chromosome 1p36 in narrowly affected individuals. If causative genes are identified in

these regions, their functions may give insight into the heterogeneity of schizophrenia

and increase our understanding of its phenotypic variation.
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Chapter 3

Ordered Subset Analysis Supports a Glaucoma Locus at
GLC1I on Chromosome 15 in Families with Earlier
Adult Age at DiagnosisT

ABSTRACT

Open angle glaucoma (OAGQG) is a complex disorder with varying etiologies due to
multiple genes and environmental effects. This genetic heterogeneity can confound
efforts to map loci. Increased homogeneity in a sample can be achieved using either
ordered subset analysis (OSA) which groups families, or individual OSA (IOSA), which
groups individuals based on disease related covariates. Recently, GLC1I was mapped to
15q11-13 in families with early adult onset of OAG. We tested for linkage to GLC1I in
an independent sample of 167 individuals in 25 multiplex OAG families of European

descent. We carried out nonparametric linkage analysis on the complete set of 25 families

7LThis chapter has been previously published: Woodroffe A.", Krafchak C.M.", Fuse N.,
Lichter P.R., Moroi S.E., Schertzer R., Downs C.A., Duren W.L., Boehnke M., Richards
J.E. (2006) Experimental Eye Research 82,1068-74. "These authors contributed equally
to this work.

My role in this study includes selecting markers to genotype, genotyping the markers,
checking for genotyping error, performing linkage and ordered subset analyses, writing
the introduction and results sections, contributing to the methods and discussion sections,
and creating the table.
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and obtained a maximum LOD score of 1.00 at 9.0 cM. Using mean age at diagnosis
(AAD) across the affected individuals within each family to order the families as a proxy
for age at onset, we found a maximum OSA LOD score of 2.09 (p=0.021) at 26.1 cM.
The mean (+s.d.) AAD across the 14 earlier AAD families that contributed to the OSA
LOD score was 50.6 years (+5.38); the mean AAD for the other 10 later AAD families
that did not contribute to the OSA LOD score (the high-AAD) was 61.5 years (+3.72).
We also ran IOSA on our families using AAD as our covariate on which to subset
affected individuals. The maximum LOD score was 1.01 at 14.3 ¢cM when ordering
subjects from early to late AAD. Ordered subset analysis of this sample has provided
evidence of linkage close to the previously identified GLC1I glaucoma locus on 15q11—

13 in families with middle-aged mean age at diagnosis.

INTRODUCTION

Glaucoma is the second leading cause of blindness in the world affecting over 60
million people*'. The most common form of glaucoma in individuals of European
ancestry is primary open angle glaucoma (POAG) in which intraocular pressure (IOP) is
often elevated without a known underlying condition. Family history is a significant
predictor of glaucoma'”. Pedigrees demonstrating different apparent modes of
inheritance were available in the literature long before the first glaucoma gene was
mapped!*+1%.

Elevated IOP and older age are also important risk factors for both occurrence and
progression of glaucoma®"*¥ 2 Although elevated IOP is a risk factor, not all patients

201

with ocular hypertension (OHT) progress to glaucoma™ . Furthermore, about 30% of
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patients with OAG have normal tension glaucoma (NTG) in which IOP has been

documented not to be elevated®”

. Although most cases of OAG develop later in life,
onset before 35 years of age can be seen in individuals with juvenile open angle
glaucoma (JOAG).

The genetic relationship of POAG, NTG, and JOAG is not yet clear since any
given OAG family may show one predominant diagnosis while some family members
may have one or both of the other diagnoses®" ™ 2**2**_Genotype—phenotype studies
among glaucoma genes identified so far indicate that in many families, cases of POAG
may be identical by descent with the predominant JOAG or NTG cases in those
families®! " 2%,

To date, it is appreciated that OAG is highly heterogeneous and it is likely that
many more glaucoma loci will be mapped. This large number of loci is not unusual for
eye disorders®”2%". An especially dramatic example is retinitis pigmentosa, for which
more than 133 loci have been mapped, with at least 75 genes now identified”™ >, OAG
loci mapped so far include GLCI1A (1g23—q24, MIM137750)*, GLC1B (2cen—q13,
MIM606689)"°, GLCIC (3q21-q24, MIM601682)*, GLC1D (8q23, MIM602429)"%,
GLCIE (10p14—p15, MIM602432)"® GLCI1F (7935-q36, MIM603383)", GLC1G
(5q22.1)™, GLCIH (14q11-q13)”7, GLC1I (15q11-13)®, GLC1J (9922, also called
JOAG2, MIM608695)*°, and GLC1K (20p12, also called JOAG3, MIM608696)*°.

Studies have indicated further heterogeneity in hereditary glaucoma. A genome-
wide linkage scan was carried out on 182 affected sibling pairs that identified five

additional regions of interest’’ and additional regions of the genome showed moderate

evidence for linkage to OAG in a genome scan of participants in the Barbados Eye
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Study”". Recently, eight Finnish families with POAG were genotyped at glaucoma loci

GLC1A-GLCIF and eight other candidate gene regions. Evidence for linkage was not
found in any of the tested regions™.

Three of the mapped OAG genes have so far been identified: myocilin (MYOC,
MIM601652) at the GLCIA locus® *!!, optineurin (OPTN, MIM602432) at the GLCIE
locus”, and WD-repeat36 (WDR36) at GLC1G™*. MYOC mutations account for about
3% of OAG, with the GIn368stop MYOC nonsense variant accounting for many, but not
all, of the adult onset OAG cases caused by mutations at the GLC1A locus®" *. Most of
the other MYOC variants are missense mutations usually associated with a JOAG
phenotype. A small number of mutations in OPTN are found in families in which most
affected individuals have NTG®. Mutations in WDR36 are the first to be found
segregating through families in which the more prevalent adult onset glaucoma involving
elevation of IOP is predominant’. Much remains to be understood about the underlying
mechanisms by which mutations in these genes predispose to glaucoma and most cases
cannot be accounted for by these three genes.

Genetic heterogeneity can confound mapping efforts. That populations of African
ancestry show differences in prevalence, average age at diagnosis, and response to
therapies suggests that separate evaluation of European and African populations in

glaucoma mapping studies might assist in reducing the complex etiology of the disease*”

#:212 Tncreased homogeneity in a sample can also be achieved by grouping families or
individuals based on covariates, such as age at diagnosis or maximum pre-treatment IOP.

Where a clinically significant cutoff value for a covariate has not been identified, it may

be unclear which families and/or subjects to include in an analysis.
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In ordered subset analysis (OSA), pre-specified cutoff values are not necessary.
Families are ranked by an ordinal or continuous covariate and nonparametric linkage
analysis is performed on the first family. At each subsequent round of analysis a family,
or families, is added based on their covariate ranking and the linkage analysis is repeated.
The analysis continues until all families have been added. The LOD scores at each step
are compared and a maximum score is obtained for a subset of the families' . Individual
OSA (IOSA) performs a similar analysis except that affected individuals, rather than
entire families, are added sequentially based on their covariate values. Both methods
attempt to create a more homogeneous sample. In OSA, using a summary statistic across
all affected family members may remove some of the within-family variability due to
environmental and/or genetic interactions. IOSA may account for phenocopies as the
presentation of glaucoma, and thus covariate values, in these sporadic cases may differ
from that in familial cases in the same families. In identifying the GLC1I locus,
Allingham and colleagues performed OSA by sorting the families based on age at
diagnosis (AAD), a proxy for age of onset. The families with an earlier mean AAD (44.1
years £9.1) were linked to GLC1I, while families with a later mean AAD (61.3 years
+10.4) were not*.

In this study we tested for a locus on 15q11-13 by subsetting our sample based on
AAD. We compared the results obtained via three statistical approaches: OSA, IOSA,
and nonparametric linkage analysis of the whole family set. Consistent with the results of
Allingham and collegues®, we report modest evidence for a locus on chromosome 15,
with a maximum LOD score of 1.00 at the GLCI1I locus, and increased evidence for

linkage when we focused on early AAD families identified using OSA, with a maximum
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OSA LOD score 0of 2.09 17 ¢cM from the GLC1I locus.

METHODS

Subjects. Subjects provided informed consent and blood samples according to protocols
approved by the Institutional Review Board for human subject research of the University
of Michigan medical school. For purposes of this study, the narrow definition of affected
POAG status was based on open angles, glaucomatous optic neuropathy, and visual field
defects consistent with glaucoma. Glaucomatous optic neuropathy was defined as a
narrowed neuroretinal rim, notching of the neuroretinal rim, and/or marked asymmetry in
the cup to disc ratio. Glaucomatous visual field defects were based on the Glaucoma
Hemifield Test and clinician interpretation. In addition, we considered a broad definition
of the term affected that included individuals for whom visual field tests were not
available but who presented with open angles and glaucomatous optic neuropathy when
diagnosed with POAG according to an ophthalmologist's exam. Those individuals with
the above characteristics, but who were reported to have pigment dispersion syndrome or
pseudoexfoliation, were considered to have an indeterminate phenotype and not classified
as either affected or unaffected in the analysis. We also screened all probands for

mutations in MYOC and OPTN and found no causative mutations.

Markers. We carried out initial genotyping using microsatellite markers from the
Applied Biosystems MD-10 panel set (Applied Biosystems, Foster City, CA) as well as
markers from the Marshfield Clinic map (http://research.marshfieldclinic.org/genetics)

which were produced by Invitrogen (Carlsbad, CA). After evaluation of marker quality
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and coverage, four chromosome 15 markers from the MD-10 panel set were used in the
analysis. To complete coverage and to improve data quality, four markers from the
Marshfield map were added to replace poorly performing markers and to map more
finely the region reported to contain GLC1I. The final marker coverage in this region on
chromosome 15 gave an average intermarker distance of 4.3 cM. The eight markers used
in this analysis were: D15S128, D15S822, D15S1002, D15S1048, D15S1007,

D15S51040, D15S1042, and D15S994.

Marker amplification. We amplified markers using the TrueAllele PCR Premix from
Applied Biosystems according to the manufacturer's instructions. To improve throughput
with simultaneous amplification of multiple markers, we also used the Qiagen Multiplex
PCR Kit according to manufacturer's instructions (Qiagen, Hilden, Germany). We
amplified up to six markers in one reaction using the Perkin—Elmer 9700 or 9600

thermocycler according to manufacturer's instructions.

Genotyping. Allele sizes were read on either an ABI 377 Automated Sequencer or an
ABI 3100 Automated Sequencer from Applied Biosystems, with multiplex loading of one
panel of markers per sample per run. Allele sizes were called using Genotyper from
Applied Biosystems version 3.7 for data generated on the ABI 3100 or version 3.0 for
data generated on the ABI 377. Allele sizes were adjusted to reference individual 1347-
02 from the Centre d’Etude du Polymorphisme Humain (CEPH) and entered into a
database through the Cicada web interface at http://eyegene.ophthy.med.umich.edu.

Markers were evaluated for the appropriate bin definition using the histogram editor in
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Cicada (http://eyegene.ophthy.med.umich.edu/about _cicada). Data were extracted from

the database using Cicada and formatted for use in analysis software.

Error checking. We included an internal duplicate control and a negative control for

178 187
t

each marker. We used Pedstats '® to check the data for Mendelian errors and Merlin °’ to

identify possible double recombination events involving closely neighboring markers.

176 We identified an affected individual

We also checked family relationships using GRR
who appeared to be a half sibling. As we did not have parental genotypes, we could not
determine which parent was incorrectly specified and we removed that subject from the
analysis. Based on genotypes from one set of monozygotic twins and our internal control,
we estimated an initial genotyping error rate of 1.3% for a larger data set of 382 markers
that includes these eight markers from chromosome 15. To reduce the error rate in this
chromosomel5 data set, a second researcher re-genotyped the eight chromosome 15
markers listed above. The two researchers resolved any discrepancy in allele calls. Each

genotype was called independently in the absence of information on individual identities,

affected status, or family relationships.

Statistical analysis. We performed nonparametric analyses on the chromosome 15
markers for our complete set of families using Merlin'*’. To identify a potentially more
homogeneous subset of families, we subsequently ran OSA and IOSA using AAD as our
covariate. The analysis was performed with ascending and descending AAD rankings. To
adjust for multiple testing, we calculated an empirical p-value by permuting the covariate

values across families'’. We further corrected our significance level by dividing 0.05 by
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two for testing both late-to-early and early-to-late ordering, thus giving a p-value cutoff

of 0.025.

RESULTS

To evaluate whether the GLC1I locus could be detected in a second independent
sample, we genotyped markers on chromosome 15 from 167 individuals in 25 multiplex
OAG families of European ancestry. Under the narrow affection criteria, 90 people were
considered affected; under the broad criteria 107 people were considered affected. For
nineteen of the families, we genotyped affected individuals in two or more generations.
There were eight cases of JOAG among six families and eighteen cases of NTG among
twelve families. When considering the narrow definition of affected status, AAD ranged
across subjects from 16 to 86 years, with a median age of 57.5 and a mean age (+s.d.) of
55.6 (£14.5) years. The maximum detected pre-treatment IOP ranged from 14.0 to
51 mmHg with a mean of 26.6 (+£6.2) mmHg. When considering the broad definition, the
AAD ranged from 16 to 86, years and the median age was 55.3 (£14.2) years. Maximum
IOP ranged from 14.0 to 51.0 mmHg with a mean of 26.3 (+6.6) mmHg. The correlation
between AAD and maximum IOP across individuals was not significant for either the
narrow (r=—0.08 p=0.46) or broad criteria (r=—0.11, p=0.29). Familial mean AAD and
mean maximum [OP were not correlated across families for the narrow criteria (=—0.36,
p=0.09), but were negatively correlated for the broad (r=—0.41, p=0.048). Family

characteristics are in Table 3-1.
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Table 3-1. Family-specific characteristics
Family AAD 10P Cumulative LOD*

F0190 35.0 29.5  0.00
F0034 46.3 255 0.01
F0046 47.0 31.0  n/a
F0300 48.3 280 0.32
F0201 49.0 260 0.66
F0096 49.3 283 0.53
F0001 51.0 28.8 0.88
F0003 51.0 288 -
F0081 51.7 264  0.79
F0255 52.6 27.8 1.09
F0060 52.7 30,0  1.33
F0058 53.7 263 143
F0082 54.0 30,0 1.55
F0029 56.7 29.0 2.09
F0055 56.7 253 -
F0048 57.7 253 2.07
F0334 58.0 213 1.88
F0056 58.5 223 1.78
F0333 59.3 260 145
F0320 59.7 23.7  0.80
F0373 60.8 285 0.61
F0070 62.0 267 0.72
F0024 65.7 23.0 0.58
F0240 66.3 212 0.56
F0094 67.3 303 0.5

Abbreviations: AAD, age at diagnosis; IOP, intraocular pressure; Cumulative LOD, cumulative
LOD score generated by including families with AAD less than or equal to family value in
linkage analysis.

*Family F0046 was not included in analysis for cumulative LOD.

We carried out nonparametric linkage analysis on the complete set of 25 families.
The maximum LOD scores obtained were 1.00 at 9.1 cM for the broad definition of
affected status and 0.51 at 26.1 cM for the narrow definition of affected status (Figure 3-
1A). One family was not analysed using the broad definition and a second family was not

analysed using the narrow definition.
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A Chromosome 15 Multipoint Analysis
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Figure 3-1. (A). Nonparametric LOD scores, for the OSA subset (earlier AAD) (solid line) and
LOD scores before subsetting (dashed line). (B) Information plot, for genotypes for families in
the maximum OSA LOD score subset.
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To identify a more homogeneous subset, we used OSA with mean AAD as the
covariate on which the families were ordered. The maximum LOD score obtained from
this analysis was 2.09 at 26.1 cM, using mean AAD across affected members of a family
as the summary statistic (Figure 3-1A). This LOD score was obtained when the families
were ordered from early to late, using the broad affection criteria. The empirical p-value
for observing this large an increase in LOD score across chromosome 15 was 0.021. The
informativeness of our marker data peaked at 25.9 cM and was lowest at 8.1 cM (Figure
3-1B). The mean AAD across the 14 (58%) earlier AAD families that contributed to the
maximum OSA LOD score was 50.6 years (£5.38); the mean for the other 10 later AAD
families (the high-AAD) was 61.5 years (£3.72).

We also ran IOSA on our subjects using AAD as our covariate on which to subset
affected individuals. Using the broad affection criteria, the maximum LOD score was
1.01 at 14.3 cM when ordering subjects from early to late AAD and was 1.05 at 14.3 cM

for late to early.

DISCUSSION

The purpose of this study was to explore the role of the recently reported GLCI1I
OAG locus on chromosome 15* in a second independent sample. In addition to
evaluating this locus in our set of families, we were interested in comparing the results
obtained from non-subsetted multipoint linkage analysis to the results from two different
subsetting approaches: OSA which subsets families based on the family's summary

covariate and IOSA, which subsets individuals based on the subject's covariate,
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independent of family.

Use of ordered subset analysis to detect OAG linkage to 15q. Although standard
nonparametric multipoint linkage analysis did not identify this region of chromosome 15
as providing compelling evidence of linkage, use of OSA to subset families based on
AAD identified a broad region of interest close to the GLC1I locus (LOD=2.09,
p=0.021). Thus our data provide confirmatory evidence for linkage to the GLC1I locus in
an independent study cohort, but our results are interesting only in context of the previous
report™ and would not be considered adequate to constitute initial identification of a
locus.

Our data are consistent with a replication of the GLCI1I locus despite a 17 cM
separation of the maximum OSA peak LOD score in our study from the peak LOD score
in the Allingham study, when positions of markers from both studies are evaluated on the
same map. Our strongest evidence for linkage was found at 26 cM on chromosome 15 on
the Marshfield map (http://research.marshfieldclinic.org/genetics), with evidence for
linkage across a broad region including GLCI1I (Figure 3-1A), while Allingham and
colleagues reported their maximum LOD score at a marker that sits at approximately
9 ¢cM on the Marshfield map. It has been shown that there can be large variation in the
particular location identified for a given locus for complex disorders like OAG.
Simulations showed that this effect is accentuated as the number of families considered
becomes smaller, and that evidence for a location as far as 20-30 cM from a given locus

213

could indicate confirmation” °. We have used a relatively small number of families, so

the distance of our linkage peak from GLCI1I does not exceed reasonable expectations as
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a confirmation of GLCI1I on 15q11-13, and suggests but certainly does not prove that the
same locus may be relevant in both sets of families.

It is worth noting that before subsetting, our greatest evidence for linkage is at
9 cM, in the vicinity of GABRB3, which is where Allingham and colleagues, find their
peak OSA score™; however, this LOD score is low enough that this location would not
normally have been selected in the course of a full genome scan. It is interesting that the
LOD increases slightly using OSA, even though it does not end up providing the
maximum LOD score. The genotypes in our family subset are less informative near the
GLCI1I peak at 9 cM than around 26 cM, the location of our peak near D15S1007 (Figure
3-1B). Clearly, additional studies with more informative markers will be needed to
optimize localization of GLCI1I and to confirm that the two studies are identifying the

same locus.

GLC1I and earlier age at diagnosis. Our finding of linkage to the GLCI1I region used
the same covariate as Allingham and colleges®, earlier AAD. It should be noted that
mean family AAD is strongly negatively correlated with mean family maximum IOP in
our study. The mean IOP in the high-AAD families in 24.8 mmHg (+3.07) and is 27.8
mmHg (+1.65) in the low-AAD families. The mean IOPs of the two subsets are
significantly different (p=0.005). Thus we have to consider that earlier family mean AAD
might be a proxy measurement for high family mean IOP, and that the appropriate
covariate to consider is in fact higher IOP. This becomes relevant for evaluation of this
locus, and should be considered when choosing individuals for further study.

Using OSA, we were able to subset our data without a priori decisions regarding
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which families to classify as earlier or later AAD. A subset of 14 families within our set
were identified that, when considered as a group, more than doubled the nonparametric
LOD score that was calculated on the complete sample. The simulations performed by
OSA demonstrate that if we have randomly selected families to include in the linkage
analysis, we would not expect a LOD score as high as the one we observed at this
location. Thus, OSA has identified an earlier AAD subset that is significantly younger
than the other families

It is prudent to exercise due caution when interpreting results obtained using
OSA, as these results could be due to chance. It is important to carefully consider results
obtained using OSA in the context of the family data and in the context of data from
other researchers. We have tested the specific hypothesis that a previously identified
locus on 15q11-13 is influencing risk of glaucoma, however our sample had only 25
families and the evidence for linkage in both studies is modest. Therefore, it remains

possible that this is a false positive finding.

Individual ordered subset analysis of the data. OSA attempts to create an etiologically
homogeneous sample of families, but there is also within family variation in a complex
disease like OAG. Subsetting individuals within families may serve to create more
etiologically homogeneous families for analysis, which is what Individual OSA (IOSA)
attempts to accomplish. However, IOSA did not provide further information, since
subsetting family members on AAD did not substantially improve our scores. It is
interesting that although both this study and the Allingham study identified optimal

subsets at this location by considering the families with the earliest average AAD within
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an adult onset set of OAG families, we did not gain the same effect by considering only
the youngest affected individuals in a given family.

In summary, this study has provided evidence to confirm the previously identified
GLCI1I glaucoma locus through use of OSA to detect linkage of OAG to markers located
on 15q11-13. Both studies detected linkage to this region through use of AAD as the
covariate for ordering the families; therefore, future studies should be conducted using
OAG families with earlier adult age at diagnosis and/or higher IOP. However,
comparison of the two studies suggests that the locus as currently defined covers a broad
region near the centromere on 15q. Thus, further work is needed to validate and refine the

region around GLCI1I.
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Chapter 4

Lack of Association between Glaucoma Severity and
Myocilin (MYOC) Promoter SNPs in CIGTS Subjects

ABSTRACT

Myocilin is the first identified primary open-angle glaucoma (POAG) gene. Mutations in
the coding region of myocilin (MYOC) are often associated with juvenile-onset, familial
forms of open-angle glaucoma characterized by unusually high intraocular pressure.
Previous reports have suggested that the -1000CG SNP, also designated myoc.mtl, in the
promoter region of myocilin may be associated with a more severe form glaucoma, but
other reports have found no such association. In this study, we tested for an association
between three MYOC promoter SNPs (-1000CG, -1075GA, and -1081AG) and more
severe visual field loss and higher intraocular pressure (IOP) in subjects from the
Collaborative Initial Glaucoma Treatment Study (CIGTS). The CIGTS subjects were
recruited into the study at initial glaucoma diagnosis and were followed for nine years,

with clinic visits every six months. None of the SNPs were associated with visual field

My role in this study includes sequencing exon 3 of myocilin, checking for genotyping
errors, performing the bivariate and multiple logistic regression analyses, aiding in the
mixed model analysis, writing the manuscript, and creating the figure and tables.
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mean deviation (-1000CG, p=0.98; -1075GA, p=0.29; -1081AG, p=0.96) or with IOP (-
1000CG, p=0.52; -1075GA, p=0.67; -1081AG, p=0.95) throughout the study period. The
results of this study do not support the hypothesis that the -1000CG MYOC SNP, or two

other promoter SNPs, are associated with glaucoma severity in the CIGTS population.

INTRODUCTION
Glaucoma is characterized by progressive visual field loss. It affects over 60

22; 25
=2, The most

million people worldwide and is the second leading cause of blindness
common type of glaucoma in the United States is primary open angle glaucoma (POAG),
where the anterior chamber angle is physically obstructed and there is no known
underlying cause™. Although the etiology of POAG is unknown, it is likely that multiple
genetic and environmental risk factors play a role in its onset and progression®* *'*. One
of the most consistent risk factors is family history, therefore suggesting underlying

- 29; 215-217
genetic causes of glaucoma™

. More than a dozen POAG loci have been mapped;
however only three genes related to POAG have been identified: myocilin, optineurin,
and wd-repeat36”* *'%; the first identified and most well-characterized of these is
myocilin.

Myocilin was first discovered during a cellular pharmacology experiment
designed to mimic biochemical events that occur with steroid-induced ocular
hypertension. The investigators treated trabecular meshwork cells with glucocorticoid
steroids and identified genes with altered expression levels in response to the steroid
exposure. They found that expression of an unknown gene was induced by the

219

steroids”". The investigators originally named the gene trabecular meshwork inducible
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glucocorticoid response (TIGR) gene, but the official name, myocilin (MYOC), was
derived from a report on the presence of this protein in the cilium of the photoreceptor™.
Independently of these studies, linkage to 1q23-q24 (locus GLC1A) was identified in
families with juvenile onset open-angle glaucoma™. Subsequently, MYOC was identified
as the gene causing the linkage signal to the GLC1A locus, thus making mutation in
MYOC the first known genetic cause of POAG™.

The MYOC gene is located at 1q23-q24 and is composed of three exons and a 5-
kb promoter region®''. Over 190 variants have been identified in the gene and promoter
region, and although more than 70 glaucoma-causing mutations have been reported®’,
only 2-4% of POAG patients have potentially disease-causing mutations in MYOC®* >,
The vast majority of putative disease causing variants are located in the third exon, most
often in the olfactomedin domain®*. In one region of more than 100 residues within the
third exon, most of the presumed causative mutations involve a change in charge®"* ***.
Although predominately resulting in high intraocular pressure (IOP) and juvenile-onset
POAG, alterations in MYOC have also been associated with adult-onset POAG and
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normal tension glaucoma™*. Most MYOC mutations in juvenile-onset glaucoma are

missense mutations, while the predominant mutation among adult-onset families is the
GIn368stop nonsense mutation®' 2!,

The exact function of the myocilin protein is not known. Recombinant MYOC
appears to increase outflow resistance’> and MYOC carrying a glaucoma-associated
mutation forms aggregates in trabecular meshwork cells; over-expression of this mutant

MYOC leads to cell death*®. Some MYOC mutations alter translocational processing of

the protein®*’, other MYOC mutations bind to peroxisomal targeting signaling 1 receptor
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(PTSIR) resulting in increased IOP***, and two causative mutations are located adjacent
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f

to a peroxisome C-terminal targeting signal motif™". Thus, there is evidence that

different mutations operate via different mechanisms® .

A common trend is that MYOC mutations appear to act through gain of function
rather than loss of function. A missense mutation known to cause POAG in humans,
Tyr437His, resulted in a POAG phenotype in a mouse knock-in model®’. No abnormal
ocular phenotype was observed in heterozygous and homozygous null mice® and over-
expression of Myoc did not result in increased IOP or glaucoma®. Humans can be
homozygous for a nonsense mutation, Arg46stop, without developing glaucoma by 77
years”™’ and a subject who was hemizygous for MYOC did not show increased IOP or
optic nerve damage at 29 years™". Interestingly, subjects who were homozygous for two
different deleterious mutations (Lys423Glu, GIn368stop) in MYOC were phenotypically
normal at 43-50 years old**" %, while another subject who was homozygous for a third
glaucoma-associated mutation (GIn48His) was severely affected™”.

Expression of MYOC is fairly ubiquitous; it is found in intraocular and
extraocular tissue, as well as in tissues likely uninvolved with glaucoma such as heart and
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skeletal muscle™ ™. It is interesting to note that the corticosteroid induction of increased
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expression has been observed only in trabecular meshwork cells™".

Another study tested
for an association between variants in MYOC and change in IOP in response to
glucocorticoids. There was no significant difference when responders (whose IOP

increased at least 5 mmHg) were compare to non-responders; however, only 70
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responders and 23 non-responders were tested™".

55



Mutations in the promoter region of MYOC have the potential to alter the level of
transcription of the gene. As mentioned above, over-expression of Myoc in mice does
not cause glaucoma, but it has been hypothesized that over-expression of MYOC in
patients who already have POAG may increase their disease severity or rate of disease
progression. A study of 142 French POAG patients and 94 unrelated controls identified a
single nucleotide polymorphism (SNP) located in the promoter region, 1000 base pairs
upstream from the MYOC transcription start site. The researchers detected no
association between the genotypes of -1000CG, also designated MYOC.mtl, and
glaucoma status. Subsequently, the researchers conducted a retrospective study to
examine glaucoma severity over time. At initial presentation at the clinic (ie. baseline),
there was no difference in IOP or age across the genotypes. The subjects also did not
differ significantly in length of time between baseline and enrollment in the study.
However, glaucoma subjects who carried at least one copy of the rarer G allele (C/G or
G/G genotypes) had a higher average IOP at the time of study enrollment than did
subjects without the G allele. Upon further analysis, the researchers showed that males of
all three genotypes (C/C, C/G, G/G) and females without the G allele (C/C) had
significant decreases in IOP at the time of the study compared to baseline, while females
with the G allele did not show a significant decrease in IOP. They also reported worse
visual field scores in females with the G allele, compared to women without the G allele;
a difference that was not seen when comparing men with and without the G allele.
However they did not report baseline visual field scores for any study subjects™°.

Since the initial study, four additional studies have explored the relationship

between -1000CG and glaucoma severity, as characterized by IOP, cup-to-disc ratio,
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and/or visual field loss. Three of the four studies examined their patients cross-
sectionally, testing the measure of disease severity (ie. vision loss) either at baseline or at
the time of study. None of the three studies found an association between any measure of
disease severity and -1000CG genotype when looking in populations of primarily
European Americans®’, Chinese™’, and Turks>*®. The fourth study used survival analysis
to test for an association with -1000CG. The outcomes were (1) time to a two-step
worsening of optic disc and (2) time to a two-step worsening of visual field. The
investigators found a main effect for -1000CG association with both outcomes.

However, they included interactions of -1000CG by age and -1000CG by medication.
Since they standardized age to 35 years old, the interpretation of the main effect reflects
the increase in risk with a G allele for subjects who were 35 years old at baseline and not
on medications at baseline. The significance of the effect of a G allele on risk in older
subjects or on those taking medications is ambiguous™".

The Collaborative Initial Glaucoma Treatment Study (CIGTS) is a multicenter,
clinical trial of newly diagnosed open-angle glaucoma patients. The primary goals of
CIGTS are to compare glaucoma outcomes and quality of life between subjects receiving
either topical medications or trabeculectomy surgical treatment™*’. Six hundred and
seven subjects with POAG, pseudoexfoliative glaucoma, or pigmentary glaucoma were
randomized to one of the two treatment groups. The subjects have been re-examined and
re-interviewed at regular intervals and standardized information on them has been
collected. The results showed that, although IOP was higher in subjects randomized to

the surgery arm, there was no significant difference in visual field loss**'. For subjects
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randomized to the surgery arm, there was a decrease in quality of life for a few of the
measures, however some of these differences are decreasing over time**.

CIGTS is an ideal population to test for glaucoma severity because of the
thorough baseline assessment, the prospective nature of the study, the large number of
subjects, inclusion of both African Americans and European Americans, and the
uniformity of the data collected. In this genetics ancillary study, we tested for an
association between the -1000CG genotype and (1) visual field loss and (2) IOP across

the study period. The results of this study will provide valuable information regarding

the relationship between -1000CG and glaucoma severity.

METHODS
Subjects. Recruitment for CIGTS has been described in detail previously**’. In brief, to
be eligible for CIGTS, subjects were required to meet four diagnostic criteria: (1) a
diagnosis of POAG, pseudoexfoliative glaucoma, or pigmentary glaucoma in at least one
eye; (2) at least one of three combination criteria of visual field changes, optic disc
changes, and increased IOP, where less visual field loss requires a higher minimum IOP;
(3) a best-corrected visual acuity of 70 or greater on the Early Treatment Diabetic
Retinopathy Study scale (approximately 20/40 Snellen equivalent) in both eyes; and (4)
between 25 and 75 years at enrollment. Exclusion criteria included eye surgery and use
of glaucoma eyedrops for more than two weeks*.

Over three and a half years, 607 subjects were recruited from 14 clinical centers.

Three hundred subjects were randomized to receive surgery and 307 were randomized to

receive medication. Blood samples were not required for participation in the study;
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however we obtained samples from 467 patients (77%). To obtain a more phenotypically
homogeneous population, we excluded subjects who were diagnosed with
pseudoexfoliative glaucoma or pigmentary glaucoma. We also excluded subjects whose
race was reported as Asian or Other since we had a limited number of subjects in each
category and were concerned about possible phenotipic heterogeneity as seen when
comparing African Americans with POAG to European Americans with POAG.
Therefore, 393 African American or European American subjects with POAG were
included in the study. Subjects were monitored for a median of 7.5 years, with a follow-
up visit nearly every 6 months.

For this study, the main outcomes are changes in visual field and changes in IOP.
Visual field loss is defined by mean deviation (MD) from Humphrey 24-2 visual field test
and TOP is measured by a Goldmann applanation tonometery**’. We also collected
baseline data: glaucoma diagnosis, age at diagnosis, sex, self-reported race, diabetes
(yes/no), hypertension (yes/no), and immediate family history of glaucoma (yes/no).

Visual acuity was also collected at baseline as well as throughout the study.

Genotyping. To determine the genotype at -1000CG, we used PCR to amplify the region
of interest (forward primer: ACTGTGTTTCTCCACTCTGG, reverse primer:
CTGGGGAACTCTTCTCAGAA). The 25 uL reaction included 1 U AmpliTaq Gold
(Applied Biosystems, Foster City, CA), 2 mM MgCl,, 200 uM each dNTP, 20 pmol of
each primer, and 100 ng of DNA. The thermal cycling conditions were (1) an initial
denaturation step of 95° for ten minutes, (2) 35 cycles of 95° for 45 seconds, 66° for one

minute, and 72° for one minute, and (3) an elongation step of 72° for ten minutes. The
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PCR product was then purified using the Qiaquick PCR Purification Kit (Qiagen, Hilden,
Germany) and sequenced by the University of Michigan DNA Sequencing Core using
dideoxynucleotide dye-termination sequencing and read by an ABI 3730 Sequencer.

243; 244
< and traces were

Polymorphisms were detected using Phred and Phrap software
reviewed manually. We identified two other SNPs near -1000CG, designated -1081AG
and -1075GA, located 1081 bases and 1075 bases upstream from MYOC, respectively.
This appears to be the first identification of -1075GA, most likely because it may be only
polymorphic in populations of African descent, whereas -1081AG was previously
detected in a Chinese population™’. We also estimated haplotypes of the three SNPs
using the Markov Chain algorithm implemented in MACH*®.

In addition to the promoter region around -1000CG, we also sequenced exon 3 of
MYOC to identify potential glaucoma-causing mutations. The PCR protocol was the
same as for the promoter region except that we used 2.5 mM MgCl, and the denaturing
temperature was 65°. The forward and reverse primers are
CTGGCTCTGCCAAGCTTCCGCATGA and GGCTCTCCCTTCAGCCTGCT,
respectively. We defined a disease causing variant as (1) non-synonomous, causing a
change in protein and (2) occurring more often in cases than controls, based on a
literature review. We also calculated the degree of linkage disequilibrium between

-1000CG, -1075GA, -1081AG, and reoccurring disease causing variants (minor allele

frequency > 1%).

Statistical analysis. To test for an association between -1000CG and glaucoma-

associated variables, we initially performed bivariate analyses. Since our continuous
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covariates were not normally distributed, we performed Wilcoxin rank tests and for
categorical covariates, we used Fisher’s exact tests. Since some of the variables covary,
we also established multiple logistic regression models containing the most parsimonious
set of covariates associated with each of the promoter SNPs (-1000CG, -1075GA, and
-1081AQ).

To test for an association between average visual field or IOP over time, we
included -1000CG in our established models for MD**® and IOP**", respectively. It has
been suggested that subjects with MYOC mutations may respond differently to medical
or surgical interventions, so we also included an interaction term between -1000CG and
initial treatment. Additionally, we tested for progression of visual field using the change
in MD after five years. We repeated these analyses replacing -1000CG with -1081AG

and -1075GA or the GGC haplotype.

RESULTS

Study population. Of the 607 CIGTS subjects, 512 are African American or European
American with POAG; 393 (77%) of them participated in the CIGTS ancillary genetic
study. When we compare these 393 subjects to the 119 African American and European
American POAG subjects we did not genotype, we find two differences. The genotyped
subjects have a worse initial visual field (p=.026) and visual acuity (p=.039) than subjects
who were not genotyped. However, using the Bonferroni correction for multiple testing

(p-value threshold of 0.0029), these differences are not significant (Table 4-1).
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Table 4-1. Comparison of subjects genotyped and not genotyped

Genotyped Not genotyped P-Value
(n=393) (n=119)
Socio-demographics
Age at diagnosis (in years)* 59.3 (10.6) 59.7 (11.1) 750
Sex (female)* 182 (46%) 50 (42%) 462
Race (AA 167 (42%) 61 (51%) .094
Marital status (not currently)”* 45 (11%) 15 (13%) 138
(never) 105 (27%) 42 (35%)
Education*§ 4.0 (1.3) 5.0(1.5) 150
Glaucoma related
Treatment (surgery)” 187 (48%) 66 (55%) .144
Study eye (left)" 196 (50%) 63 (53%) .601
MD at diagnosis (in dB)* -4.3(4.3) -5.3(4.1) 026
IOP at diagnosis (in mmHg)* 27.0 (5.4) 27.0 (5.0) 973
VA (ETDRS) at diagnosis* 86.0 (5.6) 85.0 (6.0) .039
Corneal thickness (in pm)*¥ 550.0 (46.3) 535.0 (66.7) 498
Family history (yes)"i 144 (40%) 38 (35%) 315
Other medical conditions
Diabetes (yes)* 70 (18%) 22 (18%) .892
Hypertension (yes)* 157 (40%) 41 (34%) 334
Other CV disease (yes)" 62 (16%) 16 (13%) .662
Drug use
Ever use tobacco (yes)" 16 (4%) 7 (6%) 448
Alcohol (servings/week)* 0.0 (7.8) 0.0 (5.0) .647

Comparison among African American and European American POAG subjects. Abbreviations:
AA, African American; MD, mean deviation; IOP, intraocular pressure; VA (ETDRS), Early
Treatment Diabetic Research Study visual acuity score; CV, cardiovascular

*Median (standard deviation) and Wilcoxon rank test p-value

~Count (percent) and Fisher’s exact test p-value

tGenotyped n=221; not genotyped n=19

1Genotyped n=357; not genotyped n=109

§Education was measured on a 7 point scale: 1=none, 2=1-6 years, 3=7-11 years, 4=12 years,
S5=some college, 6=college degree, 7=graduate education
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SNP detection. In sequencing the region around -1000CG, we obtained genotype
information on two additional SNPs: -1081AG and -1075GA (Table 4-2). -1000CG, -
1081AG, and -1075GA are in linkage disequilibrium with each other; we observe only
four of the eight possible haplotypes in our African American population and only three

of four possible haplotypes in our European American population (Figure 4-1).

Table 4-2. Genotype frequencies

SNP Major/minor | Homozygote — Heterozygote Homozygote —
alleles major allele minor allele
-1000CG C/G 333 (85%) 59 (15%) 1 (0%)
-1075GAT G/A 370 (94%) 23 (6%) 0 (0%)
-1081AG A/G 223 (57%) 145 (37%) 25 (6%)
Comparison among African American and European American POAG subjects; reported count
(percentage).

T -1075GA is not polymorphic in European Americans; all have the G/G genotype

GGC (nan=53, npa=58) G
AGC (nax=239, npa=352)
GAC (naa=23, nga=0) G A
GGG (nan=19, npa=42) G G

Figure 4-1. Predicted haplotypes of MYOC promoter SNPs. Squares represent -1081AG,
-1075GA, and -1000CG alleles, respectively. White squares are the common alleles; black
squares are the rare alleles. Abbreviations: naa , number of African Americans with the
haplotype; nga, number of European Americans with the haplotype.
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Almost all disease causing mutations in MYOC occur in the third exon. When we
sequenced exon 3 in our samples, we identified 25 subjects with non-synonymous
mutations (Table 4-3). One of these subjects has two non-synonymous mutations; one of
the mutations (Lys398Arg) does not appear to be associated with POAG, however the
other mutation (Arg272Gly) is likely causative. In another subject, we identified a novel
SNP, Phe430Ser, that was not previously reported in dbSNP nor at myocilin.com®',
When we compare subjects with reoccurring mutations (Glu352Lys, GIn368stop, and
Lys398Arg) and subjects with a rare mutation to subjects without any mutations in exon
3, we were not able to detect any genotype-phenotype correlations. However the
mutation frequencies vary by race. Seven of the eight individuals with Glu352Lys are
African Americans (87.5%). This racial composition is significantly different than
subjects without an exon 3 mutation; only 36% of them are African Americans
(p=-0034). GIn368stop and Lys398Arg occur in only one African American each, and
this is not different from subjects without an exon 3 mutation (p=.74, .51, respectively).

All four subjects with a rare mutation are European American, this is also not different

from subjects without an exon 3 mutation (p=.14; Table 4-4).
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Table 4-3. Exon 3 non-synonomous mutations

. Age at dx Median MD atdx IOP at dx VA at Family
Mutation(s)  DCV Dx (in years) ¢ MD (indB) (indB) (in mmHg) dx history
?;%;éilryg/ Yes | POAG  40.6 EA -0.75 25 37 77 Yes
Thr293Lys Unk | POAG 56.6 EA -4.21 -3.5 22 91 Unkn
Glu352Lys Unk | POAG 64.8 AA -5.29 -4.5 25 76 No
Glu352Lys Unk | POAG 59.0 AA -8.46 -5.8 20 86 Yes
Glu352Lys Unk | POAG 56.5 AA -10.09 -5.3 23 85 Yes
Glu352Lys Unk | POAG 69.7 AA -4.90 -4.6 28 85 No
Glu352Lys Unk | POAG 52.0 AA -1.84 -2.7 30 89 Unkn
Glu352Lys Unk | POAG 55.4 Other -1.87 -5.5 30 94 Unkn
Glu352Lys Unk | POAG 55.7 AA -3.37 -2.0 29 89 Yes
Glu352Lys Unk | POAG 58.5 AA -0.66 -0.7 22 95 No
Gly367Arg  Yes POAG 39.7 EA -18.25 -15.2 47 82 Yes
GIn368stop  Yes POAG 42.1 EA -0.69 -2.4 27 97 No
GIn368stop  Yes POAG 66.4 EA -543 -4.9 44 81 Unkn
GIn368stop  Yes POAG 71.2 EA -9.35 -9.7 25 86 Yes
GIn368stop  Yes POAG 43.9 EA -11.79 9.3 31 81 Yes
GIn368stop  Yes POAG 49.9 AA -6.11 -5.3 23 82 Yes
Lys398Arg  No POAG 58.1 EA -1.95 -4.5 25 87 Yes
Lys398Arg  No POAG 63.9 EA -2.44 -5.8 30 80 No
Lys398Arg  No POAG 42.8 EA 0.46 -1.0 32 83 Yes
Lys398Arg  No POAG 71.8 AA -5.40 -6.6 21 83 Yes
Lys398Arg  No POAG 67.4 EA -2.18 -4.2 26 85 No
Lys398Arg  No POAG 56.0 EA -3.97 -4.4 22 85 Yes
Lys398Arg  No Pigm 453 EA -18.51 -17.2 25 76 No
Phe430Ser* Unk | POAG 67.5 Other -3.67 0.0 29 80 Yes
Ala445Val Unk | POAG 65.3 EA -8.85 -2.4 28 81 No

Abbreviations: DCV, disease causing variant; dx, glaucoma diagnosis; MD, mean deviation; IOP, intraocular pressure; VA, Early Treatment
Diabetic Research Study visual acuity score; Unk, unknown; Pigm, pigmentary glaucoma; EA, European American; AA, African American
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Table 4-4. Baseline characteristics of exon 3 variants

. Age at dx Median MD MD atdx  IOP atdx Family
Mutation DCV (in years) EA race (in dB) (indB)  (in mmHg) VAatdx history
Glu352Lys Unk 58.5 0* -4.9 -4.5 25 86 3
(n=7) (6.0) (0%) (3.4) (1.9) (3.8) (5.8) (43%)
GIn368stop Yes 49.9 4 -6.1 -5.3 27 82 3
(n=5) (13.3) (80%) (4.2) (3.1) (8.4) (6.8) (60%)
Lys398Arg No 61.0 5 -2.3 -4.5 26 84 4
(n=6) (10.2) (83%) (2.0) (1.9) (4.3) (2.4) (67%)
Rare variant Unk 48.6 4 -6.5 -3.0 33 82 2
(n=4) (12.5) (100%) (7.6) (6.2) (10.9) (5.9) (50%)
I;Ia‘;lz’l‘l‘t’sn 3 e | 596 213 3.8 4.3 27 86 132
(n=371) (10.6) (57%) (5.1 4.4) (5.3) (5.7) (36%)

Comparison among POAG subjects with and without exon 3 variants. For dichotomous variables counts (percentages) of subjects with
European American and positive family history are reported. For continuous subjects, medians (standard deviations) are reported.
Abbreviations: DCV, disease causing variant; dx, glaucoma diagnosis; MD, mean deviation; IOP, intraocular pressure; VA, Early
Treatment Diabetic Retinopathy Study visual acuity score; Unk, unknown; EA, European American; n/a, not applicable

*Significantly different from subjects with no exon 3 mutation (p=.0028)
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We also found that the three common mutations (Glu352Lys, Gln368stop,
Lys398Arg) are all in linkage equilibrium with -1000CG, -1075GA, and -1081AG, as
well as each other (Table 4-5). Based on a review of the literature, the frequency of the
Lys398 Arg mutation does not appear to be different in glaucoma cases compared to
controls, so we do not consider it to be a disease-causing variant. Subjects with this
mutation were included in our analyses, however we excluded the 18 subjects with other
non-synonymous mutations from further analyses because the mutations are either

associated with glaucoma or there is insufficient data to determine the relationship.

Table 4-5. Linkage disequilibrium between MYOC promoter and common exon 3 SNPs

-1081AG  -1075GA  -1000CG E352K Q368stop K398R
-1081AG - .083 250 .000 .000 .000
-1075GA 1.000 - .002 .000 .000 .000
-1000CG 1.000 1.000 - .000 .000 .000
E352K .000 .000 .000 - .000 .000
Q368stop .000 .000 .000 .000 - .000
K398R .000 .000 .000 .000 .000 -

R’ values are above the diagonal, D’ values are below the diagonal. SNPs are ordered along
chromosome. All genotyped subjects are included in the calculations.

Association analyses. We tested for an association between baseline characteristics
related to glaucoma and the three promoter SNPs using separate multiple logistic
regressions. We found that -1000CG is associated with baseline visual acuity;
individuals carrying at least one copy of the G allele have higher visual acuity than those
who have the C/C genotype (OR=1.11, p=.0008). We also found that subjects carrying
the G allele have a lower odds of cardiovascular disease than those with the C/C

genotype (OR=0.31; p=.024; Table 4-6). Adjusting for multiple tests using the
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Bonferroni correction, our significance threshold is .0045. Therefore only the association
with visual acuity meets this level of significance, however the Bonferroni correction
assumes that all tests are independent and therefore may be overly conservative.

When analyzing -1075GA, we restricted our sample to only African Americans
because the SNP is not polymorphic European Americans. We did not find any
association between -1075GA and the glaucoma related variables (Table 4-6).

For -1081AG, we found associations with sex (p=.019), self-reported family
history (.0015), and hypertension (p=.0062). Subjects with at least one G have lower
odds of being female (OR=0.82), higher odds of reporting family history (OR=2.13), and
higher odds of hypertension (OR=1.87) than subjects with an A/A genotype. When we
compare to a Bonferroni corrected significance threshold, the association with reported
family history remains significant (Table 4-6).

We were also interested in a possible association with the 3-SNP haplotype. Of the
four haplotypes we observed, three of them are perfectly tagged by one of the individual
SNPs. The only untested haplotype is the GGC haplotype. When we test this haplotype,
we identify an association with reported family history (p=.0002); subjects with at least
one copy of the GGC haplotype have a higher odds of reported family history (OR=2.67).
After Bonferroni correction, reported family history of glaucoma is still significantly
associated with the GCC haplotype (Table 4-6).

We also conducted bivariate analyses for each MYOC promoter SNP and the GGC
haplotype, to test associations without controlling for other variables. The bivariate

analyses provided very similar results to the ones described above (results not shown).
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Table 4-6. Phenotype by -1000CG genotype

-1000CG PV -1075GA PV -1081AG PV CCG hap PV
Age at diagnosis 1.03 076 1.04 113 1.03 054 1.01 521
(in years) (1.00, 1.06) (0.99, 1.10) (1.00, 1.05) (0.98, 1.03)
Sex (female) 0.52 051 0.77 606 0.82 019 1.13 631
(0.27, 1.00) (0.29, 2.06) (0.53, 1.28) (0.69, 1.84)
Race (AA) 0.52 058 - - 1.13 383 1.04 874
(0.26, 1.02) (0.71, 1.79) (0.62, 1.75)
MD at diagnosis 0.94 087 0.95 343 0.98 613 1.02 590
(in dB) (0.88, 1.01) (0.86, 1.06) (0.93, 1.04) (0.96, 1.08)
IOP at diagnosis 1.00 906 0.99 750 1.00 540 0.99 585
(in mmHg) (0.94, 1.06) (0.90, 1.08) (0.96, 1.04) (0.94, 1.03)
VA (ETDRS) at 1.11 <.001 1.10 082 1.03 908 0.96 055
diagnosis (1.05, 1.18) (0.99, 1.22) (0.99, 1.07) (0.92, 1.00)
Corneal thickness 0.99 108 0.99 377 1.00 180 1.00 584
(in pm)t (0.99, 1.00) (0.97, 1.01) (0.99, 1.00) (0.99, 1.01)
Family history 0.80 524 2.35 104 2.13 .002 2.67 <.001
(yes) I (0.41, 1.57) (0.84, 6.58) (1.34, 3.40) (1.60, 4.43)
Diabetes (yes) 2.66 013 1.34 597 1.59 118 0.95 866
(1.23,5.75) (0.45, 4.00) (0.90, 2.86) (0.50, 1.79)
Hypertension 1.09 785 2.30 103 1.87 .006 1.59 .069
(yes) (0.58, 2.06) (0.84, 6.29) (1.20, 2.93) (0.96, 2.61)
Other CV disease 0.31 024 0.78 704 0.60 .095 0.95 885
(yes) (0.11, 0.86) (0.22,2.81) (0.32, 1.09) (0.49, 1.84)

Logistic regression results of African American and European American POAG subjects without exon 3 potentially disease causing variants.
The number of individuals for -1000CG, C/C=320 and C/G+G/G=57; for -1075GA, G/G=137 and G/A=22; for -1081AG, AA=212 and

A/G+G/G=165; for CCG haplotype, 0 copies=279 and at least 1 copy=98

Abbreviations: AA, African American; MD, mean deviation; IOP, intraocular pressure; VA (ETDRS), Early Treatment Diabetic Retinopathy

Study visual acuity score; CV, cardiovascular

tFor -1000CG, C/C=175 and C/G+G/G=39; for -1075GA, G/G=74 and G/A=14; for -1081AG, AA=111 and A/G+G/G=103; for CCG

haplotype, 0 copies=156 and at least 1 copy=58

tFor -1000CG, C/C=294 and C/G+G/G=50; for -1075GA, G/G=124 and G/A=19; for -1081AG, AA=198 and A/G+G/G=146; for CCG

haplotype, 0 copies=255 and at least 1 copy=89
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Additionally, we tested for an association between the MYOC promoter variants
and average visual field over time, as measured by MD. When we included -1000CG in

a previously published regression model**®

, -1000CG was not a significant predictor of
MD (p=.979), nor were -1081AG (p=.988), -1075GA (p=.294), or the GGC haplotype
(p=.880; Table 4-7). These results were consistent within each racial group (results not
shown). Since it has been suggested based on anecdotal evidence that individuals with
MYOC glaucoma-causing mutations may respond better to surgery than medicine, we

stratified our analysis by treatment. We identified no differences in average visual field

loss (results not shown).

Table 4-7. Average mean deviation across the study period

lslg)fl)o{cype Genotype N Average IOP (SE) P-Value

-1000CG C/C 320 -6.55 (.21) 979
C/Gor G/G 57 -6.56 (.33)

-1075GAT G/G 137 -8.28 (.38) 294
G/A 22 -7.56 (.68)

-1081AG A/A 212 -6.56 (.23) 958
A/G or G/G 165 -6.55 (.24)

GGC 0 copies of GGC 279 -6.55 (.21) .880
>1 copy of GGC 98 -6.59 (.28)

Comparison of average mean deviation for years 2-9 of CIGTS, controlling for mean deviation at
glaucoma diagnosis (baseline), for complete model see Musch et al**’. Comparison among
African American POAG subjects without exon 3 potentially disease causing variants for -
1000CG, -1075GA, and GGC.

tComparison among African Americans only for -1075GA since all European Americans have
G/G genotype.

We also did not find an association between average IOP throughout the study”*’

and -1000CG (p=.517), -1075GA (p=.666), -1081AG (p=.953), or the GGC haplotype
(p=.965; Table 4-8). We also did not find any differences when we stratified by

treatment (results not shown).
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Table 4-8. Average IOP across the study period

lslgafl)o/type Genotype N Average IOP (SE) P-Value

-1000CG C/C 320 16.1 (.17) 517
C/Gor G/G 57 15.8 (.32)

-1075GAT G/G 137 16.9 (.62) .666
G/A 22 16.7 (.39)

-1081AG A/A 212 16.0 (.20) 953
A/G or G/G 165 16.0 (.22)

GGC 0 copies of GGC 279 16.0 (.18) 965
>1 copy of GGC 98 16.0 (27)

Comparison of average IOP for years 2-9 of CIGTS, controlling for IOP at glaucoma diagnosis
(baseline), for complete model see Musch et al**’. Comparison among African American POAG
subjects without exon 3 potentially disease causing variants for -1000CG, -1075GA, and GGC.
tComparison among African Americans only for -1075GA since all European Americans have
G/G genotype.

DISCUSSION

Previous reports have suggested that subjects who carry a G allele at the MYOC
promoter SNP, -1000CG, may have more severe glaucoma®®**. Other studies have
looked at glaucoma severity at a given point in time and found no association with -
1000CG** 728 Here, we examined the relationship between glaucoma severity and
three MYOC promoter SNPs (-1000CG, -1075GA, and -1081AG) separately and jointly
in newly diagnosed African American and European American POAG subjects from
CIGTS. We used IOP and visual field MD as our measures of glaucoma severity. We
found no association between any of the MYOC promoter variants with characteristics
associated with POAG at diagnosis nor did we find an association with visual field or
IOP across the study period. Calculations indicate adequate power for detecting

association with visual field (power=0.90) and IOP (power=0.71).
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We also screened all of the CIGTS subjects who donated blood samples,
regardless of glaucoma diagnosis or race, for variants in exon 3 of MYOC. We did not
find any phenotype-genotype correlations. We note that, not surprisingly, the allele
frequencies of the SNPs varied substantially by race. We also identified a subject with a
novel variant, Phe430Ser.

An interesting result is the association between -1081AG and hypertension.
There is evidence for a positive correlation between IOP and systolic blood pressure, in
both individuals with POAG and in unaffected individuals. Several of the studies report
a positive, but weaker, correlation between IOP and diastolic blood pressure as well.
However, the association between POAG and blood pressure is more conflicting®*®. It
may be that blood pressure increases IOP, but without other risk factors, the individual
does not develop POAG. In this population of subjects already diagnosed with POAG,
IOP did not differ by hypertension status (p=.57) nor did it vary with the -1081AG
genotype. A second noteworthy association identified in this study is between the GGC
haplotype and a self-reported family history of glaucoma.

There were some limitations to our study. Since our subjects were being treated,
we do not know the natural history of the disease. It is not possible to assess what the
progression of glaucoma would have been if these subjects had not been treated. Also,
although these subjects were all newly diagnosed, we were unable to determine their true
age at onset. Therefore, some subjects entered the study at a more advanced stage than
others. In addition, we were not able to include all CIGTS subjects in the genetics

ancillary study. However, the genotyped subjects were similar to those we did not
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genotype. Lastly, as with most prospective studies, we did not have complete data on all
subjects, since some subjects were lost to follow-up.

Our study has several strengths. Because the CIGTS subjects were followed
prospectively, we have data from baseline diagnosis and over time from regular clinic
visits. Also the subjects’ clinical examinations occurred approximately every six
months; therefore the data are fairly complete across subjects and give an informative
picture about glaucoma progression. Although there were multiple centers, the treatment
and data collection were standardized so that we are confident in evaluating the subjects
as one group. Another strength of the study is that we included both European
Americans and African Americans in our study. To our knowledge this was the first
study to look at -1000CG in African Americans; this is noteworthy since African
Americans often have more severe glaucoma outcomes and are sometimes under-
represented in studies of glaucoma genetics.

Consistent with other studies that looked at the association with -1000CG and
glaucoma severity at one point in time, we did not find an association between the genetic
variants and glaucoma-related variables at diagnosis. Our results differ from the two
longitudinal studies in that we did not find an association with glaucoma severity over
time either. As mentioned above, there are limitations that may have prevented us from
identifying an association; however based on our results there does not appear to be an
association between any of the variants we tested and glaucoma severity in our

population.
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Chapter 5

Conclusions

SUMMARY OF FINDINGS

Elucidating the etiologies of complex disorders is the latest challenge for
researchers in the field of genetics. Often when studying complex disease genetics,
investigators will employ either linkage or association analyses to determine which genes
or loci are involved in the disease. In traditional linkage analysis, co-segregation of the
disease and a variant is tested within a family with multiple affected individuals.
Typically, association analysis tests for variants to be more common in subjects with the
disease of interest, compared to subjects without the disease. In this dissertation, we used
both linkage and association, but applied modifications specific to each study.

In chapter 2, we performed a genome-wide linkage analysis. However, instead of
performing nonparametric linkage analysis or parametric analysis using pre-specified
disease parameters, we used a maximum LOD (MOD) score technique. We used this
method because, in studying schizophrenia, we do not have reliable estimates for disease
penetrances at each genotype nor for disease allele frequency; the MOD score approach
estimates these parameters from the data. Using this technique, we were able to identify
a region on chromosome 13q that was linked to schizophrenia in our sample of

Afrikaners. This linkage result provided further support for this region, given that other
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linkage studies had also shown evidence for linkage to that region.

The findings in chapter 3 were also obtained using linkage analysis, however,
here we used ordered subset analysis (OSA). With OSA, we aim to create a more
homogeneous subset of families on whom we perform linkage analysis. The rationale is
that POAG is a heterogeneous disorder; therefore different genes and environmental
factors will be playing different roles in each family. Individuals in whom genes are
more strongly involved often have an earlier age of onset and a more severe phenotype.
In our sample, we found just that; families linked to the GLCI1I locus were identified by
their earlier age at diagnosis. Interestingly, the families’ average ages at diagnosis were
inversely correlated with the families’ average IOP. One interpretation is that families
with earlier age at diagnosis have more severe glaucoma, which would be consistent with
an underlying genetic cause of POAG.

In chapter 4, we used association analysis to test the relationship between
promoter variants in the known glaucoma gene myocilin and glaucoma severity. Here,
the research question was not if the SNPs were associated with the presence/absence of
the disease, but rather if the SNPs were associated with any of the categorical or
continuous glaucoma-related traits in POAG subjects. We were not able to identify an
association between any of the SNPs in the promoter region and glaucoma characteristics

at baseline or over time in the CIGTS population.
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ONGOING STUDY
In addition to the three completed reports that make up the body of this thesis, it is worth
detailing an additional ongoing project. The study is designed to test for an association

between POAG and variants in the LMX1B gene; its progress is described here.

Background. An appealing candidate gene for POAG is LMX1B, a LIM-homeodomain
transcription factor. Mutations in this gene are known to cause nail patella syndrome
(NPS), a disorder that is characterized by underdevelopment of fingernails, kneecaps, and
joints™®. NPS is a highly penetrant, autosomal dominant disorder with phenotypic
variation that includes the presence of glaucoma. In four European American families
with NPS and open angle glaucoma (OAG), all 13 subjects with confirmed OAG had
NPS; and the 15 subjects who had NPS, but not OAG, were generally younger. In two of
the four families, NPS was caused by a different premature stop codon, in the third there
was a deletion producing a truncated protein. All three mutations result in LMX1B
haploinsufficiency. In the fourth family, a missense transversion in a conserved residue
that forms a Zn(II)-binding site was identified as the causal mutation for NPS. Since it is
unlikely that all four NPS mutations are co-segregating with a glaucoma mutation in a
neighboring gene, it was hypothesized that the mutations in LMX1B predisposed family
members to OAG** **°. Mouse studies further support this claim; they have shown that
LMXI1B is expressed in ocular tissues, including the ciliary body and the trabecular

meshwork, and that homozygous mutant mice have abnormally developed anterior eye

segments, as well as iris and ciliary body hypoplasia®'.
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In this study, we are testing for an association between POAG and
polymorphisms in LMXIB. Our study population included African Americans,
European Americans, and Ghanaians. Since populations of African ancestry show
differences in prevalence, average age at diagnosis, and response to therapies, separate
evaluation of European and African populations might assist in reducing the

heterogeneity of the disease™ **.

Therefore, we are testing each of these populations
separately and combining them, but controlling for differences in allele frequencies. We

are also using a two-stage strategy that allows us to use data on many SNPs in the first

stage to select a smaller sample of SNPs for use in second stage testing.

Subjects. Through the Kellogg Eye Center at the University of Michigan and the
University of Ghana Medical School, using a protocol approved by the Institutional
Review Boards of the University of Michigan and the University of Ghana, we recruited
subjects diagnosed with POAG and unrelated controls. Blood samples were collected on
all subjects and an eye examination was preformed when possible. The examination
tested for glaucomatous optic neuropathy using a slit-lamp and glaucomatous visual
fields using the Glaucoma Hemifield Test. Open angles were determined using a
gonioscopic lens. A diagnosis of POAG was defined as: evidence of optic nerve damage,
glaucomatous visual field, and open angles. Optic nerve damage includes either two
primary indicators of damage (cup to disc ratio >0.7 and increase in cup to disc ratio of
>(0.2) or one primary indicator and at least one secondary indicator (notching of the
neuroretinal rim, hemorrhaging, or asymmetry >0.2 between the cup to optic disc ratios

of the two eyes). For subjects not examined by the ophthalmologists at the University of
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Michigan or the University of Ghana, diagnoses were confirmed by reviewing their
medical records. Where visual fields were not available, we accepted optic nerve damage
with an IOP >= 19 and evidence that the subject has been treated for glaucoma. We
excluded individuals with pigmentary dispersion syndrome, pseudoexfoliation, or high
myopia.

The study was carried out in two stages. For Stage 1, the complete LMX1B coding
sequence and flanking splice sites were sequenced on 208 subjects. For Stage 2 of the
study, we recruited 137 additional cases and 173 additional controls. However, none of
these additional controls were African American. Therefore, we also included 83 African
American subjects from the Coriell Human Variation Panel into our Stage 2 population.

We do not know the affection status of the Coriell individuals. Assuming that the

glaucoma prevalence in the Coriell subjects is typical of African Americans (6%)> *

power calculations do not indicate that this potential misclassification will decrease our

power substantially (Table 5-1a).

Table 5-1a. Power calculation for 99 African American cases and 105 African American
controls (assuming disease prevalence of 6%)

Risk Allele/Haplotype Freq | .1 2 5 1 2 5 1 2 5

Heterozygote GRR 13 13 1315 15 15|17 17 1.7
Homozygote GRR 1.6 16 16 |20 20 20|24 24 24
Power with confirmed 14 20 24| 27 40 43| 43 60 .60
controls

Power with population 13 18 21|25 36 39| 39 54 55
controls
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Table 5-1b. Power calculation for 75 European American cases and 116 European
American controls (assuming disease prevalence of 2%)

Risk Allele/Haplotype Freq | .1 2 5 1 2 5 1 2 5
Heterozygote GRR 13 13 1315 15 15|17 17 1.7
Homozygote GRR 1.6 16 16 20 20 2024 24 24
Power with confirmed 1217 20 | 24 34 37|38 52 52
controls

Table 5-1c. Power calculation for 101 Ghanaian cases and 105 Ghanaian controls
(assuming disease prevalence of 6%)

Risk Allele/Haplotype Freq | .1 2 5 1 2 5 1 2 5
Heterozygote GRR 13 13 13 15 15 15|17 17 1.7
Homozygote GRR 1.6 16 16 20 20 20|24 24 24
Power with confirmed 14 20 24 | 28 40 44 | 44 60 .61

controls

Stagel genotyping and SNP detection. We used five primer pairs synthesized by the

University of Michigan (Ann Arbor, MI) or Research Genetics (Huntsville, AL) to

amplify the exons and flanking regions in the Stage 1 cases and controls (Table 5-2). We

performed PCR on a Perkin-Elmer 9600 or 9700 thermal cycler using the AmpliTaq Gold

(Applied Biosystems, Foster City, CA) or PFU (Stratagen, La Jolla, CA) enzyme and

purified the DNA using Qiaquick PCR Purification Kit (Qiagen, Hilden, Germany).

Sequencing was conducted at the University of Michigan DNA Sequencing Core by

using standard dideoxynucleotide dye-termination protocol and evaluating fragment sizes

on an ABI 3730 sequencer. Sequence alignments and allele assignments were done using

the SeqMan software (DNASTAR, Madison, WI) and alleles were manually confirmed.
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Table 5-2. Primers used to PCR amplify and sequence the coding regions of LMXI1B

Exon Amplified Direction | Primer
Exon 1 Forward ATATAGCAACAGGTCCCGAG
Exon 1 Reverse CCCATTTCCTTTATCCGTTG
Exon 2 Forward CTGACGGCCGGGCTTTC
Exon 2 Reverse AAGACGCGCAGCTCTCGGAA
Exon 3 Forward TGGGAGGGACTTCTGAGCAC
Exon 3 Reverse GATATGCATGTACCATCTG
Exons 4,5,6 Forward CTTATCCTGGGCCACTGGGGAGCC
Exons 4,5,6 Reverse ATCCCGGGCCCCTTTGTCCCTAGC
Exons 7,8 Forward CCTGGGGAAGGGGCTGGGGAGTC
Exons 7,8 Reverse GGTCAGGCCCAGCTGGCCGAGGG

Stage 2 genotyping. For Stage 2, we chose to follow-up the five common exonic SNPs
because they may be functionally important and the five common intron 3 SNPs because
they were statistically interesting based on the Stage 1 data (results not shown). We used
a medium throughput technique to genotype these ten SNPs in the Stage 2 individuals,
with accuracy of the method monitored by including 34 individuals from Stage 1 in the
Stage 2 genotyping. The medium throughput genotypes all SNPs on one array. First, a
multiplex PCR is performed to amplify locus-specific regions from the genomic DNA.
Next, a normalization PCR amplifies each locus to uniform levels. To degrade the
residual Taq polymerase which can interfere with subsequent steps, the enzyme is
digested by a protease. The digestion is followed by a heating step to inactivate the
protease. In the final multiplex ligation step, two adjacent oligonucleotides probes are
hybridized with the PCR product, flanking the site of the SNP polymorphism. The two
possible alleles of the SNP each have a matched sequence oligonucleotide, differing at
the variant base and in the total oligonucleotide length. Following ligation, each of the

two SNP alleles for each locus generates a ligated product of unique, known size. The
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multiple ligated products are electrophoresed and the allele genotypes are determined by

the size of the product.

SNP checking. To verify the quality of our data, we tested both markers and subjects for
missing genotypes. We also tested our markers for departures from Hardy-Weinberg
equilibrium. Since we used different genotyping methods for Stage 1 and Stage 2, we
compared the genotyping calls for subjects run on both platforms. To determine the
degree of linkage disequilibrium between the identified SNPs, we used the LDMax

component of the GOLD statistical package®”.

The program uses an expectation-
maximization algorithm to estimate haplotype frequencies and reports the degree of

linkage disequilibrium (as pair-wise R* and D’ values) between two SNPs.

Single SNP analysis. To identify population heterogeneity, we conducted Fisher’s exact
tests to compare the allele frequencies of common SNPs across the African American,
European American, and Ghanaian populations; here, common refers to a SNP with a
minor allele frequency greater than 2% in at least one population. We also used Fisher’s
exact tests to compare the allele frequencies in cases and controls, assessing the
association between individual SNPs and POAG. We performed these analyses
separately for each of the three populations. We also analyzed the populations together,

including an indicator for each population to control for differences in allele frequencies.

Haplotype analysis. We will use a Markov Chain algorithm implemented in

MACH?* to estimate haplotypes for each subject. To test for association, we will
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compare the haplotype frequencies in cases and controls using a chi-square test. For the
haplotypes with a frequency less than 5%, we will pool them into a haplotype category

denoted “rare haplotypes”. An a-level of .05 is our significance threshold.

Automated haplotype search. Since there is likely redundancy in the 14 common SNP
haplotypes, we will search for more parsimonious haplotypes using a systematic
backwards selection method. In the first round of the algorithm, each SNP in a 14-SNP
haplotype is removed to create thirteen 14-SNP haplotypes and we calculate a p-value for
each of the 13-SNP haplotypes. The haplotype that is the most significant becomes the
test haplotype for the next round and the SNP that was removed is excluded from further
testing. The algorithm then proceeds to test for significantly associated 12-SNP
haplotypes. The elimination is repeated until the empirical p-values for all haplotypes in

a given round are above the .05 threshold for alpha.

Description of study population. In Stage 1 of the study, a total of 208 individuals were
sequenced, 138 (66%) cases and 70 (34%) unrelated controls. When we include the
subjects from Stage 2, there are 275 (46%) cases and 326 (54%) controls. Of these 601
subjects, 204 (34%) are self-reported African Americans (AA), 206 (34%) are African
Ghanaians (AG), and 191 (32%) are European Americans (EA); the proportion of cases
and controls in each ethnic population is not significantly different (p=0.093). The mean
age (£SD) in our total populations is 60.7 (£17.1); this is different in our cases and
controls (p=0.001). Proportionally more of the females are controls (58%) while more of

the males are cases (51%; p=0.026; Table 5-3).
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Table 5-3. Subjects by affection status and ethnicity

Stage 1 Stage 1 + Stage 2
POAGs Controls P-Value POAGs Controls* P-Value

Ethnicity 0.030 0.093
AA | 61 (73%) 22 (27%) 99 (49%) 105 (51%)
AG | 18 (49%) 19 (51%) 101 (49%) 105 (51%)
EA | 59 (67%) 29 (33%) 75 (39%) 116 (61%)

Gender 0.768 0.026
Female | 77 (65%) 41 (35%) 142 (42%) 198 (58%)
Male | 61 (68%) 29 (32%) 133 (51%) 128 (49%)

Age 64.8 (12.4) 63.9(10.6) 0.646 63.3(13.1) 58.5(19.6) 0.001
Total 138 (66%) 70 (34%) 275 (46%) 326 (54%)

Abbreviations: POAG, primary open-angle glaucoma; AA, African American; AG, African
Ghanaian; EA, European American
*Includes 83 Coriell African American population controls

SNP detection. The LMXI1B gene maps to 9934 and is approximately 82 kb. The
coding sequence is made up of eight exons and is 1119 bases long; most of the gene is
contained within the 80-kb intron 2. In sequencing the eight exons and flanking intronic
regions, we identified 22 SNPs. All of the SNPs were genotyped on at least 95% of the
subjects attempted. We tested the controls in each population for HWE, to identify
possible population stratification. We identified two SNPs in the African American
population and two SNPs in the Ghanaian population that were not in equilibrium at the
significance level of 0.05. However, none of the SNPs attained the Bonferroni corrected
level of significance of 0.0023 (Table 5-4). We also found that only three of 267
genotypes (1.1%) differed when successfully genotyped by sequencing and by the

medium throughput technique.
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Table 5-4. Missing data and Hardy-Weinberg equilibrium (HWE) checks

HWE in controls
Genotyping AA AG EA
SNP Allele rates (m=105)  (n=105)  (n=116)
intron2
int2+7~  G/C 311 (95%) .538 1.00 121
exon3
E124E A/G 596 (99%) 234 1.00 .673
S155S C/A 598 (>99%) 1.00 .071 1.00
intron3
int3+20  G/A 599 (>99%) 1.00 .033 1.00
int3-87  A/G 571 (95%) 1.00 1.00 1.00
int3-61* C/T 208 (100%) - - -
int3-49 C/T 570 (95%) 1.00 .069 1.00
int3-28  A/C 571 (95%) 1.00 257 1.00
int3-19 C/T 590 (98%) 1.00 1.00 1.00
exon4
S219S C/G 571 (95%) .028 1.00 423
intron6
int6+18+* C/T 208 (100%) - - -
int6+38+  G/A 208 (100%) 1.00 - -
int6-26* G/T 208 (100%) 270 .663 1.00
exon7/
T287T G/A 571 (95%) 1.00 018 1.00
intron7
int7+27*  G/A 208 (100%) - - -
int7+28+* C/T 208 (100%) .023 - -
int7-43*  C/A 208 (100%) - - -
exon8
S346S C/T 582 (97%) 554 1.00 1.00
F377F+* C/T 208 (100%) - - -
3'UTR
3UR27+  G/A 208 (100%) 1.00 318 -
3U+51*  A/G 208 (100%) 1.00 .345 -
3U+79«  G/A 208 (100%) 1.00 345 -
Rare SNP* no/yes 208 (100%) - - -

Major (more common) allele is listed first. Data is missing where the controls in that ethnic
population were not polymorphic. Abbreviations: AA, African American; AG, African
Ghanaian; EA, European American

*QGenotyped on stage 1 samples only: AA=83 subjects/22 controls, AG=37 subjects/19 controls,
EA=88 subjects/29 controls

~Genotyped on stage 2 samples for EA and stage 1 samples for AA and AG: AA=83 subjects/22
controls, AG=37 subjects/19 controls, EA=191 subjects/116 controls
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When we calculate the allele frequencies in the three populations separately
(African Americans, European Americans, and Ghanaians) using all available genotype
data, 14 SNPs have a minor allele frequency greater than 2% in at least one group.

Thirteen of the 14 common SNPs are located near the 3’ end of the gene (Figure 5-1).

Figure 5-1. Fourteen common SNPs and their positions in LMX1B; common SNPs are defined
as those with minor allele frequencies > 2% in at least one population. Solid bars are exons and
lines are introns. I indicates an intronic marker, E indicates an exonic marker, U indicates marker
in 3 UTR.

Of these common SNPs, all are polymorphic in both of the African populations,
but three do not vary in the European Americans. Significant allele frequency differences

between the populations were detected in 11 of the 22 SNPs (Table 5-5).
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Table 5-5. Minor allele frequencies and comparisons across populations

SNP Alleles AA AG EA AAVAG AAVEA AGVEA
(n=204) (n=206) (n=191) p-value p-value p-value
intron2
nt2+7» G/C .169 .054 295 .014 <.0001 <.0001
exon3
E124E A/G 455 408 359 .180 <.0001 <.0001
S155S C/A .022 .027 - .822 .0039 0010
intron3
nt3+20 G/A .071 126 - 010 <.0001 <.0001
int3-87 A/G .013 .020 .006 416 458 113
int3-61+* C/T - .014 - 311 - 296
int3-49 C/T .058 .072 .080 470 246 .679
int3-28 A/C .032 .046 .006 363 0090 0005
int3-19 C/T .010 .019 .005 172 .688 112
exon4
S219S C/G 408 421 363 719 229 114
intron6
int6+18* C/T .006 - - 1.00 485 -
int6+38* G/A .012 - - 1.00 235 -
nt6-26* G/T 295 486 .057 0054 <.0001 <.0001
exon7/
T287T G/A .032 .070 - 016 .0004 <.0001
intron7
int7+27* G/A .006 - .023 1.00 372 322
int7+28* C/T .012 - - 1.00 235 -
nt7-43* C/A - - .006 - 1.00 1.00
exon8
S346S C/T 191 .238% .003 123 <.0001 <.0001
F377F* C/T - - .006 - 1.00 1.00
3'UTR
3UR27* G/A 205 365 .006 010 <.0001 <.0001
3U+S51* A/G 235 351 .006 .083 <.0001 <.0001
3U+79%* G/A 235 351 .006 .083 <.0001 <.0001
Rare SNP  no/yes 4.2% .054 017 742 208 200

Major (more common) allele is listed first. Abbreviations: AA, African American; AG, African
Ghanaian; EA, European American
*QGenotyped on Stage 1 samples only: AA=83 subjects, AG=37 subjects, EA=88 subjects
~Genotyped on stage 2 samples for EA and stage 1 samples for AA and AG
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The average R? (+SD) for all SNP pairs is 0.12 (£ 0.20) and the average D’ (=SD)
15 0.70 (£0.36). The three 3’UTR SNPs are all in high linkage disequilibrium with each
other; 3'UTR +51 and 3'UTR +79 are completely redundant (R* = 1.00), and 3°UTR +27
is tightly linked with both of them (R* = 0.82; D’=0.94; Table 5-6). Due to the high level
of genotype completeness, lack of Hardy-Weinberg disequilibrium, and high degree of
agreement between sequencing and medium throughput genotyping technique we are

confident in the quality of the data.
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Table 5-6. Pair-wise linkage disequilibrium of common SNPs

% 3 § % % &8 g2 & £ § g &5 @5 2

d N b o ) ) ) — O 00 = < + + +

E m » E E E E © E & E 8 2 2 =&
int2+7 - 0.05 0.00 0.01 0.00 0.01 0.01 004 008 001 0.00 0.03 0.04 005 0.05
E124E 0.48 - 0.02 003 000 006 0.01 054 028 003 001 0.15 0.17 020 0.20
S155S 0.46  1.00 - 026 002 000 049 0.02 001 005 000 0.12 001 0.01 0.01
int3+20 | 0.74 0.69 1.00 - 0.09 0.00 036 009 0.07 032 0.00 0.02 007 007 0.07
int3-87 1.00 0.10 0.14 0.53 - 0.00 042 003 0.06 0.00 0.00 0.01 000 0.00 0.00
int3-49 1.00 1.00 1.00 1.00 0.04 - 0.00 0.09 0.19 0.00 0.00 0.00 0.00 0.00 0.00
int3-28 1.00 040 1.00 0.82 0.85 045 - 0.05 0.04 002 000 0.06 0.01 0.00 0.00
S219S 049 087 1.00 1.00 1.00 1.00 1.00 - 0.19 0.04 001 004 0.10 0.10 0.10
int6-26* | 1.00 090 039 060 1.00 1.00 0.61 0.63 - 0.09 0.00 031 054 0.61 0.61
T287T 1.00 1.00 030 0.81 1.00 0.04 0.14 1.00 1.00 - 0.00 0.00 0.16 0.14 0.14
int7+27* | 0.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 0.00  0.00 0.00 0.00
S346S 1.00 1.00 1.00 020 026 0.00 049 043 085 0.06 1.00 - 0.58 051 0.51
3U+27* | 1.00 092 029 048 0.19 0.11 017 059 09 1.00 1.00 0.90 - 0.82 0.82
3U+51* | 1.00 096 027 047 024 000 0.02 056 098 1.00 1.00 0.87 094 - 1.00
3U+79* | 1.00 096 027 047 024 000 0.02 056 098 1.00 1.00 0.87 094 1.00 -

R’ values are above the diagonal, D’ values are below the diagonal
*Genotyped on Stage 1 samples only: 83 African American subjects, 37 Ghanaian subjects, 88 European American subjects

88




Association analysis. We tested for associations between POAG and the frequencies of
the 14 common SNP alleles and an indicator variable representing presence/absence of a
rare polymorphism. No SNPs were significant at the a-level of 0.05 in either the African
American, African Ghanaian, or European American populations (Table 5-7). We also
tested for an association with POAG in the overall population and in the African
population (African Americans and Ghanaians), controlling for race. We did not find any

significant associations (Table 5-8).
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Table 5-7. Association between POAG and common LMX1B SNPs in individual populations

AA AG EA
POAG Cntl POAG Cntl POAG Cntl
SNP m=198) (@m=210) PV | 1=2202) (@=210) PV | (n=150) (n=232) PVAlUe
intron2
int2+7~ | 20 (16%) 8 (18%)  .816 3(8%) 1(3%) 351 | 39Q27%) 74(37%)  .063
exon3
EI124E | 93 (47%) 91 (44%) 485 | 90 (43%) 78 (39%)  .423 | 47(31%) 88(39%)  .154
SI55S | 4(2%)  5(Q2%) 1.00 6(3%)  5(2%) 1.00 _ - ;
intron3
int3420 | 19(10%) 10(5%)  .081 | 30(14%) 22(11%)  .373 _ - ;
int3-87 | 1(1%) 4 (2%) 375 6(3%) 2 (1%) 284 1 (1%) 1 (0%) 1.00
int3-49 | 8(4%)  15(7%) 282 14(7%)  14(7%)  1.00 9(6%)  19(9%) 424
int3-28 | 5(3%) 8 (4%) 580 11(6%) 7 (4%) 470 1 (1%) 1 (0%) 1.00
exon4
S219S | 73 (38%) 90 (43%) 415 | 81 (41%) 84(43%)  .838 | 46(32%) 81(39%)  .176
intron6
int6-26% | 37 (30%) 12(27%)  .847 | 17(47%) 19(50%)  .821 7(6%) 3 (5%) 1.00
exon7/
T287T | 8(4%)  5(2%) 402 17(8%)  11(6%)  .330 _ - ;
intron7
int7+27% | 1 (1%) 0 (0%) 1.00 _ _ _ 4(3%)  0(0%) 304
exond
S346S | 35(18%) 42(20%) 704 | 43(21%) 53 (27%)  .198 0 (0%) 1 (0%) 1.00
3'UTR
3UH27* | 27 (22%)  7(16%) 514 | 13(36%) 13 (34%)  1.00 1(1%)  0(0%) 1.00
3UHS1* | 31 (25%) 8 (18%) 409 | 13(36%) 13(34%)  1.00 1(1%)  0(0%) 1.00
3U+79% | 31 (25%) 8(18%) 409 | 13(36%) 13(34%)  1.00 1(1%)  0(0%) 1.00
Rare SNP* | 3(2%) 4 (9%) 081 13%) 3 (8%) 615 3(3%)  0(0%) 552

Gives minor allele counts (and percentages) for cases and controls. Significantly associated SNPs are in bold. Abbreviations: AA, African American;

AG, African Ghanaian; EA, European American; POAG, primary open angle glaucoma; Cntl, control
*Genotyped on stage 1 subjects only: AA=83 subjects, AG=37 subjects, EA=88 subjects
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Table 5-8. Association between POAG and common LMX1B SNPs in combined
populations

AA+AG All
SNP OR CI p-val OR CI p-val

intron2
int2+7%* 0.92 (0.39, 2.14) .839 1.28 (0.76, 2.15) 358
exon3
E124E | 0.99 (0.86, 1.14) 928 0.96 (0.85, 1.08) 459
S155S 0.86 (0.35,2.10) 738 - - -
intron3
int3+20 1.04 (0.83, 1.31) 724 - -
int3-87 1.81 (0.94, 3.46) .074 0.62 (0.35,1.11)  0.107
int3-49 1.14 (0.85,1.51) 386 0.86 (0.68,1.08) 0.197
int3-28 1.55 (0.74, 3.24) .243 0.68 (0.33,1.38) 0.283
exon4
S219S 0.94 (0.71, 1.25) .673 1.15 (0.90, 1.45) 264
intron6
Int6-26* 1.04 (0.58, 1.87) .888 1.06 (0.62, 1.81) .834
exon7/
T287T | 0.95 (0.69, 1.30) 757 - - -
intron7
int7+27+ - - - - - -
exon8
S346S 0.94 (0.80, 1.12) 495 1.05 (0.89, 1.25) 541
3'UTR
3U+27* 0.90 (0.66, 1.25) 544 0.89 (0.65, 1.23) 481
3U+51* 1.15 (0.84, 1.57) .396 1.16 (0.85,1.59) 347
3U+79+ 0.87 (0.64, 1.20) .396 0.86 (0.63,1.18) 347

Rare SNP* | 027  (0.07,1.00) .050 | 0.51 (0.17,1.52) .224

Gives minor allele counts (and percentages) for cases and controls. Abbreviations: OR, odds
ratio; CI, confidence intervals; pval, p-value

*QGenotyped on stage 1 subjects only: AA=83 subjects, AG=37 subjects, EA=88 subjects
tLogistic regression results are invalid for int7+27 because of perfect separation of phenotype by

genotype

Next steps. We are currently recruiting more subjects to include in our study. As shown
in the power calculations, our population specific analyses are underpowered to detect an
association (Table 5-1a-c). Therefore, our goal is to increase the number of cases and
expand the number of controls so that each of the three racial/ethnic groups will have a

1:1 ratio of cases to controls. We will also genotype all the common SNPs on the Stage 2
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samples. Additionally, we will be expanding the region in and around LMXI1B to include
SNPs in the intronic regions, 5’ region, and 3’ region. Lastly, we will evaluate

association of POAG with haplotypes, as well as individual SNPs.

FUTURE DIRECTIONS

There are follow-up studies that could be conducted for each of the projects of this
dissertation. One of the most exciting types of genetics studies being conducted is the
genome-wide association study. To follow-up the schizophrenia linkage scan, we are
conducting a genome-wide association study to test for association between SNPs and copy
number variants (CNVs) across the genome. CNVs are particularly relevant to schizophrenia
because microdeletions on chromosome 22 have been found to increase susceptibility to
schizophrenia®” and rare CNVs are more common in subjects with schizophrenia'**"'°,

For the GLCII region, the next step would be to identify the gene producing the
linkage signal. To do this, candidate genes would be selected from microarray experiments
comparing expression profiles of trabecular meshwork cells from young, healthy (low-risk)
eyes to trabecular meshwork cells from eyes with risk factors for glaucoma (high-risk);
trabecular meshwork cells are part of the anterior chamber angle and are components of the
aqueous humor outflow mechanism®’. The high-risk eyes would either be treated with
dexamethasone, a corticoisteroid that can induce glaucoma®*, or from elderly subjects. Cells
from the trabecular meshwork would be extracted from the eyes and hybridized to an
Affymetrix UI33A microarray GeneChip containing 22,215 probes across the genome. Four
possible criteria for identification of potentially interesting probes are:

1. Test each probe for a difference in expression levels between low-risk and high-risk

cells.
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2. Prioritize probes that have a higher signal level. If an alteration were to occur in a
highly expressed protein, the effect may be more deleterious than if the protein is
present at low levels.

3. Evaluate tissue specificity of expression for the genes represented by the probes.

4. Among probes that meet condition (1), (2), or (3), evaluate their gene product
function to determine if the protein participates in biochemical pathways related to
glaucoma pathology.

Because few probes would be expected to meet all of the conditions, evaluation
should consider combinations of criteria and probes to determine which genes are of the
greatest interest. In a previous study of the GLCIC region, none of the genes in the
interval showed expression specific to the trabecular meshwork. However, one gene
showed a statistically significant change in expression in response to both dexamethasone
and aging, as well as a high overall level of expression and potentially relevant gene
function”.

The results from the study looking at myocilin promoter SNPs are somewhat more
ambiguous. There is evidence that there is no association between variations in the promoter
and glaucoma progression. However, one future project would be to further explore the
promoter region in the CIGTS subjects. The phased HapMap chromosomes, indicate that
-1000CG falls between two blocks of linkage disequilibrium. Therefore, we would choose a
region including both blocks that extends from about 169,865 kb to 169,920 kb
(http://genome.ucsc.edu). There are 397 SNPs in this region; these SNPs and haplotypes
composed of these SNPs would be tested for association with visual field and IOP throughout
CIGTS. Another approach would be to perform functional analyses comparing the -1000C

allele to the -1000G allele.
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This dissertation has illustrated how gene mapping techniques can be used to identify
regions harboring susceptibility genes or to provide evidence against previously suggested
regions. These are, however, only a few examples of the types of studies that are being
conducted. There remain many questions regarding the genetics of complex disease to be

answered and a multitude of ways to answer them.
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