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Abstract

Genome-wide association studies (GWAS) use
high-throughput genotyping technologies to
genotype thousands of single-nucleotide
polymorphisms (SNPs) and relate them to the
development of clinical and quantitative traits.
Their use has been highly successful in the
field of ophthalmology, and since the advent
of GWAS in 2005, many genes not previously
suspected of having a role in disease have
been identified and the findings replicated. We
conducted an extensive literature review and
describe the concept, design, advantages, and
limitations of GWAS and provide a detailed
description of the applications and discoveries
of GWAS in the field of eye disease to date.
There have been many novel findings reveal-
ing previously unknown biological insights in
a diverse range of common ocular conditions.
GWAS have been a highly successful modality
for investigating the pathogenesis of a wide
variety of ophthalmic conditions. The insights
gained into the pathogenesis of disease
provide not only a better understanding of
underlying disease mechanism but also

offer a rationale for targeted treatment and
preventative strategies. Expansive interna-
tional collaboration and standardised
phenotyping will permit the continued
success of this investigative technique.

Eye (2014) 28, 1066-1079; d0i:10.1038/ eye.2014.145;
published online 27 June 2014

Introduction

Many common diseases are complex or multi-
factorial, meaning that they do not exhibit
classic Mendelian inheritance attributable to a
single gene locus but rather are determined by
an intricate interplay of genetic and
environmental factors. Unravelling these
complexities to identify new biological insights

A Chandra'?, D Mitry'3, A Wright*, H Campbell?
and DG Charteris’

and therapeutic possibilities presents an
important challenge to clinicians, scientists,
and geneticists. For several decades,
investigative techniques such as linkage analysis
and candidate gene studies have been highly
successful in elucidating genetic defects
responsible for thousands of Mendelian diseases.
These methods, however, have provided limited
insight into the pathogenesis of complex disease.
Since the completion of the human genome
sequence in the early part of this century and the
cataloguing of millions of common single-
nucleotide polymorphisms (SNPs), genome-
wide association studies (GWAS) have led to
unprecedented advances in revealing the genetic
contributions underlying common complex
disease. Here we focus on the new genetic
insights into biological pathways that have been
revealed from these studies in a diverse group of
ocular conditions and characteristics.

GWAS

The fundamental principle of GWAS is that
common diseases must be in part caused by
common genetic variant. The most common
such variant in the human genome is a SNP;

a single base pair change between people
occurring approximately every 1000 bases.!

A GWAS depends on the identification of
genetic variants in the form of SNPs. This has
been made possible by the International
HapMap project and the development of rapid
massive parallel genotyping. The International
HapMap Project is a large international
collaboration that began in 2002 and sought to
determine the common patterns of DNA
sequence variation in the human genome. It has
done this by characterising sequence variants,
their frequencies, and the correlations between
them in DNA samples from populations with
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ancestry from parts of Africa, Asia, and Europe. Similar
to the human genome project in scope, it was a huge and
successful collaboration that made all data freely
available in the public domain. This catalogue of genetic
variation has provided the necessary ‘blueprint’ of
human genetic variation making GWAS possible. GWAS
seek to identify if the differences in common genetic
variants between individuals can contribute to certain
phenotypes. Since the year 2000, rapid advances have
been made in genotyping technology permitting
interrogation of the genome with a resolution that has
not previously been possible, and several commercial
companies now provide high-density SNP genotyping
from 200000 SNPs up to 1.2 million SNPs.

In GWAS, a large set of SNPs (>100000) is genotyped
across the human genome to determine the most
common genetic variations that have a role in disease or
to identify heritable quantitative traits. GWAS commonly
use a case—control study design with a large number of
unrelated participants, comparing the frequency of SNPs
in a defined group of individuals with the phenotype in
question and a similarly matched group without. If
certain genetic variations are found to be significantly
more frequent in people with the disease, these variants
may either be causative or more commonly may be
associated (in ‘linkage disequilibrium’) with the
causative mutation.? By careful population selection and
stringently phenotyping cases and controls, this
approach has been highly successful in identifying new
genetic variants and biological pathways that predispose
to medical disease.

GWAS issues and study design

The typical GWAS has four parts: (a) selection of a large
number of individuals with the disease or trait of interest
and, in a binary condition, a suitable comparison group;
(b) DNA isolation, genotyping, and quality control;

(c) statistical tests for associations between the SNPs that
pass quality-control thresholds and the disease/trait; and
(d) replication of identified associations in independent
population samples or experimental examination of
functional implications. By far, the most common design
in published GWAS comprises a case-control study with a
binary outcome. Other study designs include individuals
with measured continuous phenotypic variables (eg,
refractive error) analysed as a quantitative trait and
family-based designs, such as trios (proband and parents)
or other pedigrees of related individuals. It is ideal to
recruit case subjects and control subjects systematically
from the same population of single ancestry as case—
control differences in ancestry (population stratification)
can confound association test results. Experience has
shown that large sample sizes (>2000) are needed to
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detect common genotypic variants likely to have a low
relative risk (1.2-2) and to offset the large number of
independent SNP association testing.> Contemporary
genotyping platforms have specific advantages and
limitations; however, most provide a high level of
genomic coverage estimated to capture between 67 and
90% of common SNP variation in Caucasian ethnicity.*
After genotyping, extensive data cleaning (quality control)
is required to detect problems that can result in false-
negative or false-positive findings, such as genotyping
errors, duplicate samples, unexpected relatedness among
subjects, and strong deviations from expected genetic
(Hardy-Weinberg) equilibrium. Associations between the
two alleles of each SNP are tested by comparing the
frequency of each allele in cases and controls using a chi-
squared test or Fisher’s exact test. However, because of the
large number of multiple tests used, a correction factor is
implemented to try and statistically distinguish true from
false associations.® Given the major challenge of
separating the many false positives from the few true-
positive associations, putative genetic variants that are
identified and reach genome-wide significance need to be
replicated in additional case—control cohorts, preferably of
larger size, as the best method to verify a true association.
Finding a true causal variant, however, only represents the
beginning; genetic association does not imply causality
but offers a genetic hypothesis of an underlying biological
pathway that warrants further exploration.

GWAS
Age-related macular degeneration (AMD)

A genetic predisposition to AMD has been suggested for
almost 30 years with familial aggregation studies, twin
and linkage studies providing most of the evidence.

Initial investigative techniques focussed on assessing
candidate genes which primarily comprised those
associated with macular dystrophies and similar
phenotypes to AMD. Over 45 such loci were
investigated, with most failing to yield replicated
associations. Linkage studies proved challenging because
of the difficulty in recruiting large affected families and
the late age of onset of the disease. Genome-wide linkage
studies have suggested numerous loci, but only two (on
chromosome 10q26 and 1q32) have been replicated
convincingly. The former of these contains over 70 genes,
including peroxiredoxin 3 (PRDX3) gene, which encodes
a protein with antioxidant function. Interestingly,
chromosome 1q contains the well-characterised gene
complement factor H (CFH).

The first GWAS success story was the discovery of the
association CFH with AMD that was independently
described in three cohorts.>” A coding variant YA02H in
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exon 9 of CFH was significantly associated with AMD.
This finding was replicated throughout the world in
many ethnic groups. This mutation affects the binding
properties of CFH, thus resulting in inappropriate
complement activation.?

The discovery led to investigations of other
complement factors in AMD, and the discovery of the
association with complement factor B and complement
component C2,° further replicated across the world'%!!
adding to the understanding of this condition.

Previous linkage studies had long established 10q26 as
a candidate locus for AMD.'? Age-related maculopathy 2
gene (ARMS2—previously known as LOC387715) was
subsequently suggested as the candidate locus,'® in
particular SNP rs10490924. However, the pathogenesis of
this gene was not clarified. A GWAS undertaken by
DeWan et al'* highlighted an alternative gene in the locus
10g26; high temperature requirement Al (HTRA1), in 96
Oriental patients with neovascular AMD. The risk SNP
rs11200638 (in complete linkage disequilibrium with
rs10490924) was found to be highly associated with wet
AMD. It encodes a heat-shock serum protease expressed
in human retina that is activated by cellular stress.!
Meta-analysis has suggested that both ARMS2 and
HTRA1 may contribute towards AMD independently
with an augmented combined affect.!®

Kopplin et al'” completed a GWAS on patients with
late AMD in conjunction with a family-based GWAS.
They not only confirmed previously associated risk genes
but went further to suggest protective functions of genes
MYRIP and SKIV2L. The former of these is involved in
trafficking melanosomes in the RPE and thus may
prevent or delay declines in RPE function. SKIV2! is
involved in breakdown of RNA and may have a role in
autophagy. Variations in SKIV2L have additionally been
associated with a protective role in polypoidal choroidal
vasculopathy.!8

Risk factors associated with AMD have additionally
been studied in relation to risk alleles. It has been
shown that smoking and high BMI with at-risk alleles
significantly increase the risk of developing AMD,
adding considerations as to possible interactions.!”
Further interactions of risk factors with CFH genotypes
were explored by Seddon et al.?? They reported a risk
profiling system which illustrated that established risk
factors in combination with genotypes could predict
progression to advanced AMD independent of
demographic factors and ocular phenotype.
Predictions of treatment outcomes with modern
anti-VEGF agents have been suggested based on
genotype variations of CFH and HTRA1.?! These steps
toward a personalised risk profile, may provide for a
more target approach to prevention and management
of this condition.
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The influence of the complement system in AMD has
now even extended to novel treatments, aimed at
modulation of this system. Available at: http://
clinicaltrials.gov. The landmark GWAS in AMD have
paved the way for almost 50% of the hereditability
of this condition now being explained. This genetic
understanding is unrivalled by any other complex
diseases.

Glaucoma

Primary open angle glaucoma  The first gene implicated in
the pathogenesis of primary open angle glaucoma
(POAG) was Myocilin (MYOC)? in which mutations
may result in a breakdown of the extracelleular matrix
structure in the trabecullar meshwork. Mutations in this
gene are responsible for up to 4% of POAG cases.
Mutations in optineurin (OPTN)?* and WD Repeat
Domain 36 gene (WDR36)* have also been shown to be
causative. However, mutations in these genes have been
shown to be infrequent and can explain only a small
proportion of the genetic architecture of POAG.

Nakano et al?® published the first GWAS in POAG in a
Japanese population, with meta-analysis revealing three
associated loci with moderate but not genome-wide
significance. Six polymorphisms were identified: near
ZP4 gene, and PLXDC2 gene. The functionality of these
associated genes and the markers were not discussed or
replicated and were absent in an independent Indian
population.?

Thorleifsson et al*’ conducted a large multiethnic
GWAS. They found two SNPs (rs 4236601, rs1052990),
which were in the same linkage disequilibrium block as
genes CAV1 and CAV2, which encode caveolin 1 and 2.
Both these proteins are expressed throughout ocular
tissue.?8 Caveolin 1 is thought to have a regulatory role in
the function of endothelial nitric oxide synthase and
transforming growth factor-f (TGFp) signalling,
mechanisms that have been implicated in the
pathogenesis of POAG.?’ The most statistically
significant variant (rs4236601), however, did not have an
effect on IOP or central corneal thickness.

Thorleifsson et al*’ found differences in rs4236601
within ethnicities. When compared with European
populations, this variant was absent in a Japanese cohort
but posed a greater risk with lower frequency in a
Chinese population. Osman et al*” also showed
significant association with CAVI and CAV2, among
other genes, in a GWAS on an Asian cohort. However,
these findings were not replicated in a North American
cohort.?

Most recently, Burdon et al®' analysed 590 patients
with advanced open angle glaucoma. They found two
regions of significance, near the TMCO1 gene and the
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CDKN2B-AS1 gene, both of which were shown to be
expressed throughout ocular tissue. CDKN2B was shown
to be upregulated in response to raised IOP. These genes
have been suggested to have a role in apoptosis,3* with
the link thus with glaucoma. Of further interest, COKN2B
was shown previously to be related to optic disc
cupping? (see later in ‘Quantitative traits’). The
particular SNP in that study had a P-value=3.9 x 10 7,
further implicating an association of this region with
OAG. Interestingly, TMCO1 has subsequently been
associated with intraocular pressure (see ‘Quantitative
traits’), providing further evidence to its role in disease
aetiology.

This paper raised interesting methodological and
interpretational issues. First, they validated the efficacy
of using extreme phenotypes in GWAS; the variants
found in their discovery cohort of severe OAG were
replicated in cases with less severe disease. Second, many
of the cases in this study were used as a replication in the
GWAS of Thorleifsson et al.?’ Interestingly, although in
the latter paper the analysis confirmed a role for CAV1I &
CAV2, this was not found to be so in this full GWAS with
the same cases. This is not a novel situation and
highlights some of the challenges of interpreting GWAS
and replication data. Conversely, this adds further
credibility to those associations that are replicated in full
independent GWAS.

More recent GWAS®*03 and targeted genotyping®
have provided further evidence for the association with
CDKN2B in numerous ethnicities. This gene has now
been shown to be significant in multiple independent
GWAS in both normal tension glaucoma (NTG; see later)
and POAG. Some have suggested its role is therefore on
optic nerve susceptibility,?® perhaps via effects on the
TGF-beta pathway.3* Certainly its role in glaucoma is
now established, and further understanding of its role
and effect on phenotype is now warranted.

NTG NTG is an important subset of primary open
angle glaucoma, with a high prevalence in Japanese
populations.?® Studies have implicated several genes,
including optic atrophy 1,3 optineurin,® p53,3 and
apolipoprotein E.*%#! The mechanism of these genes may
involve abnormal regulation of apoptosis,*? but this
remains controversial and represent a small proportion
of NTG patients.

The first GWAS investigating NTG compared 305
Japanese NTG patients with 355 controls*® aged <60
years. The most significant SNP (rs3213787) along with
the seven next SNPs they found lay in the gene for S1
RNA Binding Protein 1 (SRBD1). This group established
expression of this gene in the brain, bone marrow, and
retinal ganglion cells (RGCs) of neonatal mice and
demonstrated that the at-risk allele resulted in enhanced
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SRBD1 expression. Although the function of this gene is
unknown, they suggest that overexpression may result in
apoptosis and inhibition of cell growth; leading to RGC
and optic nerve axon loss. Also rs735860, a SNP of
genome-wide significance, lies within the elongation of
long-chain fatty acids family member 5 (ELOVL5) gene.
This is one of a family of enzymes expressed in
mammalian retina that is involved in long-chain
polyunsaturated fatty acid synthesis (LCPUFA).
Alteration in LCPUFA expression implies potential
mechanism towards RGC apoptosis.

The same investigators have since replicated the
significant SNPs in a separate population of NTG and
high-tension open angle glaucoma (HTG) patients, with a
wider age range than the original cohort.** Although
SRBD1 and ELOVLS5 are thought to be non-IOP-related
genetic factors, both SNPs (rs3213787 and rs735860) were
found to be associated with NTG and HTG. There was no
difference in the maximum IOP between the HTG
patients with the at-risk alleles, leading to the suggestion
that these SNPs act independent of IOP. Their findings
also implied that these genes are associated in late-onset
open angle glaucoma. Further replication of these results
have yet to be done.

More recently, large independent GWAS and meta-
analysis on GWAS cohorts®>#¢ investigating >1500 NTG
patients have suggested the role of CDKN2B in the
aetiology of Japanese NTG. This gene is highly relevant
to high-pressure open angle glaucoma (see previously).
The importance of this gene on glaucomatous optic
neuropathy?” suggests its role is likely to be IOP
independent.*8

Pseudoexfoliation (PXF) Genetic factors contributing
towards the development of PXF and PXF glaucoma
(PXG) are established, with a demonstrated increased
risk to relatives.*’ Multiple modes of inheritance have
been postulated.’® PXF has been associated with an
increased production of microfibrillar material, such as
fibrillin 1, latent transforming growth factor f binding
proteins, and TGFp. It has also been associated with a
decreased level of clusterin (CLU), which may increase
abnormal aggregation of microfibrillar material. Of these
candidates, only polymorphisms encoding for CLU had
been associated with PXF and PXG.5!

Thorleifsson et al®? performed a GWAS initially on
195 patients with glaucoma. They found moderate
significance of SNP rs2165241 in this group. However,
significance was very high in the subgroup of 75 patients
with PXG (OR =3.4). This SNP was sequenced in
additional Swedish and Icelandic cohorts and confirmed
to be associated with PXG. It is found in an intron of the
lysyl oxidase-like protein 1 (LOXLI) gene. Although no
mutations in the LOXLI gene itself were determined to
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cause PXF, certain sequence variations were found more
frequently in cases, suggesting an association with this
gene. The association of LOXL1 with PXF has been
replicated numerous times.>>® The LOXL1 protein is
part of a family of enzymes that catalyses deamination
of tropoelastin resulting in the formation of elastin fibres
and is essential in the homeostasis of elastic and
connective tissue.>® Furthermore, it is suggested that PXF
material consists of elastin microfibrillar components.””
Functional studies have demonstrated reduced
expression of LOXL1I in ocular tissue of PXF and PXG
patients and specifically in lens capsule of those with
PXG.%® Krumbiegel et al® performed a GWAS with DNA
pooling and confirmed the association of the LOXL1
locus. Additionally, they highlighted a locus within the
CNTNAP2 gene on chromosome 7, which did not reach
genome-wide statistical significance. CNTNAP2 encodes
contactin-associated protein-like 2 (CNTNAP2), a
neuronal membrane protein the function of which is not
yet clear. Krumbiegel et al®® demonstrated widespread
expression of CNTNAP2 mRNA and protein throughout
ocular tissue, including RGCs and trabecullar endothelial
cells, although no difference was demonstrable between
PXF and control tissue.

Primary angle closure glaucoma (PACG) PACG is a
separate condition aetiologically and genetically from the
more common POAG. Vithana et al®® performed the only
GWAS to date on 1854 cases from across Asia, replicated in
1917 cases from Asia and UK. They suggested two novel
genes to be associated with PACG. First, PLEKHA7 on
11p15.1, which has a role in paracellular permeability. It is
distributed widely in the eye, and the authors suggest that
it may be involved in fluidic aspects related to PACG.

They also suggest an association with COL11A1, a gene
which causes the monogenic conditions of Marshall
syndrome (OMIM 154780), and Sticklers type 2 (STL2:
OMIM 604841). They note the paradox that PACG is
normally co-existent with hypermetropia, while Marshall
and STL2 are normally associated with progressive axial
myopia. The existence of COL11A1 in the trabecular
meshwork suggests to the authors that alterations in this
gene may influence numerous sites in eyes with PACG.

Finally, a third locus on 8q was suggested, although no
definitive gene could be identified. The novel locus and
the association of the known genes will help future
investigations into PACG and perhaps ocular structural
development.

Cornea

Fuchs endothelial dystrophy Fuchs corneal endothelial
dystrophy (FCED) is thought to occur in 38% of
first-degree relatives of probands.®! Linkage studies first
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revealed a missense mutation in COL8A2 in a
multigenerational-affected pedigree.®> However, some
controversy exists over the reported findings.
Additionally, rare autosomal dominant mutations in
SLC4A11, ZEB1, and KCNJ13 have been reported.

The first GWAS in FCED was published in 2010.%3
Baratz et al®® found numerous SNPs within the
Transcription Factor 4 (TCF4) locus independently
associated with FCED. The most strongly associated
haplotypes spanned one exon, with the impact of the
most significant variants increasing with disease severity.
The authors, however, were unable to define a variation
within the coding region and suggested that a non-
coding regulatory region around the encoded protein
E2-2 is important.

The protein encoded by TCF4 is a member of the
family called E2-2. It is a member of the class I basic
helix-loop-helix (bHLH) transcription factors that are
involved in cellular growth and differentiation. E2-2
itself, found within the corneal endothelium, may
influence FCED formation by altering the expression of
ZEBI. If variants reduce the expression of E2-2, deficient
proliferation or migration of endothelial cells may be
causative. Alternatively, enhanced extracellular matrix
deposition may be causative if variants result in
increased expression of E2-2.

This original GWAS was replicated by Li et al® in 450
cases with genome-wide linkage on 64 families with
215 affected members. They confirmed the significance
of the SNP rs613872 with their former analysis
(P =9.33 x 10~ *). Linkage revealed the significant region
was on chromosome 18—only 1.5 Mb from TCF4. Further
evidence in other ethnicities has followed, with
Thalamuthu et al%® confirming the association of TCF4
with FECD in a Chinese population.

Keratoconus (KC) A genetic contribution towards the
aetiology of KC has long been established with all modes
of Mendelian inheritance®® and various loci suggested.
The lack of consensus loci, suggests that the inheritance
is likely to be complex. Two GWAS to date have
investigated KC. Li et al®” completed a GWAS on 222
Caucasians with KC replicating in a further 611 cases and
suggested an association with RAB3GAP1 on 2q21.3. This
association was most significant, after a meta-analysis.
Defects in this gene are known to cause Warburg Micro
Syndrome (OMIM 600118) (which includes microcornea
in the ocular phenotype). Simultaneously, this group
performed a meta-analysis with a GWAS performed by
Australian colleagues, suggesting the promoter region of
HGF to be significantly associated with KC.%® HGF had
previously been shown to be associated with
myopia®’and with narrow angle closure,”® suggesting
that this gene may well have a role in structural



development of the anterior segment. The encoded

protein is also found in the cornea, particularly the

stroma, and the authors suggest that this gene may

have a role in KC pathogenesis via an inflammatory
pathway.

The different genes suggested in these papers based on
data from the same cohort may seem conflicting;
however, they offer novel pathways in KC. Replication
will be crucial for validation.

Diabetic retinopathy (DR)

DR is the leading cause of visual loss in the working ages
of the developed world. There is growing evidence that
the genetic contribution towards DR is significant, with
suggestions of the heritability of severe retinopathy being
between 25 and 50%.

Before the advent of GWAS, genome-wide linkage
studies highlighted regions on chromosomes 1, 3, 9, and
12. Numerous candidate genes were also investigated
(for a review, see Patel et al’!). However, the era of GWAS
further illuminated our understanding.

The two largest GWAS of DR in Type 1 (Grassi et al’?)
and Type 2 (Huang et al’3) DM investigated 973 and 749
cases, respectively. Grassi et al’? performed GWA on two
different platforms on two separate cohorts with PDR
and macular oedema, imputing results to combine the
data. They found a significant SNP between two genes
(AKT3 and ZNF238) on chromosome 1. The former of
these is known to be activated by insulin-like growth
factor and platelet-derived growth factor—both of which
are activated in PDR. They also analysed 281 patients
with DR without nephropathy and demonstrated
association with an intergenic SNP on chromosome 6.
Furthermore, they also investigated SNPs tagging copy
number variants (CNVs) and showed an association with
CNVR6685.1 on chromosome 16. A number of genes
involved in transcriptional regulation (CCDC101),
posttranslational protein modification (SULT1A1 and
SULT1A2) and apoptosis (NUPR1) are in within or in
linkage disequilibrium to this region. However, this same
group were unable to later replicate these findings in
another cohort.”*

Huang et al”® published in the same year on a cohort of
749 Taiwanese patients with T2D with proliferative and
non-proliferative retinopathy. They demonstrated regions
of interest on chromosomes 1, 5, 10, and 13, mapping to
four known genes. Two of these genes (ARHGAP22 and
PLXDC?2) are involved in endothelial cell angiogenesis.
They also confirmed the results of a previous genome-
wide linkage study associating 1q32 with DR,” re-iterating
the importance of this region. It is particularly interesting
that neither GWAS investigating the retinopathy in type 1
and 2 DM found overlapping regions.
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Publications of GWAS into DR are novel, and more will
be on the horizon. They are undoubtedly providing
insights into the genetic architecture of these conditions
and separating them from the genetics of diabetes. It is
worth noting that the cohorts in both GWAS had diabetes
for significantly longer than controls. It would be prudent
to control for this in future studies to ensure findings are
related to DR and not the age of onset of disease.

Rhegmatogenous retinal detachment (RD)

Beyond the well-documented Mendelian conditions
associated with vitreoretinopathies and RD,”® a genetic
predisposition towards the aetiology of complex RD has
been known for >40 years. Recently, a sibling recurrence
risk (4s) has been suggested as 2.1 and parent-offspring
risk as 2.9.77

We performed the first GWAS into RD in 2013.78 We used
a two-stage discovery stage followed by replication.
Meta-analysis was undertaken on all the cases, totalling
2833 cases and 7871 controls. The most significant SN
rs267738 is a missense variant in an exon of Ceramide
Synthase 2 (CERS2). This is the most abundant member of
the Ceramide synthase family. Ceramides have a central
role in sphingolipid metabolism and have a structural role
in cell membranes and as a secondary messenger.

There is ample evidence of a role of ceramides in retinal
dysfunction,” particularly with enhanced ceramide
synthesis shown to induce RPE cell apoptosis.
Furthermore, increased Cer levels have been shown not
only in photoreceptors but also in other retinal layers in an
in vivo model of RD, correlating with photoreceptor death.>

Other genes suggested as significant included SS18,
TSTA3, and TIAM1. The former two modify integrins,
which are transmembrane glycoproteins that bind
extracellular matrix components, while the latter
modulates changes in cytoskeleton. We undertook
pathway analysis of the most significant genes
highlighted and demonstrated significant pathways,
which previously had only been associated with cell
death and haematological systems.

We continue to investigate the genetic aetiology of
RRD, with Exome-specific chips and in potentially
alternative racial groups. An international collaboration
has been established to help develop the required power
for this endeavour.

GWAS in ophthalmic quantitative traits

Quantitative traits refer to continuous phenotype data
(eg, blood pressure, blood glucose, height). When
investigating complex diseases, there are many factors
which may have influential roles (eg, total cholesterol,
total low-density lipoproteins, total triglycerides, and the
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risk of cardiovascular disease). One way of further
understanding the complexities of these conditions is to
study these quantitative risk traits.

Refractive error

Much of the current information on human myopia
molecular genetics can be drawn from familial studies of
high myopia. To date, there are at least 16 loci listed on
the OMIM database (http://www.ncbi.nlm.nih.gov/
omim) (MYP2-MYP17) for non-syndromic high myopia,
common myopia, or ocular refraction that are distributed
among 13 chromosomes. At least seven loci for refractive
phenotypes (MYP1, MYP3, MYP6, MYP11, MYP12,
MYP14, and MYP17) have been successfully replicated in
independent linkage data sets and identified as being
associated with myopia.

Most of the biological information derived from these
studies have implicated connective tissue growth and
extracellular matrix reorganisation in the pathogenesis of
myopia. This group includes genes that encode matrix
metalloproteinases (MMP1, MMP2, MMP3, and MMP9),
growth factors and growth factor receptors (HGF, TGFB1,
TGFB2, and MET), collagens (COL1A1 and COL2A1), and
proteoglycans (LUM) (see Wojciechowski® for
summary).

GWAS and linkage disequilibrium mapping have, for
the first time, implicated mitochondrial and apoptotic
pathways in the pathogenesis of myopia.8%2 Andrew
et al®? demonstrated an association of refractive error
with MFN1, PSARL, and SOX20OT, while Nakanishi
et al®! identified a polymorphism (rs577948) at 11q24.1
(near BLID) that was associated with an elevated risk of
pathological myopia (OR=1.37). MFN1, PSARL, and
BLID are expressed in mitochondria and are involved in
mitochondrial-led cellular apoptosis.®? In addition, a
further GWAS identified a polymorphism (rs9318086) at
13q12.12 significantly associated with an increased risk of
high myopia in a Han Chinese population (OR =1.64).84
This region contains the genes MIPEP and C1QTNF9B-
AS1. The former is expressed in the retina and is
involved in oxidative phosphorylation and processing in
the inner mitochondrial matrix. Given that the retina is
the most energy-consuming tissue in the eye, these
discoveries have led to an increasing interest in the role
of the mitochondrial pathway in refractive error.34

In a large twin-based GWAS of refractive error in a
European population, several polymorphisms at 15925
near the RASGRF1 gene were found to be associated with
ocular refraction.®> RASGRF1 was shown to be highly
expressed in human retina and its expression is regulated
by muscarinic receptors.8 This provides another
intriguing biological mechanism as anti-muscarinic
agents can prevent ocular elongation in animal myopia
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models®” and have been used to reduce myopia
progression in human trials.%¥ In a companion paper,
Solouki et al® reported another European GWAS with a
polymorphism (rs634990) at 15q14 significantly
associated with refractive error. This polymorphism was
found in a putative regulatory region near the genes
GJD2 and ACTCI, both of which are expressed in the
retina. GJD2 encodes a neuron-specific protein
(connexin36) that is present in photoreceptors, amacrine,
and bipolar cells and is thought to have an important role
in the transmission process of the retinal circuitry by
enabling intercellular transport of small molecules and
ions.%? This novel finding suggests, for the first time, that
modulators of retinal visual signals may have a role in
susceptibility to refractive error. More recent reports have
replicated loci at 15q14 that underscore a risk for high
myopia, in particular an association with axial length,90
and a further GWAS for high myopia in a French
population have refined a risk locus at MYP10,
implicating a role for microRNA variation in
predisposition to high myopia.”!

There have now been eight GWAS investigating
myopia or related endophenotypes. Most recently, two
very large GWAS have been published, which have
greatly furthered our understanding. The largest GWAS
of refractive error (n=45771) was published in early
2013.%2 This group discovered 20 novel loci in a European
cohort associated with myopia. These included the
strongest association with an SNP in the intron of
LAMA2. Laminins are structural proteins that are integral
to the ECM. They also found an association 17 kb
upstream from ANTXR2, which binds type IV collagen,
thus further implicating ECM remodelling. Further
pathways highlighted were by association with RDH5
and KCNQJ5. Both have a significant role in the visual
cycle. They also implicated genes involved in eye
growth (PRSS56, BMP4, BMP3, ZBTB38, and DLX1).
Associations with ZIC2 and ZMAT4 suggested a role of
retinal ganglion outgrowth in development. Finally, the
authors suggested a role of genes involved in neuronal
development, which were not involved in the vision
cycle (KCNMA1, RBFOX1, LRRC4C, DLG2, TfP2). Of
further interest in this study was the method of
recruitment. All of the cohort were paid members of
23andMe Inc. and self-reported their myopia. This may
have resulted in misclassification. However, many of
their findings were confirmed by the Consortium for
Refractive Error and Myopia (CREAM) who conducted a
meta-analysis on the well-defined and phenotyped
cohort. They co-discovered®® 16 of the 20 novel findings
from the Kiefer et al’? and 23andI cohorts. Of the 22 novel
loci discovered by CREAM, 14 were replicated by Kiefer
et al.®> CREAM not only confirmed previous locus,” but
also confirmed roles in ECM remodelling, ion channel
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transportation, and eye development.”® Both these
studies illustrate the importance of very large sample
size in successful GWAS; and Kiefer and colleagues even
demonstrate the possible dismissal of expensive
phenotyping in conditions with early onset, such as
myopia. It is likely that a combination of both will be
required to demonstrate further success. Finally, further
studies are likely to require incorporating measures of
environmental exposure into the statistical analysis of
GWAS.

Optic disc parameters

Optic disc area and vertical cup:disc (VCDR) are
important parameters in the development of numerous
ophthalmic conditions, including anterior ischaemic
optic neuropathy, Leber’s hereditary optic neuropathy,
and open angle glaucoma. The hereditability of optic disc
area and VCDR are estimated as 52-58% and 48-80%,
respectively. However, few studies before the advent of
GWAS in quantitative traits attempted to analyse optic
disc parameters in the normal population.

Ramdas et al®® investigated 7360 Caucasians (of whom
188 had POAG) from Rotterdam. They found three
genetic loci associated with optic disc area, and six
associated with VCDR that persisted when the 188
patients with POAG and the 115 with myopia were
excluded. Their findings were replicated in 4455 Dutch
and British Caucasians. Three SNPs within one locus
(10g21.3-q22.1) were found to be significant in both traits,
accounting for 2.7% of the variation within optic disc
area and 2.2% of the VCDR variation. The most
significant common related gene to these loci was atonal
homolog 7 (ATOH?), more so in VCDR. Several genes
were found to be associated with VCDR and included:
CDKN2B (chromosome 9p21), which encodes a cyclin-
dependent kinase thought to have a role in cell growth
regulation; SIX1 (chromosome 14q22-23), which is
involved in eye development and linked to
anophthalmia; SCYL1 (chromosome 11q13), which is
associated with optic atrophy in mice; CHEK2
(chromosome 22q12.1), which has no previous
association with ocular conditions; DCLKI (chromosome
13q13); and BCAS3 (chromosome 17q23). Additionally,
for optic disc area, GFBR3 on chromosome 1p22 was
shown to interact with with ATOH? influencing VCDR
parameters.

Macgregor et al®® subsequently performed a GWAS on
two Australian twin cohorts and confirmed the
association with ATOH?. This was further replicated in a
UK cohort.

Optic disc parameters are known to vary between
races. Khor et al,”® however, confirmed the association of
ATOH? and TGFBR3 through a further GWAS on 2132
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Indians and 2313 Malays in Singapore. Additionally, they
found most significance associated with a novel gene
CARD10, on Chromosome 22q13.1, which encodes
Caspase recruitment domain containing protein 10. This
protein has a role in apoptosis via a transcription factor
called NfkappaB.?” This pathway has been implicated in
neurodegenerative disorders, such a Alzheimer’s
disease.”®

The most common condition related to optic disc
parameters is of course glaucoma. Ramdas et al”
performed a meta-analysis, investigating SNPs found to
be related to optic disc parameters in populations of
POAG upon whom GWAS have been completed. Of
particular interest, they confirmed three loci associated
with optic disc parameters also having an association
with POAG. These included ATOH?.

Most recently, Burdon et al®! discovered an association
between CDKN2B-AS1 gene and primary open angle
glaucoma, providing further evidence of the role of this
locus 9p21 in OAG and optic disc morphology.

Central corneal thickness (CCT)

CCT is a normally distributed quantitative trait known to
be associated with ocular hypertension and primary
open angle glaucoma. Family and twin studies have
suggested the hereditability of CCT range between 0.6
and 0.95,'% however, candidate gene analysis provided
limited results.

Lu et al'%! published a multi-staged GWAS in CCT.
They initially performed GWAS on two population
groups that individually provided weak associations.
Meta-analysis revealed four associated SNPs—on
chromosomes 16, 13, and 10. They performed replication
GWAS on further population cohorts, and two SNPs
were most significant. These were closest to the gene
ZNF469 on chromosome 16q24 and FOX01 on
chromosome 13q14.1.

The authors calculate that FOX01 may account for 1.2%
of the variability of CCT. The exact role of FOX01 is
unclear. Within the eye, FOXCI is a transcription factor
involved in the development of the anterior segment and
involved in anterior segment dysgenesis. FOXCI1 seems
to regulate the expression of FOX01,'%% thus perhaps
suggesting a role for the latter in anterior segment
formation.

Mutations in ZNF469 had already been described in a
Brittle Cornea Syndome (OMIM 229200). However, the
mutations in this condition are very rare, compared with
the SNPs found in the GWAS with a minor allele
frequency of 0.44. It has been suggested that linkage
disequilibrium is unlikely between these two variants in
this gene. This further suggests that although there may
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be similarity between the roles of these variants, there
may also be significant differences.

A further GWAS on a Scottish and three Croatian
populations further confirmed the association of
ZNF469.1% Meta-analysis with the previously
published GWAS confirmed the association of FOXCI.
Additionally, three further SNPs reached genome-wide
significance. The first was on chromosome 13q12.11, near
the transcription factor gene AVGRS (Autogenous Vein
Graft Remodelling associated protein 8). The next SNP is
on chromosome 15q25.3, the linkage block of which
extends into the gene AKAP13. The encoded protein is
thought to link cell surface receptors and transcription
factors that may regulate collagen production in the
extracellular matrix in the gastrointestinal tract via
FOXF2;!% a similar role may be postulated within the
cornea. The third SNP on 9q34.3 is near COL5A1. This is
of interest particularly, as it initially appeared significant
in the first GWAS. Functionally, this is an attractive
candidate gene. Not only are collagen V present within
the cornea, but mouse models have shown that
heterozygote COL5A1 null mouse cornea is 25% thinner
with fewer collagen fibrils than wild-type mice.!?

More recently, a large GWAS on Caucasians from
throughout Europe confirmed the association of ZNF469
and COL5A1.1% These genes therefore particularly
appear to genuinely have a role in corneal thickness.

Corneal curvature (CC)

Hereditary influence for CC have been estimated
between 60 and 92%. Previous investigations focussing
on candidate genes and monogenic disorders affecting
corneal morphology provided limited insight into the
complex trait.

Han et al'%7 published the first GWAS into this trait.
They found significant loci associated with FK506
binding protein rapamycin complex-associated protein 1
(FRAPT) gene and platelet-derived growth factor
receptor alpha (PDGFRA) gene. These associations
were corroborated in a cohort of Indian adults and
Chinese children. Both these genes encode enzymes with
kinase properties. The former has effects on cell growth
and proliferation, while the latter induces intracellular
kinase activity via enzymes such as MAP kinase, which
are known to influence collagen fibres.!® Indeed, the
role of PDGFRA in cell growth has implicated it in
fibrotic diseases of the eye, such as proliferative
vitreoretinopathy.!”” The replication of the data within a
young population reassures of the role these genes may
have in corneal development. The ethnic variety within
this cohort suggests that the role of these genes may be
conserved throughout these populations.
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Mishra et al?® performed meta-analysis on two GWAS
Caucasian cohorts and suggest a further gene TRIM29, a
gene shown to be expressed in patients with KC,'1 to be
associated with CC variation. More relevantly, they
confirmed the association of PDGFRA in CC variation.
This gene has also been demonstrated to be significantly
associated with corneal astigmatism in a GWAS of
>8000 Asian individuals.!!! This gene, in particular,
has become a very relevant candidate for the heritability
of CC.

Intraocular pressure (IOP)

The greatest controllable determinant towards the
aetiology of glaucoma is IOP and is thought to have a
hereditability of up to 0.62. Van Koolwijk et al'1?
performed a GWAS including 11972 affected Caucasians
from 4 cohorts replicated in 7482 further patients. They
found significant association with GAS7 and TMCO1.
The former of these is thought to have a role in the
outflow of the trabecular meshwork and has previously
been shown through linkage studies to be associated
with POAG.!® TMCO1, as mentioned previously, has
been suggested to be associated with POAG.3! Van
Koolwijk et al'l? also investigated the effect of the minor
alleles of these genes on POAG. The minor allele of
GAS7, which decreased IOP by 0.19 mm Hg, reduced the
glaucoma risk (OR =0.88, 95% CI=0.78-0.98). That of
TMCO1, which increased IOP by 0.28 mm Hg, increased
the risk of POAG (OR =1.31 (95% CI=1.12-1.53). The
evidence of the importance of these genes in the
aetiology of IOP and POAG is therefore growing.

A summary of the principal findings from the above
studies is presented in Supplementary Table 1.

Future work

Independent replication of identified genetic variants
remains the gold standard for validating reported risk
alleles. In addition, larger studies and meta-analysis of
conducted GWAS will allow identification of common
genetic variants of very small effects, which may have an
important role in disease pathogenesis. Many of the
identified genetic variants described are not in the coding
regions that alter the amino-acid sequence, but more
frequently, they are involved in the regulation of one or
more complex genetic processes. Thus, GWAS represent
the first step in identifying novel regions and pathways
that have a role in eye disease, with additional functional
studies, animal models, and pharmacological studies
needed to elaborate on the putative clinical application.
In the investigation of eye disease, it will be critical to
conduct GWAS in populations of diverse ethnicity as
different mechanisms may underlie the ethnic variations



in disease prevalence seen in population studies. Such
endeavours are being undertaken in common complex
diseases, and such efforts may need to be established
within ophthalmology. In addition, more complex study
designs will be needed to examine the dynamic
relationship between genomic variants and the
environment in eye disease.

The concept of ‘missing hereditability’ is now well
established.!'* This describes the current situation
whereby only a small fraction of the total hereditability of
phenotypes has yet been discovered. Theories explaining
this include suggestions that more rare variants, which
may be missed by GWAS, may have a significant role to
play in these conditions. Discovering these may be
achieved by the development and utilisation of denser or
even disease-specific SNP chips, or Exome-specific chips,
which have been successful in other fields. Alternatively,
sequencing at higher resolution than can be achieved
with traditional tag-SNPs in GWAS may achieve similar
aims. Next-generation sequencing can interrogate the
genome at the resolution of a single base pair. Such
sequencing of the exonic region or indeed the whole
genome are likely to replace GWAS in the coming
decade. However, these advances will present enormous
hurdles for data storage, analysis, and interpretation.

Discussions

There is a compelling rationale for using GWAS methods
in the investigation of common ophthalmic disease. The
pathogenesis of many common ocular disorders remains
unknown, and GWAS provide an unbiased, hypothesis-
free method of examining the human genome. To date,
GWAS have been highly successful in medical disease,
but particularly in the remit of eye disease, with notable
impacts of discovered genetic variants. Indeed, although
large numbers of cases are generally required for
adequate power for GWAS, the median number of cases
in ophthalmic conditions here presented is 305. This is
quite remarkable in view of the sizes of cases required for
most GWAS. These ophthalmic studies have revealed
many insights into the biological pathogenesis
underlying common causes of visual morbidity, with
perhaps one of the widely publicised findings in the field
of GWAS relating to complement factor H in AMD,
where pharmacological advances with real clinical
application may be on the horizon.

Our review has highlighted notable advances in the
understanding of the pathogenesis in a diverse group of
ocular conditions responsible for significant visual
morbidity. In POAG, the role of endothelial nitric oxide
synthase and TGFp signalling has been highlighted as an
important pathway, and in PXG, the dramatic risk
conferred by LOXL1 mandates further research into the
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exact mode of action and ways to modulate its effect. A
lot remains to be discovered about the mode of RGC loss
in NTG and POAG; however, studies have now
highlighted new pathways such as ATOH?, a regulator of
photoreceptor and RGC development that demonstrates
significant ganglion cell loss in knock out mice.
Refractive error is a complex quantitative trait with
significant phenotypic and ethnic variability, but large
multi-centre GWAS have pointed to a novel role of
mitochondrial apoptosis, sparking new interest in this
field. FCED is a common cause of significant visual
morbidity, and genetic risk alleles conferring a fourfold
increased risk have been identified where little was
known previously.

Despite the overall success of GWAS with >1300
reported novel disease associations in medical literature,
many challenges exist in conducting and analysing these
studies. The need for large sample sizes, the potential for
false-positive results, the lack of information on gene
function, as well as potential biases due to genotyping
errors and case and control selection are important
obstacles and limitations of GWAS.
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