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Expression QTL analysis of glaucoma endophenotypes in the
Norfolk Island isolate provides evidence that immune-related
genes are associated with optic disc size

Pik Fang Kho1
● Rodney A. Lea1 ● Miles C. Benton1

● David Eccles1 ● Larisa M. Haupt1 ● Alex W. Hewitt2,3 ●

Justin C. Sherwin2
● David A. Mackey3,4 ● Lyn R. Griffiths 1

Received: 11 May 2017 / Revised: 25 September 2017 / Accepted: 25 September 2017 / Published online: 16 November 2017
© The Japan Society of Human Genetics 2018

Abstract
Primary open-angle glaucoma (POAG) is influenced by both genetic and environmental factors. Despite significant progress in
identifying genetic variants associated with POAG, there remains a substantial amount of unexplained heritability.
Study design features that may enhance knowledge of the genetic architecture include focusing on multiple quantitative traits
related to ocular disorders (i.e. endophenotypes), targeting genetic variants that directly influence gene expression (i.e. cis-
eQTLs) and utilising genetically isolated populations to reduce genetic and environmental noise and thus enhance association
signals. In this study we performed heritability and blood-based eQTL association analysis of five key POAG endophenotypes in
330 individuals from the Norfolk Island (NI) isolate. Results showed evidence of heritability for all five traits, with H2 estimates
ranging from 0.35 for intraocular pressure (IOP) to 0.82 for central corneal thickness (CCT) (P < 0.05). The primary finding was
for BTN3A2, whereby both cis-SNP and transcript were significantly associated with disc size within a conditional regression
model. Specifically, this model included rs853676 (β= 0.23,P= 0.008) and transcript (β= 0.23, P= 0.03). We also observed a
cis-SNP association between optic disc size and LPCAT2 independent of transcript (P= 0.0004). These genes have specific
functions in immune system pathways and suggest a role for an inherited immune component of POAG risk. This study also
demonstrates an alternate approach to understanding the functional genetic basis of POAG and ocular health more generally.

Introduction

Primary open-angle glaucoma (POAG) refers to a hetero-
geneous disease resulting in a characteristic excavation of

the optic nerve head and progressive optic neuropathy.
POAG is a leading cause of irreversible visual impairment
and blindness worldwide. Risk of developing POAG is
influenced by a number of genetic and environmental fac-
tors. To date, several large-scale genome-wide association
studies (GWASs) have identified a number of genetic loci
linked to POAG susceptibility [1–3]. However, these loci
only contribute a minor effect on POAG risk with odds
ratios (ORs) for individual risk loci not exceeding 1.5.
Thus, there remains a large amount of unexplained genetic
risk (heritability) for POAG.

In an effort to gain more knowledge of the genetic basis
of the disorder researchers are also focusing on quantitative
traits associated with POAG [4]. Quantitative endopheno-
types that allow individuals to be scored along a continuum
can offer increased statistical power for gene mapping stu-
dies. Well-established POAG endophenotypes such as
intraocular pressure (IOP) and central corneal thickness
(CCT) have received considerable attention with large-scale
genome-wide association studies identifying many potential
risk variants underlying POAG [5, 6].
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Founder-effect genetic isolates may offer some advan-
tages for gene mapping due to features such as reduced
genetic heterogeneity and extensive familial structure.
Linkage and association analyses of endophenotypes for
POAG in a Dutch isolate revealed new linkage regions for
optic disc morphology at 20p13 (SIRPA and RNF24/
PANK2 loci) and 2q33–q34 (IGFBP2 locus). Significant
and suggestive genome-wide association studies signals at
the previously identified RERE, LRP1B, CDC7, TGFBR3
and ATOH7 loci were replicated in this isolate [7].

Despite the identification of many genetic risk loci con-
tributing to POAG and its underlying endophenotypes, the
functional relevance of most genetic variants remains
unknown. Expression quantitative trait loci (eQTLs) repre-
sent genomic regions harbouring SNPs that have a strong
influence on transcript expression level in either a cis
(proximal) or trans (distal) location to the gene. Genetic
association studies that target known eQTLs and their
respective transcripts have the advantage of allowing
researchers to restrict their analysis to loci most likely to
have a functional effect on the trait of interest.

The Norfolk Island (NI) population, located off the east
coast of Australia, is a genetic isolate with well defined
familial lineages dating back 12 generations to the origi-
nating founders—12 Tahitian women and 6 European men.
A previous study of the NI cohort successfully mapped 197
cis-eQTLs in peripheral blood mononuclearcytes. These
eQTLs are associated with immune system processes and
have been linked to a number cardiovascular disease risk
factor traits in NI [8].

As part of the Norfolk Island Eye Study (NIES) the
prevalence of chronic ocular diseases has previously been
reported [9]. In general, the prevalence of blindness and
visual impairment was observed to be lower than mainland
Australia, while the prevalence of POAG in adults ≥40
years was 6%, higher than other Australian studies. Indi-
viduals with glaucoma were more likely to have a positive
family history of disease than those without. Observed
differences between NI pedigree and non-pedigree groups
for a number of POAG risk factor traits suggests a possible
genetic influence [9].

In an effort to better understand the genetic basis of
POAG we have conducted an eQTL-centric association
analysis focusing on POAG risk factor traits in the NI
isolate.

Materials and methods

NI cohort

The NIES has been well described in previous research [9,
10]. In this study we focused on a group of 330 individuals

selected from the “core” NI pedigree, who relate back to the
original NI founders. For all of these individuals we had
ocular phenotype data, SNP genotype data and gene tran-
script data.

Quantitative POAG endophenotypes

Being a heterogeneous disease, an understanding of the
genetic architecture of POAG can be achieved by examin-
ing individual traits (endophenotypes) underlying the dis-
ease, and this approach can also improve statistical power in
genetic analyses. In this study we analysed five quantitative
traits representing POAG endophenotypes in the NI cohort.
All measurements, ACD= anterior chamber depth (mm),
CCT= central corneal thickness (μm), vertical CDR= cup-
to-disc ratio, disc size, and IOP= intraocular pressure
(mmHg) were obtained as part of the NIES [9, 10].

A larger CDR is associated with increased structural
damage of the optic nerve head in POAG and it correlates
strongly with IOP, the strongest modifiable POAG risk
factor and major therapeutic target [11]. While size of the
optic disc does not directly correlate with POAG, its
knowledge is important as it influences interpretation of the
degree of glaucomatous optic neuropathy [12], and genetic
factors are known to influence disc size. CCT is not a true
POAG endophenotype, as it has not been shown to have
significant association with POAG risk [13]. Nonetheless, it
represents an important component of POAG evaluation.
CCT influences IOP readings, and it represents an inde-
pendent and strong risk factor for development of POAG
[14]. CCT also represents one of the most heritable traits in
humans, reflected by the identification of SNPs associated
with this trait [15]. ACD correlates strongly with the size of
the eye, and in general, higher values of ACD are associated
with POAG with lower values associated with closed-angle
(angle-closure) glaucoma.

Phenotypic examination

ACD was measured with the intraocular lens (IOL) master
(Carl Zeiss Meditek, Dublin, CA, USA). CCT was mea-
sured using the Pachmate ultrasonic pachymeter (DGH,
Exton, USA). IOP was measured using a Tonopen handheld
tonometer (Reichert, Tustin, CA, USA). Dilated posterior
segment examination was performed using the slit lamp
with condensing lens (Volk 78D).

eQTL SNP and transcript data

This study is an eQTL-centric design whereby we analysed
genotype data for SNPs that have previously been robustly
associated with gene transcripts in circulating peripheral
blood mononuclearcytes in the NI pedigree [8]. Specifically,
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we selected the single most significant SNP (as index) for
197 heritable transcripts spanning the genome (see Sup-
plementary Table 1). We chose to focus our analysis on cis-
acting eQTL SNPs only given these are most likely to have
a direct functional influence on the trait. Briefly, genotype
data were generated using the Illumina 660 Quad array and
QC was performed using methods described in Benton et al.
(2013) [8]. For the current study we included corresponding
gene transcript level data for the same individuals obtained
using Illumina HT12 expression arrays.

Statistical analysis

Trait heritability estimation

For each POAG endophenotype, we estimated heritability
using a variance decomposition based on genotypic simi-
larities among subjects as implemented in Genome-wide
Complex Trait Analysis (GCTA). These analyses included
age, sex and the top two principal components as covariates.
In our GCTA analyses, we employed a genetic relationship
matrix (GRM) based on the full set of the autosomal SNPs.
The significance threshold was set at 0.01.

eQTL SNP association testing

We performed association analyses of index SNPs from 197
cis-eQTLs previously identified in NI [8]. We performed
the analysis in GCTA using linear mixed models fitting a
genetic relationship matrix of random effect and age, sex
and top two principal components as fixed effect covariates.
We then utilised expression data representing the eQTL
gene to assess whether the eQTLs could be acting on POAG
trait via gene expression. To confirm this hypothesis, we ran
associations using linear mixed models in GenABEL with
the kinship matrix to account for relatedness and included
sex, age and top two principal components as covariates.
For each association we inspected the effect of gene
expression on phenotype and the effect of the eQTL on trait,
conditioned on gene transcript.

Statistical significance and multiple testing considerations

For eQTL–centric association testing, each trait was con-
sidered as a separate experiment even though there are
intercorrelations among some traits. Within each experi-
ment we used 0.05 as the nominal significance level. Given
the relatively modest size of the NI cohort and the over
inflation of Type II error under strict Bonferoni adjustment,
we chose to slightly relax the significance levels to attain a
reasonable balance between Type I and Type II error rates.
For the association analysis we tested 197 cis-eQTLs
(SNPs). Considering a balanced adjustment we set the

significance threshold at 0.005 (Bonferoni= 0.05/197=
0.0003).

Results

Genetic heritability was estimated for five key POAG
endophenotypes in the NI cohort (Table 1). All traits
exhibited statistically significant heritability scores (H2)
with estimates ranging from 0.35 for IOP to 0.82 for CCT
(P < 0.01). Given the statistical evidence of genetic inheri-
tance, all traits underwent subsequent eQTL SNP and
transcript association analyses. To explore the relationship
between heritable ocular traits and transcripts, we first
performed regression analysis between all 197 eQTL-
related transcripts (exclusive of SNP) and the five heri-
table traits (see Supplementary Table 2). Table 2 shows the
most significant transcript associations for each of the traits.
The most significant association was between IOP and
DDX17 (P= 0.000099). DDX17 is a Dead-box Helicase,
which has been implicated in a number of cellular processes
involving alteration of RNA secondary structure and linked
to pathways associated with antiviral immunity [16].

We then tested all 197 cis-eQTL SNPs for association
with each of the five POAG traits (exclusive of transcript).
The top 10 eQTL-by-trait association results are shown in
Supplementary Table 3. Table 3 shows the eQTL-by-trait
associations that were statistically significant according to
our threshold of 0.005 (see Materials and methods). Sig-
nificant associations were detected for four out of five
heritable traits. No associations were seen for CDR. The

Table 1 Heritability estimates of ocular traits

Endophenotype Heritabilitya SEb P-value

CCT 0.82 0.09 1.07E-10

CDR 0.68 0.11 7.29E-08

Disc size 0.53 0.15 1.01E-03

AC depth 0.40 0.12 1.62E-04

IOP 0.35 0.13 5.09E-03

aV(G)/Vp
bstandard error

Table 2 eQTL transcript by trait association

Trait Transcript ID Gene Beta SE P-value

IOP ILMN_1774513 DDX17 −1.8 0.45 9.94E-05

CCT ILMN_1730816 GPR162 16.47 4.25 1.84E-04

Disc size ILMN_1732577 TMEM216 −0.53 0.14 2.86E-04

CDR ILMN_1709294 CDCA8 0.21 0.06 1.20E-03

AC depth ILMN_1781803 FIZ1 −0.43 0.13 1.27E-03
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most significant association observed was between Disc size
and LPCAT2 (P= 0.0004). The eQTL for BTN3A2 was
associated with both Disc size and CCT. Finally, all eQTL
SNPs associated with an ocular endophenotype were tested
using conditional regression by considering the relationship
of both eQTL SNP and its transcript on the variation in
ocular endophenotype. The only model whereby eQTL SNP
and transcript were both statistically significant was for
BTN3A2 and Disc size. This model included rs853676 (β=
0.23, P= 0.008) and ILMN-1700067 (β= 0.23, P= 0.03).
These results indicate that the SNP-influenced transcript for
BTN3A2 is associated with variation in Disc size in this
cohort (model R2= 0.05, P= 0.024).

Discussion

In this study we performed heritability analysis of five key
endophenotypes for POAG in the NI genetic isolate. All
traits showed statistically significant evidence of heritability
and thus are likely to be influenced, at least in part, by
genetic factors. The trait with the highest heritability esti-
mate was CCT (H2= 0.82), which is consistent with other
studies [17]. Despite the substantial heritability for POAG
and risk traits in the general population the identification of
genetic variants has been limited to a relatively small
number of loci that collectively do not explain a large
proportion of the heritability and/or do not have a direct
causal relationship to POAG. Alternate research designs
that specifically focus on eQTLs and that utilise unique
founder-effect genetic isolates may add new insights into
the genetics of POAG risk and pathology.

In this study we focused on 197 eQTLs previously
identified in the NI isolate [8]. These eQTLs represent
heritable gene expression levels derived from peripheral
blood mononucleocytes. Given the target cell types in this
study it is not surprising that this panel of genes is asso-
ciated with biological processes of the immune system.
Therefore, by design this study was focused on blood cell
specific immune-related genes. The relationship between
immunity and POAG has received relatively little research
attention. However, the evidence is mounting that molecular
pathways of inflammatory response mechanisms are

associated with POAG pathologies and it is plausible that
blood-based eQTLs may influence ocular tissue directly
and/or act as biomarkers of disease risk.

IOP is a primary risk factor for POAG and can cause
insult to the optic nerve head leading to retinal ganglion cell
loss and POAG. It has been hypothesised IOP-related fac-
tors can trigger an immune response [18]. Bakalash et al.
[19] showed that in rats, resistance of retinal ganglion cells
to an increase in IOP is dependent on a T-cell mediated
immune response. Ahmed et al. [20] performed a micro-
array experiment in a rat glaucoma model and found a set of
neuroinflammatory gene transcripts were altered in retinal
tissue after elevation of IOP. Johnson et al. [21] also per-
formed microarray analysis of the rat glaucoma model and
identified 38 genes associated with the biological process of
immune response, including complement 1 complex, FC
receptor, beta-2 microglobulin, and several histocompat-
ibility class II antigens—all genes expressed by activated
microglia in the nervous system.

Our primary finding in this study was the association of a
genetically influenced transcript in BTN3A2 with Disc size.
Disc size is associated with variation of specific anatomical
structures of the optic nerve head and the retinal nerve fibre
layer. Thus variation in disc size may influence risk of
glaucoma [22]. BTN3A2 (Butyrophilin Subfamily 3 Mem-
ber A2) is a member of the immunoglobulin superfamily
and is part of the major histocompatability class 1 locus on
chr6 and may play a role in T-cell response and adaptive
immunity. To date, BTN3A2 has not been previously
associated with disc size or POAG. However, studies have
shown a link between environmental exposures and other
immunoglobulins in POAG. Yuki et al. [23] reported ele-
vated serum immunoglobulin G titre against Chlamydia
pneumoniae in patients with POAG. Furthermore,
Tseng et al. [24] reported an association between glaucoma
and immunoglobulin E antibody response to indoor aller-
gens. These findings generally suggest a role for immu-
noglobulins and the genes that regulate them in POAG risk.

Disc size was also associated with an eQTL for LPCAT2.
There was no evidence that this eQTL acted through its
transcript in this cohort but this could be a consequence of
modest sample size. LPCAT2 encodes an enzyme that is a
member of the lysophospholipid acyltransferase family and

Table 3 eQTL SNP by trait
association

Trait SNP ID Transcript ID Gene ID CHR BP A1 FREQ BETA SE P-value

Disc size rs1502007 ILMN_1796335 LPCAT2 16 55613522 A 0.35 −0.17 0.05 4.49E-04

IOP rs4822136 ILMN_1688178 RRP7A 22 42880961 G 0.13 −1.00 0.31 1.26E-03

AC depth rs8078650 ILMN_1750511 NT5C3L 17 40120771 G 0.24 0.11 0.03 1.42E-03

Disc size rs853676 ILMN_1676528 BTN3A2 6 28299687 T 0.21 0.18 0.06 2.02E-03

CCT rs4712981 ILMN_1676528 BTN3A2 6 26361430 T 0.29 8.67 2.90 2.80E-03

Disc size rs10876864 ILMN_2209027 RPS26 12 56401085 G 0.39 −0.13 0.05 4.10E-03
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may have a function in membrane biogenesis and produc-
tion of platelet-activating factor in inflammatory cells [25].
Although not directly relevant to POAG, Singh et al. [26]
used transcriptomics analysis of peripheral blood cells to
show that expression of LPCAT2, among other genes, was
associated with allergen response in asthmatics and sug-
gested a lipid imbalance resulted in an asthma inducing
inflammatory response in this cohort.

In this study we have used an eQTL-centric approach to
implicate a number of immune-related genes with POAG
risk traits. Most notably, we provide compelling evidence
that an eQTL for BTN3A2 is associated with variation in
optic disc size. Considered together our results provide
another layer of evidence implicating the genetic factors of
the systemic immune system in POAG. This study also
illustrates the value of isolated founder-effect populations
for studying the genetics of complex diseases like POAG.

Acknowledgements We acknowledge the Ian Potter Foundation,
Corbett and the National Health and Medical Research Foundation
(no. 1058806) for funding contributions to this research.

Compliance with ethical standards

Conflict of interests The authors declare that they have no competing
interests.

References

1. Bailey JN, et al. Genome-wide association analysis identifies
TXNRD2, ATXN2 and FOXC1 as susceptibility loci for primary
open-angle glaucoma. Nat Genet. 2016;48:189–94.

2. Burdon KP, et al. Genome-wide association study identifies sus-
ceptibility loci for open angle glaucoma at TMCO1 and
CDKN2B-AS1. Nat Genet. 2011;43:574–8.

3. Osman W, Low SK, Takahashi A, Kubo M, Nakamura Y. A
genome-wide association study in the Japanese population con-
firms 9p21 and 14q23 as susceptibility loci for primary open angle
glaucoma. Hum Mol Genet. 2012;21:2836–42. https://doi.org/10.
1093/hmg/dds103.

4. Springelkamp H, et al. New insights into the genetics of primary
open-angle glaucoma based on meta-analyses of intraocular
pressure and optic disc characteristics. Hum Mol Genet.
2017;26:438–53.

5. Hysi PG, et al. Genome-wide analysis of multi-ancestry cohorts
identifies new loci influencing intraocular pressure and suscept-
ibility to glaucoma. Nat Genet. 2014;46:1126–30.

6. Lu Y, et al. Genome-wide association analyses identify multiple
loci associated with central corneal thickness and keratoconus. Nat
Genet. 2013;45:155–63.

7. Axenovich T, et al. Linkage and association analyses of glaucoma
related traits in a large pedigree from a Dutch genetically isolated
population. J Med Genet. 2011;48:802–9.

8. Benton MC, et al. Mapping eQTLs in the Norfolk Island genetic
isolate identifies candidate genes for CVD risk traits. Am J Hum
Genet. 2013;93:1087–99.

9. Sherwin JC, et al. Prevalence of chronic ocular diseases in a
genetic isolate: the Norfolk Island Eye Study (NIES). Ophthalmic
Epidemiol. 2011;18:61–71.

10. Mackey DA, et al. The Norfolk Island Eye Study (NIES): ratio-
nale, methodology and distribution of ocular biometry (biometry
of the bounty). Twin Res Hum Genet. 2011;14:42–52.

11. Charlesworth J, et al. The path to open-angle glaucoma gene
discovery: endophenotypic status of intraocular pressure, cup-to-
disc ratio, and central corneal thickness. Invest Ophthalmol Vis
Sci. 2010;51:3509–14.

12. Bayer A, et al. Validity of a new disk grading scale for estimating
glaucomatous damage: correlation with visual field damage. Am J
Ophthalmol. 2002;133:758–63.

13. Macgregor S, et al. Genome-wide association identifies ATOH7
as a major gene determining human optic disc size. Hum Mol
Genet. 2010;19:2716–24.

14. Brandt JD, Beiser JA, Kass MA, Gordon MO. Central corneal
thickness in the Ocular Hypertension Treatment Study (OHTS).
Ophthalmology. 2001;108:1779–88.

15. Lu Y, et al. Common genetic variants near the Brittle
Cornea Syndrome locus ZNF469 influence the blinding disease
risk factor central corneal thickness. PLoS Genet. 2010;6:
e1000947.

16. van der Lee R, et al. Integrative genomics-based discovery of
novel regulators of the innate antiviral response. PLoS Comput
Biol. 2015;11:e1004553.

17. Sanfilippo PG, et al. Ophthalmic phenotypes and the representa-
tiveness of twin data for the general population. Invest Ophthal-
mol Vis Sci. 2011;52:5565–72.

18. Schwartz M, London A. Immune maintenance in glaucoma:
boosting the body’s own neuroprotective potential. J Ocul Biol
Dis Infor. 2009;2:73–77.

19. Bakalash S, Kipnis J, Yoles E, Schwartz M. Resistance of retinal
ganglion cells to an increase in intraocular pressure is immune-
dependent. Invest Ophthalmol Vis Sci. 2002;43:2648–53.

20. Ahmed F, Brown KM, Stephan DA, Morrison JC, Johnson EC,
Tomarev SI. Microarray analysis of changes in mRNA levels in
the rat retina after experimental elevation of intraocular pressure.
Invest Ophthalmol Vis Sci. 2004;45:1247–58.

21. Johnson EC, Jia L, Cepurna WO, Doser TA, Morrison JC. Global
changes in optic nerve head gene expression after exposure to
elevated intraocular pressure in a rat glaucoma model. Invest
Ophthalmol Vis Sci. 2007;48:3161–77.

22. Hoffmann E, Zangwill L, Crowston J, Weinreb R. Optic Disk Size
and Glaucoma. Surv Ophthalmol. 2007; 52: 32–49.

23. Yuki K, Kimura I, Shiba D, Imamura Y, Tsubota K. Elevated
serum immunoglobulin G titers against Chlamydia pneumoniae in
primary open-angle glaucoma patients without systemic disease. J
Glaucoma. 2010;19:535–9.

24. Tseng VL, Lee GY, Shaikh Y, Yu F, Coleman AL. The asso-
ciation between glaucoma and immunoglobulin E antibody
response to indoor allergens. Am J Ophthalmol.
2015;159:986–93.e1.

26. Singh A, et al. Gene-metabolite expression in blood can dis-
criminate allergen-induced isolated early from dual asthmatic
responses. PLoS ONE. 2013;8:e67907.

25. Shindou H, Hishikawa D, Nakanishi H, Harayama T, Ishii S,
Taguchi R, Shimizu T. A single enzyme catalyzes both platelet-
activating factor production and membrane biogenesis of inflam-
matory cells. Cloning and characterization of acetyl-CoA:LYSO-
PAF acetyltransferase. J Biol Chem. 2007 2;282:6532-9.

Expression QTL analysis of glaucoma endophenotypes 87

https://doi.org/10.1093/hmg/dds103
https://doi.org/10.1093/hmg/dds103

	Expression QTL analysis of glaucoma endophenotypes in the Norfolk�Island isolate provides evidence that immune-related genes�are associated with optic disc size
	Abstract
	Introduction
	Materials and methods
	NI cohort
	Quantitative POAG endophenotypes
	Phenotypic examination
	eQTL SNP and transcript data
	Statistical analysis
	Trait heritability estimation
	eQTL SNP association testing
	Statistical significance and multiple testing considerations

	Results
	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




