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Abstract

Purpose: Genetic variants in regions that include the mitochondrial genes 7”XNRDZ2and ME3
are associated with primary open-angle glaucoma (POAG) in genome-wide association studies
(GWAYS). To assess their clinical impact, we investigated whether 7ZXNRDZ2and MES3 genetic risk
scores (GRSs) are associated with specific glaucoma phenotypes.

Design: Cross-sectional study
Participants: 2617 POAG cases and 2634 controls from the NEIGHBORHOOD consortium.

Methods: All POAG-associated single nucleotide polymorphisms (SNPs) in the TXNRDZ2and
MES3 loci were identified using GWAS data (p<0.05). Of these, 20 7TXNRDZ2and 24 ME3 SNPs
were selected after adjusting for linkage disequilibrium. The correlation between SNP effect size
and gene expression levels was investigated using the Gene-Tissue Expression (GTEX) database.
GRSs were constructed for each individual using the unweighted sum of TXNRDZ, MES3, and
TXNRD2+ ME3 combined risk alleles. Age and gender-adjusted odds ratios (ORs) for POAG
diagnosis were calculated per decile for each GRS. Additionally, the clinical features of POAG
cases in the top 1, 5, and 10% of each GRS were compared to the bottom 1, 5, and 10%,
respectively.
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Main Outcome Measures: POAG OR per GRS decile; maximal treated intraocular pressure
(IOP) and prevalence of paracentral visual field loss among POAG cases with high vs. low GRSs.

Results: Increased SNP effect size strongly correlated with higher 7XNRDZ2and lower ME3
expression levels (r=0.95 and —0.97, respectively, p<0.05 for both). Individuals in decile 10 of
TXNRD2+ ME3 GRS had the highest odds of POAG diagnosis (OR=1.79 compared to decile 1,
p<0.001). POAG cases in the top 1% of 7XNRDZ2 GRS had higher mean maximal treated IOP
compared to the bottom 1% (19.9 mmHg vs 15.6 mmHg, adjusted p=0.03). POAG cases in the top
1% of ME3and TXNRD2+ ME3 GRS had a higher prevalence of paracentral field loss compared
to the bottom 1% (72.7-88.9% vs 14.3-33.3%; adjusted p=0.03 for both).

Conclusions: POAG patients with higher TXNRDZ2and ME3 GRSs had higher treated 0P
and a greater prevalence of paracentral field loss. Functional studies exploring how these variants
impact mitochondrial function in glaucoma patients are warranted.
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Primary open-angle glaucoma (POAG) is a complex-inherited disease, with multiple genes
and environmental risk factors contributing to optic nerve degeneration.! Recent genome-
wide association study (GWAS) meta-analyses have identified 127 genetic loci that are
significantly associated with the risk of developing POAG across multiple ethnic groups.?
Interestingly, many of these genes function in molecular pathways that are relevant to
POAG pathophysiology, including mitochondrial function, vascular tone, TGF-B signaling
and extracellular matrix homeostasis.1~3 These findings suggest that POAG may not be a
single disease, but rather, a group of diseases that share a common clinical endpoint of
retinal ganglion cell death and associated visual field loss. Further characterization of the
different pathways that lead to POAG development will help facilitate precision medicine
approaches for individual risk stratification, diagnosis, and targeted treatment.

A genetic risk score (GRS) evaluates the cumulative effect of multiple single nucleotide
polymorphisms (SNPs) in a group of genes on disease risk.* This methodology is useful

in diseases with complex inheritance such as POAG where a single gene mutation is not
sufficient for disease development. Prior studies have found that individuals with higher
POAG GRS have increased disease risk and earlier age at diagnosis compared to those with
lower GRS.56 However, these studies generated GRSs using genes with several different
biological functions. To date, no studies have investigated whether GRSs consisting of
POAG-associated genes within a specific biological pathway are associated with distinct
clinical phenotypes.

Mitochondrial dysfunction is hypothesized to play a role in POAG pathogenesis, as one

of the main sites of injury is the myelin-poor, mitochondrial-rich optic nerve head. High
levels of mitochondrial activity lead to the release of reactive oxygen species, which can
cause intraocular pressure (I0OP)-independent mechanisms of retinal ganglion cell (RGC)
injury.”8 Nicotinamide adenine dinucleotide phosphate (NADPH) is an essential component
of the cellular response to reactive oxygen species, as it is required for the production of
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glutathione, a key cellular antioxidant. Notably, GWAS for POAG have identified 2 genes
that may directly influence levels of NADPH: ME3 (malic enzyme 3) catalyzes NADPH
production, whereas TXNRDZ (thioredoxin reductase 2) consumes NADPH to maintain
redox homeostasis (Figure 1A).9-11 SNPs in the 7XNRD2and ME3genetic loci may
functionally contribute to POAG development and disease severity by decreasing NADPH
levels, thereby increasing levels of reactive oxygen species and oxidative stress (Figure 1B).

In this study, we use genetic association, tissue expression and clinical phenotype data to

1) investigate whether 7ZXNRDZ2and ME3 SNPs correlate with gene expression changes
that would reduce NADPH levels, and 2) assess whether GRSs comprised of 7TXNRDZ2

and ME3 SNPs are associated with greater odds of POAG diagnosis as well as specific
glaucoma clinical outcomes among individuals enrolled in the NEIGHBORHOOD (National
Eye Institute Glaucoma Human Genetics Collaboration Hereditable Overall Operational
Database) consortium. These analyses may provide important functional insights into the
roles of specific genes and pathways in POAG pathogenesis.

The study protocol was approved by the institutional review boards of all participating
institutions and adhered to the tenets of the Declaration of Helsinki. All subjects provided
written informed consent after discussion of the risks, benefits and alternatives to study
participation.

Study Participants

The NEIGHBORHOOD consortium study population has been previously described.%:12

In brief, all POAG cases and age/gender-matched controls were enrolled at participating
institutions located throughout the United States. All cases and controls were at least 35
years old and were of European-derived or Hispanic ancestry. POAG cases were defined as
individuals with open angles on anterior segment examination for whom reliable visual field
tests showed characteristic glaucomatous defects localizing to the nerve fiber layer territory;
we required visual field defects to be reproduced on a subsequent test or be accompanied by
a cup-to-disc ratio (CDR) of 0.7 or more in at least one eye for an individual to be classified
as a POAG case. Individuals with clinical signs of a secondary etiology for open-angle
glaucoma such as exfoliation syndrome or pigment dispersion syndrome were excluded.
Elevated IOP was not required for POAG classification. All controls had 10P less than 21
mmHg (measured in a clinical setting during regular clinic hours), a CDR of less than 0.6,
and no family history of glaucoma.

Clinical data that were collected for POAG cases included age at glaucoma diagnosis,
known maximal treated 10P, known latest CDR, known maximal visual field mean deviation
(MD) and pattern standard deviation (PSD), presence of paracentral visual field loss, and
need for glaucoma filtering surgery. Mild disease was defined as visual field MD= -6 dB,
moderate disease as —12 dB<MD<-6 dB and severe disease as MD< —12 dB.13 Paracentral
visual field loss was classified using the following criteria based on the pattern deviation
plot: 1) a cluster of three or more contiguous points in either the superior or inferior
paracentral region with retinal sensitivity depression of -5 dB or greater, and 2) no loss
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in any other zones (Bjerrum, nasal step, or temporal wedge zones).14 Visual fields were
assessed manually by two independent graders masked to genotype status.

We also assessed whether GRSs are associated with paracentral visual field loss in the
Progression Risk of Glaucoma: RElevant SNPs with Significant Association (PROGRESSA)
cohort given the similar definition for visual field scotoma in this dataset.1® Participants

in this study were recruited and monitored at multiple public and private ophthalmology
practices across Australia between 2012 and 2020. All individuals were over 40 years old

at enrollment and >98% were of European-derived ancestry. Individuals who had an optic
nerve head appearance suspicious or probable for glaucoma, open angles on gonioscopy and
no secondary etiology for elevated IOP were enrolled for longitudinal follow-up. Visual field
testing was performed every 6 months or sooner as clinically indicated.

Identification of POAG-associated SNPs in TXNRD2 and ME3

All TXNRDZand ME3 SNPs nominally associated with POAG risk (p<0.05 and minor
allele frequency =0.05) were identified using data from the NEIGHBORHOOD consortium
GWAS for POAG.? The genetic loci for SNP identification included the 50kb upstream and
50kb downstream of the 5’ and 3’ gene boundaries, respectively. Linkage disequilibrium
clumping was performed to ensure all SNPs were independently associated with disease risk
(r<0.8) and there were no redundant effects on clinical outcome measures in our analyses.16
If two or more SNPs were in linkage disequilibrium (r2>0.8) the most representative SNP
was selected using a combination of the following criteria: 1) SNPs with the most complete
data available in the GWAS meta-analysis, 2) SNPs that were single nucleotide changes
(rather than insertions or deletions), and 3) SNPs with the smallest p-values.

A total of 20 7ZXNRDZ2and 24 ME3 SNPs associated with POAG risk remained for analysis
after linkage disequilibrium clumping (Supplementary Table 1).

Correlation of SNP effect size with target gene expression levels

The list of POAG-associated TXNRDZ2and ME3 SNPs selected for analysis (Supplementary
Table 1) were queried in the Gene-Tissue Expression (GTEX) database to identify SNPs that
are expression quantitative trait loci (eQTLs) and may thereby influence expression levels of
the genes of interest.1” Given that the GTEx database does not currently include data from
ocular tissues, we selected tibial nerve tissue as a surrogate since this is a neuronal tissue
and POAG is also a neurodegenerative disorder; this tissue was previously used to identify
POAG-associated SNPs that are eQTLs in the NEIGHBORHOOD consortium GWAS.® The
TXNRDZ2 data were also replicated in a central nervous system (CNS) tissue (brain frontal
cortex, BA9); there were no ME3eQTL data for any CNS tissues in the GTEx database so
the MEZfindings were replicated in cultured fibroblasts.

The SNP effect size and tissue expression levels of the corresponding gene were obtained
from the GTEX database for each eQTL. The correlation between these two continuous
variables was assessed using Pearson’s correlation coefficient (r).
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Construction of genetic risk scores (GRSs) and identification of individuals with high and
low genetic risk

Quality control, principal components analysis and imputation were previously performed
for genotype data in the NEIGHBORHOOD consortium.? For GRS construction, the alleles
of the selected TXNRDZand ME3 SNPs were first aligned to risk for each individual

in the dataset. Given the SNP effect sizes were uniformly low (Supplementary Table 1),
unweighted GRSs were constructed by adding the number of risk alleles that a given
individual carried for all SNPs of interest, as described previously.*> We constructed 3
different GRSs for each individual in the dataset: 1) 7ZXNRD2 SNPs, 2) ME3 SNPs, and 3)
TXNRD2+ ME3 SNPs combined; we hypothesized that the combined 7XNRD2+ ME3 GRS
may have greater effects on clinical outcomes given a possible combined impact on NAPDH
levels (Figure 1A).

To determine whether GRSs affect the odds of POAG diagnosis, univariate analyses were
performed to divide the entire cohort of cases and controls into deciles for each GRS.
Multivariate logistic regression was used to derive adjusted odds ratios (ORs) of POAG
diagnosis for each GRS decile, with decile 1 for that GRS serving as the reference group;
age and gender were included as covariates in these analyses.

To determine whether GRSs are associated with specific glaucoma clinical outcomes,
univariate analyses were performed to divide the cohort of POAG cases into percentiles
for each GRS. The clinical features of POAG cases in the top 1, 5 and 10% for each GRS
were then compared to the bottom 1, 5 and 10%, respectively. If data for a clinical feature
was missing for a given individual then that person was excluded from that analysis.

Statistical Analysis

Results

Associations between GRSs and continuous clinical variables were assessed using an
unpaired two-tailed t-test, while a chi-squared test was used for categorical clinical
variables. Adjustment for multiple comparisons was performed using the False Discovery
Rate (FDR) method.18 A p-value less than 0.05 was defined as statistically significant.

All statistical analyses were performed in STATA statistical software: release 16 (StataCorp
LP, College Station, TX).

Correlation of TXNRD2 and ME3 SNP effect sizes with gene expression levels

To date, no protein-coding variants in ZXNRDZ2and ME3 have been identified in GWAS
for POAG. Rather, all POAG-associated SNPs in these regions are non-coding and may
influence disease risk by regulating target gene expression.1® We hypothesized that SNPs
associated with higher POAG risk would increase TXNRDZ2expression levels and decrease
MES3 expression, as these changes could result in lower levels of NADPH and thereby lead
to increased oxidative stress and mitochondrial dysfunction (Figure 1).

To test this hypothesis, we first identified all POAG-associated SNPs in the 7XNVRDZ2and
MES3regions that are expression quantitative trait loci (eQTLS). For each eQTL, the SNP
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effect size and expression levels of the corresponding gene were queried in the Gene-Tissue
Expression (GTEX) database in tibial nerve tissue as a surrogate neuronal tissue since GTEX
does not currently have publicly available data for ocular tissues.?

In tibial nerve tissue, increasing risk SNP effect size strongly correlated with higher
expression levels of TXNRDZ (r=0.95, n=5, p=0.02) and lower levels of ME3 (r= —0.97,
n=8, p<0.001) (Figure 2). As seen in Figure 1B, these expression changes could result in
lower NADPH levels. We replicated the TXNRDZ findings in brain frontal cortex (BA9)
(r=1.0, n=3, p<0.01) (Supplementary Figure 1). The ME3findings were replicated in
cultured fibroblasts (r= —0.99, n=5, p<0.01), as no central nervous system tissues in the
GTEXx database had eQTL data for ME3 (Supplementary Figure 1).

Demographic and clinical characteristics of NEIGHBORHOOD consortium participants

Association

The predicted effects of TXNVRD2 and ME3 SNPs on mitochondrial NADPH levels suggest
that these variants could play a functional role in POAG pathogenesis. We next investigated
1) whether individuals with a greater number of disease-associated SNPs in these regions
have higher odds of developing POAG, and 2) if POAG patients with a greater number of
disease-associated SNPs have clinical outcomes that significantly differ from POAG patients
who have a fewer number of SNPs.

A total of 2617 POAG cases and 2634 controls from the NEIGHBORHOOD consortium
were included in this study, all of whom were of European-derived or Hispanic ancestry
(Table 1). Approximately 50% of cases and controls were female and the mean age of
POAG diagnosis was 65.2 years. Controls had a higher mean age at enrollment (68.3 years)
compared to POAG cases (p<0.001). Among POAG cases, the mean maximal treated 10P
was 18.0 mmHg and the mean CDR was 0.8. Most POAG cases had mild-to-moderate levels
of glaucoma damage based on visual field MD criterial3 and 39% had paracentral visual
field loss.

of GRSs with clinical outcomes

For each individual in the NEIGHBORHOOD consortium dataset, we constructed a GRS
composed of 1) TXNRDZ2 SNPs, 2) ME3 SNPs, and 3) TXNRDZ2and ME3 SNPs; we
hypothesized that the TXNRD2+ ME3 GRS may have greater effects on clinical outcomes
given a possible combined impact on NAPDH levels (Figure 1A). We first calculated age
and gender-adjusted odds of POAG diagnosis per decile for each GRS, with decile 1 of that
GRS serving as the reference group.

Individuals at higher deciles of each GRS had significantly higher odds of POAG diagnosis
and a greater effect was seen in the combined 7ZXNRD2+ ME3 GRS compared to the

GRS for either gene alone (Table 2). The highest OR was found in decile 10 of the
TXNRD2+ ME3 GRS (OR=1.79 compared to decile 1, 95% CI: 1.39-2.30, p<0.001).

We next investigated whether higher GRSs are associated with specific clinical outcomes.
Given the OR for POAG diagnosis did not meaningfully increase until deciles 8 and 9 for
TXNRDZand MES3, respectively, we hypothesized that association with specific clinical
outcomes would only be seen at extremes of GRSs. We therefore compared the clinical
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features of POAG cases in the top 1, 5 and 10% for each GRS to the bottom 1, 5 and 10%,
respectively. POAG cases in the top 1% of 7XNVRD2 GRS had higher mean maximal treated
IOP compared to the bottom 1% (19.9 mmHg vs. 15.6 mmHg, adjusted p=0.03) (Table 3A).
While POAG cases in the top 1% of ME3and ME3+ TXNRDZ2 GRSs had higher mean
maximal 0P compared to the bottom 1%, these differences were not statistically significant
(p>0.05).

Additionally, POAG cases in the top 1% of ME3 GRS had a higher prevalence of paracentral
visual field loss compared to the bottom 1% (72.7% vs 14.3%, adjusted p=0.03) (Table

3B). POAG cases in the top 1% of 7TXNRD2+ ME3 GRS also had a significantly higher
prevalence of paracentral field loss compared to the bottom 1% (88.9% vs 33.3%, adjusted
p=0.03) (Table 3B).

There were no significant associations with GRSs noted for age at diagnosis, latest CDR,
visual field mean deviation/pattern standard deviation, or need for glaucoma surgery
(Supplementary Table 2). We also assessed the association of GRSs with paracentral
visual field loss in the PROGRESSA cohort given the similar definition of visual field
scotoma.'® However, while the PROGRESSA data combined with the NEIGHBORHOOD
data continued to be significant (Supplemental Table 3), the PROGRESSA data alone did
not demonstrate a significant association, possibly due to the smaller sample size (n=816
POAG cases and suspects).

Discussion

GWAS have identified over 120 genetic loci strongly associated with risk for developing
POAG.2 A key challenge is characterizing the underlying functional mechanisms and
identifying the clinical relevance of these gene variants. Ultimately, this information can
be utilized to improve disease diagnosis, prognostication and treatment outcomes.

We have demonstrated that non-coding variants in the mitochondrial genes 7XNRDZ2and
MES3 strongly correlate with target gene expression changes that could lead to lower levels
of NADPH, suggesting a potential mechanism for how these genetic variants contribute to
POAG pathogenesis. We also utilized the NEIGHBORHOOD consortium dataset to show
that individuals with higher GRSs for TXNRDZ2and ME3 have greater odds of developing
POAG. Moreover, among POAG patients, those with higher GRSs for TXNRDZ2and ME3
had higher treated IOP and greater prevalence of paracentral field loss, suggesting that these
gene variants are associated with more clinically severe disease with field damage close to
fixation.

The significantly higher ORs for POAG diagnosis at higher deciles of GRS and the
combined 7XNRD2+ ME3 GRS compared to either gene alone demonstrates the importance
of assessing the cumulative effect of multiple SNPs with small effect sizes on disease risk
and disease endophenotypes. We hypothesize that the increased clinical impact with multiple
SNPs in these two genes is due to larger effects on target gene expression, which could

lead to greater reductions in NADPH levels. Notably, the differences in maximal treated

IOP and paracentral visual field loss only became significant when comparing the top vs.
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bottom 1% of GRSs, suggesting that extremes of GRSs are needed to observe clinically
meaningful differences in disease severity. Additionally, while the top 1% of TXNRDZ2
GRS had higher mean maximal treated 10P and the top 1% of ME3 GRS had a higher
prevalence of paracentral visual field loss, the top 1% of TXNRD2+ ME3 combined GRS
only had a higher prevalence of paracentral field loss and did not have higher mean maximal
IOP. We hypothesize this could be due to a threshold level of each individual GRS needed
for association with a given phenotype: the individuals in the top 1% of TXNRD2+ME3
combined GRS in our dataset may not have had a GRS for 7Z.XNRDZ2 alone that reached the
threshold needed for association with higher 10P.

The association of the 7XNRD2 GRS with higher treated 10P is consistent with prior
GWAS meta-analyses where SNPs in both 7XNRDZ2and ME3 were strongly associated
with elevated 10P.20 While we also noted higher mean maximal 10P in individuals with
high GRS for ME3and TXNRD2+ MES3, these differences were not statistically significant,
likely due to the relatively small size of our case-only analyses. Mitochondrial dysfunction
in the conventional outflow pathway due to a combination of aging, genetic variants and
environmental stressors could lead to elevated 10P and glaucomatous damage. Studies in
trabecular meshwork (TM) cells, for instance, show that higher levels of reactive oxygen
species and oxidative stress results in aqueous outflow resistance as well as TM cell
death.21:22

The association of higher ME3and TXNRD2+ ME3 GRSs with a greater prevalence of
paracentral visual field defects was particularly striking and may be explained by the higher
mitochondrial requirements of retinal ganglion cells (RGCs) in the papillomacular bundle.
The pre-laminar region of the optic nerve is unmyelinated and, as a result, there is a large
energy requirement for nerve conduction compared to the myelinated, post-laminar region.23
Thus, levels of mitochondrial activity are particularly high in the pre-laminar region. Given
that RGCs in the papillomacular bundle have a smaller cross-sectional area compared to
other RGCs, they are already at a physiological disadvantage and are hypothesized to be
more susceptible to damage in the setting of mitochondrial dysfunction.23

The results of our study hold important implications for the future of glaucoma clinical
management. Patients with high GRSs for TXNRDZ2and ME3 had significantly higher rates
of paracentral visual field defects in this study, suggesting that they may benefit from closer
monitoring and more aggressive treatment to prevent damage close to fixation. Individuals
with disease driven by mitochondrial dysfunction may also benefit from targeted therapeutic
approaches. For instance, clinical trials suggest that the NAD+ precursor nicotinamide

may serve as a neuroprotective strategy POAG.2425 Given that NAD+ can be converted

to NADPH through intracellular enzymatic reactions, individuals who have low levels of
NADPH due to disease predisposing genetic variation may be especially likely to benefit
from nicotinamide.

Our study does have some limitations. First, this was a cross-sectional study so longitudinal
changes or rates of disease progression could not be compared in individuals with high

vs. low genetic risk scores. Additionally, the NEIGHBORHOOD consortium is comprised
of individuals of Caucasian ancestry and, therefore, the results of this study may not be
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generalizable to other ethnic populations; both TXNRDZ2and MES3 are associated with
POAG risk in multi-ethnic GWAS meta-analyses?, but the clinical associations with IOP and
paracentral field loss found in this study will need to be confirmed in other ethnic groups.

We hypothesize that mitochondrial dysfunction and reduced levels of NADPH must reach
a threshold level for disease manifestation, with age, environmental risk factors and gene
variants each impacting this pathway over time. Large prospective clinical studies are
needed to identify the threshold levels where high TXNRD2ME3 GRSs become clinically
meaningful and to characterize the role of other genetic and environmental modifiers.
Additionally, confirming the predicted effects of TXNRD2ME3 SNPs on NADPH levels
in patient samples and/or cell-based assays is an important future direction to characterize
the underlying functional mechanism.

In summary, this is the first study, to our knowledge, to demonstrate that GRSs comprised
of POAG-associated genes within a specific biological pathway are associated with
distinct glaucoma-related clinical phenotypes. The findings of our work suggest that a
subset of POAG may be driven by mitochondrial dysfunction and that individuals with
mitochondrial gene variants are at especially high risk of paracentral visual field loss.
Further characterization of this pathway and other biological pathways associated with
POAG will help facilitate precision medicine approaches for individual risk stratification,
diagnosis and targeted treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Roles of the TXNRD2 and ME3 genesin the mitochondria and a possible functional
mechanism for disease-associated single nucleotide polymor phisms (SNPs) in primary open-

angle glaucoma (POAG) pathogenesis.

(A) The ME3gene encodes a protein that catalyzes the production of NADPH from
NADP+, while the 7XNRDZ gene encodes a protein that consumes NADPH in the
mitochondria. (B) POAG-associated SNPs in TXNRDZ2and ME3 may lead to lower levels
of NADPH, a key mitochondrial antioxidant. This would result in increased reactive oxygen
species and oxidative stress. Oxidative stress has been shown to cause dysfunctional aqueous
outflow through the trabecular meshwork (TM) and elevated intraocular pressure (10P).
Additionally, mitochondrial dysfunction and oxidative stress can cause toxic injury to retinal

ganglion cells (RGCs) independent of IOP.

Ophthalmology. Author manuscript; available in PMC 2024 July 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aboobakar et al. Page 12
Gene Gene
Expression Expression
0.4 0.6
r= 0.95, p=0.02
0.2 - 0.4
' -'..‘. "".
SNP effect ot S22
size 03 02 01 .70 0.1 0.2 SNP effect o,
& G5 size 4,5 01 0™, 01 02 03
0.2 e
e
04 0.4 s
. r=-0.97, p< 0.001
0.6 0.6
TXNRD2 ME3

Figure 2. Correlation of single nucleotide polymor phism (SNP) effect sizeswith TXNRD2 and
ME3 gene expression levels.

All primary open-angle glaucoma (POAG) associated SNPs in the 7XNRD2and ME3
genetic loci that are expression quantitative trait loci (eQTLs) were identified. For each
eQTL, the SNP effect size and expression levels of the corresponding gene were queried

in the Gene-Tissue Expression (GTEX) database. Given that the GTEx database does not
currently include data from ocular tissues, we selected tibial nerve tissue as a surrogate
since this is a neuronal tissue and POAG is also a neurodegenerative disorder. In tibial
nerve tissue, a larger SNP risk effect size strongly correlated with higher expression levels
of TXNRDZ2 (r=0.95, n=5, p=0.02) and lower expression levels of ME3 (r= -0.97, n=8,
p<0.001). As seen in Figure 1A, these changes could lead to lower levels of NADPH in the
mitochondria. Both the TXNRD2and ME3findings were replicated in additional tissues in
the GTEX database (Supplementary Figure 1).
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Table 1.

Demographic and clinical characteristics of NEIGHBORHOOD consortium study participants.

Page 13

Cases Controls p-value
Total number of individuals 2617 2634 Not performed
Female, n (%) 1369 (52.3%) (n=2617) | 1440 (54.7%) (n=2634) 0.09
Age at diagnosis (cases) or enrollment (controls) (years), mean + SD 65.2 + 13.3 (n=2459) 68.3 + 11.4 (n=2606) <0.001
Maxi;nal intraocular pressure (mmHg), mean + SD (treated values for 18.0 £ 5.7 (n=2337) 15.2 + 2.6 (n=2446) <0.001
cases
Maximal cup-to-disc ratio, mean + SD 0.8+ 0.1 (n=2242) 0.3+0.1 (n=2391) <0.001

Visual field mean deviation (dB), mean + SD

-9.3+7.2 (n=1910)

Not performed

Visual field pattern standard deviation (dB), mean + SD

6.1+ 3.3 (N=1621)

Not performed

Prevalence of paracentral visual field loss, n (%)

353 (38.8%) (n=910)

Not performed

Need for incisional glaucoma surgery, n (%)

139 (26.5%) (n=525)

0 (0%) (n=2634)

Not performed

POAG= primary open-angle glaucoma; mmHg= millimeters of mercury; dB= decibels; SD= standard deviation; “-* = visual field testing not

performed.
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Table 3.

Page 15

Summary of GRS results for specific glaucoma phenotypes among POAG cases in the NEIGHBORHOOD

consortium.

A. Maximal treated intraocular pressure (in mmHg)

GRS GRS Percentile Mean (SD) Top GRS Mean (SD) Bottom GRS p-value | Adjusted p-valuel
Percentile Percentile

1% 19.9 (7.1) (n=24) 15.6 (3.9) (n=24) 0.01 0.03

TXNRD2 5% 17.1 (5.6) (n=118) 17.0 (4.8) (n=120) 0.93 0.94

10% 17.3 (5.6) (n=241) 17.8 (5.1) (n=235) 0.28 0.84

1% 19.2 (4.5) (n=24) 17.9 (5.0) (n=24) 0.36 0.43

ME3 5% 18.2 (5.4) (n=118) 18.3 (5.9) (n=118) 0.94 0.94

10% 18.4 (5.6) (n=230) 18.1 (5.9) (n=243) 0.70 0.92

1% 185 (5.1) (n=23) 16.8 (5.8) (n=26) 0.28 0.42

TXNRD2+ ME3 5% 18.1 (5.6) (n=117) 18.0 (5.5) (n=121) 0.88 0.94

10% 17.8 (5.4) (n=230) 18.0 (5.3) (n=239) 0.77 0.92

B. Paracentral visual field loss
GRS GRS Percentile Prevalence Top GRS Prevalence Bottom GRS p-value | adjusted p-valuel
Percentile Percentile

1% 18.2% (n=11) 20.0% (n=5) 0.93 0.93

TXNRD2 5% 42.6% (n=47) 36.6% (n=41) 0.57 0.62

10% 43.2% (n=95) 42.9% (n=77) 0.97 0.97

1% 72.7% (n=11) 14.3% (n=7) 0.02 0.03

ME3 5% 51.4% (n=37) 44.4% (n=54) 0.52 0.62

10% 52.5% (n=80) 43.3% (n=90) 0.23 0.69

1% 88.9% (n=9) 33.3% (n=12) 0.01 0.03

TXNRDZ+ ME3 5% 41.3% (n=46) 46.5% (n=43) 0.62 0.62

10% 46.6% (n=88) 41.9% (n=93) 0.53 0.80

1, .. . . . .
Adjustment for multiple comparisons was performed using the False Discovery Rate (FDR) method

POAG= primary open-angle glaucoma; GRS= genetic risk score; mmHg= millimeters of mercury; SD= standard deviation
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