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Objective: To assess how whole genome sequencing (WGS) and varying phenotype definitions influence genetic
discovery for primary open-angle glaucoma (POAG) in a diverse population.

Design: Ancestry-stratified genome-wide association studies (GWASs) and cross-ancestry meta-analyses of
POAG cases and controls using 2 phenotype definitions.

Participants: Cases (age >40 years) and controls (age >65 years) were identified in the National Institutes of
Health All of Us Research Program v8 data release and subdivided into genetically inferred ancestral groups. Using the
relaxed phenotype (International Classification of Diseases [ICD] codes only), case/control counts were European
(EUR; 1846/84 654), African (AFR; 1042/15 966), and Latino/Admixed American (AMR; 305/10 167). Using the stringent
phenotype (ICD codes and evidence of glaucoma treatment in the electronic health record), case/control counts were
EUR (1528/79 276), AFR (862/14 076), and AMR (250/9668). Cross-ancestry meta-analyses included 3193 cases/110
787 controls for the relaxed phenotype and 2640 cases/103 020 controls for the stringent phenotype.

Methods: Genome-wide association studies were conducted within EUR, AFR, and AMR ancestry groups indi-
vidually using firth logistic regression with age, sex, and the top 10 genotype principal components included as
covariates. The ancestry-stratified GWASs were then meta-analyzed using a fixed-effects, inverse variance-weighted
approach.

Main Outcome Measures: |dentification of genome-wide significant loci (P < 5 x 1078) for POAG using different
phenotype definitions and ancestry groups.

Results: Known POAG risk loci (e.g.,, TMCO1, CDKN2B-AS1, and GMDS) reached genome-wide significance in
both the EUR GWASSs and cross-ancestry meta-analyses (odds ratio range: 1.19—1.38). A novel risk locus near CYP2A7
(rs76935404[T], odds ratio = 1.35) was identified in the AFR ancestry GWAS using the stringent phenotype definition.
Effect sizes for known POAG risk loci from prior large-scale meta-analyses strongly correlated with effect sizes in this
study (Pearson r = 0.75—0.84, P < 1 x 107° for all). The strength and consistency of these correlations support the
robustness of the findings.

Conclusions: This study demonstrates the value of WGS, diverse ancestry inclusion, and phenotypic refinement in
uncovering novel POAG genetic risk loci. The findings underscore the need to prioritize both genetic diversity and
refined case/control definitions to advance understanding of this complex ocular disease.
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Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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While primary open-angle glaucoma (POAG) is prevalent in ~ disease stages, and have greater risk of blindness compared
all populations, population-based studies suggest it dispro- to non-Hispanic Whites.' ° More than 300 risk loci have
portionately affects African and Latino individuals, who been identified in Pﬁor analyses of this highly heritable
have a younger age at onset, present at more advanced complex disease,” ® which have mainly been conducted in
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individuals of European (EUR) ancestry. However, few are
conclusively associated with risk of glaucoma in individuals
of African (AFR) continental genetic ancestry,” '* and even
fewer in those with Latino/Admixed American (AMR)
ancestry.' """

In addition to the limited ancestral diversity in prior POAG
studies, most known loci have been identified in genome-wide
association studies (GWASs) conducted on genotyping arrays,
where only a subset of variants (~2%) across the genome are
directly assayed.'” The remaining variants examined in these
GWASs are typically imputed, requiring large reference
panels of sequenced individuals of similar ancestry to the
population being studied.'® Imputation accuracy is highly
variable and especially dependent on the ancestry of the
reference and genotyped population samples.'’ In contrast,
whole genome sequencing (WGS) can provide more
comprehensive ascertainment of both common and rare
putative causal variants in genetic risk loci.'®

Phenotype definitions also vary widely across genetic
studies, ranging from self-reported diagnosis or Interna-
tional Classification of Diseases (ICD) 9/10 codes alone
to comprehensive clinical examinations by ophthalmolo-
gists. Studies using large-scale biobanks as a sample
source often rely on ICD diagnosis codes for disease
ascertainment, as ocular examination and imaging data
are often limited.'” However, ICD codes as phenotype
definitions may have reduced specificity and potentially
greater heterogeneity, diminishing statistical power to
detect genetic differences between individuals with and
without a disease of interest.

The National Institutes of Health All of Us (AoU)
Research Program data set enables examination of the
impact of phenotype variability and WGS on genomic
discovery for complex-inherited diseases such as POAG.
All of Us aims to enroll >1 million individuals of diverse
backgrounds to improve disease diagnosis, treatment, and
prevention.z() Data from surveys, WGS, electronic health
records (EHRs), physical measurements, and wearable
devices are available in the AoU Researcher
Workbench.”*?! To date, WGS data have been released
for >414 000 participants (v8), nearly half of whom are
from groups historically under-represented in biomedical
research.”’ In this study, we apply 2 phenotype definitions
(relaxed and stringent) for POAG cases and controls in
AoU. We then perform ancestry-stratified GWASs and
cross-ancestry meta-analyses of EUR, AFR, and AMR in-
dividuals using WGS data. Using this approach, we have
replicated known POAG risk loci and identified a novel risk
locus in AFR individuals.

Methods

An overview of the study design is shown in Figure 1. Informed
consent was obtained for all participants enrolled in AoU. The
AoU Institutional Review Board follows the regulations and
guidance of the National Institutes of Health Office for Human
Research Protections for all studies, ensuring that the rights and
welfare of research participants are overseen and protected
uniformly.”>*" The described research adhered to the tenets of the
Declaration of Helsinki.
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Case/Control Definitions

Our baseline inclusion criteria were as follows: AoU participants with
WGS data and current age >40 years at the time of analysis (February
2025), which were identified using the cloud-based AoU Researcher
‘Workbench. For Phenotype 1 (relaxed), POAG cases were defined as
individuals aged >40 years with an ICD-9/ICD-10 diagnosis code for
POAG, but no code for other secondary forms of open-angle glaucoma
or primary/secondary angle closure glaucoma (Supplementary
Table 1, available at www.ophthalmologyscience.org). Controls
were aged >65 years and did not have any ICD-9/ICD-10 diagnosis
codes for POAG, any other form of glaucoma, glaucoma suspect,
ocular hypertension, or family history of glaucoma; an older cohort
was used for controls to minimize the likelihood of undiagnosed cases
in the control data set. For Phenotype 2 (stringent), POAG cases met
criteria for Phenotype 1 and also had evidence of glaucoma treatment
(topical intraocular pressure lowering drops, laser trabeculoplasty,
minimally invasive glaucoma surgery, or incisional glaucoma surgery)
via RxNorm and Current Procedural Terminology codes in the EHR;
controls met the criteria for Phenotype 1 and also did not have any
evidence of glaucoma treatment in their EHR (Supplementary
Table 1).

WGS Data and Quality Control

The AoU WGS protocol has been extensively described previ-
ously.”’ Briefly, WGS was performed on the Illumina NovaSeq
6000 instrument, and analyses were performed on the Illumina
Dynamic Read Analysis for GENomics platform. Quality
control metrics included the following: mean coverage
(threshold of >30x), genome coverage (threshold of >90% at
20x), coverage of hereditary disease risk genes (threshold of
>95% at 20x), aligned Q30 bases (threshold of >8 x 10'%),
contamination (threshold of <1%), and concordance to
independently processed array data.”’ Additional sample quality
control metrics were also applied by AoU, including fingerprint
concordance, sex concordance, and cross-individual contamina-
tion rate. Whole genome sequencing from 414 830 participants
passed all quality control metrics and are available in the AoU v8
data release.

Genetically inferred ancestry was derived by AoU for all par-
ticipants with WGS data in the v8 data release; the ancestry labels
are consistent with those in Genome Aggregation Database, the
Human Genome Diversity Project, and 1000 Genomes.”'
Individuals with kinship scores >0.1 suggesting relatedness
(n = 30 584), ancestral outliers on principal components
analysis (n = 987), or sex ploidy mismatch (n = 1476) were
excluded from the POAG GWASs.

Ancestry-Stratified GWASs and Cross-Ancestry
Meta-Analyses

Variants with >2% missing genotypes, minor allele frequency
<0.01, and evidence of significant deviations from Hardy-Wein-
berg Equilibrium (P < 1 x 10™%) were excluded; these filters were
applied separately for each ancestral group and each phenotype
definition. Firth logistic regression analyses were then performed
for each ancestral group individually for each phenotype defini-
tion, with age, sex, and the top 10 genotype principal components
included as covariates.

Genetic heterogeneity across the individual GWASs was
assessed using the I? test in Meta-Analysis of Genome-Wide
Association Scans; there was no evidence of significant hetero-
geneity in the EUR, AFR, and AMR GWASs.”” The summary
statistics for each phenotype definition were meta-analyzed us-
ing a fixed-effects, inverse variance-weighted approach in Meta-
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All individuals with whole genome sequence data in All of Us v8 data release (n=414,830) l

Exclude related individuals
(n=30,584), flagged samples
(n=987) and sex ploidy
mismatch (n=1,476)

Age>40 (n=294,633), Age>65 (n=134,151) ‘

Phenotype 1 (Relaxed)

+ Cases: age>40 and
POAG ICD 9/10 code

+ Controls: age>65 and no
glaucoma ICD9/10 code

}

Exclude individuals with
ICD9/10 code for secondary
open-angle or angle closure
glaucoma (n=4,589)

Phenotype 2 (Stringent)
+ Cases: age>40, POAG ICD 9/10 code
and glaucoma treatment
+ Controls: age>65, no glaucoma
ICD9/10 code, no glaucoma treatment

}

Phenotype 1 (Relaxed)
* European (EUR): 1,846 cases/84,654 controls
+ African (AFR): 1,042 cases/15,966 controls
+ Latino/Admixed American (AMR): 305
cases/10,167 controls

Phenotype 2 (Stringent)
+ European (EUR): 1,528 cases/79,276 controls
+ African (AFR): 862 cases/14,076 controls
+ Latino/Admixed American (AMR): 250
cases/9,668 controls

POAG GWAS for EUR, AFR and AMR
case/control cohorts (for each phenotype)

}

Cross-ancestry meta-analysis (for each phenotype) |

Figure 1. Study design. GWAS = genome-wide association study; ICD = International Classification of Diseases; POAG = primary open-angle

glaucoma.

Analysis of Genome-Wide Association Scans (release date March
25,2011) (3193 cases and 110 787 controls for Phenotype 1; 2640
cases and 103 020 controls for Phenotype 2).*> To ensure that a
random-effects model would yield a consistent result, the
GWAS summary statistics were also meta-analyzed using Meta-
Regression of Multi-Ethnic Genetic Association.”> Manhattan
plots, quantile-quantile plots, and LocusZoom plots were created
in LocusZoom.js (v0.12).**

Correlation of Effect Sizes for Known POAG
Variants
The effect sizes (beta coefficients) of POAG-associated variants

identified in previously reported cross-ancestry meta-analyses,
including the International Glaucoma Genetics Consortium

(IGGC) meta-analysis (127 variants)’ and the multitrait analysis of
GWAS (MTAG) meta-analysis (312 variants)® were compared to
the AoU POAG cross-ancestry meta-analyses for both the relaxed
and stringent phenotype definitions. Additionally, the effect sizes
for POAG variants identified in the IGGC EUR GWAS meta-
analysis (68 variants)’ were compared to their effect sizes in the
AoU EUR GWASs. The correlation between effect sizes was
assessed using Pearson correlation coefficient (r).

Cross-Reference of the Novel Genome-Wide
Significant Locus in an External Data Set

To evaluate the robustness of the novel genome-wide significant
variant (rs76935404[T] near CYP2A7), it was queried in an in-
dependent data set from the Genetics of Glaucoma in People of
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African Descent (GGLAD) Consortium recruited at Duke Uni-
versity (GGLAD-Duke). The GGLAD-Duke data set consists of
genotype array data from 701 cases and 606 controls, as previ-
ously described.'’ The association statistics for 1s76935404 were
derived using the same phenotype definition of POAG and
standard GWAS quality control procedures applied in the
original study. After nominal replication was noted, the
GGLAD-Duke summary statistics were meta-analyzed with the
AFR GWAS summary statistics for each phenotype definition
using a fixed-effects, inverse variance-weighted approach in Meta-
Analysis of Genome-Wide Association Scans.”

In-Silico Annotation

To assess whether any novel genome-wide significant variants
were expression quantitative trait loci (eQTLs) that could
regulate the expression of neighboring or distant genes, these
variants were queried in the Gene-Tissue Expression database””
and the University of Michigan’s FIVEx*® browser. Because
ocular tissue expression data are not currently available in
existing databases, we used other neuronal tissues as a
surrogate given that POAG is also a neurodegenerative
disease. The Broad Institute Single Cell Portal’’ was queried
to identify ocular cell types in which genes located within
novel risk loci are expressed.

Results

POAG GWASs in the AoU EUR, AFR, and AMR
Cohorts

Results from the EUR (1846 vs. 1528 cases/84,654 vs. 79 276
controls), AFR (1042 vs. 862 cases/15 966 vs. 14 076 con-
trols), and AMR (305 vs. 250 cases/10 167 vs. 9668 controls)
GWAS:s for each phenotype definition are shown in Figure 2
and Table 1. There was no evidence of significant genomic
inflation or deflation in any of these GWASs (lambda =
1.0—1.02) (Supplementary Figure 1A—C, available at
www.ophthalmologyscience.org). ~ For  Phenotype 1
(relaxed), 2 loci reached genome-wide significance (P <
5 x 10_8) in the EUR GWAS, both of which are known
POAG risk loci: TMCOI (rs6426939[C], odds ratio [OR] =
1.32, P = 1.7 x 107®) and CDKN2B-ASI (rs3217977[C],
OR =121, P = 38 x 10_08). No significant loci were
detected in the AFR or AMR GWASs. For Phenotype 2
(stringent), 1 locus reached genome-wide significance in the
EUR GWAS, which is also a known locus: GMDS
(rs1570537[C], OR = 1.38, P = 1.0 x 10~%). Although the
stringent phenotype definition was designed to improve case
specificity, it also reduced the number of cases and controls
available for analysis, likely explaining why the established
POAGriskloci TMCO1 and CDKN2B-AS1 that were detected
at genome-wide significance with the relaxed definition
became subthreshold with the stringent definition. In contrast,
GMDS reached genome-wide significance under the stringent
EUR GWAS, illustrating that loci may differ in their sensi-
tivity to phenotype refinement.

No significant loci were identified in the stringent pheno-
type AMR GWAS. Interestingly, a novel risk variant near
CYP2A7 was identified in the AFR GWAS (rs76935404[T],
OR = 1.35, P = 1.2 x 10™®). LocusZoom plots for genome-
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wide significant loci are shown in Supplementary Figure 2,
available at www.ophthalmologyscience.org.

The novel variant rs76935404 is found in a noncoding
region of the genome upstream of the promoter for the
CYP2A7 gene. As noncoding variants can regulate the
expression of both neighboring and distant genes,”® we
queried whether this variant is an eQTL and thereby
influences gene expression. Because existing databases do
not contain ocular tissue expression data, neuronal tissues
were used as a surrogate given POAG is also a
neurodegenerative disease. rs76935404 was found to be a

significant eQTL for: (1) CYP2A7 in the brain
hypothalamus, basal ganglia, and hippocampus; (2)
EGLN2 in sensory neuronal tissue; and (3) the

uncharacterized long noncoding RNA AC(092071.1 in the
dorsal prefrontal cortex (P < 0.05 for all). Intriguingly,
the coding genes have POAG-relevant biological func-
tions: CYP2A7*°°" is a member of the Cytochrome P450
superfamily of enzymes that function in drug metabolism
and steroid/lipid biosynthesis, while EGLN2®'~* plays
roles in oxygen sensing, apoptosis, and mitochondrial ho-
meostasis. Single-cell data also show detectable expression
of both genes in disease-relevant ocular tissues from
healthy donor eyes.””** CYP2A7 is expressed in optic nerve
astrocytes, lens, Miiller glia, and retinal ganglion cells,
while EGLN?2 is expressed in optic nerve astrocytes, lens,
and optic nerve head fibroblasts.

To further validate the novel variant rs76935404 identi-
fied in the Phenotype 2 (stringent) AFR GWAS, we queried
this variant in a subset of the GGLAD-Duke after a
comprehensive ocular examination by an ophthalmologist
(701 cases/606 controls).'! rs76935404 replicated with same
direction of effect and nominal significance in the GGLAD-
Duke data set (OR = 1.34, P = 5.8 X 10_3) (Table 2). Given
there was evidence of replication, we meta-analyzed the
GGLAD-Duke summary statistics with the AoU AFR
GWAS:s for each phenotype definition using a fixed-effects,
inverse-variance weighted approach. Meta-analyses showed
that rs76935404 reached genome-wide significance using the
relaxed phenotype definition (OR = 1.29, P = 9.6 x 107°)
and maintained significance using the stringent definition
(OR = 1.35, P = 2.3 x 107'%) (Supplementary Figure 3,
available at www.ophthalmologyscience.org). These meta-
analyses did not show any evidence of significant genomic
inflation (lambda = 1.02—1.03) (Supplementary Figure 4,
available at www.ophthalmologyscience.org).

Cross-Ancestry POAG GWAS Meta-Analyses of
the AoU EUR, AFR, and AMR Cohorts

The known POAG risk loci TMCOI (rs35862498[A],
OR = 123, P = 1.1 x 107°) and CDKN2B-ASI
(rs3217977[C], OR = 1.19, P = 59 x 1079) were
genome-wide significant in a fixed-effects, inverse
variance-weighted cross-ancestry meta-analysis using
Phenotype 1 (relaxed) (3193 cases/110 787 controls),
while only TMCOI (Chrl:165730355[CA], OR = 1.26,
P = 3.5 x 1077) was significant using Phenotype 2
(stringent) with a reduced cohort size of 2640 cases and
103 020 controls (Fig 3, Table 3, Supplementary Figure 5,
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Figure 2. Manhattan plots for primary open-angle glaucoma (POAG) ancestry-stratified genome-wide association studies (GWASs) in the All of Us
Research Program (A) European (EUR), (B) African (AFR), and (C) Latino/Admixed American (AMR) cohorts using each phenotype definition
(relaxed and stringent). Each dot represents a specific variant. The x-axis displays the chromosome where each variant is located and the y-axis displays
the -logo P value for association of the variant with POAG. The gray dashed line represents the genome-wide significance threshold (P =5 x 1078, -log;o
P = 7.30). For variants reaching genome-wide significance, the nearest gene to the lead variant in the locus is labeled and bolded. The nearest gene(s) to
genome-wide significant loci using one phenotype definition are also labeled on the respective Manhattan plots for the second phenotype definition.

available at www.ophthalmologyscience.org). Neither
GWAS meta-analysis demonstrated evidence of genomic
inflation (lambda = 1.0—1.01) (Supplementary
Figure 1D). To ensure the results would be consistent
with a random-effects model, the meta-analyses were
repeated with this approach, which yielded the same
genome-wide significant loci (Supplementary Figure 6,
available at www.ophthalmologyscience.org). Notably, at
the CDKN2B-AS1 locus, rs3217977[C] differed in allele
frequency across ancestry groups, with lower minor
allele frequency in AFR than EUR (Table 3). Although
genome-wide significance was observed in EUR, the

direction of effect was similar across ancestry groups in
the cross-ancestry meta-analysis and there was no evi-
dence of heterogeneity. These findings illustrate how
ancestry-related differences in allele frequency, linkage
disequilibrium structure, and sample size can influence
locus-level discovery even at established POAG loci.
The novel risk locus identified in the AFR Phenotype 2
GWAS (1576935404 near CYP2A7) was polymorphic in and
exhibited a similar direction of effect across all ancestries,
although the strength of effect was strongest in the AFR
cohort; consequently, this locus did not remain significant
in the cross-ancestry meta-analyses (OR = 1.09—1.11, P <
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SE-03 for all) (Supplementary Table 2, available at
www.ophthalmologyscience.org).

minor

Correlation of Published Effect Sizes at Known
POAG Risk Loci with Effect Sizes in the AoU
Meta-Analysis

0.29

As measures of data quality, validity, and to evaluate the
utility for additional genetic studies of POAG, we
compared the effect sizes (beta regression coefficients) for
known POAG risk loci with their effect sizes in the AoU
GWASs. Figure 4A shows the effect size comparisons of
127 variants identified in the IGGC POAG cross-ancestry
meta-analysis (34 179 cases/349 321 controls).’
Figure 4B shows the effect size comparisons of 312
variants identified in the MTAG POAG cross-ancestry
meta-analysis (39 457 cases/392 560 controls).” For the
127 IGGC variants as well as the 312 MTAG variants,
there was strong correlation between effect sizes from the
prior analyses and the AoU meta-analyses using both
phenotype definitions (r = 0.83—0.84 for IGGC variants,
P <1x 107> r=0.75—0.79 for MTAG variants, P < 1 x
107>, respectively). For the 68 variants previously identi-
fied in the IGGC EUR POAG meta-analysis (16 677 cases/
199 580 controls),7 the correlation between IGGC EUR
effect sizes and the AoU EUR effect sizes using both
phenotype definitions was also strong (r = 0.86—0.89,
P <1 x 10_5; Supplementary Figure 7, available at
www.ophthalmologyscience.org). For internal validation,
the effect sizes of top variants (P < 1 X 1075) from
ancestry-stratified and  cross-ancestry  meta-analyses
applying Phenotype 1 and Phenotype 2 were also
compared; correlation was again strong (r = 0.96—0.99,
P < 1 x 107, Supplementary Figure 8, available at
www.ophthalmologyscience.org).

1.22-1.50 1.2E-08

35

1.
Genome Reference Consortium Human Build 38; GWAS = genome-wide association study; MAF

CYP2A7

Discussion

European; GRCh38

While POAG disproportionately impacts individuals of
AFR and AMR ancestry, studies aiming to identify ge-
netic risk factors have predominantly enrolled individuals
of EUR ancestry,” consistent with the approach for other
common diseases.”’ Additionally, these studies have used
genotype arrays, which directly assay ~2% of variants
throughout the genome and have historically not been
robust to differences in continental genetic ancestry.’
Successfully imputing missing genotypes is highly
dependent on the size of reference panels, linkage
disequilibrium variation between populations, variant
minor allele frequency, array marker density, and
sequence quality, among other factors.'” For samples
from populations with more AFR and/or AMR
continental genetic ancestry, for which reference panels
are smaller than EUR reference panels, accuracy varies
widely."” To overcome these shortcomings, this work is
the first cross-ancestry GWAS meta-analysis for POAG
using WGS data in the ancestrally diverse AoU Research
Program. In addition, we aimed to overcome the limita-
tions of using ICD codes alone for disease ascertainment

862/14 076

1528/79 276
African; Chr = chromosome; CI = confidence interval; EUR

allele frequency; OR = odds ratio; POAG = primary open-angle glaucoma.

Minor allele frequency (in specific population in which GWAS was performed).
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Table 2. Association of the Novel Genome-Wide Significant Variant From the All of Us AFR Phenotype 2 (Stringent) POAG GWAS
(rs76935404[T]) in an Independent Cohort

Cohort Cases/Controls OR 95% CI P Value
All of Us AFR phenotype 2 (stringent) 862/14 076 1.35 1.22-1.50 1.2E-08
All of Us AFR phenotype 1 (relaxed) 1042/15 966 1.28 1.16-1.41 4.5E-07
GGLAD-Duke 701/606 1.34 1.09-1.65 5.8E-03

AFR = African; CI = confidence interval; GGLAD-Duke = Genetics of Glaucoma in People of African Descent Consortium recruited at Duke Uni-
versity; GWAS = genome-wide association study; OR = odds ratio; POAG = primary open-angle glaucoma.

by applying different levels of phenotype definition novel AFR risk locus. Moreover, the strong correlation of
stringency. The combination of these strengths replicated  effect sizes for previously identified variants in the IGGC
known POAG risk loci and also allowed us to identify a r = 0.83—84) and MTAG (r = 0.75-79) POAG
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Figure 3. Manhattan plots for the All of Us Research Program cross-ancestry primary open-angle glaucoma (POAG) genome-wide association study meta-
analyses using each phenotype definition (relaxed and stringent). Genome-wide association studies were performed for the European, African, and Latino/
Admixed American cohorts using a relaxed and stringent phenotype (Figure 2) and the results were then meta-analyzed for each phenotype definition.
Each dot represents a specific variant. The x-axis displays the chromosome where each variant is located and the y-axis displays the -log;o P value for
association of the variant with POAG in the respective cross-ancestry meta-analysis. The gray dashed line represents the genome-wide significance
threshold (P = 5 x 1078, -logjo P = 7.30). For variants reaching genome-wide significance, the nearest gene to the lead variant in the locus is labeled and
bolded. The nearest gene(s) to genome-wide significant loci in one phenotype definition are also labeled on the Manhattan plot for the second phenotype
definition.
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cross-ancestry meta-analyses provides support for data
quality and utility of this data set for future POAG ge-
netic studies.

Prior GWASs in AFR ancestry populations have
identified relatively few POAG risk loci compared with
studies conducted in EUR ancestry populations. For
example, variants near APBB2 were previously reported
as genome-wide significant in AFR ancestry individuals
in the GGLAD Consortium.'' In the present study, while
previously reported POAG loci were well represented
among sub—genome-wide significant signals, no vari-
ants at the APBB2 locus reached genome-wide signifi-
cance in the AoU AFR GWAS. Differences in sample
size, phenotype definition, study design, and underlying
genetic architecture may contribute to variability in locus
discovery across studies. These findings underscore the
complementary nature of diverse data sets and reinforce
the importance of continued large-scale genetic studies in
ancestrally diverse populations.

The significant signal observed for rs76935404[T] in
the stringently phenotyped AFR GWAS replicated in the
GGLAD-Duke data set, and the effect size was also
consistent with the observation in AoU (OR = 1.34).
Notably, stronger effect sizes were detected in data sets
with more carefully phenotyped POAG cases. Phenotype
2 in our study considers not only POAG-related ICD 9/10
codes but also Current Procedural Terminology and
RxNorm codes for glaucoma treatment to more precisely
define POAG cases compared to Phenotype 1. Genetics
of Glaucoma in People of African Descent Consortium
recruited at Duke University POAG cases and controls
were clinically examined for diagnosis.''

The novel locus is ~30 kilobases upstream of the
CYP2A7 gene promoter. CYP2A7 encodes an orphan cy-
tochrome P450 protein that localizes to the endoplasmic
reticulum.”” While CYP2A7 has not been reported in the
GWAS Catalog as associated with any ocular
phenotypes,’® another cytochrome P450 gene, CYPIBI,
has been implicated in primary congenital glaucoma.’
Both CYP2A7 and CYPIBI belong to a large cluster of
cytochrome P450 genes on chromosome 19q. More
targeted high-resolution sequencing interrogation across
this region would be needed to confirm a causal variant(s)/
gene(s).

While the novel index variant is canonically closest to
CYP2A7, evidence from the Gene-Tissue Expression and
FIVEx databases suggest that rs76935404 may also be an
eQTL for EGLN2, which encodes an enzyme with a
crucial role in oxygen sensing. This enzyme catalyzes
hydroxylation of specific proline residues in hypoxia-
inducible factor alpha (HIF-1a) subunits when oxygen is
abundant.’” This hydroxylation marks HIF-la for
degradation, effectively regulating cell response to
changing oxygen levels. Hypoxia-induced retinal gan-
glion cell death is implicated in glaucoma pathophysi-
ology."’ Interestingly, a recent analysis of rare variants
identified using whole exome sequence data reported
significant association between variants in EGLN2 and
intraocular pressure.*’ This study also reported that
EGLN2 is a drug target for 3 hypoxia-inducible factor

European; GRCh38 = Genome Reference Consortium Human Build 38; GWAS = genome-

Latino/Admixed American; Chr = chromosome; CI = confidence interval; EUR

wide association study; MAF = minor allele frequency; OR = odds ratio; POAG = primary-open angle glaucoma.

African; AMR

AFR =
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Figure 4. Correlation of effect sizes for known primary open-angle glaucoma (POAG)-associated variants with their effect sizes in the All of Us Research

Program cross-ancestry meta-analyses using each phenotype definition (relaxed and stringent). Correlation analyses were performed for all POAG-
associated variants identified in the (A) International Glaucoma Genetics Consortium (IGGC) POAG cross-ancestry meta-analysis (34 179 cases/349
321 controls; 127 variants)’ and the (B) multitrait analysis of genome-wide association study (MTAG) POAG cross-ancestry meta-analysis (39 457 cases/
392 560 controls; 312 variants).® Each dot represents a specific variant. The beta regression coefficients (B) from the IGGC/MTAG cross-ancestry meta-
analyses are plotted on the x-axis, while the B from the All of Us Research Program cross-ancestry meta-analyses are plotted on the y-axis.

prolyl hydroxylase inhibitors (roxadustat, daprodustat, and
vadadustat).

The hypoxia response pathway has been implicated in
various adaptive responses to environmental pressures,*”
and variants in oxygen-sensing genes have shown
population-specific distributions that may reflect past se-
lective pressures. For example, HIF-1qa is induced in host
tissues during malaria infection, a disease that has influ-
enced selection pressure of other disease-causing genes
(e.g., sickle cell in AFR populations).”> Activation of the
host HIF-1a pathway improves survival of liver-stage ma-
laria parasites in hepatocytes.”* In context, continental AFR
populations faced unique selective pressures from endemic
diseases such as malaria, sleeping sickness, and various
parasitic infections, potentially favoring variants that
enhance detoxification capacity or immune responses. The
evolutionary maintenance of these variants in AFR
populations suggests they may represent ‘“‘population-
private” risk alleles that contribute to health disparities in
complex diseases. This pattern has been observed for
other conditions, such as APOLI variants that protect
against trypanosomiasis but increase kidney disease risk
in African Americans.” Interestingly, in our ancestry-

stratified GWASs, the direction of effect for
1s76935404[T] was consistent across ancestries, although
the effect size was much larger in the AFR GWAS, sup-
porting this theory. Importantly, CYP2A7 and EGLN2
expression is detected in disease-relevant ocular tissues
from healthy donor eyes (CYP2A7 is expressed in optic
nerve astrocytes, lens, Miiller glia, and retinal ganglion
cells, while EGLN?2 is expressed in optic nerve astrocytes,
lens, and optic nerve head fibroblasts), supporting a po-
tential functional role in POAG pathogenesis. Further
functional work is needed to prioritize the causal gene(s) in
this locus and is an important future research direction.

A major strength of the present study is the ancestrally
diverse population of research participants. This increases
statistical power to detect novel POAG susceptibility loci
that were previously undiscovered due to lack of repre-
sentation of non-EUR individuals in most GWASs to date.
Another strength of this study is the use of WGS data;
imputed array data are currently more commonly used in
GWASs than WGS data, although as WGS becomes
cheaper and more widely available, more GWASs will
likely shift toward WGS data to eliminate the need for
imputation and better facilitate harmonization of genomic
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data collected across different studies/sequencing plat-
forms. Greater use of WGS will also enable discovery of
disease-causing rare variants. Finally, our thorough phe-
notyping strategy allowed us to compare a relaxed versus
stringent case/control definition using ICD9/10, RxNorm,
and Current Procedural Terminology codes. As with many
studies that rely on EHR data, the present study encountered
limitations with regard to available phenotypic data. For
example, no ophthalmology clinic notes, intraocular pres-
sure measurements, or ocular imaging data are currently
available for AoU participants.

In summary, our multiancestry GWASs and meta-
analyses of WGS in the ancestrally diverse AoU
Research Program replicated known POAG loci and
identified a novel locus in AFR individuals that repli-
cates in an independent data set and contains genes with
disease-relevant biological functions. While additional
fine-mapping and functional studies will be required to
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identify the causal variant(s) and gene(s) at this locus,
the replication of rs76935404[T] in an independent
clinically phenotyped AFR ancestry cohort supports the
robustness of this association. Ongoing efforts to in-
crease the size and diversity of multiple data sets with
WGS will further improve our understanding of the
genetic architecture of this common, blinding disease.
Ultimately, this can lead to improved approaches to
disease diagnosis, treatment, and prevention that will
benefit all individuals.
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