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SUMMARY

Primary open-angle glaucoma (POAG), the leading cause of irreversible blindness worldwide,
disproportionately affects individuals of African ancestry. We conducted a genome-wide
association study (GWAS) for POAG in 11,275 individuals of African ancestry (6,003 cases;
5,272 controls). We detected 46 risk loci associated with POAG at genome-wide significance.
Replication and post-GWAS analyses, including functionally informed fine-mapping, multiple
trait co-localization, and /n silico validation, implicated two previously undescribed variants
(rs1666698 mapping to DBF4PZ, rs34957764 mapping to ROCK1PI) and one previously
associated variant (rs11824032 mapping to ARHGEF12) as likely causal. For individuals of
African ancestry, a polygenic risk score (PRS) for POAG from our mega-analysis (African
ancestry individuals) outperformed a PRS from summary statistics of a much larger GWAS
derived from European ancestry individuals. This study quantifies the genetic architecture
similarities and differences between African and non-African ancestry populations for this
blinding disease.

Graphical abstract

"Correspondence: joan.o’brien@pennmedicine.upenn.edu.

AUTHOR CONTRIBUTIONS

Conceptualization: S.S.V., H.V.G., M.D.R., and J.M.O.; methodology: S.S.V,, H.V.G,, V.R.M.C., M.D.R., and J.M.O.; software:
S.S.V,HVG, YB., LG, AL, MD.R., and J.M.O.; validation: S.S.V,, H.V.G., B.Z,, A.S.B,, CPM., M.C.Z,, SM.W.,, J.C.B,, J.I.R,,
R.W, C.C.K.,, M.AH.,, M.D.R,, and J.M.O.; formal analysis: S.S.V,, H.V.G,, Y.B., M.P, G.-s.Y., M.D.R., and J.M.O.; investigation:
S.S.V,HVG, VRM.C,RJS, DW.C, VV,RMN,SR,JH,RL, SZ-G.,ASB., NK., E.D., WM., J.H., Regeneron Genetics
Center, T.G.K., S.K.I., N.S.P, VA Million Veteran Program, K.D.T., X.G,, Y.-D.l.C,, L.Z, C.G,, R.A,,J.LW, C.M.C.-0O., SEW,
S.A,D.LB,0.0.0,MR,AA, OMA, TA, JLW,AGR,QN.C, VA, AL, EM-E, PSS, JCB.,JLR,RW,C.CK,
M.AH., M.D.R., and J.M.O.; resources: M.D.R. and J.M.O.; data curation: R.L., E.D., M.D.R., and J.M.O.; writing — original draft:
S.S.V, HV.G,, V.R.M.C., and R.J.S.; writing — review & editing: all authors; visualization: S.S.V., H.V.G., V.R.M.C., Y.B., V.V,
M.D.R., and J.M.O.; supervision: M.D.R. and J.M.O.; project administration: S.S.V., H.V.G., R.J.S., M.D.R., and J.M.O.; funding
acquisition: M.D.R. and J.M.O.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.cell.2023.12.006.


https://doi.org/10.1016/j.cell.2023.12.006

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Verma et al. Page 2

- . e s g L] AT
Discovery Mega-Analysis *W H‘W* fl;,h’ wi‘ﬂ‘*
3 African Ancestry Dalasels

Glaucoma Cases Controls
N=6,003 N=5272

\

46 genome-wide significant

risk loci for glaucoma
Sex-Stratified
Comparative Analyses

‘ Fine-Mapping

0%

Cross-Ancestry e S
Comparison ‘mm
Replication i ‘F‘p'aw
eplication in -
Post-GWAS Analyses 4 cohorts | 2 A Expression in
bé Eye Tissues
i
Trait Co-Localization
Elucidated glaucoma 3 likely causal variants Improved polygenic risk
mechanisms in African score

ancestry population
Outcomes ek

AL
NNV Gontrots /7 \\ Gases

In brief

Glaucoma represents a pressing public health need among African ancestry individuals. This study
provides novel insight into the genetic architecture of glaucoma in this population by identifying
gene variants with pathophysiological significance.

INTRODUCTION

Primary open-angle glaucoma (POAG) is an insidious neurodegenerative disease of the
optic nerve (ON) that causes progressive loss of peripheral vision.! This disease affects

44 million individuals worldwide, with a projected prevalence of 80 million by 2040.2

It is estimated that 6 million individuals were bilaterally blinded by POAG in 2020.3
African ancestry populations worldwide are disproportionately affected by this disease.3
Individuals of African ancestry are four to five times more likely to be affected by POAG
than individuals of European ancestry* and up to 15 times more likely to experience vision
loss from the disease.”

There are several major risk factors for POAG in all populations, including advanced

age, elevated intraocular pressure (IOP), and family history of glaucoma, with heritability
estimates ranging from 0.17 to 0.81.6 Elevated 0P is currently the only targetable
component of the disease, and treatments are often ineffective in halting disease
progression.”8 Additionally, some patients maintain normal IOP levels (normal-tension
glaucoma) but can still experience disease progression and vision loss.? This indicates that
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POAG, a frequently inherited disease, has additional underlying mechanisms that could be
elucidated by genetic studies.10-11

Despite POAG having a strong inherited component,12-15 understanding of the disease’s
genetics remains incomplete.16 A total of 174 unique risk loci have been associated with
POAG and related traits through a large-scale meta-analysis’ and genome-wide association
studies (GWASS) in European,18-22 Japanese,23-27 or multi-ancestry populations,22:28.29
with sample sizes ranging from 387 to 383,500. However, many of these loci have a reduced
or unknown role in individuals of African ancestry, indicating that global ancestry groups
may have differences in genetic risk and highlighting the need to compare diverse genetic
architectures.29-32

Several studies have investigated glaucoma genetics in multiancestry or African ancestry
populations but were often limited by a small sample size.33:3* One GWAS of continental
African and African American populations identified a previously undescribed candidate
locus on the £XOC4 gene, but it did not associate in the West African replication group.3!
The African Descent and Glaucoma Evaluation Study (ADAGES)3 identified an association
with advanced POAG and the ENO4 locus.36 Most recently, a GWAS in the Genetics

of Glaucoma in People of African Descent (GGLAD) consortium identified a previously
undescribed locus in APBBZ as significantly associated with POAG in individuals of
African ancestry, but the index variant (rs59892895) was not polymorphic in participants

of European or Asian ancestry.3’

In this study, we conducted a large GWAS for POAG in African ancestry individuals

from three African population datasets. We further investigated significant findings through
replication studies in four independent datasets, functional validation studies, and /in

silico analysis. We also compared the genetic architecture of POAG in African and non-
African ancestry populations. Our objective was to identify variants of pathophysiological
importance to POAG in African ancestry individuals, gaining insight into the genetics of this
blinding familial disease in the most affected population.

Study datasets

We performed a mega-analysis in a discovery cohort that combined three African ancestry
datasets: the ADAGES study (n = 1,999),36 the GGLAD consortium (n = 2,952),37 and the
Primary Open-Angle African American Glaucoma Genetics (POAAGG) study (n = 6,324)38
(Figure 1). Genotype data were imputed for each dataset individually using the Trans-Omics
for Precision Medicine (TOPMED) reference panel.3°

The results from the discovery analysis were replicated in four independent datasets of
African ancestry individuals: a second independent dataset from GGLAD (referred to as
GGLAD-2),37 All of Us (AOU),*? Penn Medicine BioBank (PMBB),*! and Million Veteran
Program (MVP).42 Additionally, we compared the results from the discovery mega-analysis
with multi-ancestry GWAS results from the Global Biobank Meta-Analysis Initiative
(GBMI)17 and the National Human Genome Reserach Institute-European Bioinformatics
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Institute (NHGRI-EBI) GWAS Catalog.3 Finally, we created a polygenic risk score (PRS),
which was applied to three independent datasets of African ancestry individuals (Electronic
Medical Records and Genomics [eMERGE], n = 13,493; GGLAD-2, n = 1,490; PMBB, n =
11,117). The demographics and designs of the studies used in these analyses are detailed in
Figure 1.

Discovery of known and previously undescribed POAG loci

In the discovery mega-analysis, all subjects had self-reported African ancestry or were
recruited from continental Africa, and 51.5% were female (Figure 1). In total, 12,944,299
variants were included in the discovery analyses (STAR Methods). Correlation analyses
revealed a generally high positive correlation (Figure S1A) between mega-analysis and
meta-analysis results, indicating a strong agreement between the two approaches (Pearson
correlation coefficient = 0.86). This finding suggests that both methods yield consistent
findings overall. Furthermore, to investigate the power of the mega-analysis approach, we
focused on variants filtered at a p value threshold of 1 x 10794 (Figure S1B). Notably, we
observed that smaller effect sizes in our mega-analysis exhibited higher p values, indicating
higher power to detect these variants. These results highlight the robustness and statistical
power of the mega-analysis approach employed in this study. Moreover, the observation that
smaller effect sizes had higher power in the mega-analysis emphasizes the advantages of
pooling individual-level data when possible to increase the precision and sensitivity of our
analysis.

We identified a total of 1,110 suggestive loci for POAG (p < 2.8 x 1074) from the mega-
analysis (Table S1), of which 46 reached genome-wide significance as shown in Table

1. Only 2 of the 46 significant loci were previously reported in other glaucoma studies,

as shown in the overlap of the Venn diagram in Figure S2A. Conditional analyses using
Genome-wide Complex Trait Analysis-Conditional and Joint Association Analysis (GCTA-
C0JO)*445 identified 47 conditionally independent associations exceeding genome-wide
significance (p <5 x 1078) (Table S2). All known and previously undescribed genes for
POAG risk are annotated in Figure 2, with a full breakdown given in the Figure360 video.
The quantile-quantile (QQ)-plot for this analysis is shown in Figure S2C.

We also replicated 37 (21%) of 174 previously reported POAG loci (listed in Table S3) at

a Bonferroni-corrected significance for 174 loci (0.05/174; p < 2.8 x 1074). Among these
replicated associations are variants mapping to genes such as ARHGEF12, CDKN2ZB-AS1,
TMCO1, AFAP1, L MX1B, and many more. Of note, rs9992186 (chr4: 46875929), mapping
nearest to the APBBZ2 gene, is in high linkage disequilibrium with rs59892895 (R2 = 0.81),
which has previously been associated with POAG risk in African ancestry individuals.3” In
our study, this association was also identified at suggestive GWAS significance (p value =
2.15 x 1075, odds ratio [OR] = 1.03), as reported in Table S1.

One of the previously undiscovered associations identified in the mega-analysis was the
variant rs34957764, which maps to the Rho-associated coiled-coil-containing protein kinase
1 pseudogene 1 (ROCK1PI) gene region. Rho-associated coiled-coil kinase, a pseudogene
resulting from partial duplication of the ROCK1 gene, regulates cellular responses such

as cell growth, proliferation, and apoptosis. We also identified a previously undescribed
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variant (rs4938802) and known variant (rs11824032) that map to the ARHGEF12 gene;

the rs4938802 variant has previously been associated with elevated IOP and POAG risk in
European ancestry individuals.*64” However, the previously undiscovered locus reported in
our mega-analysis is in a different 250-kb region than the locus reported in the previous
GWAS. Another previously undescribed variant of interest is rs145914721, mapping near to
the ADAMTS17gene, which encodes a member of the ADAMTS protein family. Mutations
in this gene, along with ADAMTS10and LTBPZ2, are associated with Weill-Marchesani-
like syndrome, an inherited connective tissue disease characterized by lens abnormalities
and secondary glaucoma.*849 Another previously undescribed variant, rs6462562, maps to
the SDK1 gene, which encodes for an adhesion molecule expressed in the cells that are
damaged in POAG, retinal ganglion cells (RGCs), and in a subset of interneurons. This
variant also promotes synaptic connectivity.%0

Differential effects by sex

We conducted a sex-stratified GWAS in the discovery mega-analysis dataset (Figure S2B)
and then meta-analyzed the sex-stratified results to differential effects by sex. We found

37 loci that reached the genome-wide significance threshold (p < 5.0 x 1078). (Figure 2
green panel; Table S4.) Filtering for heterogeneity p value < 0.01 resulted in nine variants
corresponding to three loci that showed evidence of heterogeneity between males and
females. All nine variants in these three loci demonstrated a stronger effect in females

(OR ranging from 1.87 to 1.92) than in males (OR ranging from 1.16 to 1.46, with lowest
heterogeneity p value for rs1181192 at p = 0.0009). When calculating a Pearson correlation
among effect sizes for all variants at p value < 0.01 in males and females, we observed a
significant and strong correlation of 0.74 (p < 0.0001). This finding indicates a consistent
pattern of genetic effects across sexes, suggesting minimal influence of sex-specific effects.
Moreover, the relatively equal sample sizes in males and females further support the
robustness and reproducibility of these associations within our study cohort.

Quantitative trait co-localization analyses

We examined the genetic co-localization®! between SNPs identified from the discovery
mega-analysis and SNPs identified in a GWAS of POAG endophenotypes from the
POAAGG study.38 These endophenotypes included IOP, cup-to-disc ratio (CDR), mean
deviation (MD) from visual fields, and retinal nerve fiber layer (RNFL) thickness. Lead
variant rs11824032 (chr1l: 120354080) mapped to the ARHGEF12gene (PP4 > 0.8). In the
included gene region, there were 2,091 variants considered in the co-localization analyses
between POAG and baseline CDR (Table S5). The locus zoom plot for the ARHGEF12
region’s GWAS results is shown in Figure S2F. Further, we performed locus quantification
to visualize the change in baseline CDR measurements with respect to the genotypes (Figure
3). Lastly, we conducted a follow-up two sample Mendelian randomization (MR) analysis at
rs11824032 with baseline CDR as the exposure and POAG as the outcome, which resulted
in a significant p value = 1.33 x 1079 (beta = 12.02, SE = 1.98).

Replication of POAG associations in African ancestry datasets and meta-analysis

We performed replication analyses for the 47 risk loci (353 variants found in most of the
replication datasets) identified in the conditional analyses in the discovery dataset in African
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ancestry individuals extracted from four independent datasets (AOU, GGLAD-2, PMBB,
and MVP). Two variants, mapping to the DBF4 zinc-finger pseudogene 2 (DBF4P2) and
ROCK1P1 genes and validated in independent datasets, were found to have a significant
p value below the Bonferroni correction threshold (0.001) of 0.05/47 (Figure 4; Table S6).
Locus zoom plots for these replicating genes are shown in Figures S2D and S2E. Variant
rs34957764 mapping to the ROCKI1PI locus on chromosome 18 reached the Bonferroni
significant p value in the AOU dataset (p value = 0.0002) and showed a strong association
with POAG in a meta-analysis of datasets (discovery p value = 4.93 x 10724 and pooled
meta p value = 1.67 x 10724). Variant rs1666698 mapping to the DBF4P2 gene was
marginally significant in the MVP dataset (p value = 0.0009, discovery p value = 3.59 x
10719, and pooled meta p value = 1.12 x 10710). Both replicated SNPs showed consistent
effect direction across replication datasets.

We evaluated the minor allele frequency (MAF) of the two replicating variants (rs1666698
and rs34957764) in our study across multiple datasets. In addition to the discovery and
replication datasets, we assessed the MAF in the 1000 Genomes populations, providing a
comprehensive analysis of global allele frequencies. Figure S3 presents the MAF patterns
of the two SNPs in the 1000 Genomes populations and the specific MAF values observed
in each population within the discovery mega-analysis and replication datasets. rs1666698
exhibited consistent MAF across African populations, with MAF values exceeding

0.4. However, in European and East Asian populations, the MAF was much lower,
approximately 1%. This stark difference in allele frequencies between African and non-
African populations highlights the population-specific nature of this variant. rs34957764
displayed a distinct MAF pattern, with a prevalence of 20% in African populations
compared with an MAF of 0.12 in other populations. This marked discrepancy in

MAF between African and non-African populations underscores the significant population
stratification and genetic diversity observed for this variant. This examination of MAF
distribution offers valuable insights into the frequency and distribution of these variants
across diverse populations, enhancing our understanding of their relevance in a global
context.

Cross-ancestry comparisons

We compared the per-allele effect sizes and MAF between both previously known and
undiscovered loci in our dataset of African ancestry individuals (Figure S4A). Previously
undiscovered variants identified from the mega-analysis have large effect sizes in African
ancestry individuals, whereas previously known variants from non-African populations (i.e.,
GBMI GWAS on POAG) show smaller effect sizes. We also calculated the genetic impact
correlation (pg;) using Popcorn,32 which is the correlation coefficient of the population-
specific allele-variance-normalized SNP effect sizes (Figure S1C). Genetic correlations
between ancestries ranged from pgi = 0.59 (African with East Asian ancestry) to pgi =

0.73 (African with European ancestry), with the highest correlation among East Asian and
European ancestry individuals (pgj = 0.78).

Since the majority of large GWAS for POAG have been performed in non-African ancestry
individuals, we next demonstrated the added value of including African ancestry individuals
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when explaining phenotypic variability for POAG (Figure S4B). GCTA-restricted maximum
likelihood (REML) analyses®3 showed that the estimate of variance for POAG was 0.0295
(SE = 0.006) for previously known loci but increased to 0.05 when including both previously
known loci and undiscovered loci from our mega-analysis (Figure S4B). Of note, the
previously undiscovered variants from our mega-analysis explained 0.041 variance, so the
highest estimate of variance (after suggestive significant hits) came from the inclusion of
both previously known and undiscovered loci from our African ancestry cohort.

Prioritizing causal variants, genes, and pathways

Functionally informed fine-mapping—Combining annotations using fine-mapping
approaches has been proven to enhance the ability to localize causal variants. Using
integrated regulatory annotations from epigenome integration across multiple annotation
project (EpIMAP),>4 we prioritized putative causal variants identified through our discovery
mega-analysis.>> We performed fine-mapping using SuSIE®® (STAR Methods), which uses
functional enrichment of regulatory regions to weight the GWAS summary statistics and
compute a posterior probability. This analysis identified 51 credible set pairs with posterior
probability >95% for containing a causal variant. There were four variants that mapped

to enhancer regions among the credible sets: rs371063473 (LOC101929650), rs4809477
(SLCO4AI), rs73719555 (LOCZ285766), and rs73669125 (LMX1B) (Table S7). Of note, the
rs73669125 variant is nearest to the LMX1B gene; this gene is known to be involved in

the development of the anterior segment of the eye.>” Additionally, a mutation in LMX1B
is known to cause nail-patella syndrome (NPS), an inherited developmental disorder; one

of the manifestations of NPS includes the development of open-angle glaucoma.>8-63

The rs73235527 variant maps to the gene BENDA4,; this gene is associated with retinitis
pigmentosa 26.54

In our investigation of potential biological insights from the mega-analysis summary
statistics, we conducted pathway analyses using the multivariate analysis of genomic
annotation (MAGMA) tool, which is seamlessly integrated within the functional mapping
and annotation (FUMA) platform.65:66 The MAGMA gene set pathway analysis allowed us
to explore the enrichment of curated gene sets and Gene Ontology (GO) terms sourced from
MsigDB.%7 Following the MAGMA analyses and correction for multiple testing using the
Bonferroni method, we identified three pathways that exhibited significant enrichment at a
corrected p value threshold (ppon) < 0.05. The specific enriched pathways include negative
regulation of translation in response to stress (p = 5.14-08), cellular response to leucine
starvation (p = 6.52-08), and negative regulation of CREB transcription factor activity (p =
3.52-07).

Quantitative expression of POAG-associated genes in human eye tissues
—The pathogenesis of POAG involves the loss of RGCs and damage to trabecular
meshwork (TM) cells, which can be caused by increased oxidative stress.58 We induced
oxidative stress with H,O, in human ocular cell lines to understand gene expression
patterns and to determine this stressor’s functional relevance in POAG. We quantified
the expression profiles of the nearest genes to the three likely causal variants from the
mega-analysis in human TM (hTM) cells and RGCs derived from induced pluripotent
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stem cells (iPSC-RGCs)89 treated with H,0,. We include a video that demonstrates the
electrophysiological responses of iPSC-RGCs in cell culture at day 71 obtained using patch-
clamp recording in a whole-cell configuration mode (Video S1). These variants included the
two loci demonstrating replication in independent African datasets (rs34957764 mapping to
ROCK1PI and rs1666698 mapping to DBF4P2) and the loci associated with baseline CDR
in genetic co-localization analyses (rs11824032 mapping to ARHGEF12). Gene expression
in human retinal tissues from normal and glaucoma donors was also quantified for these
three nearest genes.

When comparing hTMs under oxidative stress to untreated hTMs, we found significant
overexpression of ARHGEF12(30.2 £ 1.05, p value = 0.008). ROCK1PI was marginally
increased (2.2 £ 0.5), while no expression of DBF4P2was detected (Figure 5A). In stressed
versus untreated iPSC-RGCs, the ROCK1P1 (2.45 £ 0.45, p value = 0.009) and DBF4P2
(2.15 + 0.4, p value = 0.02) genes were significantly upregulated. There was an upward
trend in the expression of ARHGEF12(1.6 + 0.4) (Figure 5B). With respect to human
retinal tissue samples, there was no significant difference in the expression of ARHGEF12
(11.4 £ 4.05) and ROCK1PI (17.4 + 3.8) in the retinal tissue isolated from a POAG patient
compared with the normal retinal tissue sample; however, DBF4P2 (198 + 0.3, p value:
0.0003) was significantly upregulated in the retinal tissue from the POAG patient (Figure
5C). The possible mechanisms involving the variants in the ARHGEF12and ROCK1PI
genes and their relation to POAG are shown in Figure 5D.

In silico analysis of gene expression in ocular tissues

We assessed the expression levels for the genes that are nearest to the loci that replicated

in independent African ancestry datasets (ROCK1P1 and DBF4P1) and were associated
with baseline CDR in genetic co-localization analyses in silico (ARHGEF12), wherever
data were available. We used the most current publicly available source, the Human Eye
Transcriptome Atlas (HETA).”%71 This database contains the largest number of distinct
ocular tissues, compared with all earlier databases, and it is the only database employing
fresh rather than postmortem tissue for transcriptome analysis, a clear advantage for
accuracy of results. As there is no ocular tissue information in Genotype-Tissue Expression
(GTEx)’2 or Encyclopedia of DNA Elements (ENCODE)’3 databases, we did not utilize
these for determining gene expression.

ARHGEF12is widely expressed in ocular tissues, including the ON. ROCK1P1 is expressed
in the ON and in the peripheral retina but not in the retinal center. These findings are
consistent with the location of RGCs and their axons. The transcriptional profile of DBF4P2
is not available. The only transcriptional profile available is for DBF4P1 and this would have
uncertain relevance to the gene of interest.

Polygenic prediction of POAG in African ancestry

Summary statistics from the discovery mega-analysis (African ancestry individuals) were
used to create a PRSpjega, and summary statistics from GBMI (European ancestry

individuals) were used to create a PRSggp- Each PRS was calculated using PRS-CS and
was applied to three independent datasets of African ancestry individuals (eMERGE, n =
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13,493; GGLAD-2, n = 1,490; PMBB, n = 11,117), and the AUC was compared (Table

S8). The highest AUC was achieved in the GGLAD-2 data (AUC = 0.657) with summary
statistics from the mega-analysis. We also compared individuals identified in the top 20% of
the PRS by both mega-analysis and GBMI reference data and the remainder of the dataset.
The PRS\ega outperforms the PRSggm in two out of the three datasets, as shown in
Figure 6 and Table S8.

DISCUSSION

Only two percent of genetic studies have focused on individuals of African ancestry as of
2019.74 Even diseases that disproportionately affect African ancestry individuals, such as
POAG, remain understudied in this population. To help address this disparity, we conducted
a very large GWAS on POAG in African ancestry individuals to date (n = 11,275). We
identified 46 risk loci at genome-wide significance in our discovery cohort. Two of these
loci, mapping to the ROCK1P1 and DBF4P2 genes, replicate in independent African
ancestry datasets, and one previously undescribed locus mapping to the ARHGEF12 gene
is associated with baseline CDR in genetic co-localization analyses. We show through
subsequent functional analyses that these three loci can be logically implicated in African
ancestry POAG pathogenesis.

This mega-analysis of African ancestry individuals enables the identification of previously
undescribed risk loci for POAG, while also replicating risk loci across ancestries. The
majority of previously associated loci identified in other ancestral populations do not
replicate at a conventional genome-wide significance level, possibly due to genetic
heterogeneity across different ancestry groups. However, 21% replicate at the Bonferroni
threshold p value for 174 previously reported unique loci.

Significant findings from the discovery mega-analysis replicate in four independent datasets
of African ancestry, chosen due to their use of the same imputation panel as our study

(with the exception of AOU, which consists of whole-genome sequence data). Two loci
from the discovery mega-analysis replicate within these African ancestry datasets. The
rs34957764 variant mapping to the ROCK1P1 locus replicates in the AOU dataset, and

the rs1666698 variant mapping to the DBF4PZ2 gene replicates in the MVP dataset and in
meta-analyses of all replicated datasets (p value = 0.002); both replicated SNPs also showed
consistent effect estimates in most replication datasets. The observed MAF differences
between African and non-African populations for rs1666698 and rs34957764 highlight

the influence of population-specific genetic factors in shaping allele frequencies. The
substantial variation in MAF suggests potential differences in the evolutionary history and
selective pressures experienced by these populations. These findings support the importance
of considering population-specific effects when investigating the functional and clinical
implications of genetic variants. Furthermore, the contrasting MAF patterns underscore

the need for careful interpretation of genetic association studies conducted in diverse
populations. The substantial differences in MAF for these two variants between African and
non-African populations may have implications for disease risk assessment, drug response,
and population-specific genetic studies.
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ROCK1P1 and DBF4P2 are both pseudogenes. ROCK1P1 is located on chromosome
18p11.32 and is a result of the partial duplication of the ROCKI gene on chromosome
18g11.1. ROCK1 is a serine/threonine kinase and a downstream effector of the Rho GTPase.
ROCKU1 is a target for Rho kinase inhibitors to reduce aqueous humor outflow resistance by
directly acting on TM cells and Schlemm’s canal. These inhibitors are used as a treatment
for glaucoma.”>~77 Despite a lack of clear evidence on the strength of the underlying
mechanisms, our analysis highlights the potential importance of these sites. The MAF of
rs34957764 is 0.25 in African ancestry samples, compared with 0.12 in European ancestry
samples. By contrast, the MAF of rs1666698 is substantially higher in African and African
American populations (MAF = 0.4) than in Europeans (MAF = 0.02). These findings
underscore the need for additional studies to elucidate the functional significance of these
SNPs and their potential contribution to disease susceptibility in diverse populations.

We also identify genetic co-localization between a lead variant mapping to ARHGEF12and
baseline CDR. The ARHGEF12 gene has previously been associated with elevated IOP in
individuals of European ancestry.#6 The genetic co-localization between rs11824032 and
baseline CDR is not previously reported. Although the significant MR p value provides
supporting evidence for a potential causal association, we acknowledge the limitations

of interpreting causality based on a single-SNP MR test. It is important to consider the
complexities of establishing directionality in such analyses. Furthermore, we acknowledge
that the observed association between rs11824032 and baseline CDR may be influenced by
other factors specific to this ancestry group. For example, individuals in this group may
experience earlier and more severe neurodegeneration compared with less affected ancestry
groups, which could also contribute to the observed association.

Our quantitative real-time PCR data indicate that ROCKZP1 mRNA is significantly
overexpressed in iPSC-RGCs under oxidative stressed conditions. /n silico analysis
demonstrates that ROCK1P1 is expressed in the ON and peripheral retina, consistent with
the location of RGCs and their axons. ARHGEF12is overexpressed in hTM cells under
stressed conditions and shows a trend toward overexpression in iPSC-RGCs but fails to
reach significance. /n silico analysis confirms that ARHGEF12is expressed in the ON.
There are also upward trends detected in the expression of the ARHGEF12and ROCK1PI
genes in the retinal tissue isolated from a POAG patient, but these expression profiles are
not statistically different when compared with control retina. The retina is comprised many
different layers, and it is possible that the full retinal biopsy obscures the expression of genes
located in the RGC layer, which is most affected by glaucoma.

The ARHGEF12 (Rho guanine nucleotide exchange factor [GEF] 12) gene is located on
chromosome 11g23.3; an intronic variant rs58073046 in this gene has previously been
associated with glaucoma and 10P.#6 ARHGEF12 is reported to function downstream

of the RhoA/Rho-associated kinase pathway, which is known to regulate TM plasticity

via actin-myosin interactions.”8-80 It is proposed that ARHGEF12 activates RhoA, which
leads to ROCK activation, causing a decrease in aqueous humor outflow and permeability

of Schlemm’s canal cells.8! The result is a subsequent increase in 10P, contributing to
increased CDR in African ancestry populations. Additionally, the ARHGEF12 gene interacts
with ABCA1 and is reported to bind directly to the C terminus of ABCAL to activate
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RhoA. Simultaneously, ARHGEF12 prevents the degradation of ABCAL by extending its
half-life.82:83 \Variants in ABCA1 have previously been found to be associated with both
POAG and 10P.84.85

RhoA/ROCK and transforming growth factor (TGF)-p signaling pathways also play a
significant role in the pathogenesis of POAG.86-88 TGF-B2 is the predominant form of the
three isoforms in the eye.89:90 Analyses of the aqueous humor and TM cells from glaucoma
patients have detected increased levels of TGF-B2,%1 causing high levels of ECM deposition
in TM, ON head, and lamina cribrosa,88:92 leading to the death of RGCs and atrophy of the
ON. This mechanism can possibly explain the increase in CDR observed in our group of
African ancestry individuals that carry the ARHGEF12and ROCK1PI variants.

This study demonstrates that the inclusion of African ancestry individuals in several

analyses improves the prediction of POAG risk for these individuals. First, a comparison

of per-allele effect sizes demonstrates that previously undiscovered variants from the
mega-analysis have large effect sizes in African ancestry individuals, whereas previously
reported variants (mainly from European individuals) tend to have smaller effect sizes

that point to the polygenic tail of POAG risk.93 Additionally, in a cross-ancestry genetic
correlation analysis, we demonstrate lower genetic correlation among African and East
Asian individuals (59%) and African and European individuals (73%), compared with
European and East Asian individuals (78%). It is certainly possible that the smaller

effect sizes in our study are not due to differences in biology but rather to the Winner’s
Curse,* whereby the initial discovery (in Europeans) is an overestimate of the effect

sizes. Additional studies should be conducted in large global populations to obtain more
estimates of the effect size of these variants. We also show that the inclusion of both
previously known and undiscovered loci from our African ancestry cohort helps to increase
the estimate of variance for POAG from GCTA-REML analyses. Finally, we demonstrate
that the PRSpega (African ancestry) showed an improved prediction of disease risk over the
PRSgemi (European ancestry) in two out of three African ancestry cohorts, despite the much
smaller size of the PRSp e dataset. Notably, the PRSpega demonstrated an improved
ability to discern individuals in the top 20t percentile of PRS distribution, suggesting the
clinical utility of the PRS in African ancestry individuals.

This study has several major strengths, beginning with the implementation of data
integration strategies to combine genotype data from 11,275 African ancestry individuals
into a megaanalysis dataset, allowing us to achieve substantial statistical power. Several
previous studies have shown that mega-analyses combining individual-level data are
superior to meta-analyses, which rely on summary statistics from numerous heterogeneous
samples.?>% Qur findings further support the existing literature, as we demonstrate a strong
correlation (r = 0.86) between the mega-analysis and meta-analysis results. Moreover, our
results suggest that the mega-analysis approach, which combines individual-level data,
exhibits higher statistical power, particularly for detecting smaller-effect-sized variants.
Although mega-analyses may not always be practical due to constraints such as data
availability and other logistical challenges, our study was fortunate to have comprehensive
individual-level data across multiple datasets. This approach allows us to pool the row-
level data, thereby increasing the statistical power of our analysis and facilitating more
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precise estimates of the effects under investigation. Another strength of our study is that
the POAAGG study carefully ascertained quantitative phenotypic traits from each subject,
which is crucial to prevent residual confounding effects of unmeasured phenotypes within
association studies. This rich dataset allows us to study and identify significant differences
in quantitative trait measurements for genotypes from our mega-analyses in a case-only
analysis. Finally, we employ multi-factorial strategies to improve the detection of potential
causal variants, genes, and biological pathways that contribute to POAG pathophysiology.
By incorporating functionally informed fine-mapping methods, co-localization of GWAS
signals from binary and quantitative phenotypes, and /n silico validation methods, we are
able to prioritize variants and systemically characterize genes in pathways to elucidate
POAG mechanisms.

In conclusion, this study greatly expands our knowledge of the genetic landscape of POAG
in African ancestry individuals. Though the increased burden of POAG in this ancestry
group was identified more than three decades ago, new generations continue to experience
premature vision loss from this familial disease. A critical barrier to progress has been

the lack of genetic studies of POAG in African ancestry individuals. Genetic studies are
needed to identify novel targets for screening and therapeutic intervention, as all treatment
options target only one disease mechanism, elevated 10P, with limited success.%7 This study
represents a crucial first step toward addressing this disparity by conducting the largest-ever
GWAS on POAG in African ancestry individuals. Although more experimental evidence is
ultimately required to pinpoint causal mechanisms and generate predictive tools for early
screening of POAG, many useful insights can be drawn from our study. Our work is an
important step toward achieving future goals, including defining subgroups of disease that
aid in early detection, providing the capability for early screening within families, and
discovering targetable pathways for personalized therapeutic interventions. Future studies
can also help to determine whether African ancestry individuals have different responses

to treatments, such as recently approved ROCK inhibitors. POAG is the leading cause

of irreversible blindness in the world today, and familial blindness perpetuates increased
morbidity, poverty, and mortality across generations. The lack of genetic studies in the most
affected African ancestry population is both a failure of science and a failure of our moral
obligation to address systemic racism prevalently visible today.

Limitations of the study

A limitation of this study is the relatively small sample size of our African ancestry
discovery cohort. Although this may be the largest African ancestry GWAS for POAG

to date, it is still smaller than many GWAS in datasets of European ancestry individuals.
Nevertheless, the African ancestry PRSpega for POAG risk stratification still shows
improvement over European ancestry PRSggnm;, Which was drawn from a much larger
dataset (GBMI). Recruiting more individuals of African ancestry should be a priority for
developing a more refined PRS with clinical utility for POAG diagnosis in African ancestry
populations; this is imperative because 50% of patients with POAG are unaware that they
are afflicted with this blinding disease. A second limitation of the study is posed by the
remarkable diversity of African ancestry populations, which are more dissimilar than any
other ancestry group worldwide.98 This diversity could provide one reason for lack of
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replication of many loci in our replication datasets. Additionally, many of the replication
datasets relied on diagnosis code-based case/control definitions for POAG, which could

also be responsible for the lack of replication of many signals. These datasets were also
characterized by imbalanced case/control ratios, which may introduce some degree of
uncertainty or misclassification. Although we estimate effect sizes in these independent
replication datasets and perform meta-analyses to enhance robustness, it remains essential

to interpret the observed effect sizes with caution, due to the potential impact of these
limitations on the precision and accuracy of results. Another possible limitation of our study
is the potential impact of study source as a confounding factor. Although we followed

the imputation strategy shown to be robust in previous studies,?9100 study source can still
represent a potential source of bias.% However, it is worth noting that in these analyses,
using study source as a covariate was challenging due to the uneven distribution of cases
and controls among the three datasets in the discovery analyses. Although the GGLAD and
POAAGG datasets have fairly equal divisions between cases and controls, the ADAGES
study has a very high distribution of cases (92%), which can cause the ADAGES batch

to be highly correlated with case status. This would result in multicollinearity issues

in the sensitivity analyses. We also do not believe that including the study source as a
covariate in sensitivity analyses would substantially alter our main findings. Nonetheless,
we acknowledge the potential impact of the study source on our results and have taken

steps to account for potential confounding factors through estimating the inflation factor and
performing conditional analyses and replication analyses. We performed sensitivity analyses
that compare the results of meta-analyses of the discovery datasets and mega-analyses,
providing additional insights into the robustness of our findings. Finally, although we used
today’s industry-standard analyses for imputation, GWAS analysis, and PRS analysis, it will
be important to continue to develop new methodologies that incorporate local ancestry into
the analyses, which we anticipate will further improve the identification of both ancestry-
specific association signals as well as those that are relevant across multiple ancestry groups.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Joan O’Brien
(joan.o’brien@pennmedicine.upenn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. Genotype data for POAAGG and ADAGES study participants have been
deposited in the database of Genotypes and Phenotypes (dbGaP) and are publicly
available as of the date of publication. Genotype data for GGLAD study
participants are publicly available through the link listed in the key resources
table. This paper also analyzes existing publicly available data from All of Us,
eMERGE Phase I11, and Global Biobank Meta-Analysis Initiative (GBMI). The
accession numbers for these datasets are listed in the key resources table. Penn
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Medicine BioBank (PMBB) and Million Veteran Program (MVP) data can be
accessed via collaborations with researchers upon request. Raw data from the
guantitative gene expression data from Figure 5 is uploaded to Mendeley Data:
https://doi.org/10.17632/7drg5smn9j.1.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Participants—This study included three African ancestry datasets in the
discovery analyses (n=11,275): (1) African Descent and Glaucoma Evaluation Study study
(n=1,999), (2) Genetics of Glaucoma in People of African Descent consortium (n=2,952),
and (3) Primary Open-Angle African American Glaucoma Genetics study (n=6,324).
Replication was performed in four African ancestry datasets: (1) a second dataset from
GGLAD (referred to as GGLAD-2; n=1,492), (2) All of Us (n=22,914), (3) Penn Medicine
BioBank (n=9,512), and (4) Million Veteran Program (n=9,586). Detailed information

on the recruitment and phenotyping of participants is included in Figure 1. The study
adhered to the tenets of the Declaration of Helsinki and was approved by the University

of Pennsylvania Institutional Review Board. All subjects provided informed written consent
under IRB-approved protocols.

Cells Lines—The eye tissues for our study were isolated from two pairs of eyes collected
from non-diabetic European ancestry donors who registered voluntarily to donate to the
eye bank. One eye pair was collected from a 91-year female donor with a clinical history
of glaucoma managed using Brimonidine (Alphagan®) eye drops, and the second eye pair
was collected from a 91-year-old female with no history of glaucoma. Informed consent
about the tissue use for research was obtained from donors, with a death-to-preservation
interval of <6 hours. Both eyes were collected and processed by the Lions Eye Institute

of Transplant and Research recovery personnel and were preserved in RNA-later (Qiagen,
Valencia, CA, USA) for the left eye, and 2% glutaraldehyde and 1% paraformaldehyde in
0.1 M phosphate buffer for the right eye. The left eyes were shipped overnight on wet ice
to the University of Pennsylvania and were processed upon arrival. The normal or glaucoma
status of donor’s right eyes was assessed for the stage of glaucoma by staining longitudinal
sections of the ON area using hematoxylin and eosin and evaluated for bowing of lamina
cribrosa, ON cupping, widening of arachanoid space, and characteristic thinning of RGC
layer. The left eyes, preserved in RNA-later solution, were examined by photography with
a stereomicroscope before dissection. For each donor’s eye, ocular tissues from eye globes
were carefully collected to minimize sample contamination.

The primary trabecular meshwork cells were commercially obtained from Sciencell, CA,
USA (Cat#6590) and also as a gift from Dr. Markus Kuehn, University of lowa. We
validated the authenticity of the TM cells by performing MYOC induction experiments
with dexamethasone, as described previously.198 We used Passage 2 (P2) to Passage 4 (P4)
primary TM cultures for all our experiments.
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The iPSCs were isolated and differentiated from the PBMCs of a 41-year-old African
American male. The iPSC-RGCs for our studies were derived using small molecules to
inhibit BMP, TGF-beta (SMAD), and Wnt signaling to differentiate iPSCs into RGCs. The
generation and characterization of these cells are previously described.69.109.110

The University of Pennsylvania and Children’s Hospital of Philadelphia Human Subjects
Research Institutional Review Board approved all human sample collection protocols
following the Declaration of Helsinki. Written informed consent was obtained from the
human cell donor.

METHOD DETAILS

Study Design and Participants—~For the discovery analyses, we obtained data on
6,003 POAG cases and 5,272 controls of African ancestry from three independent cohorts
across the world. In brief, the POAAGG study population consists of self-identified
Blacks (African American, African descent, or African Caribbean), aged 35 years or
older, recruited from the Philadelphia area. In both the ADAGES study and the GGLAD
consortium, subjects self-identified as having African ancestry. Previously published case/
control definitions were used for all studies.36:37:111 Among the GGLAD and ADAGES
data, we only included individuals with age and sex information. Individuals with missing
age and sex were excluded from the analyses during quality control checks.

We imputed each dataset using the TOPMED imputation reference panel3® and then merged
all three TOPMED imputed datasets into one larger dataset to perform a mega-analysis of
African ancestry participants.%®

For the replication analyses, we analyzed four independent datasets (GGLAD-2, All of
Us, Penn Medicine BioBank, and Million Veteran Program) (Table 1). For the GGLAD-2
dataset, we used age- and sex-matched participants from the previous GGLAD study
that were excluded from the discovery analyses due to the absence of covariates. For all
replication datasets, only African ancestry individuals were included.

Quality Control and Imputation—We imputed the POAAGG, GGLAD and ADAGES
data to the TOPMED reference panel3® and merged the three datasets using BCFtools

to preserve the dosage information in the VVCF files. We then performed post-imputation
quality control by filtering SNPs with average imputation R2<0.3, MAF <1%, and/or
evidence of significant deviation from Hardy-Weinberg Equilibrium (p-value<le-08).

We performed Principal Component Analyses (PCA) on the merged dataset using the
EIGENSOFT package where the PCs are projected on to the 1000 Genomes dataset.101:102
The scree plots demonstrate the proportion of variance explained by each of the 20 PCs in
the merged POAAGG dataset. Since the elbow is at PC6, we included the first 6 PCs in all
subsequent association analyses to control for population stratification.

Discovery Mega-Analysis—Association testing for the discovery mega-analyses was
performed assuming an additive model in which the imputed genetic dosages for each
variant were tested against the case-control status, using SAIGE version 1.1 software.103
This applies a mixed linear approach to association testing while accounting for cryptic
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relatedness in the population. All variants at MAC>20 were evaluated using firth regression
in SAIGE. All models were adjusted for age and the first 6 PCs in the mega-analyses. Three
mega-analyses were performed on 11,275 individuals (6,003 cases and 5,271 controls).
Plots were created in R (Version 3.6.3) and python and regional plots were created

using LocusZoom web interface.104 We calculated the genomic inflation factor for each
analysis to ensure that the results were not inflated due to population substructure, cryptic
relatedness, or model misspecification using LDSC software.195:106 \We used the PLINK LD
clumping method to identify the number of independent risk loci. This was achieved by
clumping variants (p-value<5e-08) within 500kb regions and r2>0.001 into a single locus.
Additionally, for regions where multiple variants in high linkage disequilibrium mapped to
multiple genes, we conducted conditional analyses for each variant in the region to identify
the number of independent loci using GCTA-COJO software using default parameters.4°

Sensitivity Analyses—We compared the results obtained from the mega-analysis with
a meta-analysis of the three datasets (POAAGG, GGLAD and ADAGES) by conducting
correlation analyses. We calculated the Pearson correlation coefficient to assess the
agreement between the two approaches. Additionally, we generated Figure S1 to visually
compare the absolute betas obtained from mega-analysis and meta-analysis.

Identifying Known Risk Loci and Associations—To identify genomic regions that
were previously known to be associated with POAG through numerous studies, we used the
NHGRI-EBI GWAS catalog*3 to download all previously published POAG loci (download
date: 12/17/2022). We clumped all SNPs into independent risk loci. We then looked at SNPs
identified by our discovery mega-analysis in this list by searching for LD friends via the
GCTA package.** GCTA uses regression approach to search for SNPs that are in significant
LD with the provided list. We identified all SNPs that are in LD with known SNPs in 10KB
upstream and downstream region of the known risk loci regions.

Sex-Stratified Analysis—We performed a sex-specific GWAS in our mega-analysis
dataset by stratifying 6,498 females-only, and 4,776 males-only. The analyses were
conducted following the same plan as the full discovery mega-analysis using the SAIGE
mixed linear model and adjusting single variant analyses by age and first 6 principal
components. To identify variants that are differentiated by sex, we meta-analyzed the
sex-stratified GWAS using PLINK and considered genome-wide significant variants with
heterogeneity P-value <0.01. Among these significant variants, we then applied 500kb and
r2>0.1 LD clumping threshold to identify significant sex differentiated POAG loci.

Trait Co-localization Analysis—At each significant locus identified using PLINK
clumping methods, we performed a co-localization analysis between our discovery mega-
analysis and a GWAS of POAG endophenotypes from the POAAGG study (I0OP, CDR,
MD from visual fields, and RNFL thickness) using coloc package in R.112:113 For the
traits that demonstrated significant co-localization, we extracted all variants that were in
high LD with independent loci (500 kb r2>0.5) to look for correlation of betas among

all SNIPs. We reported the colocalized signals for variants that were significantly different
from 0. Next, we identified loci that demonstrated posterior probability for H4 >0.8 and
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conducted a two sample Mendelian randomization analysis (Wald ratio test) to identify the
causal relationship of the variant between case/control POAG status and each quantitative
trait, where quantitative trait is exposure and POAG binary variable as outcome. We used
eQTpLot4 for further locus quantification and visualization of the signals with PP4>0.8.

Replication and Joint Meta-Analysis—We performed a single variant association

test in all 353 genome-wide significant variants (46 loci) in all replication datasets using
PLINK dosage analyses. Variants that reached below a loci-based Bonferroni threshold
(p-value=0.05/46 =0.001) in any of the replication datasets were then meta-analyzed with
the discovery dataset using Forest PM package.115 Forest plots for the replicated loci were
generated using the Forest PM package and the random effects meta-analyses p-values were
reported for each replicated signal.

Heritability Estimation—LD scores were calculated on all samples from the mega-
analyses using LDSC software.195:106 \We choose a default window size of 1cM to calculate
LD scores. We partitioned SNP-based heritability using stratified LD score regression by
the same functional annotation categories as used in fine-mapping using LDSC software.10
We calculated enrichment scores in each category as the proportion of SNP heritability in
the specified category, divided by the proportion of total SNPs annotated to that category.
The p-value was determined through a two-tailed test to identify the categories that have an
enrichment score >1.

Cross-Ancestry Comparison—For cross ancestry comparison, we used summary
statistics from a recent POAG GWAS from GBMI,17:116 which includes GWAS summary
statistics from a European ancestry GWAS, East Asian ancestry GWAS, and multi-ancestry
GWAS (contains approximately 10% African ancestry individuals). A total of 5,257,495
variants from our discovery mega-analyses were found in GBMI summary statistics. After
aligning effect alleles, we compared effect estimates and minor allele frequencies using
Pearson’s correlation coefficient. We used Popcorn (version 1.0)2 to estimate the per-allele
genetic impact correlation coefficient (pg;) between the discovery mega-analysis and GBMI
European and East Asian meta-analyses, respectively. The LD reference panel for Popcorn
was generated using the 1000 Genomes Phase 3 dataset,11” consisting of Hapmap3 variants
only for AFR, EUR, and EAS populations as defined by 1000 Genomes.

Functionally Informed Fine-Mapping—We used the implementation of SuSie in
PolyFun (POLYgenic FUNctionally informed fine-mapping)°® to perform fine-mapping of
257 SNPs (p-value <1x10799) in overall mega-analyses results. The variants were mapped
to the nearest gene and annotated to regulatory regions from the EpiMap database.>* We
allowed for the presence of 10 causal SNPs per locus, as per the recommendations from
PolyFun.56 We identified causal variants by filtering the results with posterior probabilities
(PIP) >0.9.

Pathway Analyses—In this study, we conducted pathway analyses to uncover potential
biological insights from genome-wide association studies (GWAS) mega summary statistics.
To achieve this, we utilized MAGMA (Multivariate Analysis of Genomic Annotation),

a powerful tool for pathway analysis, integrated within FUMA (Functional Mapping
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and Annotation).5> MAGMA gene-set analysis®® is conducted for curated gene sets and

GO terms obtained from MsigDB.57 To account for multiple testing, which arises from

the analysis of numerous pathways, we applied Bonferroni correction. These corrections
ensured stringent control of the type-1 error rate and increased the confidence in identifying
significantly enriched pathways. GO pathways with Py, < 0.05 were considered significant.

Evaluating Oxidative Stress in TM cells and iPSC-RGCs—The primary TM

cells and iPSC-RGCs were incubated with increased amounts of H,O, overnight before
replacing the cultures with complete media. The cells were collected 24 hours after the
H,0, treatment, and levels of selected gene transcripts were determined using quantitative
RT-PCR and gene expression primers, following published protocols.118-120 The relative
gene expression was compared against control (no treatment) to obtain normalized gene
expression. Expression levels (+SEM) were calculated by analyzing in triplicate reactions
and presented on an arbitrary scale that represents the expression of relevant genes compared
to the housekeeping gene GAPDH. An increase in Superoxide Dismutase 1 (SODI)
expression levels served as a positive control for oxidative stress in the same set of samples.
A limitation of using this approach as a stressor is that it does not recapitulate a disease
relevant process.

In Silico Analyses for Gene Function—We evaluated the expression of genes that
contained likely causal loci in human ocular tissues using a publicly available database:
The Human Eye Transcriptome Atlas.’%71 This Atlas consists of gene expression data from
healthy and diseased human eye tissues. The gene expression is derived from 100 surgical
samples from 15 different ocular tissues collected at the Eye Center at the University

of Freiburg. To ensure accuracy of expression data, findings were normalized across

all 100 specimens. Previously defined tissue specific biomarkers were used to perform
deconvolution using xCell. Clustering by tissue type was established with high tissue
specificity. In contrast to all other ocular transcriptome data bases, no human donor eyes
were included in this dataset. This improved accuracy for RNA-based findings.

Polygenic Risk Scores (PRS)—We use discovery mega-analysis summary statistics
and GBMI summary statistics to generate two separate PRS for POAG: PRSpgga and
PRSggmi- Each PRS was computed using PRS-CS!21 with 1KG African reference panel

for the mega-analyses and 1KG European ancestry panel for the GBMI analyses. We
validated each PRS in three independent37:100.122 cohorts of African ancestry individuals
(eMERGE, PMBB, and GGLAD-2 datasets). Descriptive statistics for these datasets are
reported in Table 1. The prediction accuracy of the PRSpega and PRSggnm; Was estimated
by calculating the Nagelkerke R2, which is the difference of R2 between a full model
including PRS and covariates (age, sex and principal components) and reduced model which
only includes covariates.

QUANTIFICATION AND STATISTICAL ANALYSIS

For the quantitative gene expression data, all data are represented as mean + SEM. Each
experiment was conducted in triplicates for statistical analysis. Differences in gene transcript
expression between treatment groups were analyzed using Student T-test by statistical

Cell. Author manuscript; available in PMC 2025 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Verma et al.

Page 19

software (GraphPad Prism 6.0; GraphPad Software, Inc., La Jolla, CA, USA). *p-values
of < 0.05 were considered statistically significant.
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Highlights

A comprehensive GWAS on African ancestry individuals with glaucoma was
conducted

46 risk loci significantly associated with glaucoma were detected

Variants in ROCK1PI1, ARHGEF12, and DBF4P2 demonstrated likely causal
pathophysiology

Polygenic risk scores derived from African ancestry individuals show
enhanced strength
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Figure 1. Study designs and subject characteristics
POAAGG, Primary Open-Angle African American Glaucoma Genetics; GGLAD, Genetics

of Glaucoma in People of African Descent; ADAGES, African Descent and Glaucoma
Evaluation Study; AOU, All of Us; GBMI, Global BioBank Meta-Analysis Initiative; EAS,
East Asian Ancestry; AFR, African Ancestry; AMR, Admixed American Ancestry; EUR,
European Ancestry; SAS, South Asian Ancestry.
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Figure 2. Discovery of known and previously undescribed loci from the discovery mega-analysis
of African ancestry individuals

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/
j-cell.2023.12.006.

The circular plot depicts genes previously associated with POAG (blue) and previously
undescribed genes revealed by the discovery mega-analysis (orange). The inner section
(black) shows the mega-analysis Manhattan plot in a circular fashion. The green section
demonstrates heterogeneity 12 values from sex-stratified meta-analyses. The inner scatter
plots display the relationship between the absolute beta and minor allele frequency (MAF)
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among the mega-analysis data, including African ancestry individuals only and GBMI
results for European individuals, East Asian individuals, and cross-ancestry meta-analyses.
See also Tables S1-S4 and S7 and Figures S1, S2, and S4.
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Figure 3. Trait co-localization results
(A) Mega-analysis of discovery cohort, colored by trait GWAS data for baseline CDR, with

separation of congruent SNPs (increased expression associated with increase in the trait)
versus incongruent SNPs (increase in expression associated with a decrease in the trait).
(B) Enrichment of SNPs associated with baseline CDR among significant SNPs from the

mega-analysis.
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(C) P-P plot, with congruent SNPs on top and incongruent SNPs at the bottom.
(D) Violin boxplot, with rs11824032 genotypes on the x axis and baseline CDR on the y

axis.

(E) Violin boxplot, with rs10892564 genotypes on the x axis and baseline CDR the on the y

axis.
See also Table S5.

Cell. Author manuscript; available in PMC 2025 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Verma et al. Page 35
-24
A rs34957764 (Meta P = 1.67 x102*) B 1s1666698 (Meta P = 1.12x10™)
Gene : ROCK1P1 Gene : DBF4P2
P-value  Study Name P -value Study Name
0.0002 _— 0.6466 1.AOU -_—
0.0640 2.GGLAD-2 = 0.7573 2.GGLAD-2 -—
0.3481 - 0.1181 3.PMBB -
0.2145 | 0.0009 4.MVP | ]
271x102  5.Discovery_Mega - 1,37x10* 5.Discovery_Mega [ ]
RE Summary RE Summary e ——
T T T T T I T T T T T T 1
-0.2 0.0 0.2 0.4 0.6 -0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5
Log odds ratio Log odds ratio

Figure 4. Forest plot showing effect estimates for discovery mega-analyses and replication
studies, as well as the pooled effect meta-analyses for two replicated risk variants

Pooled estimates for odds ratio and 95% confidence intervals of all replication datasets and
meta-analyses (discovery + all replication sets) were calculated by random effect analyses.
Results for individual datasets are denoted by rectangles with lines indicating the 95%
confidence intervals and black diamonds indicating the final pooled summary values. All
replication datasets include GGLAD-2 + PMBB + AOU + MVP datasets. Meta-analyses p
values calculated from the ForestPM plot package are denoted on the top of each plot.

(A) SNP rs34957764 in the ROCK1P1 gene was tested in all datasets.

(B) SNP rs1666698 in the DBF4P2 gene was tested in all datasets.

GGLAD-2, Genetics of Glaucoma in People of African Descent; PMBB, Penn Medicine
BioBank; AOU, All of Us; MVP, Million Veteran Program.

See also Table S6 and Figures S2 and S3.
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Figure 5. Quantitative gene expression analyses results and proposed mechanisms of genes
Solid arrows indicate the proposed mechanisms of variants identified in our dataset and

dashed arrows indicate a mechanism that is known in the literature.

*ROCKI1P1 is a pseudogene and is a result of the partial duplication of the ROCKI gene. A
variant that maps to ROCK1PI was identified in our discovery mega-analysis and replicated
in the AOU dataset.

The quantitative expression profiles of the nearest genes to the three likely causal variants
from the mega-analysis (ARHGEF12, ROCKI1P1, and DBF4P2) were analyzed in human
eye tissues (hTMs, iPSC-RGCs, and retinal cells) using quantitative RT-PCR, with and
without H,0O, treatment.

(A) hTMs were treated with or without 200 uM H,0,.

(B) iPSC-RGCs were treated with or without 650 pM H505.

(C) Human retinal tissues from normal and glaucoma donors were used. GAPDH was used
as the housekeeping gene. Data are presented as mean + SEM. The data were normalized to
control cells and analyzed using Student’s t test statistical analysis (*p < 0.05, **p < 0.01,
***p < 0.001).

(D) Schematic representation of RhoA/ROCK downstream signaling pathway involving
ARHGEF12 and ROCK1 and leading to glaucoma in individuals of African ancestry. We
propose that ARHGEF12 functions downstream of the TGF-f and RhoA/Rho-associated
kinase signaling pathways to activate ROCK1 via RhoA, which decreases TM plasticity and
aqueous humor outflow and increases RGC death and optic nerve atrophy.
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Figure 6. Performance of PRS generated from summary statistics from GBMI (European
individuals) and the discovery mega-analysis (African individuals) in independent datasets of
African ancestry individuals

Summary statistics from GBMI (European individuals) and discovery mega-analysis
(African individuals) were each used to create a PRS. Each PRS was measured in three
independent datasets of African ancestry individuals (eMERGE, GGLAD-2, PMBB).

(A) The Nagelkerke R? is shown on the x axis, and the test datasets are shown on the y axis,
with the p value corresponding to the Nagelkerke p value.

(B) The odds ratio (x axis) was calculated by comparing individuals in top 20% PRS with
rest of the test datasets (y axis). The p value corresponds to regression p value.

See also Table S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Eye tissues obtained from normal Lions Eye Institute for N/A

and glaucoma eye donors Transplant and Research

Chemicals, peptides, and recombinant proteins

Basic fibroblast growth factor R&D Systems Cat#: 233-FB

(bFGF)

Matrigel growth factor (GFR) Corning Cat#: 354230
XAV939 (X) (Wnt inhibitor) R&D Systems Cat#: 3748
SB431542 (SB) (TGF- inhibitor) R&D Systems Cat#: 1614
LDN193189 (L) (BMP inhibitor) R&D Systems Cat#: 6053
Nicotinamide Sigma-Aldrich Cat#: N0636
IGF1 R&D Systems Cat#: 291-G1
Follistatin 300 R&D Systems Cat#: 669-FO

Cyclopamine

R&D Systems

Cat#: 1623/1

DAPT

Stemgent

Cat#: 04-0041

Y-27632 dihydrochloride (ROCK
inhibitor)

R&D Systems

Cati#: 1254/1

Forskolin

Selleckchem

Cat#: S2449

NS,2°-0-Dibutyryladenosine 3’, 5°-
cyclic monophosphate sodium salt
(CAMP)

Sigma-Aldrich

Cat#: D0627

BDNF R&D Systems Cat#: 248-BDB
NT4 R&D Systems Cat#: 268-N4
CNTF R&D Systems Cat#: 257-NT
Critical commercial assays

Direct-zol RNA Miniprep kits Zymo Research Cat#: R2050

SuperScript™ 111 First-Strand cDNA
Synthesis System

ThermoFisher Scientific

Cat#: 18080051

TagMan™ Fast Advanced Master
Mix

ThermoFisher Scientific

Cat#: 4444557

Deposited data

Genotype data for POAAGG dbGaP Accession phs001312
participants

Genotype data for ADAGES dbGaP Accession phs001673

participants

Genotype data for GGLAD
participants

Hauser et al.3’

https://s3-ap-southeast-1.amazonaws.com/gis-hg4-poag/
poag_africa_4_collection_logistic.meta.sorted_N4.tsv.zip

Genotype data for AOU participants

All of Us Research Hub

https://databrowser.researchallofus

Genotype data for PMBB
participants

N/A

Accessed via collaborations with researchers upon request.

Genotype data for MVP participants

N/A

Accessed via collaborations with researchers upon request.

Genotype data for GBMI
participants

GBMI Initiative Website

https://www.globalbiobankmeta.org/resources.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

eMERGE Phase |11 data

dbGaP

Accession phs001584.v2.p2

HapMap variants

1000 Genomes FTP portal

http://ftp.ncbi.nlm.nih.gov/hapmap/genotypes/2009-01_phaselll/

plink_format/.

NHGRI-EBI GWAS catalog

Welter et al.*3

https://www.ebi.ac.uk/gwas/

Quantitative gene expression
analysis (Figure 6)

Mendeley Data

https://doi.org/10.17632/7drg5smn9j.1

Experimental models: Cell lines

Primary trabecular meshwork cells

Commercially obtained
from Sciencell, CA, USA
and laboratory of Dr.
Markus Kuehn, University
of lowa.

Cat#6590

Human: Undifferentiated induced
pluripotent stem cells (iPSCs)

UPenn iPSC Core

N/A

Software and algorithms

TOPMED Imputation Reference
Panel

Das et al .3

https://imputation.biodatacatalyst.nhlbi.nih.gov/#!

EIGENSOFT package

Galinsky et al 101,102

http://www.hsph.harvard.edu/alkes-price/software

SAIGE version 1.1 software

Mbatchou et al.103

https://saigegit.github.io/SAIGE-doc/

R (Version 3.6.3)

N/A

https://cloud.r-project.org/bin/windows/base/old/3.6.3/R-3.6.3-win.exe

LocusZoom web interface.

Boughton et al.104

https://github.com/statgen/locuszoom/

LDSC software Zheng et al.1%5; Bulik- http://Idsc.broadinstitute.org/; https://github.com/bulik/ldsc/
Sullivant06
GCTA-COJO software Yang et al.* http://gump.qimr.edu.au/gcta/massoc.html

PLINK

Chang et al. 107

https://www.cog-genomics.org/plink/2.0/general_usage

Popcorn (version 1.0)

Brown et al.52

https://github.com/brielin/popcorn

SuSie in PolyFun (POLYgenic
FUNCctionally informed fine-
mapping

Weissbrod et al.5¢

https://github.com/stephenslab/susieR

GraphPad Prism 6.0

N/A

https://www.graphpad.com/dI/96314/10B92408/

EpIMAP

Lietal 5

https://epigenomegateway.wustl.edu/

MAGMA (Multivariate Analysis of
Genomic Annotation) tool

Watanabe et al.5; de
Leeuw et al %6

http://ctglab.nl/software/magma.

Other

Human Eye Transcriptome Atlas

Wolf et al.™®

https://www.eye-transcriptome.com
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