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SUMMARY
Primary open-angle glaucoma (POAG), a leading cause of irreversible blindness globally, shows disparity in
prevalence and manifestations across ancestries. We perform meta-analysis across 15 biobanks (of the
Global Biobank Meta-analysis Initiative) (n = 1,487,441: cases = 26,848) and merge with previous multi-
ancestry studies, with the combined dataset representing the largest and most diverse POAG study to
date (n = 1,478,037: cases = 46,325) and identify 17 novel significant loci, 5 of which were ancestry specific.
Gene-enrichment and transcriptome-wide association analyses implicate vascular and cancer genes, a fifth
of which are primary ciliary related. We perform an extensive statistical analysis of SIX6 and CDKN2B-AS1
loci in human GTEx data and across large electronic health records showing interaction between SIX6
gene and causal variants in the chr9p21.3 locus, with expression effect on CDKN2A/B. Our results suggest
that some POAG risk variants may be ancestry specific, sex specific, or both, and support the contribution of
genes involved in programmed cell death in POAG pathogenesis.
INTRODUCTION

Glaucoma is a complex eye disease characterized by a progres-

sive loss of optic nerve (ON) fibers, whichmanifests initially as vi-

sual field loss, and if untreated ultimately leads to irreversible

blindness.1 Primary open-angle glaucoma (POAG) represents

the most prevalent type of glaucoma. POAG affects the trabec-
Cell Repo
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ular meshwork (TM), the inner retina, where retinal ganglion cell

axons form the ON, and, presumably due to transsynaptic

degeneration, the visual pathways, including the visual cortex.2,3

High intraocular pressure (IOP) is a major risk factor identified in

POAG patients.4 Other risk factors are advanced age and posi-

tive family history, and difference in prevalence has been shown

for POAG across ethnicities and sex.5–7 Moreover, there is
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disparity in POAG clinical presentations and outcome across

ancestries.8,9

Through genome-wide association studies (GWASs), signifi-

cant progress has beenmade in understanding the genetic path-

ophysiology of glaucoma in humans. In addition, animal models

have also provided a valuable resource for understanding the

biological mechanisms.10 However, there is still a lack of under-

standing of the underlying pathologic mechanisms in POAG,

limiting the development of specific interventions in patients.

Several studies have found that POAG is associated with a va-

riety of cardiovascular diseases and vascular risk factors.11–21 In

a previous large multi-ancestry GWAS,22 results from gene-

enrichment analysis have implicated perturbation of molecular

mechanisms in the vascular system that contribute to blood

vessel morphogenesis, vasculature development, and regula-

tion of endothelial cell proliferation. Analysis in large electronic

health records (EHRs), coupled with a zebrafish model system,

showed association of reduced genetically predicted expression

of a gene that encodes for glutamate receptor GRIK5, which

potentially determines blood vessel numbers, integrity in the

eye, and increased vascular permeability, with comorbid

vascular and eye diseases.23 However, no study has previously

performed detailed exploration of the genetics that underlies the

potential vascular connection with POAG across ancestries.

Large population-based and clinical-based biobanks offer an

opportunity to do large-scale in silico investigations to elucidate

common molecular systemic pathways between POAG and

vascular systems. Furthermore, knowledge gained from large

biobanks and combined with eQTL human data from the GTEx

project (https://gtexportal.org/) allow a deeper exploration on

how the interaction occurs in humans between the genes identi-

fied in GWAS, such as SIX6 and CDKN2A/B.24,25
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The Global BiobankMeta-analysis Initiative (GBMI) is a collab-

orative group that currently involves 19 biobanks from 12 coun-

tries spanning 4 different continents: North America (Canada,

USA), East Asia (China, Japan), Europe (Iceland, Estonia,

Finland, the Netherlands, Norway, Scotland, UK), and Australia.

EachGBMI-affiliated biobank has paired genetic and phenotypic

data collated through different types of electronic health data,

such as self-report data from questionnaires, billing codes, doc-

tors’ narrative notes, and death registry for >2.1 million individ-

uals representing diverse ancestries: African ancestry individ-

uals, Admixed Americans, Central or South Asians, East

Asians, Europeans, and Middle Eastern. A detailed description

of each biobank is found in Zhou et al.26

In this study, we conducted a large-scale meta-analysis

of POAG GWAS in 15 GBMI biobanks from 6 ancestries (n =

1,487,441). Then, we merged our data with two previously pub-

lished GWASs, and the combined dataset represents the largest

and most diverse POAG study to date. We then leveraged

sophisticated statistical methods to identify unique molecular

actors across ancestries.

RESULTS

Discovery of novel ancestry-specific POAG loci
We report here amulti-ancestry genome-wide associationmeta-

analysis study of 26,848 POAG cases and 1,460,593 controls

from 15 GBMI biobanks. A total of 62 loci that reach the

genome-wide significant threshold were identified (Figures 2,

S6, S7, and S8; Table S3). Five of these loci were novel, and

encompass the genes F5, RPL37A-LINC01280, ZFP91-CNTF-

GLYAT, CCDC13, and MIR2054-INTU (Table 1). Of these five

loci, the latter three and only ZFP91-CNTF-GLYAT were

https://gtexportal.org/
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Figure 1. Workflow of this study

A total of 15 biobanks joined the GBMI POAG meta-analysis (n = 1,487,441: 26,848 cases, 1,460,593 controls), where phenotyping was harmonized across

biobanks, biobank-specific quality control was performed and standardized genome-wide association study (GWAS) was conducted. This was followed by a

meta-analysis of GBMI, IGGC of European ancestry, and GGLAD (n = 1,478,037: 46,325 cases, 1,431,712 controls). On the Meta-GBMI multi-ethnic biobanks

summary data, we performed functional impact, enrichment analysis, transcriptome-wide association study (TWAS), and fine-mapping. Polygenic risk scores

(PRSs) for POAG were constructed from the leave-biobank-out GBMI-IGGC-GGLAD meta-analysis summary statistics with PRS-CS and validated in six bio-

banks (BBJ, BioVU, Estonian, GLGS, Lifelines, and UKBB). PRSs were then tested for association using phenome-wide association studies (PheWAS) across

four biobanks. Then, to confirm and interpret our results, we examined the expression effects of missense variants in SIX6-CDKN2B-AS1 and TMEM167B loci in

GTEx data. MAC, minor allele count.
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observed at subgenome-wide significance levels in IGGC (Inter-

national Glaucoma Genetics Consortium) multi-ethnic and

GGLAD (Genetics of Glaucoma in People of African Descent)

summary data, respectively (Figure 2, correlation between the

effect sizes was high for IGGC r = 0.71, and low for GGLAD r =

0.12).22,27 ZFP91-CNTF-GLYAT variant is within the same locus

of rs574982531_OR10W1-OR5B17, identified in females in

Gharakhrani et al., in sex-stratified analysis, whose sentinel

SNP is �133 kb upstream.22 A locus defined here as

ANGPTL7-MTOR encompasses previously reported rare vari-

ants and corresponds to rs143038218_UBIAD1 locus.28,29 In

addition, a Bayesian cross-ancestry meta-analysis using Meta-
Regression of Multi-AncEstry Genetic Association of GBMI

data, identified two additional loci, one of which is a novel locus

specific to African ancestry (rs77136907_MYO1B;NABP1, p =

2.74e�08; inverse-variance meta-analysis p = 2.99e�07)

(Table S7).26,30 Three previously identified loci, rs11024102_

PLEKHA7, rs58812088_ FNDC3B, and rs3825942_LOXL1,

might be due to other glaucoma subtypes (Table S7). Therefore,

we cannot rule out potential effects of non-POAG glaucoma for

these signals i.e., especially due to primary angle closure glau-

coma (PACG) in East Asian populations, where this glaucoma

subtype is more common,6,31–33 or from biobanks where pheno-

typing was based on self-reporting (Table S1). However, some of
Cell Reports Medicine 5, 101430, February 20, 2024 3



Figure 2. Genome-wide association study of POAG: Manhattan plot and effect size comparison of novel variants in GBMI and IGGC

The x axis is the position on each chromosome and the y axis is the –log10 p value from the GWAS for each SNP. The black line demarcates the threshold for

genome-wide significance (p = 5.0e�8). The four replicated novel regions and the nearest genes that reach the threshold for significance are indicated in green,

the potentially novel regions and the nearest genes are indicated in red. Previously reported genes are in gray. Details of all genome-wide significant signals are in

Table S3. Inset: the effect size comparison of significant novel single nucleotide polymorphism in GBMI and. p indicates the p value of each variant.
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the loci are potentially pleiotropic for POAG and PACG/exfolia-

tion syndrome (XFS). For example, rs993471_COL11A1, previ-

ously reported in Choquet and co-workers, attained genome-

wide statistical significance in combined meta-analysis and

is associated with PACG.34,35 While variants in LTBP2 are re-

ported in the IGGC-POAG GWAS22 and independently in pa-

tients with POAG and in patients with XFS using candidate

gene sequencing analysis.36

We further performed meta-analysis of GBMI and public data-

sets from IGGC and GGLAD data, generating the largest and

most diverse GWAS to date. We combined the European-spe-

cific IGGC meta-analysis data (GCST90011767), the GLADD

meta-analysis (GCST009245), and the GBMI data in which we

excluded FinnGen (a subset present in IGGC of European

ancestry), BioME from African ancestry (a subset present

in GGLAD), and UKBB-Africa (a subset present in GGLAD) co-

horts. We refer to GBMI-IGGC-GGLAD for this meta-analysis
4 Cell Reports Medicine 5, 101430, February 20, 2024
(Table S1). Here, additional novel loci that encompass the

following prioritized genes LOC654841, KBTBD8, ADGRL3,

DDIT4L, INTU,HMGXB3, KCNK5,MAD1L1, APPL2-KCCAT198,

CATSPERB,OR5B12-OR5B21, and FENDRR attained genome-

wide significance (Table S7; Figures S11 and S12). Five of the

genes in these novel loci are involved in cardiovascular condi-

tions and six in cancer processes.37–49 In GBMI-IGGC-GGLAD

meta-analysis, two GBMI novel loci, RPL37A-LINC01280 and

MIR2054;INTU, maintained the genome-wide significance

level (RPL37A-LINC01280 p = 4.16e�9; MIR2054;INTU p =

1.54e�9). While the other three GBMI novel loci, CCDC13,

MYO1B;NABP1, and ZFP91-CNTF;GLYAT, were attenuated to

subgenome-wide significance level (CCDC13 p = 6.20e�8;

MYO1B;NABP1 p = 2.77e�6; ZFP91-CNTF;GLYAT p =

1.69e�6) (Tables S3 and S7). In GBMI-IGGC-GGLAD, where

the GBMI_FinnGen cohort was excluded to avoid overlap, the

lead SNP rs1469837390 in the F5 locus dropped out.



Table 1. Novel loci significantly associated with POAG (p < 5.0e�8) in the GBMI

Chr Bp

Effect

allele

Non-effect

allele SNP Gene Function

No. of

cases

No. of

controls MAF Beta SE p Hp

2 191,664,446 C G rs77136907 MYO1B; NABP1 intergenic 3,134 641,377 0.001 0.58 0.13 2.74e�08 0.00004

2 216,590,253 T C rs12476634 LINC01280;

RPL37A

ncRNA,

exonic

2,538 484,482 0.001 1.04 0.16 6.91e�10 0.03

3 42,753,558 A G rs6442057 CCDC13 intronic 26,848 1,460,599 0.26 0.06 0.01 1.69e�08 0.7

4 127,549,411 T C rs1355927 MIR2054; INTU intergenic 26,848 1,460,599 0.07 0.09 0.01 5.18e�10 0.1

11 58,666,759 C A rs12361770 ZFP91-CNTF;

GLYAT

intergenic 17,789 1,213,831 0.15 0.09 0.01 4.46e�09 0.4

Chr, chromosome; Bp, base pair position (hg38); SNP, single-nucleotide polymorphism; MAF, minor allele frequency; SE, standard error; p, p value;

Hp, heterogeneity p value.
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Identification of novel sex-specific loci
In the GBMI dataset, we performed sex-stratified analyses to

identify any variants that demonstrated sex-specific association

or effect size heterogeneity. We identified one low-frequency

African-specific novel association in females rs116625313_

PRKG2;RASGEF1B (females p = 2.85e�8, beta = 1.52 vs. males

p = 0.35, beta = �0.59), (Table S4). In addition, four novel loci

with POAG association specific to males were identified (Table

S5) with low-frequency lead variants, three of which are African

specific in theGBMI African ancestry cohorts (2%–6% in popula-

tion frequencies): rs111739240_TMEM167B, rs17057880_

MIR3142HG-ATP10B, and rs114598725_ARMC4, and one is

male non-Finnish European specific, rs150385013_LINC02024-

LOC105374060 (>0.1% population frequencies, Table S5).

We next searched for coding variants at associated loci that

explain the association signal and therefore implicate a likely

functional gene. The novel rs111739240_TMEM167B variant is

in linkage disequilibrium (LD) with a proxy variant, rs17641032

(r2 = 0.7 in 1000 Genomes Project Africans) at 7%, 5%, and

3% frequencies in European, African, and East-Asian popula-

tions, respectively. However, the proxy rs17641032 variant is

associated with POAG in African ancestry BioVU male subjects

(African ancestry individual cases n = 69, p = 5.05e�4) but not

in European ancestry subjects (European cases, n = 213, p =

0.892), confirming African-specific association of this locus.

The proxy rs17641032 variant is a GTEx eQTL for TMEM167B

and AMIGO1.25 In GTEx tissue with the largest sample size

(n = 706), skeletal muscle, the proxy variant rs17641032 is asso-

ciated with expression changes for three genes in both sexes

(TMEM167B p = 0.00027, CELSR2 p = 0.0086, and AMPD2

p = 0.041; Table S8). However, only CELSR2 has male-specific

expression changes at this variant (males p = 0.02, females p =

0.21) in GTEx skeletal muscle tissue (Figure S11). In addition,

transcriptome-wide association study (TWAS)-PheWAS analysis

revealed associations of the CELSR2 with traits/phenotypes

within the endocrine/metabolic (lipid traits) and circulatory

groups with hyperlipidemia and angina pectoris, respectively,

as the top phenotype associations (Table S24).

In addition, 14 of the loci that have association signals in com-

bined sex meta-analysis have significant albeit attenuated sig-

nals, only in either male (3 loci) or females (11 loci) in sex-strati-

fied analysis (Table S4 and S5). Four of these loci (near CADM2,

DGKG, KALRN, and ARHGEF12) show significant effect size dif-
ferences betweenmales and females based on the Cochran het-

erogeneity test (Tables S4 and S5; Figure S10). All four genes

prioritized using TWAS that are near lead variants for the four

loci that show significant heterogeneity between males and fe-

males (CADM2, DGKG, KALRN, and ARGHEF2) have also

been shown to have sex-biased expression patterns.50,51

We examined differences in POAG risk between sex in BioVU

participants who are R40 years old and self-identify as Euro-

pean Americans (EA) or African Americans (AA). In 12,755

POAG cases, in an overall total of 1,372,397 BioVU participants,

there was higher odds of POAG in AA males relative to females

(odds ratio [OR] = 1.15; 95% CI: 1.06–1.24; p = 3.85e�4) while

the risk was marginally lower in males than females in EA

(OR = 0.96; 95% CI: 0.92–1; p = 0.048).

Ancestry-specific loci and heterogeneity in cross-
ancestry effect sizes
To evaluate consistency in the cross-ancestry effect sizes, we

estimated the correlation between beta values of independent

genome-wide significant SNPs between European, African, and

Asian populations in the GBMI dataset. As expected, the highest

correlationwas between the European andAsian ancestry (Pear-

son correlation coefficient [r] = 0.87), while correlation between

Africanwith other continental populationswasmuch lower, prob-

ably due to the small African samples in GBMI study: European

and African ancestry (r = 0.34), and African and Asian ancestry

(r = 0.25) (Figures S6, S7, and S8). However, three novel loci

and two previously identified loci showed heterogeneity in effect

sizes between ancestries and biobanks. We infer these variants

to be ancestry specific. We define ancestry-specific variants us-

ing the following metrics: (1) the lead GWAS variant in the statis-

tically significant locus and any other variants in LD is only

observed in association with the trait in a particular ancestry, (2)

where the LD pattern is complex, the LD variant is only observed

in the ascertained ancestry as gleaned from gnomAD and 1000

genomes databases, (3) further, for variants that are found in

very low frequencies in admixedpopulations, besides the original

ascertained source population, the variant should be absent from

presumed main ancestral continental populations for the ad-

mixed populations in 1000 genomes data.52 We therefore classi-

fied the following variants as ancestry specific: the novel

rs12476634_LINC01280, rs77136907_MYO1B;NABP1 loci (Afri-

can and Hispanic Americans), the novel rs1469837390_F5
Cell Reports Medicine 5, 101430, February 20, 2024 5
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(Europeans), the well-known rs74315329_MYOC (Europeans),

and rs147660927_ANGPTL7-MTOR28 (Northern Europeans) (Ta-

bles S3 and S7).26 These loci that we classify as either northern

European or African specific have similar patterns that are highly

specific to the twoancestries described here.53,54 In fact, the lead

variants in northern-European-specific loci (rs1469837390_F5

and rs147660927_ANGPTL7-MTOR) are only reported in Finnish

and non-Finnish European individuals in gnomAD, while the lead

variants in African-specific loci (rs12476634_LINC01280 and

rs77136907_MYO1B;NABP1) are observed in this study and

in the gnomAD/1000 genome databases in individuals of

African and Hispanic Americans, who are generally African

admixed.55–57 In addition, the five sex-stratified association sig-

nals reported were ancestry specific: ATPB10, TMEM167B and

ARMC4, PRKG2;RASGEF1B (African specific), and LINC02024;

LOC105374060 (European specific) (Tables S4 and S5). The

five sex- andancestry-specific loci reported showsubstantial dif-

ference inminor allele frequencies of the lead variants inbiobanks

tested (Tables S6). Post-hoc power analysis indicates that our

study is powered to detect these sex-specific signals (supple-

mental information). Association with POAG for three of the five

sex- and ancestry-specific loci identified in GBMI were further

replicated in additional biobanks: ATPB10 (African specific,

p = 0.028) in PMBB, PRKG2;RASGEF1B (African specific, p =

0.0336), and LINC02024;LOC105374060 (European specific,

p = 0.00536) in All of US dataset (Tables S6). However, consid-

ering the small sample sizes in this study, further studies are

necessary to confirm the role and effect of ancestry- and sex-

specific variants identified here.

The well-known MYOC p.Gln368Ter variant, which hitherto

had not been defined as ancestry specific, shows association

in GBMI European ancestry biobanks only (the variant was not

imputed in African and Asian ancestry biobanks).58 The variant

is the only missense mutation among >100 coding variants in

the MYOC gene so far identified as glaucoma causing that has

been implicated in late-onset POAG,59–66 and shows evidence

of founder effect in European ancestry individuals.59,67–69 In

addition, >92% (289/314) carriers of this allele in the latest

version of the gnomAD database are of European ancestry,

and non-European populations that the allele has been reported

in have a history of admixture with European populations.

Furthermore, in 1000 genomes, this variant is present in Euro-

peans and an individual of South Asian ancestry sampled in

the UK.53,54 The variant has not been reported in continental Af-

rican populations and those observed in AA individuals are prob-

ably due to admixture.53,54,70

Overall, the ancestry-specific loci and those that show hetero-

geneity between the ancestrymight be drivingmost of the overall

heterogeneity observed between the biobanks (Figure S1).26

Phenotypic heterogeneity might also be a contributing factor

with all self-reporting biobanks clustering together (Figure S1)

relative to those that used ICD codes to identify cases.

Enrichment analyses prioritize vascular and cell
proliferation mechanisms
To identify the functional roles of POAG-associated variants and

which tissues are mediating the genetic effects, we performed

enrichment analyses with DEPICT using GBMI-IGGC-GGLAD
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summary statistics (see methods). DEPICT prioritized 101 co-

regulatedgenes, ofwhich 43 (43%) havebeenpreviously reported

for POAGand58 (57%) thatwere novel (TableS9). Nearly 50% (49

genes) of the genes identified herewere reported to be associated

withvascular traits includingcardiacdiseasesandarterial stiffness

measurement,while nearly a third (34 genes)were associatedwith

cancer, including cutaneous melanoma, keratinocyte carcinoma,

breast carcinoma, prostate carcinoma, and lung carcinoma

(Table S9). The gene-enrichment analysis was performed using

the statistically significant 110 biological pathways identified

(p < 3.45e�6) (Table S10). Among the top and common enrich-

ment signals were biological pathways involved in vascular-

related blood vessel development/morphogenesis, angiogenesis,

and epithelial cell proliferation (Table S10). In addition, several bio-

logical pathways crucial in cell development and proliferation,

such as the IGF1 subnetwork, insulin-like growth factor binding,

and Wnt signaling were significantly enriched (Table S10). Tis-

sue/cell-type enrichment analysis prioritized 10 significant tissues

and cell types, with musculoskeletal and cardiovascular systems

being the most represented (Table S11).

TWAS analyses identify novel associations
TWASconducted in theGBMI-IGGC-GGLADmeta-analysis sum-

mary statistics identified 18 gene-trait associations (p < 2.5e�6,

Bonferroni correction for mean 20,000 genes tested) in the

GTEx tissues chosen in this study (methods; Table S12). Most

of these genes (16/18) showed associations in at least one

other tissue among the additional 22 other GTEx tissues

potentially relevant to ocular diseases (Tables S12–S15). The

JTI model generated most genes and gene-trait associations

among the three cis prediction models (Tables S14 and S15;

Figure S13). However, most of the gene-trait associations in

JTI overlap with what was obtained using PrediXcan and

UTMOST models (Figure S13). Using the three cis models made

it possible to have a comprehensive TWAS prioritization of

gene-trait associations. For example, one additional gene-trait

association (rs1704654_CCDC88C;CATSPERB) that transects

novel loci identified in GBMI-IGGC-GGLAD was prioritized using

PrediXcan and UTMOST models but not the most robust

JTI (Table S15). TWAS results of EyeGEx retinal data using a

modified version PrediXcan models’ pipeline used for GTEx

data (STAR Methods)71 were largely consistent with those in

GTEx tissues with all the five genes (GAS7, ACP2, CLIC5-

ENPP5, and LAMTOR3) prioritized in retinal tissues as statistically

significant signals (Table S13).

Overall, the 253 gene-trait associations across the EyeGEx

retinal tissue and 23 GTEx tissues were estimated to define

the 90% credible set at the locus via probabilistic fine-map-

ping. One hundred and sixteen of the gene-trait associations

in the 90% credible set intersect with 57 out of the 109

GWAS loci identified. A total of 15 of these gene-trait associa-

tions were novel, 9 of which were unique to GBMI (Tables S14

and S15). One hundred and fifty-six gene-trait associations

intersect 64 previously known loci, while 86 did not intersect

with any of the genome-wide significant risk loci and corre-

spond to 68 loci with subgenome-wide GWAS signals (TWAS

‘‘loci’’) that will potentially attain significance in a more powered

GWAS (Figure S13; Tables S14 and S15). For example,
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LAMTOR3, implicated in cellular proliferation during tissue

homeostasis, had previously been reported using TWAS (p =

1.5e�7) but an associated GWAS signal in Gharahkhani and

co-workers was at subgenome-wide significance level22,72;

while the GWAS signal in our more powered larger meta-anal-

ysis attained genome-wide significance (p = 8.6e�48). Another

example that exemplifies this is SEC31B (SEC31 homolog B,

COPII coat complex component), a gene on chromosome 10,

a novel significant TWAS association signal in three GTEx brain

tissues using the JTI model (Table S14). The SNP located near

this gene, rs11190559, was the strongest signal (p = 2.4e�5)

with 47 other variants in the locus with association signal with

p < 1e�4 (Tables S14 and S15). The SEC31B gene has been

reported in the context of 2 anomalous pigmentary syndromes

with ocular manifestations; retinitis pigmentosa 37 and

Hermansky-Pudlak syndrome 1.73 A GWAS variant in the vicin-

ity of the gene is associated with heart rate.74 Moreover, loss-

of-function mutations in SEC31B promote colorectal cancer

metastasis and a rare form of anemia.75,76

Seven of the novel TWAS loci were unique to PrediXcan and/

or UTMOST models (Figure S13; Table S15). Overall, nearly

two-thirds of the genes cumulatively prioritized using the three

cis TWAS models (181/271) have vascular-related and/or

cell senescence/proliferation functional roles or have been

implicated in vascular or neoplastic diseases. A fifth of these

vascular and cancer-related genes are cilia-related genes

(Table S16).

We confirmed that all but four TWAS-prioritized genes (14/18;

Table S14) that transect novel loci associated with POAG are

robustly expressed in all eye tissues based on the publicly avail-

able Ocular Tissue Database (OTD).77,78 However, the three

genes missing in the OTD, ABHD18, ACKR2, and LAMTOR3,

have been shown to be expressed in mouse and pig retina.79,80

PRS prediction performance and effect of POAG liability
across EHR
Prediction performance of the leave-biobank-out GBMI-IGGC-

GGLAD POAG meta-analysis as discovery GWAS in five bio-

banks with African, Asian, and European ancestry subjects, as

estimated by R2 on the liability scale, ranged from 0.0166 (95%

CI: 0.01, 0.025) for Lifelines to 0.0484 (95% CI: 0.042, 0.056)

for UKBB (Figure 3A). However, consistent with previous find-

ings, performance was lower for the two non-European ancestry

populations (Figure 3A).81 Results for the more balanced case-

control ratio of �1:4 in BioVU and Lifelines showed an improve-

ment in the R2 (Figure S14).82–85 Similarly, European ancestry

subjects with polygenic risk scores (PRSs) in the highest risk

decile of the PRS distribution had 2.1- to 4-fold higher odds of

POAG compared with those in the mid decile (Lifelines: 95%

CI: 1.8, 2.24; UKBB: 95% CI: 3.34, 4.79). In African ancestry in-

dividuals, the OR between the highest and mid decile polygenic

risk was slightly lower but significant only in the UKBB (2.3-fold

[95% CI: 1.21, 4.97]) while in BBJ East-Asian samples it is

1.72-fold (95% CI: 1.59, 1.85) (Figure 3B). Furthermore, the

PRSs were robustly associated with POAG phecode across

five biobanks (Tables S17–S23).

In general, summary statistics from IGGC yielded better pre-

dictions (R2) and ORs across the five biobanks and the GLGS
cohort relative to GBMI data (Figures 3A, 3B, and S14).81 More-

over, there was no significant improvement in predictions when

using the larger GBMI-IGGC-GGLAD meta-analysis summary

data as a source relative to IGGC (Figure 3A). This could be

due to phenotype heterogeneity and potentially unbalanced

case-control ratio in GBMI compared with IGGC. These were

exemplified by elevated prediction observed for the more accu-

rately phenotypedGLGS cohort with balanced case-control ratio

compared with equally balanced target data in BioVU and Life-

lines (Figure S14).

As expected, the genetic risk for POAG was associated with

ocular traits, but also with other phenotypes, such as circula-

tory, neoplasm, and musculoskeletal traits, across the five

biobanks (Figures 3C; Tables S17–S23). Additional association

signals with circulatory traits and neoplasms were observed

in African (e.g., UKBB_AA_circulatory, Fisher’s test p = 0.0376)

and European ancestry (e.g., BioVU_neoplasm p = 0.0002) co-

horts (Figure 3C). We then explored POAG comorbidity pattern

across circulatory codes (n = 171: R100 cases) in a total of

1,968,903 BioVU subjects of African (n = 273,379) and Euro-

pean ancestry (n = 1,695,524), after excluding all individuals

with other eye codes (phecode 360–379) and correcting for

age and sex. African ancestry individuals who have POAG

have significantly higher odds of comorbidity with circulatory

codes relative to European ancestry individuals (OR = 2.63;

95% CI: 1.66–4.16; p = 3.4e�5).

Interaction between the SIX6 and CDKN2B-AS1 loci
We confirmed that the haplotype containing the rs33912345_

SIX6 risk allele (C allele) has reduced SALRNA1 and SIX6

expression relative to the haplotype containing the reference

allele (Figures 4A and 4B), potentially indicating that the

missense rs33912345_SIX6 variant contributes to etiology of

POAG by downregulating the expression of the genes in the

SIX6 locus. To further study if there is an association signal in

the SIX6 locus independent of the rs33912345_SIX6 missense

variant, we rebuilt the prediction model in skeletal muscle tissue

by excluding all variants in LD with the missense variant (retain-

ing those with r2 < 0.1). We found weak or no association signals

with either SIX6 variants (p = 0.041 vs. p = 5.93e�15 for original

model) or SALRNA1 (p = 0.78 vs. p = 1.96e�32) with LD-con-

strained rebuilt PrediXcan and UTMOST models, respectively,

indicating that all the association signals detected in the locus

in the original gene models are attributable to the rs33912345_

SIX6 missense variant. Similarly, all the chr9p21.3 association

signals observedwith POAG aremainly attributable to the exonic

rs1008878_CDKN2B-AS1 variant (Figure S15).

We next explored the interaction between rs33912345_SIX6

proxy variant and CDKN2 genes and their potential conse-

quences on the expression pattern on chr9p21.3 genes. We first

confirmed that there was correlation between expression

levels of SIX6 and chr9p21.3 loci TWAS prioritized genes in

GTEx data (Figures 4A, S16, S17, and S18). We also observed

interactions between the two loci in association with POAG

and vascular-related traits (Phecodes 411, 411.1–411.9) in

BioVU (Table S25). We further found that the proxy variant

has significant effect on expression of CDKN2A and CDKN2B

via interaction with chr9p21.3 top GWAS variants that are
Cell Reports Medicine 5, 101430, February 20, 2024 7
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Figure 3. Assessment of prediction performance and odds ratio in polygenic risk scores for POAG across multiple biobanks

(A) Prediction performance of GBMI-IGGC-GGLAD and IGGC POAG meta-analysis across five biobanks. The proportion of variance in POAG explained by PRS

(Nagelkerke’s R2 in liability scale) is reported on the y axis. The source dataset used to estimate the marginal effect size of SNPs are listed in parentheses for each

biobank. The PRSs of POAG were generated using PRScs auto. Performance of UKBB and BBJ using IGGC was not checked because data from the two

biobanks are part of IGGC meta-analysis. AFR, African ancestry; EAS, East Asian ancestry; EUR, European ancestry.

(B) The odds ratio (OR) between top decile and mid-decile PRS POAG across five biobanks. The dashed line indicates OR = 1. The averaged OR was calculated

using the inverse-variance weighted method. PRS was stratified into deciles with the mid-decile (40%–60%) used as the reference group. The discovery dataset

used to estimate the marginal effect size of SNPs are listed in parentheses for each biobank. AFR, African ancestry; EAS, East Asian ancestry; EUR, European

ancestry.

(C) Proportion of phecode groups associated with polygenic risk generated from leave-biobank-out POAG GBMI-IGGC-GGLAD meta-analysis across three

biobanks. Asterisks indicate groups that are significantly enriched.
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associated with vascular and neoplastic traits in the GWAS

catalog (rs10811650 and rs2891168). The eQTL effect of

the chr9p21.3 variants disappears in the presence of the

rs33912345 proxy causal allele (Figures 4Ci and 4Cii). However,

in the presence of the homozygous rs33912345_SIX6 proxy, the

eQTL effect is observed for those with homozygous causal al-

leles for the local variants with dramatic reduction in expression

for CDKN2B, and increase in expression for CDKN2A (Figures

4Ciii, S16, S17, and S18).

We explored potential biological consequences of the interac-

tion between the two loci by performing TWAS-PheWAS for the

two CDKN2B-AS1 loci genes in the UKBB (n = 396,618) and

BioVU (n = 59,805) cohorts. We applied the best-performing

model with the highest prediction ability estimated from the

cross-validation for each gene among PrediXcan, UTMOST,

and JTI.86–88 For the two chr9p21.3 genes, the best-performing
8 Cell Reports Medicine 5, 101430, February 20, 2024
models in brain cortex tissue were JTI (CDKN2A, r2 = 0.0257)

and UTMOST (CDKN2B, r2 = 0.0413). We performed GReX-

PheWAS for the 2 chr9p21.3 genes in the same 2 cohorts, fol-

lowed by meta-analysis of the 2 PheWAS (n = 456,423) across

731 traits and diseases, grouped into 17 categories. The

GReX-PheWAS analysis revealed associations for CDKN2A/B

in the CDKN2B-AS1 locus with glaucoma and enrichment for

phenotypes of the circulatory and neoplasm groups, with coro-

nary atherosclerosis and skin cancers as the top phenotype

associations (Figure 4D). These phenotypes include traits that

are a result of senescence (upregulation) and cell proliferations

(downregulation). We also detected associations with lipid disor-

ders, which have been implicated in both these two groups,

consistent with the defined functions of the two genes, suggest-

ing that an etiology that connects these traits is a balance be-

tween cell proliferation and senescence.89,90
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DISCUSSION

In this study, we aimed to determine the genetic mechanisms

underlying POAG. We leveraged a suite of statistical tools

to analyze a combination of massive GBMI genome-wide discov-

ery resources, previously published GWASs, and publicly avail-

able GTEx data. In the GBMI GWAS meta-analysis for POAG

across 15 biobanks (n = 1,487,441) we identified a total of

62 risk loci, of which six were novel (F5, MYO1B;NABP1,

RPL37A-LINC01280, CCDC13, MIR2054-INTU, ZFP91-CNTF-

GLYAT) and three of these were reported in IGGC at subge-

nome-wide significance levels.22 The novel associations

encompass loci near genes INTU-MIR2054, ZFP91-GLYAT-

CNTF, and CCDC13, with only the latter not prioritized by

TWAS.91,92–94 The larger GBMI-IGGC-GGLAD meta-analysis re-

vealed additional novel associations in the loci that encompass

LOC654841, KBTBD8, ADGRL3, DDIT4L, HMGXB3, KCNK5,

MAD1L1, APPL2-KCCAT198, CATSPERB, OR5B12-OR5B21,

and FENDRR genes. In the GBMI-IGGC-GGLAD, TWAS priori-

tized 6 novel POAG susceptibility genes that correspond to 5 of

the 12 additional novel loci and all have functional roles or have

been previously implicated in vascular and/or neoplastic-

related pathologies: COL4A495, MFF96 (corresponding to the

LOC654841 locus), LAMTOR397,98 (corresponding to the DDIT4L

locus), HMGXB3,99,100 ALDH1L2101 (corresponding to the

APPL2-KCCAT198 locus), and CCDC88C102–104 (corresponding

to the CATSPERB locus). By virtue of being gene based and a

more well-powered analysis than GWAS, TWAS identified poten-

tially 68 additional novel loci that are at subgenome-wide GWAS

association.75,76 In fact, 11 of these loci are confirmed by an inde-

pendent multi-trait analysis of larger data,105 which is consistent

with our assertion that, as more POAG cases are collected over

time, these signals will be detected at genome-wide significant

level.

Review of literature on functional roles of the genes that fall

within the loci in this study, coupled with enrichment, genetic

correlation, and PheWAS analyses, all point POAG risk to poten-

tial link to vascular and proliferation mechanisms. Two-thirds of

all the TWAS-prioritized POAG-associated genes identified in

this study have been previously associated with vascular-related

traits and/or implicated in carcinoma and act as tumor suppres-

sors. In addition, all the genes that are near or regulated by the

sex-associated novel loci are also implicated with risk of
Figure 4. Genetic correlations and expression effects in GTEx skeletal
and pheWAS

(A) Correlations in measured gene expressions in GTEx skeletal muscle tissue be

(B) Effect of rs33912345 variants in GTEx-measured gene expressions in skeletal m

locus genes, SIX6 and SALRNA1, between (i) individuals who carry the rs3391234

those with the wild-type allele and (ii) different genotype causal/wild-type combi

(C) Effects of genetic interaction between rs33912345_SIX6 proxy variant an

Expression pattern in individuals who carry wild-type rs33912345_SIX6 proxy var

(ii) expression pattern in individuals who carry rs33912345_SIX6 proxy variant ca

cortex, and (iii) expression pattern in individuals who carry homozygous rs3391

notypes in skeletal muscle. p values (p) are based on ANOVA tests.

(D) GReX-PheWAS for categorizing phenome-wide associations for CDKN2A and

of TWAS Z scores (y axis) across phenotypes, colored by phecode group. The d

correction and phenotypes are labeled if the association passes Bonferroni cor

genetical GTAs across nine phenotype groups. The dotted gray line shows FDR
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vascular-related diseases and neoplasms.51,106–112 We per-

formed enrichment analyses in which cell proliferation and

angiogenesis pathways were significantly represented.

We further explored pleiotropy of genetic risk for POAG across

the phenome in five biobanks, and confirmed association of

POAG genetic risk burden with vascular and neoplastic-related

traits. Interestingly, consistent with our findings, analysis of ge-

netic drug discovery/repurposing for the GBMI, POAG GWAS

identified four molecules approved for treatment of vascular-

related conditions and two additional molecules approved for

neoplasm-related conditions.113 In addition, an anti-hyperlipi-

demic drug initially developed for the treatment of coronary

artery disease, probucol, was prioritized.113 In summary, our re-

sults reinforce the role of vascular processes in glaucoma. The

results also highlight pathways related to cell proliferation mech-

anisms that have not been reported in previous GWASs. There-

fore, these results add more insights into understanding glau-

coma pathogenesis.

Previous studies showed disparity in POAGprevalence across

ancestries and sexes. While non-genetic factors are likely to

drive many of the observed health disparities characterized to

date, differences in some underlying genetics (including differ-

ences in frequency among populations, unique unobserved

rare variants, and/or difference in effect sizes at common

SNPs) play a significant role in differential disease etiology.114

In the GBMI analysis, on both sexes we observed two novel

loci (rs1469837390_F5 in FinnGen; rs12476634_LINC01280 in

African and Hispanic Americans) and two known POAG loci

(rs74315329_MYOC in Europeans; rs147660927_ANGPTL7-

MTOR in HUNT, FinnGen, EstBB, Lifelines, QSKIN) that showed

ancestry-specific effects. Sex-stratified association analyses in

GBMI identified an additional three African-specific novel loci

that were associated with POAG in males only: ATPB10,

TMEM167B, and ARMC4, and one African-specific novel locus

PRKG2;RASGEF1B that is associated with POAG in females

only. PRKG2, the closest gene to the lead female-associated

variant, is induced by estrogen and progesterone.115 Interest-

ingly, estrogen has been reported as having protective effects

in glaucoma.116 Fourteen additional loci show significant effect

size differences between ancestries, three of which also have

significant difference in effect between males and females.

Genes prioritized using TWAS that are near the lead variants

for the loci that show effect difference between the sexes have
muscle tissue: insights into SIX6 and CDKN2B-AS1 loci interactions

tween genes in the SIX6 and CDKN2B-AS1 loci.

uscle tissue (n = 716). Difference in GTEx-measured gene expressions of SIX6

5C causal allele (represented here by proxy variant rs7493429, r2 = 0.74) versus

nation. p values (p) are based on t test (i) and ANOVA tests (ii).

d rs10811650_CDKN2B-AS1 on CDKN2B-AS1 locus gene expressions, (i)

iant in combination with rs10811650_CDKN2B-AS1 genotypes in brain cortex,

usal allele in combination with rs10811650_CDKN2B-AS1 genotypes in brain

2345_SIX6 proxy variant in combination with rs10811650_CDKN2B-AS1 ge-

CDKN2B genetically regulated expressions in BioVU and UKBB. (i) Miami plot

otted gray line shows the significance threshold for Benjamini-Hochberg FDR

rection. (ii) Boxplots of –log10 Benjamini-Hochberg FDR-adjusted p values of

-adjusted p value of 0.05.
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sex-biased gene expression patterns.50,51 We further performed

in silico validation of the novel male-associated African-specific

TMEM167B locus and showed that the variant is a male-specific

regulator of CELSR2. CELSR2 has been previously reported to

be differentially expressed between males and females and

associated with cardiovascular traits.51 ARMC4 has also been

shown to be differentially expressed between males and

females.51,107,108

Results from PRS PheWAS across the BioVU, UKBB, and

EstBB also suggest that genetic risk burdens of POAG are asso-

ciated with vascular-related traits, especially in GBMI African

ancestry, and neoplasms in GBMI European ancestry popula-

tions. Moreover, in BioVU we observed higher risk of POAG co-

morbidity with vascular-related traits in African ancestry relative

to individuals of European ancestry. These potentially indicate

unique shared biology between POAG and circulatory traits

in African ancestry populations.117–119 Consistent with previous

findings,120 our study also shows sex-related disparity in

POAG in African ancestry. Larger epidemiological and genetic

studies in individuals of different ancestries will clarify the role

of GWAS signals identified here or other additional signals in dif-

ferential risk burden between ancestries and sexes.121

We performed extensive in silico validation of the SIX6 and

CDKN2B-AS1 loci, using GTEx and EHR data across BioVU

and UKBB. In our study we confirmed evidence of significant

interaction between rs33912345_SIX6 and causal variants in

the chr9p21.3 region, with concomitant effect on expression

of CDKN2A and CDKN2B genes in the CDKN2B-AS1 locus.

These effects are particularly enhanced between homozygous

rs33912345_SIX6 and homozygous causal variants in

chr9p21.3. However, in contrast to previous studies in mouse

models,122–125 our analysis in GTEx muscle tissue indicates

thatCDKN2Bmight be the causal gene in humans because it un-

dergoes expected expression reduction, while expression of

CDKN2A increases. In a mouse model with elevated IOP, the

SIX6 missense variant was shown to increase the risk of glau-

coma-associated vision loss by disrupting the development of

the neural retina by upregulating the CDKN2A expression, lead-

ing to a reduced number of retinal ganglion cells.122–125 Our re-

sults highlight a regulatory mechanism for rs33912345_SIX6,

which aligns to previously reported regulatory roles for this

variant. Carnes and co-authors reported that patients who

have the rs33912345_SIX6 CC genotype (homozygous for the

risk allele) have a significantly thinner retinal nerve fiber layer

(a glaucoma endophenotype) than patients homozygous with

non-risk allele.122 Furthermore, a Brazilian population study re-

ported an additive association effect of an independent chromo-

some 16 homozygous rs1362756 in the SALL1 gene in the

presence of rs33912345_SIX6CCgenotype, but not with hetero-

zygous or wild-type genotypes.126 This suggests that the trans-

effect of the rs33912345_SIX6 variant in POAG risk is complex

and potentially involves multiple loci and genes. In addition,

TWAS-PheWAS analysis for the two chr9p21.3 locus genes re-

vealed associations with circulatory and neoplasm traits. Thus,

the SIX6/CDKN2A/B association pattern observed here poten-

tially reflects the balance between tumor suppression, senes-

cence (apoptosis, autophagic), and cell proliferation or tumori-

genesis. Collectively, our results implicate programmed cell
death as the underlying common mechanism behind the shared

genes. These findings suggest that apoptosis triggered by the

ON degeneration in POAG disease may play a protective role

in various neoplasms by promoting programmed death of can-

cer cells and vice versa. Future analyses will clarify the trans-ef-

fect of the rs33912345_SIX6with other POAG loci in the genome

in the context of glaucoma etiology.

By integrating evidence from vascular and cell proliferation

mechanisms that emerged from our results, we suggest that pri-

mary ciliamay potentially be a common link between vascular dis-

eases and glaucoma pathophysiology. The novel associated

genes identified in the GBMI GWAS, CCDC13, CNTF, and INTU,

the gene CELSR2 with male-specific association in Africans, and

more than 40 other genes prioritized using TWAS, have been

found to be linked to primary cilia, a microtubule-based cellular

structure locatedon thesurfacesofvertebratecells.127–129 Inaddi-

tion, the other male-specific associations, ATP10B and ARMC4

genes, are cilia-related genes implicated in ocular, vascular, and

neoplastic traits.107,130–135 Primary cilia are crucial in normal func-

tion of the smooth muscles and play important roles in cell prolif-

eration mechanisms.136 In fact, primary cilia, through their

dysfunction, contribute to cancer via interference in signaling

pathways, such as the Wnt signaling.136,137 Some investigations

have suggested a direct link between Wnt signaling and glau-

coma, since Wnt signaling is involved in the regeneration of the

ON after injury and also in IOP regulation.102,138,139 Primary cilia

on vascular endothelium have been proposed to play a critical

role in the regulation of vascular barrier.136 The vascular barrier

controls the exchange of molecules and ions between blood and

tissues and prevents dangerous substances from entering the tis-

sues and causing damage.137,140 Primary cilia are present in the

eye, i.e., retinal pigment epithelium, and they carry out sensory

function through various signaling pathways.140,141 Loss of pri-

mary cilia is associated with several pathologies that have anom-

alies in these mechanisms, such as retinopathy and Leber

congenital amaurosis.142,143 In the eye, the TM also contains pri-

mary cilia and these structures change with IOP. When the IOP

is elevated, primary cilia shorten, promoting the expression of tu-

mor necrosis factor a and transforming growth factor b (TGF-b),

perhaps initiating mechanisms leading to glaucoma.144 Recent

studies have shown that one of the first genes linked to glaucoma,

MYOC-producing myocilin, is present in the base of primary cilia

and its expression affects pathways related to ciliary signaling,

such as TGF-b.145,146 This suggests that ciliary pathways are

involved in the secretion of myocilin, of which accumulation in

the TM of mutantMYOC cause open-angle glaucoma.147 Investi-

gating the mechanisms that influence specific primary cilia func-

tionality will contribute to understanding the role of this structure

in the pathogenesis of glaucoma, and eventually to develop novel

drugs and therapies.

Strengths and limitations of the study
In this study, there are several methodological strengths as well

as limitations. The combined dataset represents the largest

multi-ancestry genetic study conducted in POAG and thus

powered to detect novel associations. Furthermore, the meta-

analysis with two other available datasets and the vast re-

sources from different biobanks afforded an opportunity to
Cell Reports Medicine 5, 101430, February 20, 2024 11
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explore genetic interactions between likely causal variants of

glaucoma, and to conduct in silico investigation of the potential

shared biology between POAG, cancer, and vascular traits. On

the other hand, using the two larger published GWASs on

POAG, it did not allow us to perform replications on the identi-

fied novel loci.

Several issues that are inherent in a biobank collaborative

context, such as GBMI, might lead to a conservative signal

detection. POAG phenotyping methods in GBMI were different

across the biobanks (i.e., phecode mapping, or a combination

of physicians’ diagnosis, glaucoma medications, or self-report-

ing). In addition, some of the phenotyping was for glaucoma

and not specifically POAG, potentially introducing biological het-

erogeneity. Even though this is not amajor issue in biobanks with

a majority of European and African ancestry subjects where

POAG is the predominant glaucoma subtype, the signals de-

tected from Asians will also probably be from PACG, where

this subtype predominates.6,31–33 In addition, signals from other

minor glaucoma subtypes (such as XFS) might also introduce

some noise. In this study, we showed that only three previously

identified loci were potentially signals from other subtypes—and

all other loci, including novel ones, were detected in other pub-

lished data. Moreover, despite using powerful approaches to

mitigate the effect of unbalanced case-control sampling inherent

in a biobank context, the attenuating effect of inappropriate con-

trols will persist, making our signal detection conservative.26,148

Furthermore, even though this analysis used multi-ancestry

meta-analysis, the subjects are still predominantly of European

ancestry. We believe that recruitment of cohorts that include

ethnic minorities will improve knowledge transferability and

health equity. Finally, even though we did extensive in silico vali-

dation using available data and gleaned broad biological path-

ways that might be implicated in POAG, we did not perform func-

tional validation of the novel genes identified in this study.

Therefore, other in vitro studies using relevant human tissues

and in vivo using model organisms are still necessary to define

the biological role of these genes in POAG and potential link to

vascular and neoplastic mechanisms.

Conclusion and future directions
Our study identified large effect ancestry and sex-specific loci

associated with POAG. A larger genetic study in individuals of

more diverse ancestries will clarify the role of GWAS signals iden-

tified here. Moreover, there is a need for more studies to ascertain

the magnitude of inter-loci interactions and the roles of the SIX6

missensevariant in theoverall interaction landscape. Furthermore,

the role of these interactions and differences in disease burden for

POAG and vascular/cancer-related traits among ancestries need

to be elucidated. In summary, by integrating evidence from

vascular and cell proliferation mechanisms that emerged from

our results, we suggest that primary cilia may potentially be

involved in glaucoma pathophysiology. Further investigations are

needed to elucidate their role and mechanisms in glaucoma.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Jibril Hirbo (jibril.hirbo@

vumc.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The all-biobank meta-analysis results and plots (including ancestry/sex-stratified and cross-ancestry meta-analyses) are

available for downloading at https://www.globalbiobankmeta.org/resources and for browsing at the browser http://results.

globalbiobankmeta.org.

d Scripts used for quality control, meta-analysis, and summary of results are available at https://github.com/globalbiobankmeta

and deposited at https://zenodo.org/badge/latestdoi/295461030.

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

METHOD DETAILS

Association testing
The overall design of this study is reported in Figure 1. As part of the GBMI, a large-scale multi-ancestry meta-analysis of genome-

wide association studies was conducted including a total of 26,848 cases and 1,460,593 controls from 15 global biobanks across six

ancestries (Table S1, Figures S1, and S2). Phenotype definition, biobank specific quality control and standardized GWAS was per-

formed by each contributing biobank. POAG phenotyping was done using any of the three approaches: phecode mapping (BioVU,

UKBB, HUNT, MGI and CCPM), ICD9/ICD10 codes (BioMe, FinnGen, EstBB, MGB, deCODE) and either one or a combination of

physicians’ diagnosis, glaucoma medications or self-reporting (BBJ, TWB, Lifelines, GS and QSkin) (Table S1).149 Potential effect

of heterogeneity in phenotyping was checked by comparing a subset of manually reviewed and phecode defined patients in

BioVU with an independent traditionally phenotyped cohort (Supplementary information, Table S2).

Meta-analysis was performed followed by the variant-level quality control for each biobank by flagging markers with different allele

frequencies compared to gnomAD and excluding markers with imputation quality score <0.3.26,54 Sex-specific association analysis

was also conducted across 9 biobanks in 7,916 cases and 269,105 controls (males) and across 10 biobanks in 9,538 cases and

342,870 controls (females) (Tables S4—S5). The number of independent loci and number of top hits for each biobank contributing

to GBMI are reported in Figure S5.

To increase the power to discover additional variants associated with POAG, a meta-analysis was performed combining GBMI

(n = 1,259,040), International Glaucoma Genetics Consortium (IGGC) of European ancestry (n = 192,702) and Genetics of Glaucoma
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in People of African Descent (GGLAD) (n = 26,295) summary statistics, excluding any biobank cohorts from GBMI that overlap with

the two other datasets in our analysis (FinGenn, BioME and UKBB Africans). Fixed-effect meta-analyses based on inverse-variance

weighting were performed. We obtained a total number of cases of 46,325 and number of controls of 1,431,712 (Table S7).22,27 We

further performed ancestry specific meta-analysis of the data. We defined genome-wide significant loci by iteratively spanning

the ±500 kb region around the most significant variant and merging overlapping regions until no genome-wide significant variants

were detected within ±500 kb. The most significant variant in each locus was selected as the index variant. To identify independent

variants, clumping was performed in PLINK (http://pngu.mgh.harvard.edu/purcell/plink/) using r2 < 0.05 as linkage disequilibrium

(LD) metric threshold, physical distance of 500 kb, 1000 Genomes Project Europeans as LD reference panel and the significance

threshold for index SNPs set at P < 1x10�5.150 Polymorphisms were considered significantly associated with POAG if genome-

wide significant level (p value<5.0e�8) was attained. Quantile-quantile (Q-Q) and Manhattan plots were generated to visualize the

results.

Single variant replication analyses were performed in three biobanks that had at least 50 POAG cases: Penn Medicine Biobank

(PMBB), Colorado Center for Personalized Medicine (CCPM) and All of US (Table S6).151–153 PMBB and CCPM are part of the

GBMI that joined the consortium after initial analysis of the data and have been previously described and use same phenotyping

and GWAS protocols as other GBMI biobanks.154 All of Us Research Program is an NIH initiative that plans to enroll an observational

cohort of diverse group of at least 1 million persons in the United States.154 We used April 2023 v7 Curated Data Repository (CDR –

vers. 2022Q4R9) with 7/1/2022 cutoff date for participant EHR data (n = >413k, >245k of which have short read WGS data). In All of

US, we defined cases as those with ICD9-365.11,365.12, ICD10-H40.11, H40.12, and SNOMED CT 77075001, 50485007 codes,

while controls are >18 years old with no eye related ICD9/10 and SNOMED CT codes. Individuals were stratified based on All of

US predicted ancestry, and precomputed PCs 1–10 (provided by All-of-US) included as part of the covariates. Sex specific associ-

ation analysis was performed using REGENIE in PMBB and CCPM, while Wald logistic regression tests using HAIL in All of US with

POAG as the outcome and variants as the predictor performed, adjusting for age and the first ten PCs as covariates. For comparison

purposes, regression analysis on all data in each biobank was performed adding sex to the covariates for combined sex analysis.

Checking for potential for phenotype heterogeneity in BioVU samples
POAG was ascertained in the BioVU dataset using phecodes in VUMC electronic health records. All subjects (n = 144,017) with an

ophthalmology examination code (CPT = 92002, 92004, 92012, or 92014) were selected using at least two instances of POAG phe-

code that covers ICD-9 and/or ICD-10 codes 365.11, H40.11XX, 365.12, H40.12XX (n = 17,824) while controls exclude those with

codes for eye diseases (360–379, H00-H59, E08.3, E09.3, E10.3, E11.3, E13.3, Q10.XX-Q15.XX, n = 53,919). The groups were

then filtered to include only subjects with genotyping data from Illumina MEGA-Array.

The de-identified electronic health records of the glaucoma subjects were then reviewed to confirm the diagnoses. The patients’

names, addresses, other forms of identification, and the treating physicians’ names were removed. Records which were available

included the problem list stating POAG or NTG, medication lists, clinical notes including detailed ophthalmic examinations,

ophthalmic operative notes, correspondence letters and discharge summaries. Additional high-level confirmation included an ante-

rior segment examination without secondary-glaucoma evidence, and open angles by gonioscopy.

Only those subjects (n = 1040) who had POAG reported in any of the above categories by the treating physicians were included as

cases in the manual review. Any subject, who was coded for POAG without supporting confirmation or who had contradictory infor-

mation in themedical record, was excluded to minimize inclusion errors. Supporting information including: reported peripheral vision

loss, intraocular pressure, glaucomatous optic nerve appearance, glaucoma surgeries and use of glaucoma medications was re-

viewed and noted. A total of 716 individuals who had MEGA array genotyped have their EHR manually curated. A total of 220 out

of the 716 individuals conflicted with manually curated records of which 172 are those with only a single ICD9+ICD10 mention of

POAG. A total of 48 phecode assignations conflicted with manually curated records: 5 cases were missed by phecode phenotyping,

4 were pigmentary glaucoma, 7 POAG suspect, 9 pseudoexfoliation syndromes (XFS) and 23 primary angle closure glaucoma

(PACG) (Table S2). Using any mention of ICD9 or ICD10 POAG had a far much higher number of conflicts (114) with manually curated

information. Thus conservatively, we estimate that �1.2% (�320) and �3.2% (�560) might potentially be XFS and PACG cases,

respectively, among the total GBMI 26,848 POAG cases.

Therefore, as further quality check step, we compared our GBMI-IGGC-GGLAD meta-analysis signals with well powered GWASs

for XFS and PACG, and determined that three of the loci might be attributed to these two glaucoma subtypes: 1) The

rs3825942_LOXL1 loci that is the main XFS signal and previously reported in GWAS of POAG in a recent study that include Biobank

level data155,156 2) The rs11024102_PLEKHA7 has been associated only with PACG and glaucoma in East Asian ancestry individuals,

while, 3) the lead variant in rs58812088_ FNDC3B in our study is just�12kb away from and in high LD (r2 = 0.7) with PACG lead variant

in rs16856870_FNDC3B locus.35,157 However, three loci: rs993471_COL11A1, rs2276035_ARHGEF12, rs12150284_GAS7 have pre-

viously been shown to be POAG-PACG shared loci.34,35

Additional cohort included in risk prediction was from Groningen Longitudinal Glaucoma Study (GLGS). The GLGS consisted of

Dutch individuals with a diagnosis of POAG. The original GLGS cohort has been described in detail by Heeg et al. (2005).158 After

the inclusion of the initial cohort in 2000–2001, the GLGS continued recruiting new participants during follow-up. We included glau-

coma patients who visited the outpatient department of the University Medical Center Groningen in 2015 and who gave written

informed consent for a blood sample for genetic analyses. In the GLGS, glaucoma patients had to show glaucomatous visual field
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loss in at least one eye. For glaucomatous visual field loss, two consecutive tests had to be abnormal in at least one eye, after an initial

test that was discarded to reduce the influence of learning. Defects had to be compatible with glaucoma andwithout any other expla-

nation. Those with pseudoexfoliative or pigment dispersion glaucoma or a history of angle-closure or secondary glaucoma were

excluded.8 In GLGS, genomic DNA was extracted from the peripheral blood, using Gentra Systems Purogene chemistry. The gen-

otyping was done using the Illumina Infinium Global Screening Array (GSA) MultiEthnic Disease beadchip version, which contains

692,367 markers.139,159

To check if difference in ancestry and sex-specific associations in our study was potentially correlated with difference in POAG

prevalence, cases in European and African American was estimated in 3,414,079 BioVU patients who are R40 years older and

self-identify as either European Americans (EA, n = 1,218,124; 555,132 males and 662,825 females) or African Americans (AA, n =

154,273; 66,691 males and 87,541 females).

Comorbidity with circulatory related codes (phecodes = 394–459) in a total of 1,968,903 individuals withR2 instances of mention

of the relevant code excluding individuals with any mention of eye codes (phecodes = 360–379) (AA, n = 273,379; 1,549 cases and

271,830 controls; and EA, n = 1695,524; 5,446 cases and 1,690,078 controls) was inferred by performing logistic regression analysis

conditioned on sex and age as covariates. Odd ratio comparison was done using epitools in R.

Post-hoc power analysis for ancestry and sex specific novel loci
For the SNPs identified in the GBMI analyses carried out in males of the two African cohorts, a post hoc power analysis, based on a

likelihood ratio test framework, was performed in the combined dataset where the variants were observed (BioVU and BioMe co-

horts), using the ‘‘genpwr’’ R package. For the SNP rs111739240_TMEM167B, as input parameters, we set a MAF of 0.025, for

an odds ratio of 6, a sample size of N = 7,860, and number of cases = 155, a case rate of 0.019, and a standard GWAS significance

of p value of 5E�8 (Table S5). For the SNP rs78909751_ARMC4, as input parameters, we set aMAF of 0.032, for an odds ratio of 5.41

(N = 7,860, cases = 155, case rate of 0.019, p value of 5E�8 (Table S5). Based on this power analysis and under an additive model, for

both variants, we had 80% of the power of detection with a sample size of more than 4,617 individuals.

SNPs and gene annotations
Significant polymorphisms were annotated with the gene inside whose transcript-coding region they are located, or alternatively, the

nearest gene. In addition, the polymorphic sites were functionally annotated using ANNOVAR.160 Exonic SNPs were investigated

further using SNPnexus to uncover non-synonymous variants.161 Damaging effect of non-synonymous SNP on protein structure

and function was investigated using the Sorting Intolerant From Tolerant and Polymorphism Phenotyping scoring tools.162,163

Enrichment analysis
To identify the functional roles and tissue specificity of the associated variants, we performed gene prioritization and tissue- and

gene-set enrichment analyses using DEPICT (Tables S9—S11) in which we prioritized POAG-associated genes using a co-regula-

tion-based method across multiple different tissues.164 The tool assesses the potential role of genes independent of the presence

of an eQTL, making it possible to test more genes.

For the gene set enrichment analysis, gene expression data from 77,840 samples was used to predict gene function for all genes in

the genome based on similarities in gene expression. In DEPICT, the probability of a gene being a member of a gene set was esti-

mated based on their co-functionality to prioritize the most likely causal genes. A total of 14,461 reconstituted gene sets was gener-

ated which represent a set of biological annotations: Gene Ontology (GO) gene sets, REACTOME gene sets, Kyoto Encyclopedia of

Genes andGenomes (KEGG) gene sets, InWeb protein-protein interactions, andMouseGenetics Initiative gene sets (MP). Bonferroni

correction was applied for multiple comparisons of 14,461 independent tests (p < 0.05/14,461).

For tissue enrichment, microarray data from 37,427 human tissues of 209 Medical Subject Heading (MeSH) annotations from Af-

fymetrix HGU133a2.0 platform microarrays was used to identify genes with high expression in different cells and tissues.

TWAS and fine-mapping analyses
We used three gene-based methods, PrediXcan, joint tissue imputation (JTI) and unified test for molecular signatures (UTMOST) for

correlating the genetic component of gene expression with phenotype.86–88 PrediXcan estimates gene expression weights by

training a linear prediction model in a reference sample with both gene expression and SNP genotype data.165 UTMOST and JTI

methods borrow information across different tissues transcriptomes, leveraging shared genetic regulation, to improve prediction

performance in a tissue-dependent manner.88

There is only one ocular tissue in GTEx data with available corresponding genotype data needed to build TWAS models, so we

used RNA-seq and genotype data from peripheral retina and proxy tissues that have biological functions that we inferred to be crucial

in visual perception. These proxy tissues include: vascular tissues (artery and heart tissues) that are crucial in production and

drainage of aqueous humor (defects in this system can cause glaucoma), tissues of the nervous systems, which the eye is considered

its extension of, and the liver tissue because it is a pivotal metabolic center.166–168 We consider the brain cortex as the most relevant

GTEx tissue since the visual cortex is located there.

For the three models, gene expression prediction models were trained for 23 different human nervous, vascular and liver tissues

(Tables S11—S12) using GTEx v8 data.169 The corresponding genotype data were imputed using the University of Michigan
e3 Cell Reports Medicine 5, 101430, February 20, 2024
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Imputation Server, with 1000Genomes Project (phase 3 ver. 5) as a reference panel.170,171Models with non-zero weights that met set

significance criteria (FDR< 0.05 from the cross-validation in each tissue) were retained in the database. For each model, there was

also a corresponding file with covariance data for the SNPs in eachmodel. The threemodels were applied to theGBMI-IGGC-GGLAD

GWAS meta-analysis summary results (n = 1,478,037: 46,325 cases and 1,431,712 controls).

Publicly available RNAseq data for eye tissues by Ratnapriya et al., (EyeGEx) have no associated data from other tissues and thus

we only generated Predixcanmodels. To analyze RNA-seq data fromperipheral retina tissues, gene expression values for all samples

from retina tissue were normalized: 1) genes with expression below%6 reads (unnormalized) in%20% of samples read counts were

excluded, 2) were normalized between samples using TMM, and 3) expression values for each gene inverse normal transformed

across samples. We used PLINK to compute genotype principal components (PCs) based on 5,473,093 SNPs after pruning variants

in pairwise LD.150 After regressing out all the covariates associated with the expression data (age, sex,os_od, mgs_level, rin, post-

mortem_interval_hrs), and ten first PCs, residuals were used to train PrediXcan model. Expression prediction models were trained

using an elastic net model, excluding SNPs with >10% missingness, MAF <0.01 and deviation from Hardy-Weinberg across all

405 samples. These filtering steps led to a total of 7,732,396 SNPs. The prediction performance was evaluated by the correlation

between the predicted and observed expression levels in 5-fold cross-validation. A total of 2807 genes with Pearson correlation

r > 0.1 and p < 0.05 were considered as "predictable genes" and used in subsequent analysis. We presume that the mechanisms

that underlie complex ocular conditions like POAG (like other complex diseases) can span tissue types across the human body,

and thus we believe that focusing on just ocular tissues can lead to misleading conclusions.

Fine-mapping of TWAS association signals was done using FOCUS, a probabilistic gene-level fine-mapping method, to define

credible sets of genes that explain the expression-trait signal at any given locus.172 The default non-informative priors implemented

in FOCUS were used to estimate the posterior inclusion probability and a 90% credible set of genes at a given locus.

Polygenic risk scores (PRS) and pleiotropy
PRS for POAG were constructed from the leave-biobank-out GBMI-IGGC-GGLAD meta-analysis summary statistics in six different

biobanks, BioVU (n = 85,615), UKBiobank (n = 370,088), Biobank Japan or BBJ (n = 178,726), Lifelines (n = 14,930), Estonian Biobank

(n = 53,821), and glaucoma cohort GLGS159 (n = 3,739), with PRS-CS-auto option, and the best performing European reference panel

(based on R2) of either 1KG Phase 3 or UK Biobank was used to estimate LD.53,173 In the target samples, genotypes were filtered for

SNPs using the following criteria: minor allele frequency< 0.01, missing genotype rate< 0.05, filters out variants which have Hardy-

Weinberg equilibrium exact test p value < 1e�6, and exclude individuals with missing data <0.1. Only unrelated individuals with ge-

netic relatedness less than 0.05 were retained. We used EHR/or self-reported health conditions (depending on the data availability in

each biobank) in a total of 617,565 individuals across five biobanks (excluding GLGS that was used to check the effect in a more

balanced case-control cohort) to explore pleiotropy of genetic risk for POAG. We then evaluated the predictive performance of

the PRSs generated using leave-biobank-out meta-analysis results in the six biobanks. PRSs were then tested for association

with 17 disease categories using a phenome-wide association study (PheWAS).

Expression effects of missense variants (male-specific rs74113753 & trans-ancestry rs33912345)
Variants in SIX6 and CDKN2B-AS1 loci (chr9p21.3) have been associated with POAG,174–181 related risk factors and endopheno-

types, such as peripapillary retinal nerve fiber layer,182 optic nerve degeneration,178,183 and vertical cup-disc ratio (VCDR)184–190

across all ancestries. The rs33912345_SIX6 missense variant (p.His141Asn) is the lead variant in the SIX6 locus, outside the DNA

binding site and it is speculated to affect the ability of the SIX6 gene to interact with other transcription factors and cofactors.125

The variant rs33912345 is also Expression quantitative trait locus (eQTL) in GTEx for several genes within the SIX6 locus.169 The

SIX6 and the CDKN2B-AS1 loci are known to be associated with POAG174–181 and cardiovascular disease.191 Studies in both glau-

coma models and cell lines indicated that SIX6 missense variants interact with genes in the chr9p21.3 locus.124,125 However, no

comprehensive analysis of this interaction has been done in human genetic and transcriptomic data.

In the SIX6 locus, the effect of the missense rs33912345_SIX6 variant on expression patterns of genes SIX6 and the nearby long

non-coding RNA,SALRNA1, on genesCDKN2A andCDKN2B (CDKN2B-AS1 locus) were determined by performing regression anal-

ysis of residuals of the GTEx normalized gene expression levels. For each tissue, the possible confounders (sex, platform, first five

principal components, and Probabilistic Estimation of Expression Residuals [PEER] factors)88 have been accounted for in the anal-

ysis. Since the missense variant (rs33912345_SIX6) did not pass the quality control filters, we used a proxy SNP, rs7493429_SIX6,

which was in high LD with the missense variant (r2 = 0.724, D’ = 0.99), determined using R package LDlinkR (https://github.com/

CBIIT/LDlinkR).192

We evaluated the effect of the variant rs33912345_SIX6 in the SIX6 locus on trait association to variants in CDKN2B-AS1 locus in

four steps. We first checked the differences in the gene expressions of SIX6 and SALRNA1measured in skeletal muscle tissues (the

only tissues with GTEx expression data remaining after correcting for confounders) between the haplotype background that has the

reference and the alternate allele. Secondly, we rebuilt the muscle skeletal genes expression model while excluding any variants that

were in LD with the rs33912345_SIX6 missense variant (r2 > 0.1). The PrediXcan and UTMOST muscle tissue models were the best

performing genemodels for SIX6 (PrediXcan r2 = 0.131, compared to JTI r2 = 0.120) and SALRNA1 (UTMOST r2 = 0.024 compared to

PrediXcan r2 = 0.016), respectively. Thirdly, we evaluated the Pearson correlations in gene expressions between genes in the SIX6

and CDKN2B-AS1 loci. We then checked for statistical interaction between the SIX6 sentinel SNP and two genome-wide significant
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variants from the CDKN2B-AS1 locus, with traits that represent groups in LD with glaucoma association in the loci. The chr9p21.3

POAG associated GWAS variants are in LD in European ancestry individuals (r2 > 0.1) with more than 140 GWAS catalog variants in

the �260 kb cluster associated with vascular,191 carcinoma, and neurological traits.193 We used two variants in the locus that are

associated with a whole range of the cardiovascular and cancer related traits; rs2891168_CDKN2B-AS1 (coronary artery disease,

myocardial infarction, and beta blocking agent use measurement),44,194–198 and rs10811650_CDKN2B-AS1 (breast cancer, mela-

noma, and hair color).135,199–201We finally determined if these interactions had effects on expression patterns ofCDKN2A&CDKN2B

in GTEx data brain cortex tissue. Mean expression difference between allele combinations was assessed using Student’s t test and

ANOVA (Table S24).

To determine phenotypic consequences of the SIX6-CDKN2B-AS1 loci interactions, and African male-specific missense variant,

we further performed TWAS-PheWAS for the two chr9p21.3 genes and CELSR2 gene (that have male-specific expression associ-

ation with themissense variant) in summary statistics from the UKBB (n = 396,618) and BioVU (n = 59,805), followed bymeta-analysis

of the two PheWAS (n = 456,423) across 731 traits and diseases grouped into 17 categories (Table S23).148,202

We also evaluated the effect of African-specific missense variant rs74113753_TMEM167B using proxy rs17641032_TMEM167B

variant (�862bp, r2 = 0.699, D’ = 1, 1000 genomes)192 on measured gene expression residuals for a total of 24 genes in a 500 kb

window either side of the variant that passed quality filters in GTEx muscle skeletal tissues (n = 706) in all the samples and sex-strat-

ified set (males = 469, females = 237).
e5 Cell Reports Medicine 5, 101430, February 20, 2024
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