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Integrating genetic regulation and single-cell
expression with GWAS prioritizes causal
genes and cell types for glaucoma
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Primary open-angle glaucoma (POAG), characterized by retinal ganglion cell
death, is a leading cause of irreversible blindness worldwide. However, its
molecular and cellular causes are not well understood. Elevated intraocular
pressure (IOP) is a major risk factor, but many patients have normal IOP.
Colocalization and Mendelian randomization analysis of >240 POAG and IOP
genome-wide association study (GWAS) loci and overlapping expression and
splicing quantitative trait loci (e/sQTLs) in 49 GTEx tissues and retina prior-
itizes causal genes for 60% of loci. These genes are enriched in pathways
implicated in extracellular matrix organization, cell adhesion, and vascular
development. Analysis of single-nucleus RNA-seq of glaucoma-relevant eye
tissues reveals that the POAG and IOP colocalizing genes and genome-wide
associations are enriched in specific cell types in the aqueous outflow path-
ways, retina, optic nerve head, peripapillary sclera, and choroid. This study
nominates IOP-dependent and independent regulatory mechanisms, genes,
and cell types that may contribute to POAG pathogenesis.

Primary open-angle glaucoma (POAG) is the leading cause of irrever-
sible blindness worldwide among people over the age of 551. It is
characterized by progressive optic neuropathy, caused by the gradual
death of retinal ganglion cells (RGCs) that transmit visual information
from the outer retina to the brain via the optic nerve (myelinated RGC
axons)2. Elevated intraocular pressure (IOP) is a major risk factor for
POAG3 and is primarily caused by decreased outflow of the aqueous
humor from the ocular anterior segment. Decreased outflow may be
due to abnormal function of structures in the anterior segment of the
eye, consisting of the trabecularmeshwork (TM)4 and Schlemm’s canal

(SC)5 in the conventional outflow pathway, and the ciliary muscle and
iris in the uveoscleral (unconventional) pathway6. However, about one
third of patients with POAG display optic nerve degeneration in the
absence of abnormally high IOP measurements (normal tension glau-
coma (NTG))7. Conversely, many people with elevated IOP do not
develop glaucoma, suggesting that other processes, including
increased RGC susceptibility to normal IOP, might also lead to optic
nerve damage. Currently, neuroprotective therapies are lacking, and
medications that reduce IOP have limited effectiveness2. Gaining a
better understanding of the molecular and cellular causes of POAG in
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the anterior and posterior segments of the eye could suggest novel
therapeutic targets.

A recent multi-ethnic genome-wide association study (GWAS)
meta-analysis of 34,179 POAG cases and 349,321 controls of European,
Asian, and African ancestries identified 127 risk loci associated with
POAG8, explaining ~9% of POAG heritability, and a meta-analysis of the
European subset identified 68 POAG loci8, some of which were not
uncovered in the cross-ancestry meta-analysis. Furthermore, a GWAS
meta-analysis of IOP performed on 139,555 individuals, primarily of
European descendant9, has identified 133 independent associations in
112 loci, largely overlapping with two other studies10,11. The IOP variants’
effect sizes and direction of effect are highly correlatedwith their effect
on POAG risk8,9, and together they explain 9-17% of IOP heritability.
Vertical-cup-to-disc ratio (VCDR), central corneal thickness, and corneal
hysteresis, a measure of the viscoelastic damping of the cornea, have
also been associated with POAG risk, and large GWAS meta-analyses
have uncovered 70-200 genetic associations for these traits12–23.

Identifying putative causal genes and cell types underlying the
genetic associations with POAG and its related traits is challenging. As
with other complex traits, a majority of associated variants lie in
noncoding regions and are enriched for regulatory effects24–26. Due to
linkage disequilibrium (LD), the discovered associations typically tag
multiple variants and genes, making it hard to pinpoint the implicated
causal gene(s) from sequence alone. Furthermore, genetic regulatory
effects in relevant ocular tissues are limited, reported to date only in
retinal tissues27–30, and have not yet been detected at cellular resolu-
tion in other parts of the eye. Nevertheless, through single-cell or
single-nucleus RNA-sequencing (sc/snRNA-seq), human cell atlases
and cellular level transcriptomes have been generated for various non-
diseased eye tissues relevant to POAG pathogenesis, including
retina31–33, the aqueous humor outflow pathways34,35, six tissues in the
anterior segment36, and the optic nerve head (ONH), where RGCs pass
to exit the eye, the optic nerve, and surrounding posterior tissues37.
Using a method we recently developed, ECLIPSER (Enrichment of
Causal Loci and Identification of Pathogenic cells in Single Cell
Expression and Regulation data)38,39, we show that cell type-specific
enrichment of genes mapped to GWAS loci of complex diseases and
traits can help identify cell types of action for diseases in relevant
tissues38,39.

In this study, we combine expression quantitative trait loci
(eQTLs) and splicing QTLs (sQTLs) in 49 (non-ocular) tissues from the
Genotype-Tissue Expression (GTEx) Project26, retinal eQTLs27, retinal
Hi-C data40, and single-nucleus expression fromglaucoma-relevant eye
tissues33,36,37 with POAG and IOP genetic associations to identify reg-
ulatory mechanisms, genes, pathways, and cell types that may play an
important role in POAG etiology. Using two Bayesian-based colocali-
zation methods, eCAVIAR41 and enloc42, followed by two-sample Men-
delian Randomization43, we identify putative causal genes and
directionof regulatoryeffects onPOAGand IOP forover half theGWAS
loci. These genes are enriched in previously implicated and new bio-
logical processes. By testing for cell type-specific enrichment of POAG
and IOP colocalizing genes in the ocular anterior segment, retina, and
optic nerve head (ONH) and surrounding posterior tissues, using
ECLIPSER, we identify known and less well-established pathogenic cell
types for POAG, including fibroblasts in the conventional and uncon-
ventional outflow pathways and in the peripapillary sclera encom-
passing the ONH, and macroglial cells in the retina and ONH,
suggesting both IOP-dependent and neuroprotective processes. These
results are supported by two additional cell type enrichment methods
that consider genome-wide associations with POAG and IOP, S-LDSC25

and MAGMA44.

Results
An overview of the analytical steps and approaches taken are descri-
bed in Fig. 1 and Supplementary Note 1.

POAG and IOP associations enriched among eQTLs and sQTLs
To assess the relevance of eQTLs and sQTLs to POAG risk and IOP
variation, we tested whether cis-eQTLs and cis-sQTLs (e/sQTLs) from
49 GTEx (v8) tissues26 and peripheral retina cis-eQTLs27 were enriched
for POAGor IOP associations (GWAS P <0.05) usingQTLEnrich24,26 that
adjusts for confounding factors and tissue sample size (Methods,
Supplementary Note 2 and Fig. 1a).We found significant enrichment of
multiple POAG and IOP associations (both genome-wide significant
and subthreshold) among eQTLs and sQTLs in most of the 49 GTEx
tissues and in retina (Bonferroni-corrected P < 5 × 10−4) (Fig. 2a, b,
Supplementary Figs. 1 and 2, and Supplementary Data 1–3). Many of
the top enriched GTEx tissues contain cell types that may be patho-
genic to glaucoma (Supplementary Note 2). The relative contribution
of sQTLs to POAG and IOP, as measured by adjusted fold-enrichment
and estimated true positive rate, was larger than the relative con-
tribution of eQTLs to these traits (One-sided Wilcoxon rank sum test
P < 1.5 × 10−11 and P < 0.03, respectively; Supplementary Fig. 1a–c and
Supplementary Data 1–3), as observed with other complex traits26. The
absolute number of eQTLs proposed to contribute to POAG and IOP
(average 258 to 606 per tissue) was 2-fold larger than that of sQTLs
(average 124 to 320per tissue), likely due to the larger discovery rate of
eQTLs compared to sQTLs26 (Supplementary Fig. 1a–c and Supple-
mentary Data 1–3). The target genes of eQTLs or sQTLs with top-
ranked POAG or IOP GWAS p-values (P < 0.05) were enriched in
metabolic and cellular processes (Methods, Supplementary Data 4–5,
and Supplementary Note 3).

Colocalization analysis of POAG and IOP GWAS loci with cis-
e/sQTLs
Given the widespread e/sQTL enrichment of POAG and IOP associa-
tions, we used the e/sQTLs in all 49 GTEx tissues and retina eQTLs to
propose putative causal genes that may underlie genome-wide sig-
nificant loci for these traits. We applied two colocalization methods,
eCAVIAR41 and enloc42, to 127 POAG loci from a large cross-ancestry
GWAS meta-analysis8, 68 POAG loci from a European (EUR) subset
meta-analysis8 (POAGEUR), and 133 IOP loci from aprimarily European
GWAS meta-analysis9 (IOP) (variant list in Supplementary Data 6;
Methods and Fig. 1b), and any e/sQTLs that overlapped each GWAS
locus LD interval (Methods). The results are presented per trait and
colocalizationmethod in SupplementaryData 7–12 and summarized in
Supplementary Data 13. We defined a “comprehensive set” of putative
causal genes and regulatorymechanisms for POAG and IOP as those e/
sGenes that were significant with at least one of the colocalization
methods (Colocalization posterior probability (CLPP) > 0.01 for eCA-
VIAR, and regional colocalization probability (RCP) > 0.1 for enloc (see
Methods); Supplementary Data 13), filtering out potential false posi-
tives (SeeMethods and examples in Supplementary Fig. 3). The largest
number of colocalizing e/sGenes was found in tibial nerve, adipose,
skin, artery, and fibroblasts, among other tissues (Supplementary
Fig. 4), many of which contain cell types relevant to the pathogenicity
of glaucoma. Eighteen retina eQTLs colocalized with 13 POAG and/or
IOP loci (Column AH in Supplementary Data 13). The number of sig-
nificantly colocalizing e/sGenes per tissue significantly correlated with
tissue sample size (Pearson’s R2 = 0.72, P = 1 × 10−14, Supplementary
Fig. 4) that is also associated with the number of detected e/sQTLs per
tissue26. This suggests that e/sQTL discovery power is a driving factor
in tissue identity of the colocalizing e/sQTLs. We therefore primarily
considered the causal genes proposed by the colocalization analysis
and not the associated tissues, in downstream analyses.

We found that 58%of all GWAS loci tested significantly colocalized
with at least one eQTL and/or sQTL based on eCAVIAR and/or enloc:
60% (76) of 127 cross-ancestry POAG GWAS loci, 53% (36) of 68 Eur-
opean POAG loci and 59% (79) of 133 IOP loci (Fig. 2c and Supple-
mentary Data 14). About 55% and 29% of GWAS loci colocalized with ≥1
eQTL and ≥1 sQTL, respectively. For 21% of the POAG and IOP GWAS
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loci (69 loci total), significant colocalization was found for the same e/
sGene with eCAVIAR and enloc (‘high confidence set’ listed in Table 1
and Supplementary Data 15). The GWAS-e/sQTL colocalization analysis
significantly reduced the number of putative causal genes per GWAS
locus for POAG and IOP from an average of 22.8 ± 1.8 genes tested per
LD interval (range: 3-166, median = 15) to an average of 3.5 ± 0.4 genes
per locus (range: 1–36, median of 1 or 2 genes per locus per trait;

Fig. 2d, e and Supplementary Data 16). eQTLs and sQTLs nominated an
average of 3 and 2 causal genes per locus, respectively, with partial
overlap of target genes between the colocalizing eQTLs and sQTLs
(Fig. 2e and Supplementary Data 16). 60-72% of the colocalizing e/
sGenes per trait were protein-coding and 18-20% were noncoding RNA
genes, half of which were lincRNAs and half antisense genes (Fig. 2f,
Supplementary Data 17, 18, and SupplementaryNote 4). A single causal
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gene was proposed for 80 (42%) of the POAG and IOP loci with sig-
nificantly colocalizing e/sQTLs (Supplementary Data 19, 20), 49 (61%)
of which are the nearest gene to the lead GWAS variant. In 30.3% (23/
76), 16.7% (6/36) and 31.7% (25/79) of the POAG cross-ancestry, POAG
EUR and IOP GWAS loci, respectively, with significant colocalization
results, the colocalizing e/sGeneswere not the nearest gene to the lead
GWAS variant. In total, 228, 118, and 279 genes, including previously
suggested and novel ones, are candidate causal genes for POAG cross-
ancestry risk, POAG EUR risk, and IOP variation, respectively (Supple-
mentary Data 21), with a total of 459 genes proposed from the com-
bined datasets.

Colocalizing e/sGenes of top POAG and IOP GWAS loci and
direction of regulatory effect on disease risk
In addition to prioritizing causal genes and regulatory mechanisms
that may contribute to POAG and IOP, colocalizing e/sQTLs propose
the directionof effect of altered gene expression or splicing on disease
risk or trait variation (examples for top POAG and IOP GWAS signals in
Fig. 3 and Supplementary Fig. 5). For example, an eQTL and sQTL
acting on TMCO1 and an eQTL acting on TMCO1’s antisense, RP11-
466F5.8, in the opposite direction, colocalized with the second stron-
gest association with POAG (lead variant rs2790053, odds ratio
(OR) = 1.35. CLPP =0.92-1) and the top IOP associations (two LD-
independent variants: rs116089225, beta = −0.744 and rs10918274,
beta = 0.377; CLPP = 0.87–1) (Fig. 4a–e and Supplementary Fig. 6).
Decreased expression of TMCO1 and increased expression of RP11-
466F5.8 are proposed to lead to increased IOP levels and increased
POAG risk (Fig. 4, Supplementary Fig. 6, and Supplementary Data 13).
Furthermore, an alternative splicedonor site in exon4, thefirst exon in
the TMCO1mRNA in GTEx Cells-Cultured fibroblasts, leads to a longer
exon 4 (Fig. 4f,g) that is associated with decreased POAG risk (Sup-
plementaryData 7 and 13).TMCO1 is expressed indifferent cell types in
the anterior and posterior parts of the eye, including lymphatic and
fibroblast cells in the conventional and unconventional outflow path-
ways, vascular and immune cells in the anterior and posterior seg-
ments, and macroglial cells in the retina (Supplementary Fig. 7). Other
examples include ANGPT1 and ANGPT2, involved in vascular biology,
whose increased expression is proposed to reduce IOP levels (Sup-
plementary Fig. 8 and Supplementary Data 13) that is consistent with
the effect observed on IOP in Angpt1-knockout mice45.

Colocalizing genes for shared and distinct POAG and IOP loci
Of 50 overlapping POAG and IOPGWAS loci, 39 (78%) of the loci had at
least one significant colocalization result for both traits, and in all cases
at least one common genewas implicated (SupplementaryData 13 and
15, and Table 1). In most of the cases (95%), the relative direction of
effect of the colocalizing e/sQTLs on IOP was consistent with IOP’s
effect on POAG risk, proposing IOP-dependent mechanisms for POAG

risk. For example, decreased GAS7 expression or increased ABO
expression were associated with both increased IOP levels and
increased POAG risk (Supplementary Data 7–13 and Supplementary
Figs. 9, 10). e/sGenes that colocalizewith POAG loci not associatedwith
IOP (48 loci; Column N in Supplementary Data 13) may suggest IOP-
independent mechanisms.

To prioritize regulatory variants and genes that may affect POAG
independent of IOP, we integrated retina Hi-C loops and/or epigen-
etically derived cis-regulatory elements (CREs) and super-enhancers
(SEs) (Supplemental Data 4 in Marchal et al.40) with POAG-only loci
(Methods). In 17 of the loci, ≥1 colocalizing e/sQTLs was supported as a
potential causal mechanismby retina Hi-C loops (6 loci), CREs (16 loci)
and/or SEs (5 loci) (Supplementary Data 22). This includes the stron-
gest normal tension glaucoma (NTG) association (9p21)8,46 in the POAG
cross-ancestry (rs944801 OR = 1.26) and POAG EUR (rs6475604 OR=
1.3)GWASmeta-analyses that colocalizedwith aCDKN2A eQTL inbrain
cortex, CDKN2B-AS1 and RP11-149I2.4 sQTLs in pituitary, and CDKN2B
eQTL in skeletal muscle (Supplementary Data 13). The POAG risk var-
iants and colocalizing e/sQTLs in this locus overlapped retinal CREs
(Fig. 5a). The e/sQTL results imply that increased expression of
CDKN2A, decreased expression of CDKN2B, and exon skipping in
CDKN2B-AS1 may increase POAG risk (Fig. 3, Supplementary Figs. 5a
and 11).Other examples, involving a retina SLC2A12 eQTLoverlapping a
retinal CRE, and e/sQTLs acting on RERE and its antisense, RERE-AS1,
that are physically linked via retina chromatin loops to the RERE
transcription start site (TSS), are shown in Fig. 5b and 5c, respectively
(see also Supplementary Data 22). Notably, RERE expression is enri-
ched in oligodendrocytes in the optic nerve head and optic nerve
(False discovery rate (FDR) = 0.07) and in retinal pigment epithelium
(RPE) and S-cones in the macula (FDR =0.06), as shown below (Sup-
plementary Data 35; Supplementary Fig. 18f, g).

Colocalizing genes in population-specific and cross-ancestry
POAG loci
For all 59 POAG EUR loci also found in the POAG cross-ancestry meta-
analysis, at least one common colocalizing e/sGene was found per
locus for both the EUR and cross-ancestry GWAS (Supplementary
Data 13). One such example is EFEMP1, in which rare mutations have
been associated with a Mendelian form of glaucoma47. Colocalization
analysis suggests that skipping of exons 6 and 7 in EFEMP1 may be
protective for POAG (Supplementary Fig. 12). Of the 9 loci found only
in the POAG EUR GWAS, two loci colocalized with eQTLs acting on
several genes each, includinggenes involved in the extracellularmatrix
(EMID1) and vascular endothelial growth (ANGPTL2), respectively, both
of which also colocalized with IOP (Supplementary Data 23). In addi-
tion, three associations in the POAG cross-ancestry meta-analysis
demonstrated significant allelic heterogeneity among the three
populations (European, East Asian, and African American)8. e/sQTL

Fig. 1 | Analysis workflow from POAG and IOP GWAS to causal regulatory
mechanisms, genes, pathways, and cell types. a POAG and IOP associations
genome-wide (known andmodest associations) were tested for enrichment among
expression and splicing quantitative trait loci (e/sQTLs) in GTEx tissues and retina
compared to permutednull sets of variantsmatched on confounding factors, using
QTLEnrich (one-sided). In cases where enrichment was found, the lower bound
number of e/sQTLs in a given tissue, likely to be true trait associations was esti-
mated using an empirically derived, true positive rate (ðπ1Þ approach. b Putative
causal genes were prioritized per known POAG and IOP genome-wide association
study (GWAS) locus by applying two colocalizationmethods (eCAVIAR, enloc) to all
e/sQTLs from 49 GTEx tissues and retina eQTLs that overlapped each locus, fol-
lowed by two-sample Mendelian Randomization (MR). Overlap of the colocalizing
GWAS loci and e/sQTLs with Hi-C (3D chromosome conformation capture), cis-
regulatory element (CRE), and super-enhancer (SE) regions from human retina was
utilized to further prioritize causal genes. The human and eye images were created
with BioRender.com. c All target genes of significantly colocalizing e/sQTLs (e/

sGenes) or cell type-specific genes per trait were tested for enrichment in signaling
and metabolic pathways (Reactome, KEGG), gene ontologies, and mouse pheno-
type ontologies using GeneEnrich (one-sided). The POAG cross-ancestry GWAS
meta-analysis Manhattan plot was generated using QMplot (https://github.com/
ShujiaHuang/qmplot). d Significantly colocalizing e/sGenes were tested for
enrichment in specific cell types in single-nucleus RNA-seq data of glaucoma-
relevant eye tissues, using ECLIPSER (one-sided). Cell type-specific genes were
definedwith cell type fold-change>1.3 and FDR <0.1 per tissue. Cell type-specificity
significance per GWAS locus set for a given trait was assessed against a null dis-
tribution of loci associated with unrelated, non-ocular traits, using a Bayesian
Fisher’s exact test. Genes mapped to GWAS loci with a cell type-specificity score
above the 95th-percentile of null locus scores were proposed as contributing to the
trait in the enriched cell type. e Cell type enrichment for the POAG and IOP GWAS
was corroborated using two regression-based methods that assess cell type-
specificity of trait associations considering all associations genome-wide: stratified-
LD score regression (S-LDSC) and MAGMA.
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colocalized with two of these loci. One is the 9p21 locus rs944801 with
CDKN2A/B described above, which was significant in the European and
Asian populations, but not the African population (P_heterogeneity =
1.5 × 10–8) in which it is in lower frequency (AFR MAF =0.073, EUR
MAF =0.42, EAS MAF =0.11 in gnomAD, https://gnomad.
broadinstitute.org/). The other is a European-specific locus with the
largest POAG odds ratio (rs74315329, OR = 5.47). This variant is a
nonsense mutation (p.Gln368Ter) in MYOC, known to cause juvenile-
onset and adult-onset open-angle glaucoma with dominant
inheritance48. This variant is 10-fold more common in the European

population compared to the African population and is not found in the
East Asian population (gnomAD). Of all the e/sQTL gene-tissue pairs
that overlapped this locus targeting 24 genes, we identified an sQTL
acting on PIGC, phosphatidylinositol glycan anchor biosynthesis class
C, that significantly colocalized with the POAG cross-ancestry locus
(spleen CLPP =0.12, and arterial tissues RCP = 0.26-0.34; Supplemen-
taryData 13 and Supplementary Fig. 13). Conditioning on the nonsense
variant inMYOC that is likely the primary causal variant in the locus, we
found that a secondary haplotype colocalized with the PIGC sQTL
(Supplementary Data 24–28; more details in Supplementary Note 5).

Article https://doi.org/10.1038/s41467-023-44380-y

Nature Communications |          (2024) 15:396 5

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/


Fig. 2 | Enrichment and colocalization analysis of eQTLs and sQTLs with POAG
and IOP associations. Quantile-quantile (Q-Q) plots of POAG cross-ancestry (a)
and IOP (b) GWAS -log10 (P-value) compared to expectation for the best eQTL per
eGene sets (eVariants with FDR <0.05) of the most significantly enriched tissues
basedon adjusted fold-enrichment (colored points), compared to all variants in the
GWAS (black points). Grey line represents the diagonal. QTLEnrich (one-sided test;
see Methods) was applied to assess GWAS p-value enrichment among the eQTL
sets. Bonferroni correction was applied. c Histogram of percent of GWAS loci with
≥1 colocalizing e/sQTL (colocalization posterior probability (CLPP) > 0.01 from
eCAVIAR and/or regional colocalization probability (RCP) > 0.1 from enloc) for
POAG cross-ancestry, POAG European (EUR) ancestry subset, and IOP European
ancestry GWAS meta-analyses. Numbers above the bars represent the number of
loci with at least one colocalizing e/sQTL. Red, dark blue, and light blue bars indi-
cate percentage of loci with at least one colocalizing eGene, sGene, or both,
respectively. e/sGene, gene with at least one significant e/sQTL. d Scatter plot

comparing unique number of e/sGenes that significantly colocalized per
GWAS locus versus unique number of e/sGenes tested per locus. Points are color-
coded by number of GWAS loci. The black line represents the diagonal. e Violin
plots showing the distribution of the unique number of colocalizing eGenes (red),
sGenes (dark blue), or both (light blue) per locus for the three GWAS meta-ana-
lyses tested. The number of GWAS loci that colocalized with eGenes, sGenes, or
both shown in the violin plot are N = 69, 36, 76, respectively, for POAG cross-
ancestry,N = 34, 17, 36, respectively, for POAGEUR, andN = 76, 40, 79, respectively,
for IOP (Supplementary Data 16). The center line in the box plots contained within
each violin plot shows the median, the box edges depict the interquartile range
(IQR), and whiskers mark 1.5x the IQR. The violin plot edges represent the minima
and maxima values. f, Stacked histogram showing the number of colocalizing e/
sGenes per gene biotype for each GWAS. Protein coding (light blue), lincRNA
(brown), antisense (grey), pseudogenes (yellow), and other (dark blue).

Table 1 | List of high-confidence colocalizing expression and splicing QTLs with POAG and IOP GWAS loci

Lead GWAS varianta RS ID Nearest Gene/s Total # colocaliz-
ing e/sGenesb

Colocalizing GTEx e/sQTLs
based on eCAVIAR and
enloc and significant MRc

Colocalizing retina
eQTL (eCAVIAR)d

POAG GWAS
ancestrye

Colocalizing with
IOP GWASf

chr1:171636338:G:A rs74315329 MYOC 1 PIGC (s)* – CA No

chr1:165768467:G:C rs2790053 TMCO1, TMCO1-
AS1 (RP11-
466F5.8)

2 TMCO1 (e,s), TMCO1-AS1 (e)* TMCO1-AS1 CA,EU Yes

chr9:22051671:G:C rs944801 CDKN2B-AS1 3 CDKN2B-AS1 (s) – CA,EU No

chr4:7902636:G:A rs938604 AFAP1 2 AFAP1 (e)* – CA Yes

chr17:10127866:G:A rs9913911 GAS7 1 GAS7 (e)* – CA,EU Yes

chr9:126628521:C:T rs3829849 LMX1B 4 LMX1B (e) – CA,EU Yes

chr7:116522252:T:A rs10257125 CAV1 2 CAV2 (e,s)* – CA,EU Yes

chr11:86657064:C:T rs10792871 ME3 4 PRSS23 (e)*, ME3 (e)* PRSS23 CA,EU Yes

chr9:133255801:C:T rs8176749 ABO 1 ABO (e)* – CA Yes

chr15:73928957:C:T rs1550437 LOXL1 2 LOXL1 (e,s)* – CA,EU No

chr3:186411027:G:A rs56233426 DGKG 2 DGKG (e) DGKG CA,EU Yes

chr17:46010134:G:A rs41543317 MAPT 9 – KANSL1, LRRC37A2,
LRRC37A

EU No**

chr3:188349165:G:T rs6787621 LPP 1 LPP (e,s)* – CA Yes

chr1:36147354:C:A rs4652902 TRAPPC3 1 – COL8A2 CA Yes

chr22:28712241:G:A rs5752776 CHEK2 5 TTC28 (e)* – CA,EU No**

chr1:37605594:C:T rs6687545 GNL2, RSPO1 7 GNL2 (e,s)*, MEAF6 (e)* MEAF6 EU Yes

chr11:47447887:G:A rs7111873 RAPSN 8 – PSMC3 CA No**

chr2:12811195:C:T rs12623251 TRIB2 1 TRIB2 (e) – CA,EU No

chr15:57261634:T:A rs2431023 TCF12 2 ZNF280D (e), TCF12 (e) – CA,EU No

chr11:130412183:C:T rs2875238 ADAMTS8 2 RP11-121M22.1 (e,s)*,
ADAMTS8 (e)

– CA No

chr14:74618126:G:A rs754458 LTBP2, AREL1 4 NPC2 (e)* NPC2 CA Yes

chr7:134835770:C:A rs10237321 CALD1 1 CALD1 (e) – CA No

chr6:134051012:G:C rs2811688 SLC2A12 3 SLC2A12 (e)*, TBPL1 (e) SLC2A12 CA,EU No
aVariant chromosome positions are in genome build 38.
bTotal number of target genes of expression and splicing QTLs (e/sGenes) in any of the 49 GTEx tissues or retina that colocalized with a given POAG cross-ancestry GWAS locus based on eCAVIAR
(CLPP > 0.01) and/or enloc (RCP>0.1).
ce/sGenes from 49 GTEx tissues that significantly colocalized with a POAG cross-ancestry and/or European GWAS locus based on both eCAVIAR (CLPP > 0.01) and enloc (RCP>0.1), and displayed
significant Mendelian Randomization (MR) results (FDR <0.05) using the European POAG GWAS meta-analysis. e, eQTL. s, sQTL.
dTarget gene/s of retina eQTLs that significantly colocalized (CLPP > 0.01) with POAG cross-ancestry (CA) or European (EU) GWAS loci and displayed significant MR results (FDR <0.05).
eAncestry of POAGGWASmeta-analysis, cross-ancestry (CA) or European (EU), that colocalized with the e/sQTLs in the given locus. The GWAS variants are ordered based on their POAG effect size
(odds ratio) in descending order.
fThis column states whether the POAG colocalizing e/sQTLs significantly colocalized with the IOP GWAS and showed significant MR results (FDR <0.05) with IOP. No colocalization with IOP GWAS
suggests IOP-independent mechanisms. List of tissues in which the e/sQTLs colocalized with the POAG or IOP GWAS loci is given in Supplementary Data 7-12. *e/sQTLs where pleiotropy-robust
sensitivity testing of significant MR results could be performed (≥3 LD-independent e/sVariants (instrumental variables)). All these genes were robust to horizontal pleiotropy (P > 0.05). **Loci
associated with IOP, but for which colocalization was not found for the specific e/sGenes. A similar list of high-confidence colocalizing e/sQTLs with IOP is given in Supplementary Data 15.
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These results suggest that decreased exon 2 skipping in PIGC or
increased PIGC expression may lead to increased POAG risk (Supple-
mentary Fig. 13). PIGC is among 10 colocalizing POAG genes enriched
in oligodendrocytes in the optic nerve head and optic nerve (See
below, FDR =0.07; Supplementary Data 35 and Supplementary
Fig. 18f, g).

Mendelian randomization (MR) of colocalizing e/sQTLs
To provide additional support for a causal relationship between e/
sQTLs and POAG and/or IOP, we applied two-sample MR to all the
significantly colocalizing e/sQTL and GWAS locus pairs based on
eCAVIAR and/or enloc, using the European POAG and IOP GWAS
summary statistics (Methods). We found supportive evidence for a
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causal relationship (FDR <0.05) for 348 (75%) genes that were robust
to the influence of horizontal pleiotropy, where pleiotropy-robust
sensitivity could be performed (Supplementary Data 29 and Supple-
mentary Discussion). A high-confidence list of putative POAG and/or
IOP causal genes based on colocalization analysis and MR is provided
in Table 1 and Supplementary Data 15. We found 239 e/sGenes to have
significantMR associationswith both POAG and IOP, including TMCO1,
GAS7, and LMX1B, which colocalized with the largest association sig-
nals for both POAG and IOP GWAS loci (Supplementary Figs. 5, 6, 9),
and DGKG and NPC2, whose retina eQTLs colocalized with POAG and
IOP. Sixty-eight genes had significantMR associations with IOP but not
POAG, such as HLA-B and SLC7A6, and 41 genes had significant MR
associations with POAG but not IOP, such as CDKN2B-AS1, RERE, and
YAP1, proposing high-confidence IOP-independent mechanisms (Sup-
plementary Data 29 and Fig. 5). Since the MR analysis could not be
applied to the larger, better-powered POAG cross-ancestry GWAS, as it
requires a similar population background between the e/sQTL and
GWAS studies (European in our case), our downstream analyses were
applied to the more inclusive list of proposed causal genes based on
the colocalization analysis (Supplementary Data 13).

Enrichment of POAG and IOP colocalizing e/sGenes in biological
processes
To gain biological insight into ways the implicated genes might con-
tribute to glaucoma pathogenesis, we next tested whether the target
genes of all the colocalizing e/sQTLs with POAG cross-ancestry, POAG
EUR, or IOP GWAS loci were enriched in specific biological pathways,
gene ontologies, or mouse phenotype ontologies, using GeneEnrich
(Methods and Fig. 1c). Genes that colocalized with POAG cross-
ancestry loci were significantly enriched in elastic fiber formation
(Empirical P-value (P) < 1 × 10–5, FDR < 0.001) and extracellular matrix
organization (P = 3 × 10–5, FDR =0.012), and nominally enriched
(P < 0.05) in the transforming growth factor beta (TGF) receptor sig-
naling pathway (P = 3 × 10–4) and abnormal eye morphology (P = 2.6 ×
10-3), amongst others (Supplementary Data 30 and Supplementary
Fig. 14a,b). Genes that colocalized with POAG EUR loci were nominally
enriched (P < 4 × 10–3) in cellular senescence and cell cycle processes
(e.g., Cyclin D-associated events in G1), lipid-related processes, such as
apolipoprotein binding and decreased circulating high-density lipo-
protein cholesterol level, and retina or neuronal related processes,
including abnormal retina morphology, abnormal sensory neuron
innervation pattern, and negative regulation of axon extension
involved in axonguidance (SupplementaryData 31 and Supplementary
Fig. 14c, d).

For the IOP genes, significant enrichment (P = 2 × 10–5, FDR =
0.025) was found in transcriptional regulation by VENTX, a gene that
encodes a homeodomain-containing transcription factor (Supple-
mentary Data 32 and Supplementary fig. 14e). VENTX and its IOP-
colocalizing target genes driving the gene set enrichment signal
(ANAPC1, ANAPC7, AGO4,MOV10, TCF7L2) weremost highly expressed
in immune cell types, lymphocytes andmacrophages, in the single cell
anterior segment and optic nerve head described below (Supple-
mentary Fig. 14f). The IOP genes were also significantly enriched
(FDR <0.15) in blood vessel morphogenesis and vasculature develop-
ment, regulation of cytoskeletal organization, negative regulation of

cellular component organization, and adherens junction (Supple-
mentary Data 32 and Supplementary Fig. 14e, g). Since colocalization
with multiple e/sQTLs was found for two GWAS loci in the HLA region
on chromosome 6 associated with POAG and IOP (29 and 35 e/sGenes,
respectively), likely due to high LD in the HLA region, we removed this
region from the gene set enrichment analysis above to avoid inflating
the results due to a single locus.When kept in, the endosomal vacuolar
pathway, interferon gamma signaling, antigen presentation folding
assembly and peptide loading of class I MHC, negative regulation of
natural killer cell-mediated immunity, and cell aging were significantly
enriched (FDR <0.1) for POAG genes (Supplementary Data 33), in
addition to the gene sets above. The colocalizing POAG and IOP genes
driving the gene set enrichment signals are listed in Supplementary
Data 30–33.

Identifying pathogenic cell types for POAG and related
ocular traits
To further relate the implicated genes to pathogenic mechanisms and
cell types, we next tested whether the expression of POAG or IOP
colocalizing e/sGenes was enriched in specific cell types in key eye
tissues implicated in the pathophysiology of POAG. We first applied
ECLIPSER38,39 (Methods and Fig. 1d) to 228, 118, and 279 e/sGenes that
colocalized with POAG cross-ancestry, POAG EUR and IOP GWAS loci,
respectively (Supplementary Data 13 and 34), and to cell type-specific
expression from single nucleus (sn) RNA-seq of 13 tissues dissected
from non-diseased human eyes: central cornea, corneoscleral wedge
(CSW), trabecular meshwork (TM) including Schlemm’s canal, iris,
ciliary body (CB), lens36 (all from anterior segment), peripheral and
macular retina33,36, the optic nerve head (ONH), optic nerve (ON),
peripapillary sclera (PPS), peripheral sclera, and choroid37 (all from
posterior segment). The cell type enrichment results are summarized
in Supplementary Data 35 and Table 2.

In the anterior segment, we found significant enrichment (tissue-
wide FDR < 0.1) for POAG EUR loci in fibroblasts derived from the
ciliary muscle (present in CB, CSW and TM36), annotated as ciliary
fibroblasts in van Zyl et al.36, followed by fibroblasts derived from the
iris root (present within the iris36), annotated as iris fibroblasts
(Supplementary Data 35 and Fig. 6a, b). The ciliarymuscle and iris are
key tissues involved in the unconventional outflow pathway. These
fibroblasts were also detected histologically within the TM where all
three tissues meet and interweave at the iridocorneal angle36, impli-
cating the conventional aqueous outflow pathway as well. Figure 6c
shows the e/sGenes driving the POAG EUR enrichment signal in cili-
ary fibroblasts, also contained among the POAG cross-ancestry genes
enriched in ciliary fibroblasts (Supplementary Fig. 15a, b). The POAG
EUR genes were also modestly enriched in fibroblasts derived pre-
dominantly from the TM tissue (annotated as TM fibroblasts36)
(P = 0.014, FDR = 0.18). For POAG cross-ancestry and IOP loci, we
found supportive enrichment (P < 0.05, FDR < 0.23) in outflow path-
way and cornea fibroblasts, vascular endothelium cells (cluster 2
derived from TM, CSW and CB tissues36), and lens epithelium, as
detailed in Figs. 6a, d and 7a and Supplementary Data 35. Genes that
colocalized with IOP loci were also significantly enriched (FDR < 0.1)
in pericytes (cluster 2 that localizes to the CSW36), and nominally
enriched in lymphatic endothelium and Schlemm’s canal, whose

Fig. 3 | Colocalizing e/sQTLs in GTEx tissues and retina with top POAG
GWAS loci.Geneswith at least one significant colocalization result are shown for e/
sQTLs tested across 49 GTEx tissues and peripheral retina for the top 21 POAG
cross-ancestry GWAS loci. GWAS loci were ordered by absolute value of their effect
size. Within each locus, genes were ordered based on their chromosome position.
Bubble size is proportional to themaximum colocalization posterior probability of
all e/sVariants tested for the given gene, QTL type and tissue combination. Points
are color-coded by direction of effect (blue if increased expression or splicing
increases POAG risk or vice versa; red if increased expression or splicing decreases

POAG risk or vice versa). Shape of points indicates colocalization method used:
circle (eCAVIAR), triangle (enloc), and square (tested in both methods; results
shown for method with maximum posterior probability). Grey or black border
denotes variant-gene-tissue-QTL combination that passed quality control (QC) fil-
tering (Methods) and a colocalization posterior probability cutoff above 0.01/0.1
(CLPP/RCP) or 0.5 (higher confidence), respectively. White or black asterisk in the
square indicates whether the secondmethod tested passed a posterior probability
cutoff 0.01/0.1 (CLPP/RCP) or 0.5, respectively.
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dysfunction can lead to elevated IOP49 (Fig. 7a and Supplementary
Data 35).

Clustering of the top-ranked anterior segment cell types (P < 0.05)
for POAG and IOP, separately, based on the overlap of genes driving
the cell type enrichment, suggests three cell classes affecting POAG -
fibroblasts, vascular endothelium, and lens epithelium. and three cell
classes for IOP - fibroblasts, pericytes, and lymphatic endothelial cells

(Figs. 6e and 7b). Between 45-78% of the genes driving the POAG
enrichment signals in the outflow fibroblast cell types are common
between the different fibroblasts (Fig. 6e), suggesting both shared and
distinct genes acting in the conventional and unconventional outflow
pathways. The IOP genes driving the enrichment signal in pericytes
(Fig. 7c, d) were largely distinct from those enriched in vascular and
fibroblast cell types (overlap 7-33%. Fig. 7b), and were enriched in
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Fig. 4 | Example of colocalizing e/sQTLs with a top POAG and IOP GWAS locus.
a Colocalization results for all eQTLs (e) and sQTLs (s) across 49 GTEx tissues and
retina overlapping the POAG cross-ancestry rs2790053 LD interval, using eCA-
VIAR and enloc. Genes are ordered by chromosome position. Point size is pro-
portional to maximum colocalization posterior probability (CLPP or RCP) of all
e/sVariants tested per gene-QTL-tissue combination. Points are color-coded by
direction of effect (blue if increased expression or splicing increases POAG risk or
vice versa; red if increased expression or splicing decreases POAG risk or vice
versa). Circle: eCAVIAR, triangle: enloc, and square: tested in both methods;
results shown for method with maximum posterior probability. Grey or black
border denote variant-gene-tissue-QTL combination that passed colocalization
posterior probability above 0.01/0.1 (CLPP/RCP) or 0.5, respectively, and QC
filtering (Methods). White or black asterisk in the square indicates whether the
second method passed CLPP > 0.01/RCP > 0.1 or CLPP/RCP > 0.5, respectively.
b LocusZoom96 plot for TMCO1 sQTL -log10(P-value) in GTEx Cells-Cultured
fibroblasts in POAG cross-ancestry GWAS rs2790053 (chr1_165768467_C_G_b38)
LD interval. Points color-coded by LD (r2) relative to lead GWAS variant,

chr1_165768467_C_G_b38. LocusCompare plots of POAG cross-ancestry GWAS
meta-analysis -log10(P-value) versus -log10(P-value) of TMCO1 sQTL (c) or RP11-
466F5.8 eQTL (d) in Cells-Cultured fibroblasts. Points color-coded based on LD
(r2) relative to e/sVariant with highest CLPP. e Violin plot of normalized intron-
excision ratio at chr1:165768269-165768482 (Leafcutter95) for TMCO1 in fibro-
blasts versus genotype of sVariant chr1_165817713_G_A_b38 with highest CLPP for
POAG cross-ancestry locus rs2790053. Boxplots represent median and inter-
quartile range (IQR); whiskers mark 1.5x IQR; violin plot edges represent minima
and maxima. f TMCO1 gene model (grey boxes: exons) in GTEx fibroblasts
showing all intron excision splicing events detected with Leafcutter; zoom-in:
alternative splice donor site events on exon 4 whose sQTL colocalized with POAG
(red versus blue or green). g Exon boxes in TMCO1 gene model color-coded by
exon read counts per base (blue) in GTEx Cells-Cultured fibroblasts; lines con-
necting exons for all splicing events are color-coded by exon-exon junction read
counts (red). Transcript expression shown in Transcripts per Million (TPM) from
RSEM112. Plots are taken from https://gtexportal.org/.

Fig. 5 | Chromatin loops and regulatory elements in human retina support
effect of colocalizing e/sQTLs on POAG risk. a Retina CREs (cyan) derived from
epigenetic data overlapping e/sVariants that colocalized with POAG associations in
theCDKN2A/B locus. The lead POAGvariants from the cross-ancestry (blue line) and
European subset (orange line) GWAS are shown in the top track, followed by their
linkage disequilibrium (LD) proxy variants (r2 > 0.8) in the track below. The sig-
nificantly colocalizingCDKN2B-AS1 sVariants in Pituitary,CDKN2A eVariants in Brain
Cortex, and CDKN2B eVariants in Skeletal Muscle are represented by red lines, and
the grey lines represent LDproxy variants to the colocalizing e/sVariants, which are
also significant e/sQTLs (FDR<0.05) for the corresponding gene and tissue.
bRetina CREs (cyan) overlapping retina SLC2A12 eVariants that colocalizedwith the
POAG cross-ancestry association. Tracks display the lead POAG cross-ancestry
GWAS variant rs2811688 (orange) and its LD proxy variants (grey), followed by the
significantly colocalizing SLC2A12 retina eVariants (red) with their LD proxy

eVariants, which are also significant eQTLs at FDR<0.05 (grey). The CRE overlaps
the promoter of SLC2A12. c Retina chromatin loops from Hi-C (3D chromosome
conformation capture) data, SEs (blue), and CREs (cyan) shown for the RERE POAG
locus. Tracks display the lead POAG cross-ancestry GWAS variant rs172531 (orange)
and its LD proxy variants (grey), followed by significantly colocalizing RERE eVar-
iants in Nerve Tibial, RERE sVariants in Cell-Cultured Fibroblast cells, and RERE-AS1
eVariants in Adipose Subcutaneous (red), and their LD proxy variants that are also
significant e/sQTLs (FDR<0.05) for the corresponding gene and tissue (grey).
Magenta loops have one foot that overlaps or is in LD with the POAG variant and
colocalizing e/sQTLs. In all panels, LD proxy variants were computed at r2 > 0.8,
TADs are represented as solid black lines, and themagenta heatmaps represent Hi-
C physical contact maps. CRE Cis-regulatory element, SE Super-enhancer, TAD
Topologically associating domain.
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vasculature development (P = 3 × 10–5, FDR =0.075; Supplementary
Data 37). On the other hand, the IOP genes driving the enrichment in
TM fibroblasts (Supplementary Fig. 15c,d) were highly shared with the
IOP genes enriched in ciliary and iris fibroblasts (overlap 64–88%.
Fig. 7b). Notably, the enrichment of IOP genes in pericytes was specific
to IOP (asterisks in Fig. 7c). When ECLIPSER was applied to genes that
colocalized with IOP loci not associated with POAG, only the enrich-
ment in pericytes remained (P = 0.007) (Supplementary Data 38 and
Supplementary Fig. 15e). Genes mapped to shared IOP and POAG loci
were significantly enriched in ciliary and TM fibroblasts (FDR <0.01)
and lymphatic or vascular endothelial cells (FDR =0.026). No enrich-
ment was found for POAG-only loci in the anterior segment cell types,
supporting IOP-dependent mechanisms in the anterior segment for
POAG risk, as expected (Supplementary Data 38).

We next tested for enrichment of POAG and IOP colocalizing e/
sGenes in retina snRNA-seq data (Methods). We found significant
enrichment of POAG cross-ancestry genes in astrocytes andMüller glia
cells (FDR <0.04; Supplementary Data 35, Fig. 8a and Supplementary
Fig. 16a), which replicated (FDR <0.06) in a separate snRNA-seq study
of the macula (Methods; Supplementary Data 35 and Supplementary
Fig. 16g). Consistent results were found for POAG EUR genes (Sup-
plementary Fig. 16b). A quarter (YAP1, LPP, TRIB2)of the 12 POAG cross-
ancestry genes driving the astrocyte enrichment were common with
Müller glia cells (Supplementary Fig. 16d, e), suggesting both shared
and distinct processes between the two cell types. IOP genes were only
nominally enriched in astrocytes (P =0.032; Supplementary Fig. 16c).
By testing POAG- or IOP-only loci and shared loci, the POAG enrich-
ment in retinal astrocytes and Müller glia cells appears to be inde-
pendent of IOP (Supplementary Data 38 and Supplementary Fig. 17;
more details in Supplementary Note 6). The POAG cross-ancestry
genes were also enriched in RPE cells and S-cones in the macula
(FDR =0.06). Of note, no significant enrichment was observed in RGCs
(Fig. 8a), though some POAG colocalizing e/sGenes are expressed in
RGCs (Supplementary Fig. 20).

Finally, we tested for cell type-specific enrichment in the optic
nerve head (ONH), optic nerve (ON) and adjacent posterior tissues
(Methods). The strongest enrichment (FDR <0.01) of POAG cross-
ancestry genes was found in fibroblasts primarily in the peripapillary
sclera (PPS) that encompasses the ONH, followed by fibroblasts most
abundant in the choroid, astrocytes that reside in the ONH and ON,
Schwann cells in the choroid and PPS, oligodendrocyte precursor cells
(OPCs) and oligodendrocytes in the ON and ONH (Supplementary
Fig. 18f, g), and vascular endothelium cells primarily in the choroid
(FDR <0.09; Fig. 8b, c, Supplementary Data 35 and Supplementary
Fig. 18a,d). POAG EUR genes showed similar enrichment patterns
(Fig. 8b, Supplementary Fig. 18b and Supplementary Data 35). About

half the genes driving the enrichment in astrocytes in ONH (Fig. 8d, e)
and retina samples from separate donors were common (e.g., DGKG,
PLCE1, LPP, GAS7, YAP1, and COL11A1; Supplementary Data 35). DGKG,
diacylglycerol kinase gamma, whose retina-specific eQTL colocalized
(CLPP =0.96) with POAG cross-ancestry association (Fig. 8f) displayed
the strongest astrocyte-specificity in ONH (Fig. 8d) and retina (Sup-
plementary Fig. 16d), compared to all other astrocyte-specific POAG-
colocalizing e/sGenes.

IOP genesweremost significantly enriched in vascular endothelial
cells and fibroblasts primarily residing in the choroid, but also in the
ONH and PPS (FDR <0.014), followed by Schwann cells in the choroid
and PPS, vascular smooth muscle cells (19-ACTA2; Supplementary
Fig. 18h,I, and 34-ACTA2) in the PPS and sclera, pericytes (26-ACTA2) in
the ONH, PPS and choroid, and OPCs in the ON (FDR <0.06; Fig. 8b,
Supplementary Data 35, and Supplementary Fig. 18a, c, e). The IOP
genes driving enrichment in vascular endothelial cells in the ONH,
choroid and posterior tissues were enriched in vasculature develop-
ment and anchoring junction gene ontologies (FDR <0.06), and IOP
genes enriched inpericytes in theONH, choroid andPPSwere enriched
in TIE2 signaling (FDR =0.02), response to carbohydrate adhesion
(FDR =0.13), and negative regulation of cell adhesion (FDR =0.13)
(Supplementary Data 37). Notably, the enrichment in oligoden-
drocytes, OPCs and astrocytes was specific to POAG-only loci, and
enrichment in vascular endothelium and mural cells was specific to
IOP-only loci (Supplementary Data 38 and Supplementary Fig. 19).

The cell type expression profiles of all POAGcross-ancestry, POAG
EUR and IOP colocalizing e/sGenes is shown in Supplementary Fig. 20,
and a summary of the cell types and pathways in which each of the
POAG and IOP colocalizing e/sGenes are enriched is presented in
Supplementary Data 39–41. Applying ECLIPSER to various negative
control traits suggests that the cell type enrichment results are specific
to glaucoma and not due to unaccounted confounding factors (Sup-
plementary Data 42, 43, Fig. 6a, Supplementary Fig. 21, and Supple-
mentary Note 7). Furthermore, the ECLIPSER cell type enrichment
significance did not correlate with cell count per cell type in the single-
nucleus datasets (Pearson’s R2 < 0.2, P >0.12; Supplementary Data 44).

To increase confidence in the POAG and IOP cell type enrichment
results, we applied two additional methods that identify cell types
associated with complex traits, through regression analysis of
genome-wide associations beyond known GWAS loci: stratified LD
score regression (S-LDSC) andMAGMA (Fig. 1e;Methods). The primary
enriched cell types for POAG and IOP found with ECLIPSER, including
ciliary andTMfibroblasts, ONHfibroblasts, and retinalmacroglial cells,
were significant with S-LDSC (Supplementary Data 45 and Supple-
mentary Fig. 22) and more restrictively with MAGMA (Supplementary
Data 46 and Supplementary Fig. 22); additional enrichment was found

Table 2 | Summary of ocular cell types enriched for e/sQTL-mapped genes in POAG and/or IOP GWAS loci

Tissue POAG-specific IOP-specific POAG and IOP

Anterior segment - Pericytes
Schlemm’s Canal endothelium*

Ciliary muscle fibroblasts
Trabecular meshwork fibroblasts
Iris fibroblasts
Lens epithelium
Vascular endothelium
Lymphatic endothelium

Retina Astrocytes
Müller Glia

– –

Optic nerve head & surrounding pos-
terior tissues

Oligodendrocytes (ON, ONH)
Oligodendrocyte precursor cells (ON,
ONH)
Astrocytes (ONH, ON, PPS)

Vascular endothelium (choroid, ONH,
PPS, sclera)
Vascular smooth muscle cells (PPS,
sclera)
Pericytes (ONH, choroid, PPS)

Fibroblasts (choroid, ONH, PPS, sclera)
Nonmyelinating Schwann cells (chor-
oid, PPS)

This table lists ocular cell types significantly enriched for cell type-specific expression of genes mapped to POAG and/or IOP GWAS loci based on e/sQTLs, according to ECLIPSER analysis of all or
unique POAG and IOP loci at tissue-wide Benjamini-Hochberg FDR<0.1 (Supplementary Data 35 and 38). *Nominal enrichment (P < 0.05). POAG results are summarized from the POAG cross-
ancestry and European GWAS meta-analyses. The posterior tissues in which the enriched cell types are most abundant are listed in parentheses. ONH optic nerve head, ON optic nerve, PPS
peripapillary sclera.
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in vascular types. Enrichment of POAG loci in ONH and ON oligoden-
drocytes was only found with ECLIPSER suggesting that the enrich-
ment is primarily driven by genes with strong genetic effects. The cell
type enrichment significance of ECLIPSER was reasonably correlated
with that of S-LDSC and MAGMA (Average Pearson’s r =0.53, range:
0.18-0.86; Supplementary Data 47). We further used conditional ana-
lysis implemented in MAGMA to test whether the different cell type
enrichment signals for POAGor IOPwere independent of each other in

each tissue (Supplementary Data 48). In the anterior segment, the
enrichment of POAG associations in ciliary fibroblasts was indepen-
dent of TM fibroblasts, but not vice versa (Conditional P =0.04). In
retina, POAG associations were significantly enriched in astrocytes
(P < 6E-8) and Müller glia cells (P <0.002), but only astrocytes
remained significant after conditional analysis (Conditional P < 4E–6),
suggesting that astrocytesmayplayamore important role inglaucoma
pathogenicity than Müller Glia cells. In the ONH, the POAG and IOP
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enrichment in fibroblasts, astrocytes, vascular endothelium, andmural
cells were all independent of each other (Supplementary Data 48).

Finally, to augment the POAG and IOP enrichment analysis, we
tested for cell type enrichment of genes mapped to GWAS loci of
additional glaucoma associated traits (listed in Supplementary
Data 34), including vertical-cup-to-disc ratio (VCDR), cornea hyster-
esis, and central cornea thickness (Methods) in all ocular tissue regions
(SupplementaryData 35, Fig. 6a andFig. 8a, b). In the anterior segment,
genesmapped to central corneal thickness and corneal hysteresiswere
most significantly enriched in corneal fibroblasts (FDR <0.007; Fig. 6a
and Supplementary Fig. 23a, b), highlighting the specificity of the
POAG and IOP gene enrichment in the outflow pathway fibroblasts.
The VCDR GWAS loci from a well-powered GWAS that used deep
learning (ML) to score the characteristics of fundus images from
65,680 European individuals12 showed significant enrichment in the
TM fibroblasts from the conventional outflow pathway (FDR =0.02;
Fig. 6a and Supplementary Fig. 23c). TM fibroblasts were also the top
nominally enriched cell type for a smaller VCDR GWAS, where 23,899
fundus images were manually scored by ophthalmologists13

(P = 0.0076, FDR =0.3; Fig. 6a and Supplementary Fig. 23d). In the
retina, the ML-based VCDR loci displayed significant enrichment in
GABAergic amacrine cells, cone photoreceptors and Müller glia cells
(FDR <0.085; Fig. 8a and Supplementary Fig. 23e) and nominal
enrichment in astrocytes. In the ONH, the ML-based VCDR genes were
nominally enriched in fibroblasts in the PPS, vascular endothelium
primarily in the choroid, and astrocytes in theONHandON, similarly to
POAG loci (Fig. 8b, Supplementary Fig. 23g and Supplementary
Data 35).

In summary, our cell type enrichment analysis has revealed roles
for both known and lesswell-studied cell types in POAG pathogenicity,
such as fibroblasts in the unconventional and conventional outflow
pathways, astrocytes in retina andONH, OPCs in the ON andONH, and
Schwann cells and fibroblasts in the PPS and choroid (Table 2). It also
suggests known and new causal genes for POAG and related eye traits
that may be affecting glaucoma susceptibility through specific cell
types in the anterior and posterior parts of the eye in IOP-dependent
and independent manners (Supplementary Data 35 and 38).

Discussion
We report results of a systematic investigation of the underlying causal
mechanisms, genes and cell types of over 130 cross-ancestry or Eur-
opean loci associatedwith POAG8,9 and over 110 loci associatedwith its
major risk factor, elevated IOP9. Our analysis integrated a variety of
datasets, including expression and splicing QTLs from 49 GTEx
tissues26 and from retina27, genome topology data from retina40, single-
nucleus expression data from a whole-eye cell atlas that includes key
structures of both the anterior36 and posterior segments33,37, and the
largest to date GWASmeta-analyses for these traits8,9. Our finding that

eQTLs and sQTLs in GTEx tissues and retina are enriched for hundreds
of known and more modest POAG and IOP associations, suggests a
primary role for transcriptional regulation in POAG susceptibility, as
observed for other diseases24–27, and implies that GTEx tissues can be
used to uncover causal mechanisms for glaucoma. The GTEx e/sQTLs
likely capture shared genetic regulation with the actual pathogenic
tissues and cell types for glaucoma, such as fibroblasts and vascular
endothelial cells in the outflow pathways and ONH region, due to
shared regulation across cell types and tissues26,38.

Using two QTL/GWAS colocalization methods41,42, we prioritized
putative causal genes for ~60% of the POAG and IOP GWAS loci. A
similar fraction of GWAS loci with significant colocalization results has
been found for other complex diseases and traits26,50. For a quarter
(80) of the POAG and IOP loci, a single gene was proposed, ten of
which are noncoding genes (lincRNA and antisense), suggesting that
transcriptional and post-transcriptional gene regulation contribute to
glaucoma susceptibility. We provided additional support for three
quarters of the colocalizing e/sGenes using Mendelian
randomization43,51,52, which tests for horizontal pleiotropy, not
accounted for by Bayesian colocalization analysis53,54. For about one
third of the GWAS loci, none of the proposed causal gene/s were the
nearest gene to the lead GWAS variant, similar to that observed for
other complex traits24,50,55. These results emphasize the value of using
e/sQTLs or other functional assays that link regulatory regions to distal
target genes24,56–58 to prioritize causal genes underlying common var-
iant associations.

Integrating e/sQTLs with POAG and IOP GWAS loci proposed
both previously suggested8 and new biological processes for these
traits. The POAG colocalizing genes, which included several known
mendelian, early-onset glaucoma genes (EFEMP147,59 and LTBP2 60),
weremost strongly enriched in extracellular matrix organization and
elastic fiber formation, as previously reported8, followed by TGF
receptor signaling pathway. Structural changes of the extracellular
matrix induced by TGF-beta2 in both the trabecular meshwork in the
outflow pathway and the optic nerve head have been associated with
POAG61, and have been suggested to cause impairment of optic nerve
axonal transport and neurotrophic supply that could influence RGC
degeneration61. Regulation by the homeodomain transcription fac-
tor, VENTX, was the most significantly enriched gene set for IOP
genes, which has not yet been associated with glaucoma. VENTX is
proposed to play important roles during embryonic patterning (by
homology), including in neural crest development62, as well as
hematopoiesis, leukemogenesis, cellular senescence and macro-
phage differentiation63. Its strongest expression in our single cell
data was in lymphocytes in the anterior segment, and macrophages
in the optic nerve head, proposing a novel link between immune-
related processes and IOP levels. Reduced circulating endothelial
progenitor cells has been reported in POAG patients64, which could

Fig. 6 | Cell type enrichment of e/sQTL-mappedgenes toPOAG, IOPand related
trait GWAS loci in the ocular anterior segment. a Significance (circle size, -log10
(P-value)) and fold-enrichment (circle color) of the cell type specificity of e/sGene
mapped-GWAS locus sets for POAG cross-ancestry, POAG European (EUR) subset,
intraocular pressure (IOP), central cornea thickness, corneal hysteresis, physician-
defined vertical-cup-to-disc ratio (VCDR), and machine learning-defined VCDR
(VCDR ML), and as positive controls, eye color and cataract, using ECLIPSER (one-
sided test), shown for 39 cell types in six ocular anterior segment tissues. Traits
(rows) and cell types (columns) were clustered based on hierarchical clustering of
Euclidean distance between the cell type-specificity enrichment scores of GWAS
locus sets. Red rings: experiment-wide significant (Benjamini-Hochberg (BH)
FDR <0.1). Yellow rings: tissue-wide significant (BH FDR<0.1). Grey rings: nominal
significant (P <0.05). b, d Cell type specificity fold-enrichment (x-axis) in the
anterior segment cell types ranked in descending order for e/sQTL-mapped genes
to GWAS loci of the POAG European subset (No. loci (N) = 37) (b) and POAG cross-
ancestry (N = 79) (d). Points: fold-enrichment estimates from ECLIPSER. Error bars:

95% confidence intervals. Red: tissue-wide significant (BH FDR <0.1). Grey: nominal
significant (P <0.05). Blue: non-significant (P ≥0.05). The exact p-values (one-
sided) for the fold-enrichment of all cell types and GWAS are provided in Supple-
mentary Data 35. c Differential gene expression (log2(Fold-change), y axis) in the
most strongly enriched cell type compared to all other cell types is shown for the
set of genes (x axis) driving the enrichment signal of the POAG EuropeanGWAS loci
in ciliary fibroblasts. The horizontal dashed line represents log2(Fold-change) of
0.375 (FC = 1.3) and FDR <0.1 used as the cell type-specificity enrichment cutoff.
e Heatmap of fraction of genes that overlap between the e/sGenes driving the
enrichment signal for top ranked cell types (P <0.05) in the anterior segment for
POAG cross-ancestry GWAS loci. Numbers refer to fraction of e/sGenes driving the
cell type enrichment on each row that overlaps with the genes driving the cell type
enrichment on the corresponding column. Hierarchical clustering was performed
on both rows and columns using Euclidean distance between fractions. Cell type
abbreviations are described in Supplementary Data 35.
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explain impaired flow-mediated vasodilation in POAG65. Additional
processes suggested to affect IOP regulation, aside from previously
suggested9 vascular development, are regulation of cytoskeleton
organization, and adherens junction, a cell-cell junction whose
cytoplasmic face is linked to the actin cytoskeleton, and that allows
cells to respond to biomechanical forces and structural changes in
the tissue microenvironment66. Inhibition of adherens junction

regulation in trabecular meshwork has been shown to modestly
influence IOP levels in rabbits67. We also foundmodest enrichment of
POAG genes in neuronal-related processes, including genes affecting
retinal morphology, sensory neuron innervation pattern, and reg-
ulation of axon guidance. These genes may represent IOP-
independent mechanisms, which will need to be corroborated in
future GWAS with larger numbers of normal tension glaucoma cases.
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In addition to prioritizing causal genes for POAG and IOP, e/sQTLs
suggest the direction of effect of gene expression changes or alter-
native splicing on disease risk that could inform drug design. In this
study, we provide various hypotheses of putative causal genes and
regulatory mechanisms that may affect POAG susceptibility in an IOP-
dependent or independent manner, for experimental follow up. For
example, an increase in expression or alternative splicing of TMCO1, a
gene that regulates the balance of calcium ions inside the endoplasmic
reticulum, or a decrease in expression of LMX1B, LIM homeobox
transcription factor 1 beta, that is essential for several developmental
processes including the anterior segment of the eye68, were proposed
to reduce POAG risk and IOP levels. The lead IOP GWAS variant
(rs116089225, a low frequency allele) in TMCO1 that colocalized with
TMCO1 e/sQTLs has been recently associated with variable number
tandem repeat (VNTR) length in the UK biobank study69. However, the
VNTR did not display allelic series association with TMCO1 expression
levels in GTEx69. This and our finding that TMCO1 e/sQTLs also colo-
calize with additional common, potentially less severe POAG and IOP
risk variants in the locus suggest that the LD-independent GWAS var-
iants in the locus might be tagging more than one causal mechanism.
As for IOP-independent mechanisms, an sQTL acting on CDKN2B-AS1,
which leads to skipping of exons 2 and 3 that overlap the CDKN2B gene
on the opposite strand, is proposed as a potentialmechanismof action
for the protective signal found in this gene70. Skipping of these exons
might render theCDKN2B antisense less efficient in forming a complex
with the CDKN2B RNA. Retinal Hi-C and epigenetic data further sup-
port potential roles for e/sQTL effects on POAG in the retina, such as
increased expression of RERE (arginine-glutamic acid dipeptide
repeats) proposed to increase POAG risk. Of note, RERE has also been
associated with VCDR13. Overexpression of the RERE protein that co-
localizes with a nuclear transcription factor triggers apoptosis, and its
deficiency in mice causes retinal and optic nerve atrophy71. This study
also suggested a potential secondary causal gene, PIGC for the stron-
gest POAG association, a nonsensemutation inMYOC, which will need
to be replicated in a larger independent POAG GWAS. The MYOC
mutation causes aggregation of misfolded myocilin proteins in the
trabecular meshwork, which may lead to elevated IOP levels72. Con-
versely, the enrichment of PIGC (that encodes an endoplasmic
reticulum-associated protein) expression, along with other POAG-
colocalizing genes, in oligodendrocytes in the optic nerve head (ONH),
suggests a secondary causal role for this locus in RGC support, in the
posterior part of the eye.

There are several reasonswhywemaynot have found colocalizing
e/sQTLs for 40% of the loci. First, some of the causal genes or reg-
ulatory effects may be specific to regions in the eye or rare cell types
for which we do not yet have representative e/sQTLs. Second, some
genes may affect POAG or IOP by perturbing processes only active
during development or under specific conditions or stimuli, not cap-
tured in adult tissues. Third, the causal variant may be another type of
molecular QTL not tested in this study, such as e/sQTL acting in trans

or protein QTLs. Fourth, some of the genetic associations may be
tagging deleterious protein-coding variants8. Finally, there are several
limitations to Bayesian colocalization methodologies53,54, as described
in the Supplementary Discussion.

By applying a recently developed method (ECLIPSER38,39) to the
colocalizing e/sGenes and single nucleus expression data from
glaucoma-relevant eye tissues, we provided support for previously
implicated cell types affecting POAG development, and shed light on
less well-established or novel pathogenic cell types for POAG and IOP.
One of the unique features of ECLIPSER, compared to other single cell
enrichment methods73–77 is that it identifies cell types that are specific
to a given disease or trait, compared to a range of unrelated complex
diseases and traits. Our results found that gene expression variation in
the ciliary and irisfibroblasts in the unconventional outflowpathway in
the anterior segment, in addition to the TM cells and Schlemm’s canal
cells in the conventional outflow pathway, may both be key con-
tributors to local IOP regulation and POAG risk. The expression profile
of the ciliary fibroblasts that was most strongly enriched for POAG
genes, ismost similar to the ‘beamcell A’defined in the single cell RNA-
seq atlas of the outflow pathway in van Zyl et al.34 (Fig. S6B in34), which
populates the ciliary muscle and uveal base of the TM. The iris fibro-
blasts are most similar to ‘beam cell B’, and the TM fibroblasts to the
JCT (juxtacanalicular trabecular meshwork) cell type that resides
adjacent to the Schlemm’s canal. Since the role of the unconventional
outflow pathway in IOP homeostasis remains relatively understudied
compared to that of the conventional pathway78, these findings may
encourage further avenues of investigation. Furthermore, the enrich-
ment of IOP genes in pericytes, many of which are not currently
associated with POAG, extends our understanding of how genetic
variation may be affecting IOP in the anterior segment. Pericytes are
mural cells that wrap around the endothelial cells that line capillary
bloodvessels.A recent studyhas found reduced capillarydiameter and
impaired blood flow at pericyte locations in mouse eyes with
high IOP79.

In the peripheral and macular retina, we found significant
enrichment of POAG colocalizing genes in astrocyte and Müller glia
cells. Astrocyte and Müller glia are two types of macroglia cells that
interact with RGCs and blood vessels, and play an important role in
retinal homeostasis, including metabolic supply and structural sup-
port, maintaining the extracellular environment of the neurons, and
neurotransmitter transmission.Müller glia, themost common glial cell
in the retina, span the entire retinal layer, while astrocytes are present
only in the innermost layer of the retina. Several studies in animal
models and patientswith glaucoma80–82 have found that astrocytes and
Müller glia cells become reactive at early stages of glaucomatous
conditions whenRGCs are intact, suggesting a role formacroglia in the
initiation and progression of glaucoma. POAG genes, but not IOP
genes, were also enriched in astrocyte types residing primarily in the
ONH that contains the lamina cribrosa (LC)83, a mesh-like structure
where unmyelinated RGCs pass through the sclera to exit the eye, and

Fig. 7 | Cell type enrichment of e/sQTL-mapped genes to IOP GWAS loci in the
anterior segment of the eye. a Cell type specificity fold-enrichment (x-axis) in the
anterior segment cell types ranked in descending order for e/sQTL-mapped genes
to IOP GWAS loci (N = 37). Points: fold-enrichment estimates from ECLIPSER. Error
bars: 95% confidence intervals. Red: tissue-wide significant (Benjamini-Hochberg
(BH) FDR <0.1). Grey: nominal significant (P <0.05). Blue: non-significant (P ≥0.05).
The exact p-values (one-sided) for the fold-enrichment of all cell types and GWAS
areprovided in SupplementaryData 35.bHeatmapof fraction of genes thatoverlap
between the e/sGenes driving the enrichment signal for top ranked cell types
(P <0.05) in the anterior segment for IOPGWAS loci. Numbers refer to fraction of e/
sGenes driving the cell type enrichment on each row that overlaps with the genes
driving the cell type enrichment on the corresponding column. Hierarchical clus-
tering was performed on both rows and columns using the Euclidean distance
between fractions. Red asterisks: tissue-wide cell type enrichment BH FDR<0.1

from ECLIPSER. c Differential gene expression (log2(Fold-change), y axis) in the
most strongly enriched cell type in the anterior segment compared to all other cell
types is shown for the set of genes (x axis) driving the enrichment signal of IOP
GWAS loci in pericytes (cluster 2). The horizontal dashed line represents log2(Fold-
change) of 0.375 (FC = 1.3) and FDR <0.1 used as the cell type-specificity enrich-
ment cutoff. Blue asterisks denote genes in IOP loci not associated with POAG risk.
d Bubblemap displaying the expression of e/sGenes driving the IOP enrichment in
pericytes (red box) across all cell types in the anterior segment. The colorbar
represents gene expression z-scores computed by comparing each gene’s average
expression in a given cell type to its average expression across all cell types divided
by the standard deviation of all cell type expression averages. Bubble size is pro-
portional to thepercentageof cells expressing the given gene (log(TPK+ 1) > 1). Cell
type abbreviations are described in Supplementary Data 35.
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another in the ONH and optic nerve (ON). Notably, astrocytes have
been found to be one of the major cell types isolated from human
ONH83 and in LC dissected from human ONH84, and make up ~20% of
the cells in our ONH snRNA-seq dataset.

In the ONH and surrounding posterior tissues, POAG genes were
most strongly enriched in fibroblasts abundant in the peripapillary
sclera (PPS), which surrounds the ONH. Pressure on the ONH and PPS

that is a continuum of the LC can cause astrocyte reactivity and
compression of RGC axons that can lead to RGC death85,86. Genes
mapped to POAG, but not IOP loci were also enriched in oligoden-
drocytes that form a myelin sheath around the axons of RGCs, and
oligodendrocyte precursor cells found in the ON, suggesting new IOP-
independent mechanisms that can affect optic nerve degeneration.
The strongest enrichment for IOP was in vascular endothelial (also
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enriched for POAG genes) and fibroblast cells primarily residing in the
choroid, but also in the ONH and PPS, suggesting that vascular struc-
tural abnormalities or functional dysregulation of blood flow to the
optic nerve and retinamay be an important contributor to POAG87. It is
also possible that the enrichment in the ONH vascular endothelial cells
is capturing causal mechanisms acting in the vascular endothelial cells
in the anterior segment that were enriched for most of the same IOP
genes as in the ONH. The IOP genes were also enriched in vascular
smooth muscle cells (VSMC) in the PPS and sclera. These VSMC-
specific genes were enriched in lipid binding and negative regulation
of cell substrate adhesionprocesses, suggesting a role in cytoskeleton-
associated cell-cell adhesion and cell-extracellular matrix adhesion.
These muscle cells may be part of the LC, as LC cells isolated from
human ONH were found to stain for alpha-smooth muscle actin83,84.
Cells in the LC produce extracellularmatrix proteins to support the LC
structure84, and biomechanical strain on the LC, such as from elevated
IOP, is thought to be one of the causes of RGC degeneration88,89. Fur-
ther investigation will be needed to determine whether the
smooth muscle cells found in the ONH single nucleus dataset37 reside
in the LCor inother structures suchasblood vessels.We observed that
many of the POAG-relevant cell types, such as the Müller glia, astro-
cyte, fibroblast, and vascular endothelial cells, are proliferative cells,
suggesting that POAG associationsmaybe, at least in part, reflective of
cycling cells and processes.

Notably, we did not find significant enrichment of cell type-
specific expression of POAGor IOP genes in RGCs, whose cell death is
the key characteristic of glaucoma, but rather in neuronal support
cells. This highlights the importance of targeting the support cells in
new therapy development. It should be noted that multiple coloca-
lizing POAG genes are expressed in RGCs (see Supplementary Fig. 20
and Monavarfeshani et al.37), however they are also expressed in
other retinal cell types. Hence, the potential effect of these genes on
POAG via RGCs merits further investigation. Furthermore, while
several studies have suggested that microglia, specialized
macrophage-like cells, may affect RGC survival90, we did not find
support for a causal role of microglia or immune cells in POAG sus-
ceptibility. A less expected result was the enrichment of POAG genes
in RPE cells, which was also shown in the posterior ocular cell atlas37.
In all, our findings in retina, ONH and the surrounding tissues pro-
pose cell types andbiological processes thatmaybe viable targets for
neuroprotective therapies.

A potential limitation of our GWAS-cell type enrichment method,
ECLIPSER is that it only considers genes that map to genome-wide
significant loci and not subthreshold associations. We thus provided
further support for our cell type enrichment results using two addi-
tional methods, stratified LD score regression and MAGMA, that

analyze multiple modest associations genome-wide in additional to
known GWAS loci. Furthermore, ECLIPSER primarily considers genes
whose expression is specific to one or few cell types within a tissue, as
the cell type specificity scoring metric was found to be successful in
identifying known pathogenic cell types for a range of complex dis-
eases and traits in a cross-tissue single nucleus expression atlas using
GTEx samples38. We note though that genes expressed at similar levels
across most or all cell types may also contribute to disease risk or trait
variation andwould bemissed with this approach. Future analyses will
be needed to investigate the role of cellular heterogeneity within each
cell type in POAG development, using single-cell enrichment methods
such as scDRS91 and scPagwas92.

In conclusion, our work has generated new insights into POAG
mechanisms, which could inform the development of novel therapies
targeting IOP reduction and neuroprotection. By integrating genetic
regulation and single cell expression in glaucoma-relevant ocular tis-
sues with GWAS summary statistics we have identified known and new
causal genes and biological processes, proposed key ocular cell types
that may be pathogenic for glaucoma, and provided evidence for the
existence of hundreds of novel genetic associations of regulatory
effects for glaucoma. In the future, detection of e/sQTLs in relevant eye
tissues and at cellular resolution93,94 is expected to provide a more
complete picture of the causal molecular and cellular mechanisms of
POAG risk and IOP variation.

Methods
Our research complies with all relevant ethical regulations. The com-
mittees and institutions that approved the study protocols of the
various datasets analyzed in this paper, including GWAS, e/sQTL, sin-
gle nucleus-RNA-seq, and Hi-C studies are specified in the relevant
citations provided below.

GWAS datasets
We applied colocalization and fine-mapping analysis to 127 GWAS loci
identified in the cross-ancestry POAG GWAS meta-analysis of 34,179
cases and 349,321 controls from European, African, and East Asian
populations8, 68 GWAS loci from the GWAS meta-analysis of the Eur-
opean subset of 16,677 POAG cases and 199,580 controls8, and 133 LD-
independent GWAS variants in 112 loci from the IOP GWAS meta-
analysis of 139,555 primarily UK Biobank (European) samples9. The
GWASmeta-analysis summary statistics, which included p-value, effect
size and standard error, were obtained from the corresponding stu-
dies. Chromosome positions were lifted over from genome build 37
(hg19) to hg38. Association results on chromosome X were only
available for the POAG GWAS meta-analyses (cross-ancestry and Eur-
opean subset).

Fig. 8 | Cell type enrichment ofe/sQTL-mappedgenes toPOAG, IOPand related
trait loci in retina, optic nerve head and surrounding posterior tissues. Sig-
nificance (circle size, -log10(P-value)) and fold-enrichment (circle color) of the cell
type-specificity of e/sGene mapped-GWAS locus sets for POAG cross-ancestry,
POAG European (EUR) subset, IOP, physician-defined vertical-cup-to-disc ratio
(VCDR) or machine learning-defined VCDR (VCDR ML) GWAS, using ECLIPSER
(one-sided), shown for all cell types in retina (a) and optic nerve head (ONH), optic
nerve (ON), peripapillary sclera, sclera, and choroid (b). Traits (rows) and cell types
(columns) were clustered based on hierarchical clustering of Euclidean distance
between cell type-specificity enrichment scores of GWAS locus sets. Red rings:
experiment-wide significant (Benjamini-Hochberg (BH) FDR <0.1). Yellow rings:
tissue-wide significant (BH FDR<0.1). Grey rings: nominal significant (P <0.05).
Colored boxes highlight trait-specific enriched cell types. c Cell type-specificity
fold-enrichment (x-axis) in ONH and surrounding tissue cell types ranked in des-
cending order for the POAG cross-ancestry GWAS locus set (No. loci=79). Points:
fold-enrichment estimates from ECLIPSER. Error bars: 95% confidence intervals.
Exact p-values (one-sided) are provided in Supplementary Data 35. d Differential

expression (log2(Fold-change)) in astrocytes (6-Astro) in ONH compared to all
other cell types in the posterior tissues is shown for the e/sGenes driving the POAG
enrichment signal in astrocytes. Horizontal dashed line represents log2(Fold-
change) of 0.375 (FC = 1.3) and FDR <0.1, used as the cell type-specificity enrich-
ment cutoff. e Expression profile of e/sGenes driving the POAG cross-ancestry
enrichment signal in astrocytes (red box) shown across all ONH and surrounding
tissue cell types. Colorbar represents gene expression z-scores computed by
comparing each gene’s average expression in a given cell type to its average
expression across all types divided by the standard deviation of all cell type
expression averages. Bubble size is proportional to percentage of cells expressing
the gene (log(TPK + 1) > 1). f LocusCompare plot of -log10(P-value) of POAG cross-
ancestry GWAS meta-analysis relative to -log10(P-value) of DGKG retina eQTL,
which significantly colocalizedwith POAG locus rs56233426 (chr3_186411027_G_A).
Points are color-coded based on LD (r2) relative to the eVariant with highest eCA-
VIAR colocalization posterior probability (CLPP = 0.93). Cell type abbreviations are
described in Supplementary Data 35.
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GTEx and EyeGEx QTL datasets
cis-eQTLs and cis-sQTLs from49 tissues fromGTEx release v826 and cis-
eQTLs from peripheral retina27 were used in this study. Summary sta-
tistics of all variant-gene e/sQTL pairs tested in each of the 50 tissues,
the significant e/sGenes and e/sVariants at FDR <0.05, and the gene
expression levels and LeafCutter95 values are available for download
from the GTEx portal (https://gtexportal.org/home/datasets). The
summary statistics of all variant-gene pairs tested per gene and tissue
was used as input to the colocalization analysis, and the LocusZoom
(http://locuszoom.sph.umich.edu)96 and LocusCompare plots (https://
github.com/boxiangliu/locuscomparer). Plots of exon and exon junc-
tion read counts were taken from the visualizations on the GTEx portal
(https://gtexportal.org). GENCODE versions 26 and 25 were used for
the GTEx v8 and EyeGEx studies, respectively.

Enrichment of POAG and IOP associations among e/sQTLs using
QTLEnrich
To test whether genome-wide significant and nominal POAG and IOP
trait associations are enriched among eQTLs and sQTLs, and to assess
the contribution of e/sQTLs to these traits, we appliedQTLEnrich24,26 to
the POAG and IOP GWAS meta-analyses summary statistics, using
eQTLs and sQTLs from the 49 GTEx tissues26 and eQTLs from periph-
eral retina (EyeGEx27). QTLEnrich is a rank and permutation-based
method that evaluates the fold-enrichment significance of trait asso-
ciations among a set of e/sQTLs in a given tissue, correcting for three
confounding factors: minor allele frequency (MAF), distance to the
target gene’s transcription start site, and local LD24 (for more details
see Supplementary Methods). Only protein-coding and lincRNA genes
were considered in this analysis. Significant tissues were determined
based on an Enrichment P-value that passed Bonferroni correction,
correcting for 50 tissues and two QTL types tested (P < 5 × 10–4). The
adjusted fold-enrichment was used to rank the significantly enriched
tissues, as this statistic is not correlated with tissue sample size or
number of significant e/sQTLs per tissue24, as observed with the
colocalization analysis (Supplementary Fig. 4). For the significant trait-
tissue pairs, the fraction and number of e/sVariants proposed to be
associated with POAG or IOP, beyond genome-wide significance, were
estimated using an empirically derived, true positive rate (Adj. π1)
approach that we implemented in the latest version of QTLEnrich
(https://github.com/segrelabgenomics/QTLEnrich), based on Storey’s
analytical π1

97 and an empirical FDR method98 (see Supplementary
Methods).

Colocalization analysis
To identify a high confidence set of genes and regulatory mechanisms
(e/sQTLs) that may be mediating the functional mechanisms under-
lying known common variant associations with POAG and IOP, we
applied twoBayesian-based colocalizationmethods: eCAVIAR (https://
github.com/fhormoz/caviar)41 and enloc (https://github.com/xqwen/
fastenloc)42. These methods assess the probability that co-occurring
GWAS and e/sQTL signals are tagging the same causal variant or hap-
lotype, accounting for local LD and allelic heterogeneity, using slightly
different fine-mapping and colocalization approaches. They are
applied to GWAS and QTL summary-level statistics enabling the ana-
lysis of large, well-powered GWAS meta-analyses, for which genotype
data are not available. For the enloc analysis, DAP-G (https://github.
com/xqwen/dap/tree/master/dap_src)42 was used to perform fine-
mapping of GWAS and e/sQTL loci to estimate the posterior prob-
abilities of each variant in each locus being the causal variant, while
eCAVIAR has the fine-mapping feature built in. At most two indepen-
dent causal variants per locus were assumed with eCAVIAR, while the
number of independent causal variants was not limited with enloc. The
priors used in each method are described in the associated
references41,42.We applied the twocolocalizationmethods to 127 POAG
cross-ancestry GWAS, 68 POAG GWAS loci from the European subset

meta-analysis, and 133 independent IOP variants (112 loci) from a pri-
marily European study (described above). Z-scores from theGWAS and
GTEx e/sQTL studies, computed as the effect size (beta) divided by the
standard error of the effect size for each variant, were used as input
into eCAVIAR and DAP-G. For the retina eQTLs, we computed z-scores
from the variant association p-values assuming a chi-square distribu-
tion with 1 degree of freedom.

All GWAS loci were tested for colocalization with all eQTLs and
sQTLs from 49GTEx tissues26 and peripheral retina eQTLs27 that had at
least 5 e/sVariants (FDR <0.05) within the GWAS locus LD interval. An
LD window around each lead GWAS variant was defined as the chro-
mosome positions on either side containing variants within r2 > 0.1,
determined using 1000 Genomes Project Phase 399 as the reference
panel, and extending an additional 50 kb on either side. For the IOP
and POAG EUR loci, LD was computed using only the European sam-
ples in 1000 Genomes Project, while for the cross-ancestry POAG loci,
LD was computed using the European, African, and East Asian samples
in 1000 Genomes. If a GWAS variant was not found in 1000 Genomes,
an LD proxy variant (r2 > 0.8) was searched for in GTEx, and if not
found, the nearest variant was used. PLINK v1.9 (https://www.cog-
genomics.org/plink/) was used to compute LD. The interval bound-
aries and number of variants tested are reported in Supplementary
Data 7–13. eCAVIAR and enloc analyses were applied to all common
variants (MAF > 1%) that fell within the GWAS LD intervals and were
present in both the GWAS and e/sQTL studies. The effect allele of the
variants in each GWAS was aligned relative to the alternative (ALT)
allele that was used as the effect allele in GTEx and EyeGEx. Colocali-
zation analysis of the retina eQTLswas only performedusing eCAVIAR.
GWAS-e/sQTL-tissue combinations with a colocalization posterior
probability (CLPP) above 0.01 were considered significant with eCA-
VIAR and/or with an RCP above 0.1 were considered significant with
enloc based on the methods’ recommendations41,42,53. To remove
potential false positives, we filtered out variant, gene, tissue, and trait
combinations where the e/sVariant with a significant colocalization
result had a GWAS p-value above 1 × 10–5 or whose e/sQTL p-values was
above 1 × 10–4 and/or did not pass FDR <0.05 (FALSE in column
‘Pass_QC_QTL_FDR05_P1E04_GWAS_P1E05’ in Supplementary
Data 7–12). Further details on the eCAVIAR and enloc analyses and
quality control can be found in Supplementary Methods.

Mendelian randomization (MR)
Mendelian randomization (MR)43 was used to provide additional
genetic support for a causal relationshipbetween colocalizing e/sQTLs
and POAG and/or IOP loci. Significant e/sVariants were used as the
instrumental variable (IV) in MR to facilitate causal inference100 (See
Supplementary Methods). Two-sample MR was applied to the sum-
mary statistics of the e/sQTLs (exposure) and POAG or IOP GWAS
(outcome) for all significant colocalizing loci (Supplementary
Data 7–12), using the TwoSampleMR and MendelianRandomization
packages in R (version 4.1.2)101. To avoid confounding by ancestry, MR
was conducted using the European ancestry subset of the POAGGWAS
and the IOP GWAS, which primarily contains European individuals. MR
estimates were generated by calculating the Wald ratio, i.e., the
variant-outcome association beta divided by the variant-exposure
associationbeta102.Wheremultiple variants constituted the instrument
for the candidate gene, the inverse-variance weighted (IVW) method
was used as the primary method for pooling variant-specific
estimates103. Given that the IVW approach assumes no horizontal
pleiotropy, methods robust to violation of the exclusion-restriction
assumption were used as sensitivity analyses. The simple-median104,
weighted-median104, MR-Egger105, and MR-PRESSO106 methods were
applied. Horizontal pleiotropy was tested using the Egger-intercept
test and the MR-PRESSO global heterogeneity test on cases with 3 or
more IV variants. P <0.05 indicated the presence of horizontal pleio-
tropy. MR associations with Benjamini-Hochberg (BH) FDR<0.05 for
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the primary IVW/Wald ratio test were considered statistically sig-
nificant. In cases where horizontal pleiotropy was found based only on
the MR-PRESSO global heterogeneity test, an MR PRESSO outlier-
corrected p-value < 0.05 was considered a significant result for hor-
izontal pleiotropy. All MR-related statistical tests were implemented in
the following pipeline: https://github.com/segrelabgenomics/
TwoSampleMR_pipeline.

Integration of retina Hi-C and epigenetic data with colocalizing
POAG loci and e/sQTLs
To identify retina eQTLs or GTEx e/sQTLs that colocalized with
POAGGWAS loci thatmay be exerting their causal effect on POAG in
the retina, we inspected all POAG loci in the context of chromatin
loops, cis regulatory elements (CREs) and super-enhancers (SEs)
that were previously detected in retina from 5 postmortem non-
diseased human donor eyes (2 females, 3males; age range: 65–77)40.
The loops were calculated from Hi-C (3D chromosome conforma-
tion capture) data, and the CREs and SEs from epigenetic data, as
described in Marchal et al.40. The lead POAG GWAS variants and
their LD proxy variants (r2 > 0.7), the colocalizing e/sQTLs and LD
proxy variants that are also significant e/sVariants (FDR < 0.05), and
the e/sQTL target genes were inspected for overlap or closest
overlapping gene with the Hi-C loops, CREs, and SEs, using the
closestBed command from bedtools (v2.27.1)107. For retina eQTLs
and GTEx e/sQTLs GENCODE versions 25 and 26 were used,
respectively, to overlap genes and TSS hg38 coordinates. Coloca-
lizing e/sGenes were proposed as putative causal genes to POAG if
the e/sVariant overlapped one foot of the loop and the second foot
overlapped the gene body or TSS of the target gene. CRE and SE
target genes were defined if the e/sVariant and gene body or TSS of
the gene overlapped the same CRE or SE. The closest target genes
identified using chromatin loops for the POAG cross-ancestry GWAS
loci was taken from our recently published Hi-C study (Supple-
mental Data 4 in Marchal et al.40).

Single nucleus RNA-seq datasets and differential gene
expression
We analyzed gene expression values (log(TPK + 1)) from four single-
nucleus (sn) RNA-seq data sets from the following glaucoma-relevant
regions of the eye: anterior segment36, retina33, macula36, and optic
nerveheadand surroundingposterior tissues37. All tissue sampleswere
dissected from non-diseased eye globes from post-mortem donors
with no record of eye disease, and were de-identified. Description of
tissue dissection and processing, single-nuclei isolation, snRNA-
sequencing and cell type clustering can be found in the correspond-
ing publications33,36,37. The number of cells per cell types in each of the
tissues can be found in Supplementary Data 35. Differential gene
expression (DGE) was applied to genes expressed in at least 5% of cells
in any cell type cluster in each of the datasets, and fold-
change of average gene expression in each cell type compared to all
other cell types in a given tissue and the associated FDR were com-
puted. Here is a brief description of the four datasets:

Anterior segment
Six tissues in the anterior segment, including central cornea, cor-
neoscleral wedge (CSW), trabecular meshwork (TM), iris, ciliary body
(CB), and lens, were dissected from six donors (2 females, 4males; age
range: 30-66) within 6 h from death, as described in36. To be able to
compare across cell types between tissues in the anterior segment, the
snRNA-seq data from cornea, CSW, CB, iris, and TM were pooled,
downsampled to 1000 cells per type in each tissue, and reclustered
yielding 34 clusters36. Five clusters were identified for the lens. DGE
analysis between each cell type and all other cell types was performed
using the regressionmodel inMAST108 that corrects for the proportion
of genes expressed per cell.

Retina
Retina samples from the fovea (4mm punch), macula (6mm punch)
and/or periphery were collected from six donors (2 females, 4 males;
age range: 65-84) within 6 h from death from the Utah Lions Eye Bank,
flash frozen and processed as described in Liang et al.33. snRNA-seq
data from RGCs from a few additional donors were added to the data
set, given the relevance of RGCs to glaucoma, though RGCs still only
comprised about 1/250 of the total data set. DGE for each cell type in
theml_class level used in this study was computed using the Wilcoxon
rank sum test.

Macula
Macular samples were dissected with 8mm punches from five donors
(5 males; age range: 41–77) within 4 h of death at the University of
Utah36. For three of the samples, RGCs were enriched by staining the
nuclei with NEUN antibody (Millipore Sigma, #FCMAB317PE) followed
by FACS sorting36. DGE for each cell type compared to all other cell
types was computed using the MAST method108.

Optic nerve head and posterior tissues
The optic nerve head, including peripapillary tissues, was dissected
with 4mmpunches from 13 donors (4 females, 9 males; age range: 30-
77), the optic nerve was dissected from 7 donors, peripapillary sclera
from 4 donors, sclera from 3 donors, and choroid from 5 donors,
within a median of 6 h from death at either the University of Utah or
Massachusetts General Hospital37. Thirty-six cell type clusters were
identified across the five tissues. DGE was computed using the MAST
method108, comparing the cells from each cell type to all other cells,
excluding cells from the same cell class similar to the cell type of
interest, aside for the given cell type (e.g., excluding all fibroblast cell
types when computing DGE for cell type, 5-Fibro).

Cell type-specific enrichment of genes thatmap toGWAS loci for
a given complex trait using ECLIPSER
To identify ocular cell types that are enriched for cell type-specific
expression of genes mapped to GWAS loci of POAG, IOP and related
traits, we extended a method we recently developed called ECLIPSER
(Enrichment of Causal Loci and Identification of Pathogenic cells in
Single Cell Expression and Regulation data; https://github.com/
segrelabgenomics/ECLIPSER)38,39, to target genes of colocalizing e/
sQTLs. ECLIPSER assesseswhether genesmapped to a set of GWAS loci
for a given complex disease or trait are enriched for cell type-specific
expression compared to the cell type specificity of genes mapped to a
background (null) set of GWAS loci associated with hundreds of
unrelated traits. The underlying assumption of ECLIPSER is that mul-
tiple (though not necessarily all) trait-associated genes will be more
highly expressed in a given pathogenic cell type compared to non-
pathogenic cell types in a tissue of action, more so than unrelated
traits. The analysis consisted of the following steps: (i) Mapping genes
to GWAS loci. For the POAG and IOP traits, e/sQTL colocalization
analysis was used to prioritize genes in GWAS loci. For the cornea-
related, VCDR and negative control traits, genes were mapped to
GWAS loci if theywere target genes of aGTEx or retina e/sQTL thatwas
in LD (r2 > 0.8) with the GWAS locus (since colocalization analysis for
these traits was beyond the scope of this paper). The genome-wide
significant variants associated with the cornea traits and negative
control traits were taken from Open Targets Genetics109, and for phy-
sician and machine learning-based VCDR measures from the corre-
sponding published GWASmeta-analyses12,13. (ii) Null set of GWAS loci.
We compiled a null set of GWAS loci, by selecting all genome-wide
significant associations for a range of complex traits in Open Targets
Genetics109 that were taken from the NHGRI-EBI GWAS catalog and UK
Biobank GWAS studies. We excluded from the null set variants asso-
ciated with any ocular trait. (iii) LD clumping of loci. We collapsed
GWAS variants that were in LD with each other (r2 > 0.8) or that shared
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a mapped gene into a single locus for the set of GWAS loci for each
ocular or negative control trait and for the null set, separately, to avoid
inflating the cell type enrichment results due to LD39. (iv) Cell type
specificity locus score.We scored eachGWAS locus for theocular traits
and the null set as the fraction of genes mapped to the locus that
demonstrated cell type specificity (defined here as fold-change > 1.3
and FDR <0.1). Only genes expressed in at least 5% of cells in any cell
type cluster were included in the analysis. (v) Assessing cell type-
specificity of GWAS locus set. We estimated a cell type specificity fold-
enrichment and p-value per trait (GWAS locus set), tissue and cell type
combination, compared to the null GWAS locus set, using a Bayesian
Fisher’s exact test and the 95th percentile of the null locus scores for
the cell type specificity cutoff. The Bayesian approach enables esti-
mating 95% confidence intervals of the fold-enrichment, including for
traits that have few or no loci that fall above the enrichment cutoff39.
(vi) Cell type specific disease-contributing genes. Cell type-specific
genesmapped toGWAS loci whose cell type specificity locus scorewas
equal to or above the 95th percentile enrichment cutoff in significantly
enriched cell types (‘leading edge loci’) were proposed to influence the
given complex trait in the given cell type (‘leading edgegenes’), though
it is possible that some of these genes are affecting the given trait
through other cell types. Cell types with a tissue-wide Benjamini-
Hochberg FDR equal to or below 0.1, correcting for multiple cell types
testedwithin a tissue, were considered significantly enriched for genes
associated with a given trait. To test the specificity of ECLIPSER, we
applied the method to eight negative control traits listed in Supple-
mentary Data 42. To assess the robustness of the cell type enrichment
results with ECLIPSER, we ran two additional cell type enrichment
methods of GWAS data that consider genome-wide genetic associa-
tions beyond genome-wide significant loci: stratified LD score
regression25 and MAGMA44 (see below).

Cell type specific heritability enrichment of disease associations
using stratified LD score regression
We applied stratified LD score regression (S-LDSC)25 (v1.0.1. https://
github.com/bulik/ldsc) to the GWAS summary statistics of the POAG
cross-ancestry meta-analysis, POAG European subset meta-analysis,
and IOP meta-analysis, and the four single-nucleus differential gene
expression datasets described above, to evaluate the contribution of
genetic variation in cell type-specific genes to trait heritability. Com-
mon variants (MAF > 1%) within or near genes specifically expressed in
the different cell types (fold-change > 1.1 and FDR <0.1) in each of the
four single-nucleus eye tissue datasets described above, were con-
sidered in the S-LDSC analysis. A 100 kbwindows on either side of each
gene was used. The European samples in 1000 Genomes Project Phase
399wereused as the referencepanel for computing the LD scores for all
three GWAS meta-analyses. Heritability enrichment per cell type was
considered significant at Benjamini-Hochberg FDR below 0.1.

MAGMA gene-association correlation with cell type gene
expression
We applied the regression-based model MAGMA (v1.10, https://ctg.
cncr.nl/software/magma)44 to the POAG cross-ancestry, POAG Eur-
opean subset, and IOP GWAS meta-analyses and the four single-
nucleus ocular expression datasets described above, which tests for
association between gene association z-scores and average gene
expression per cell type, controlling for average gene expression
across all cell types per tissue. Gene-based association z-scores were
computed for each GWAS based on the most significant variant (SNP-
wise=top) within 100 kb around each gene, as described in de Leeuw
et al.110. The European samples in 1000GenomesProjectPhase 399were
used as the reference panel for the POAG EUR and IOP GWAS, while all
five populations (EUR, AFR, AMR, EAS, SAS) in 1000 Genomes were
used for the POAG cross-ancestry GWAS. Significance was determined
at Benjamini-Hochberg FDR below0.1. We applied conditional analysis

to all pairwise combinations of nominally significant (P < 0.05) cell
types within a given tissue to identify cell types whose trait association
signals are independent of the other significant cell type44. A propor-
tional significance (PS) of the conditional P-value of a cell type relative
to its marginal P-value was computed for each cell type in each cell
type pair. Two cell types in a given pair with PS≥0.8 were considered
independently associated cell types, and a pair of cell types with
PS≥0.5 were considered partial-joint associations. In the case where
one cell type hadPS≥0.5 and the second cell type a conditionalP-value
≥0.05, the first cell type was retained and the second cell type was
considered completely dependent on the association of the first cell
type. For more details see: https://fuma.ctglab.nl/tutorial#celltype.

Gene set enrichment analysis of POAG and IOP associated genes
We used GeneEnrich (https://github.com/segrelabgenomics/
GeneEnrich)24 to test whether genes proposed to affect POAG risk or
IOP variation cluster in specific biological processes or mouse phe-
notype ontologies.GeneEnrich assesses enrichment of a set of genes of
interest in biological pathways or other types of biologically mean-
ingful gene sets, using a hypergeometric distribution and permutation
analysis. To account for biases that could arise from the set of genes
expressed in a given tissue, an empirical gene set enrichment P-value
was computed as the fraction of 1000 to 100,000 k randomly sampled
genes (k = number of significant genes, e.g., colocalizing e/sGenes)
fromall genes expressed in the given tissue (background set) that have
a hypergeometric probability equal to or higher than that of the sig-
nificant list of genes. Given the high LD in the HLA region on chro-
mosome 6 (chr6:28510120-33480577) we removed all genes in this
region from the gene set enrichment analysis, unless noted otherwise.

We applied GeneEnrich to three groups of POAG and IOP asso-
ciated genes: (i) All 228, 118, and 279 unique target genes of eQTLs and
sQTLs that colocalized with POAG cross-ancestry, POAG EUR, and IOP
GWAS loci, respectively. Given that the colocalizing e/sQTLs were
derived from the different GTEx tissues and retina, we used all genes
expressed in any of the 49 GTEx tissues and retina as the background
set of genes, and did not correct for expression levels given the dif-
ferences in expression levels between the tissues. (ii) Sets of POAG and
IOP colocalizing genes that were enriched in specific cell types in the
eye tissues based on ECLIPSER analysis (tissue-wide FDR ≤0.1). For the
background sets of genes, we chose all genes expressed in the GTEx or
retina tissue that was most relevant for the enriched cell type (e.g.,
Brain for Optic nerve head; full list of tissues chosen in Supplementary
Data 36). Given that the expression levels in a tissue may not fully
reflect the expression levels in the particular cell type, we did not
correct for expression levels in the gene set enrichment analysis of the
cell type-specific gene sets. (iii) Target genes of e/sQTLs (FDR <0.05)
with top ranked POAG or IOP GWAS P-values (P <0.05) in tissues
whose e/sQTLs were enriched for trait associations based on QTLEn-
rich. Given that e/sQTLs in most tissues displayed significant enrich-
ment, a selected set of QTL/tissue-trait pairs was chosen for gene set
enrichment analysis based on the tissue having a top ranked adjusted
fold-enrichment and consisting of cell types that may be relevant to
glaucoma pathophysiology, such as cells-cultured fibroblasts, brain,
and artery (Supplementary Data 4, 5). The background sets of genes
were defined as all genes expressed in the given tissue excluding the
target genes of e/sQTLs with GWAS P <0.05. The expression levels of
the randomly sampled genes from the background set in the permu-
tation analysis werematched on the expression levels of the significant
set of genes.We appliedGeneEnrich to over 11,000 gene sets from four
databases downloaded from MSigDB (http://www.gsea-msigdb.org/
gsea/msigdb/collections.jsp): GeneOntology (GO)with threedomains:
biological processes, molecular function, and cellular components,
Reactome, Kyoto Encyclopedia of Genes and Genomes (KEGG), and
mouse phenotype ontology gene sets from the Mouse Genome
Informatics (MGI). Only gene sets with 10 to 1000 genes were tested,
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and only genes that were found in the given database were included in
the analysis. Statistical significance was determined using a Benjamini-
Hochberg FDRbelow0.1 computedper database, given extensive gene
set overlap between databases. Gene sets with empirical gene set
enrichment below 0.05 were considered nominally significant.

Conditional analysis of MYOC POAG locus
Given our finding of significant colocalization of a PIGC sQTL with the
POAG cross-ancestry association signal in the GWAS locus rs74315329,
whose leadvariant is a nonsensemutation in theMYOC gene,we tested
whether there was a secondary independent POAG signal in this locus
that might colocalize with the PIGC sQTL. We performed association
testing on all variants on chromosome 1 conditioning on rs74315329,
the lead POAG GWAS variant in the locus by applying the tool COJO
(https://yanglab.westlake.edu.cn/software/gcta/) to the POAG cross-
ancestry GWAS meta-analysis summary statistics on chromosome 1
(using --cojo-cond). To maintain theMYOC lead variant that has a MAF
of ~0.001 in the initial association testing we filtered out variants with
MAF <0.0001. The effective sample size of the POAG cross-ancestry
GWAS was computed based on the equation: 4/[(1/Ncases)+(1/
Ncontrols)]111, which yielded N = 124,531 for the POAG GWAS cross-
ancestry meta-analysis8. For the variant allele frequencies required as
input to COJO, we used the European, African and East Asian samples
in 1000GenomesProjectPhase 399, as the POAGGWASmeta-analysis is
comprised of these three ancestral groups. eCAVIAR and enloc were
applied to the residual POAG statistics of the variants in the MOYC
locus from the conditional analysis and all overlapping e/sQTLs from
the GTEx tissues and retina. To remove potential false positives, we
filtered out variant, gene, tissue, and trait combinations if the sig-
nificantly colocalizing e/sVariant had a GWAS p-value above 2 × 10–5 or
an e/sQTL p-value above 1 × 10–4 and/or an FDR above 0.05 (FALSE in
column ‘Pass_QC_QTL_FDR05_P1E04_GWAS_P2E05’ in Supplementary
Data 25 and 27). We used a slightly more lenient GWAS p-value cutoff
for the conditional analysis (P < 2 × 10–5) compared to the original
GWAS summary statistics (P < 1 × 10–5) given the reduced association
power of conditional analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings in this manuscript are available from
the links above or in SupplementaryData. TheGTEx protecteddata are
available through the database of Genotypes and Phenotypes (dbGaP)
(accession no. phs000424.v8). The processed GTEx eQTL and sQTL
and EyeGEx retina eQTL summary statistics are available on the GTEx
portal (https://gtexportal.org/home/datasets). The snRNA-seq data for
the anterior segment and macula are available in Gene Expression
Omnibus (GEO) accessionnumberGSE199013, for theopticnervehead
and posterior tissues in GSE236566, and for the retina in GSE226108.
The processed data of the anterior and posterior segments can be
visualized in the Broad Institute’s Single Cell Portal at https://singlecell.
broadinstitute.org/single_cell/study/SCP1841 and https://singlecell.
broadinstitute.org/single_cell/study/SCP2298. The retina Hi-C data is
accessible in GEO accession number GSE202471. The GWAS summary
statistics for the POAG cross-ancestry GWAS meta-analysis and Eur-
opean subset meta-analysis are accessible in GEO under accession
numbersGCST90011770 andGCST90011766, respectively, and for IOP
are available from the corresponding publication (Khawaja et al.,
Nature Genetics 2018)9. The GWAS loci for complex traits used in the
ECLIPSER analysis were downloaded from Open Targets Genetics
(https://genetics.opentargets.org/). The gene sets taken fromMSigDB,
including Gene Ontology, Reactome and KEGG, were downloaded
from: http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp, and

the mouse phenotype ontology gene sets were downloaded from the
Mouse Genome Informatics (MGI) website (http://www.informatics.
jax.org/). All the results from our analyses (e.g., colocalization, Men-
delian randomization, cell type enrichment) can be found in the Sup-
plementary Data. The colocalization and mendelian randomization
results can be viewed on our https://VisionGenomics.org portal.

Code availability
The code of all tools used for analyses in this paper are publicly
available and can be found in the URLs provided in the Methods sec-
tion. The pipeline we wrote to perform the MR-related statistical tests
can be downloaded from: https://github.com/segrelabgenomics/
TwoSampleMR_pipeline. Custom code used to generate the plots are
available upon request.
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