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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 10P.
Colocalization and Mendelian randomization analysis of >240 POAG and 10P
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 55. 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)’. Elevated intraocular pressure (IOP) is a major risk factor for
POAG?® 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 trabecular meshwork (TM)* and Schlemm’s canal

(SC)’® in the conventional outflow pathway, and the ciliary muscle and
iris in the uveoscleral (unconventional) pathway®. 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))’. 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 effectiveness®. 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
POAG?, explaining -9% of POAG heritability, and a meta-analysis of the
European subset identified 68 POAG loci®, some of which were not
uncovered in the cross-ancestry meta-analysis. Furthermore, a GWAS
meta-analysis of I0P performed on 139,555 individuals, primarily of
European descendant’, has identified 133 independent associations in
112 loci, largely overlapping with two other studies'®". The IOP variants’
effect sizes and direction of effect are highly correlated with their effect
on POAG risk®’, and together they explain 9-17% of 0P 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 traits* >,

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 effects*%°. 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 tissues?°, 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
retina® **, the aqueous humor outflow pathways***, six tissues in the
anterior segment’®, and the optic nerve head (ONH), where RGCs pass
to exit the eye, the optic nerve, and surrounding posterior tissues”.
Using a method we recently developed, ECLIPSER (Enrichment of
Causal Loci and Identification of Pathogenic cells in Single Cell
Expression and Regulation data)*®**°, 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
tissues®™*’.

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) Project®, retinal eQTLs?, retinal
Hi-C data®, and single-nucleus expression from glaucoma-relevant eye
tissues*>%* 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, eCAVIAR" and enloc®, followed by two-sample Men-
delian Randomization®, we identify putative causal genes and
direction of regulatory effects on POAG and IOP for over half the GWAS
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-LDSC*
and MAGMA™,

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 10P
variation, we tested whether cis-eQTLs and cis-sQTLs (e/sQTLs) from
49 GTEXx (v8) tissues® and peripheral retina cis-eQTLs” were enriched
for POAG or IOP associations (GWAS P < 0.05) using QTLEnrich***° 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 x 10™*) (Fig. 2a, b,
Supplementary Figs. 1 and 2, and Supplementary Data 1-3). Many of
the top enriched GTEXx 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<15 x 10" and P< 0.03, respectively; Supplementary Fig. 1a-c and
Supplementary Data 1-3), as observed with other complex traits*. The
absolute number of eQTLs proposed to contribute to POAG and I0P
(average 258 to 606 per tissue) was 2-fold larger than that of sQTLs
(average 124 to 320 per tissue), likely due to the larger discovery rate of
eQTLs compared to sQTLs* (Supplementary Fig. 1la-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 I0P 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 GTEXx 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,
eCAVIAR" and enloc*, to 127 POAG loci from a large cross-ancestry
GWAS meta-analysis®, 68 POAG loci from a European (EUR) subset
meta-analysis® (POAG EUR), and 133 IOP loci from a primarily European
GWAS meta-analysis’ (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
colocalization method in Supplementary Data 7-12 and summarized in
Supplementary Data 13. We defined a “comprehensive set” of putative
causal genes and regulatory mechanisms 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 (See Methods 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 R*=0.72, P=1 x 10™, Supplementary
Fig. 4) that is also associated with the number of detected e/sQTLs per
tissue?®. 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 I0P GWAS
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a. Enrichment of POAG or IOP associations among
e/sQTLs in GTEx tissues and retina
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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 Supplementary Note 4). A single causal
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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 and modest associations) were tested for enrichment among
expression and splicing quantitative trait loci (e/sQTLs) in GTEx tissues and retina
compared to permuted null sets of variants matched 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 ((r7;) approach. b Putative
causal genes were prioritized per known POAG and IOP genome-wide association
study (GWAS) locus by applying two colocalization methods (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
defined with 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 95™-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.

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/sGenes were 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 direction of 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 TMCOI and an eQTL acting on TMCOI’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 TMCOI 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 splice donor site in exon 4, the first exon in
the TMCOI mRNA in GTEx Cells-Cultured fibroblasts, leads to a longer
exon 4 (Fig. 4f,g) that is associated with decreased POAG risk (Sup-
plementary Data 7 and 13). TMCOI is expressed in different 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 ANGPTI 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 Angpti-knockout mice®.

Colocalizing genes for shared and distinct POAG and IOP loci

Of 50 overlapping POAG and IOP GWAS loci, 39 (78%) of the loci had at
least one significant colocalization result for both traits, and in all cases
at least one common gene was implicated (Supplementary Data 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 colocalize with POAG loci not associated with
IOP (48 loci; Column N in Supplementary Data 13) may suggest 10P-
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.*°) with POAG-only loci
(Methods). In17 of the loci, =1 colocalizing e/sQTLs was supported as a
potential causal mechanism by 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)®*¢ in the POAG
cross-ancestry (rs944801 OR =1.26) and POAG EUR (rs6475604 OR =
1.3) GWAS meta-analyses that colocalized with a CDKN2A eQTL in brain
cortex, CDKN2B-ASI and RP11-149/2.4 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 eQTL overlapping a
retinal CRE, and e/sQTLs acting on RERE and its antisense, RERE-ASI,
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 EFEMPI, in which rare mutations have
been associated with a Mendelian form of glaucoma*’. Colocalization
analysis suggests that skipping of exons 6 and 7 in EFEMPI 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, including genes involved in the extracellular matrix
(EMIDI) 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)®. e/sQTL
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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 =
1.5x 10°®) in which it is in lower frequency (AFR MAF =0.073, EUR
MAF=0.42, EAS MAF=011 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.GIn368Ter) in MYOC, known to cause juvenile-
onset and adult-onset open-angle glaucoma with dominant
inheritance*®. This variant is 10-fold more common in the European
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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-
tary Data 13 and Supplementary Fig. 13). Conditioning on the nonsense
variant in MYOC 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).
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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 -log;, (P-value) compared to expectation for the best eQTL per
eGene sets (eVariants with FDR < 0.05) of the most significantly enriched tissues
based on 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. ¢ 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 POAG EUR, and N =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 variant® RS ID Nearest Gene/s Total # colocaliz- Colocalizing GTEx ¢/sQTLs Colocalizing retiha POAG GWAS Colocalizing with
ing e/sGenes® based on eCAVIAR and eQTL (eCAVIAR)®  ancestry® 10P GWAS'
enloc and significant MR®
chr1:171636338:G:A  rs74315329 MYOC 1 PIGC (s)* - CA No
chr1:165768467:G:C  rs2790053 TMCOT, TMCO1- 2 TMCOT1 (e,s), TMCO1-AS1(e)* TMCO1-AS1 CA,EU Yes
AST (RP11-
466F5.8)
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)* - CAEU Yes
chr9:126628521:C:T  rs3829849 LMXI1B 4 LMX1B (e) - CA,EU Yes
chr7:116522252:T:A rs10257125 CAV1 2 CAV2 (e,s)* - CAEU Yes
chr11:86657064:C:T  rs10792871 ME3 4 PRSS23 (e)*, MES (e)* PRSS23 CAEU Yes
chr9:133255801:C:T  rs8176749  ABO 1 ABO (e)* - CA Yes
chr15:73928957:C:T  rs1550437  LOXL1 2 LOXLT1 (e,s)* - CAEU No
chr3:186411027:G:A  rs56233426 DGKG 2 DGKG (e) DGKG CA,EU Yes
chr17:46010134:G:A  rs41543317 MAPT 9 - KANSLT, LRRC37A2, EU No**
LRRC37A
chr3:188349165:G:T  rs6787621 LPP 1 LPP (e,s)* - CA Yes
chr:36147354:C:A rs4652902 TRAPPC3 1 - COL8A2 CA Yes
chr22:28712241:G:A  rs5752776 CHEK2 5 TTC28 (e)* - CAEU No**
chr1:37605594:C:T  rs6687545 GNL2, RSPO1 7 GNL2 (e,s)*, MEAF6 (e)* MEAF6 EU Yes
chr1:47447887:G:A  rs7111873 RAPSN 8 - PSMC3 CA No**
chr2:12811195:C:T rs12623251 TRIB2 1 TRIB2 (e) - CAEU 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)*, - CA No
ADAMTSS (e)

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 CAEU No

2Variant chromosome positions are in genome build 38.

PTotal 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).

°e/sGenes from 49 GTEXx 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.

9Target 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).
°Ancestry of POAG GWAS meta-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.

"This 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 |OP-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.

Nature Communications | (2024)15:396



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

chr1:171636338:G:A . A A-4 A
1574315329 A AAAR ° A A A A HBA A AAAA A AA @04 a
RP11-466F5.8 /@ [ORN©] . 0@ 0000 Q00 *0°000 [ T X
chr1:165768467:G:C
152790053 el® e 0 ° @ o ° X} 0 °
T™MCO1
s|® Q@ a
RP11-149124 s .
chr9:22051671:G:C
16944801 CDKN2B-AS1 s o A
CDKN2A e °
chr9:104933258:C:T
150472494 ‘ rri1-217872 < QOO0000 © 0000°000 000 00000000 ©0° 000 000000
chr9:110549951:G:C
1561751937 ‘ TXNDC8 s L d
. . . °
chr4:7902636:G:A HTRAS °
15938604
AFAP1 e (X} ] ) ° .
chr17:10127866:G:A
159913911 ‘ GAS7 e A
LMX1B el@ A .
RP11-123K19.1 e ®
chr9:126628521:C:T
153829849 RP11-205K6.1 € ™
el | } .
MvB128
s| * A
e . [ ]
FAM83A-AS1
N A Direction of effect
chr8:123542077:T:A © OPPOSITE
o o . ° .
1562521288 FAME3A ) ® SAME
° Posterior Probability
TBCID31 e ° . @ 1.00
chr5:56487851:G:A @ 075
1112142644 LiNco1s4s |8 O @ 050
AC0000785 €| o o o o o o) ° . e e s e e P e e e e o .28:3‘?
oot Lo | OOOOO® 0000:® 00 ©00:°00 - © @ ©0:00 ® O it
158141610 sje o oo 00 @ DRIERY TRE ) . D « O eCAVIAR
A fastENLOC
C220r129 e . oo 000 . oo 0000 o o . @0 o . B Union
Post. Prob. Significance
e ° . ° Q . Q
CAV2 ® CLPP/RCP > 0.5
chr7:116522252:T:A s A A . ® CLPP>0.01, RCP>0.1
1510257125 Not sig
AC002066.1 e °
PRSS23 el® . . " o =
CTD-2005H7.1 e|* * . [ ]
chr11:86657064:C:T
1510792871 el - Am | -
ME3
R . . « @ o
RP11-762L8.6 ¢|® ® ) .
chr16:77627835:C:T
15280875 ‘ nuDTZ e ©]
chr3:85123214:G:C
1513101042 ‘ CADM2 ® .
chr9:133255801:C:T e|lA A AA o ae A B AAAAe AQeArn emaA .
: e ABO
rs8176748 sAAA A A Aa ] .. = mE Anm
chr2:55705879:C:T
152627761 ‘ EFEMP1 s S}
chr21:25844528:T:A
1513049669 Atess - s OQ® 000000 Q000000 O 000000000 Q000 0@ oo000000
e [ N ) A ] .
chr15:73928957:C:T Loxt1 s . [o)0)
151550437
LOXL1-AST e o . . . ° ) °
chr2:152508013:G:A
151579050 Aco12066.1 @
s
chiagsa1i0e7.Ga|  HINCO2092
1s56233426
DGKG e‘ A A ) (6]
SEPfLEEgS0E 3888 E B0 C g e b P s a0 CaBEE52203¢8%3
8282 i ei350EE2e 02 e SEE5383,8 8 8s2,828822¢g8
€295 2088320 K558 88 082252255 G202 cgeTHsghFESSY
EEF 8 Es e 28988 85053328288 202 8 558 & - 2
895 el 5538355880305 g822¢ §25 33 g
Ss2<2<c8 @ o SSg30BET 220, 19 292 o £ z
D5l & s 9 e FET 98 S22 /36598 8T S 2 Bae
8 T S g 3 s_oh ) des55308¢g< 580 o 2 o ar
J 3 < ogegf fclec5af22 S589:=% “ 2 8h
2 s 580 585528 1235 059§ 5 S 3o
3> 33 S88 8 eSS T3 E ge2ae 2 S5 E
= 23 LG 2554302 guW o T £ 5=
5 g s 8 ESEE8d0 S 28 = =)
<3 5 5 3es® o5 5§ z Y2 S5 E
S s @ 8P o3 g [Z
2 5 45 z 9 55E
z 39 w E 2o 5
al S P g <
k-] P4 3 k= &
@ < © 3 @
s pi
o

These results suggest that decreased exon 2 skipping in PIGC or Mendelian randomization (MR) of colocalizing e/sQTLs

increased PIGC expression may lead to increased POAG risk (Supple- To provide additional support for a causal relationship between e/
mentary Fig. 13). PIGC is among 10 colocalizing POAG genes enriched sQTLs and POAG and/or IOP, we applied two-sample MR to all the
in oligodendrocytes in the optic nerve head and optic nerve (See significantly colocalizing e/sQTL and GWAS locus pairs based on
below, FDR=0.07; Supplementary Data 35 and Supplementary eCAVIAR and/or enloc, using the European POAG and IOP GWAS
Fig. 18f, g). summary statistics (Methods). We found supportive evidence for a
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Fig. 3 | Colocalizing e/sQTLs in GTEXx tissues and retina with top POAG

GWAS loci. Genes with 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 the maximum 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 second method tested passed a posterior probability
cutoff 0.01/0.1 (CLPP/RCP) or 0.5, respectively.

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
I0P causal genes based on colocalization analysis and MR is provided
in Table 1 and Supplementary Data 15. We found 239 e/sGenes to have
significant MR associations with both POAG and I0P, including TMCO],
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 significant MR associations with IOP but not
POAG, such as HLA-B and SLC7A6, and 41 genes had significant MR
associations with POAG but not 10P, such as CDKN2B-AS1, RERE, and
YAPI, proposing high-confidence I0P-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 x 107, FDR < 0.001) and extracellular matrix
organization (P=3 x 107, FDR=0.012), and nominally enriched
(P<0.05) in the transforming growth factor beta (TGF) receptor sig-
naling pathway (P=3 x 10™*) and abnormal eye morphology (P=2.6 x
10%), amongst others (Supplementary Data 30 and Supplementary
Fig. 14a,b). Genes that colocalized with POAG EUR loci were nominally
enriched (P<4 x 107) 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 axon guidance (Supplementary Data 31 and Supplementary
Fig. 14c, d).

For the IOP genes, significant enrichment (P=2 x 107, 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 10P-
colocalizing target genes driving the gene set enrichment signal
(ANAPCI1, ANAPC7, AGO4, MOVI0, TCF7L2) were most highly expressed
in immune cell types, lymphocytes and macrophages, 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 | 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
ECLIPSER*?’ (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), lens* (all from anterior segment), peripheral and
macular retina®?, the optic nerve head (ONH), optic nerve (ON),
peripapillary sclera (PPS), peripheral sclera, and choroid” (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 TM>¢), annotated as ciliary
fibroblasts in van Zyl et al.?, followed by fibroblasts derived from the
iris root (present within the iris*®), annotated as iris fibroblasts
(Supplementary Data 35 and Fig. 6a, b). The ciliary muscle 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 angle®, impli-
cating the conventional aqueous outflow pathway as well. Figure 6¢
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 fibroblasts®)
(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 tissues®), 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 CSW*%), and nominally
enriched in lymphatic endothelium and Schlemm’s canal, whose
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dysfunction can lead to elevated IOP* (Fig. 7a and Supplementary  (Figs. 6e and 7b). Between 45-78% of the genes driving the POAG
Data 35). enrichment signals in the outflow fibroblast cell types are common

Clustering of the top-ranked anterior segment cell types (P <0.05)  between the different fibroblasts (Fig. 6e), suggesting both shared and
for POAG and IOP, separately, based on the overlap of genes driving  distinct genes acting in the conventional and unconventional outflow
the cell type enrichment, suggests three cell classes affecting POAG -  pathways. The IOP genes driving the enrichment signal in pericytes
fibroblasts, vascular endothelium, and lens epithelium. and three cell ~ (Fig. 7c, d) were largely distinct from those enriched in vascular and
classes for IOP - fibroblasts, pericytes, and lymphatic endothelial cells ~ 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 LocusZoom® plot for TMCOI sQTL -log;o(P-value) in GTEx Cells-Cultured
fibroblasts in POAG cross-ancestry GWAS rs2790053 (chrl_165768467_C_G_b38)
LD interval. Points color-coded by LD (r?) relative to lead GWAS variant,

chr1_165768467_C_G_b38. LocusCompare plots of POAG cross-ancestry GWAS
meta-analysis -log;o(P-value) versus -log;o(P-value) of TMCOI sQTL (c) or RP11-
466F5.8 eQTL (d) in Cells-Cultured fibroblasts. Points color-coded based on LD
(r?) relative to e/sVariant with highest CLPP. e Violin plot of normalized intron-
excision ratio at chrl:165768269-165768482 (Leafcutter”) for TMCOI in fibro-
blasts versus genotype of sVariant chrl_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 TMCOI 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 TMCOI 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
RSEM'™, Plots are taken from https://gtexportal.org/.
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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
the CDKN2A/B locus. The lead POAG variants 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 (r*> 0.8) in the track below. The sig-
nificantly colocalizing CDKN2B-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 LD proxy variants to the colocalizing e/sVariants, which are
also significant e/sQTLs (FDR < 0.05) for the corresponding gene and tissue.

b Retina CREs (cyan) overlapping retina SLC2A12 eVariants that colocalized with 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. ¢ 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-ASI
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 r*>0.8,
TADs are represented as solid black lines, and the magenta heatmaps represent Hi-
C physical contact maps. CRE Cis-regulatory element, SE Super-enhancer, TAD
Topologically associating domain.
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Table 2 | Summary of ocular cell types enriched for e/sQTL-mapped genes in POAG and/or IOP GWAS loci

Tissue POAG-specific

10P-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

Midiller Glia

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

Astrocytes (ONH, ON, PPS)

Optic nerve head & surrounding pos-
terior tissues

Vascular endothelium (choroid, ONH,  Fibroblasts (choroid, ONH, PPS, sclera)

PPS, sclera) Nonmyelinating Schwann cells (chor-
Vascular smooth muscle cells (PPS, oid, PPS)
sclera)

Pericytes (ONH, choroid, 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.

vasculature development (P=3 x 107, FDR=0.075; Supplementary
Data 37). On the other hand, the IOP genes driving the enrichment in
TM fibroblasts (Supplementary Fig. 15¢,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. 15¢). 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 and Miiller 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 (YAPL, LPP, TRIB2) of the 12 POAG cross-
ancestry genes driving the astrocyte enrichment were common with
Miiller 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 Miiller 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,
PLCEI, LPP, GAS7, YAP1, and COL1IAI; 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 genes were most 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,l, 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 in pericytes in the ONH, choroid and PPS were 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
I0P-only loci (Supplementary Data 38 and Supplementary Fig. 19).

The cell type expression profiles of all POAG cross-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 R?< 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) and MAGMA (Fig. 1e; Methods). The primary
enriched cell types for POAG and IOP found with ECLIPSER, including
ciliary and TM fibroblasts, ONH fibroblasts, and retinal macroglial 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
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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 POAG or I0P were 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 Miiller glia cells (P<0.002), but only astrocytes
remained significant after conditional analysis (Conditional P < 4E-6),
suggesting that astrocytes may play a more important role in glaucoma
pathogenicity than Miiller Glia cells. In the ONH, the POAG and 10P
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Fig. 6 | Cell type enrichment of e/sQTL-mapped genes to POAG, IOP and related
trait GWAS loci in the ocular anterior segment. a Significance (circle size, -logl0
(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 (V) =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. ¢ Differential gene expression (log,(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 European GWAS loci
in ciliary fibroblasts. The horizontal dashed line represents log,(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.

enrichment in fibroblasts, astrocytes, vascular endothelium, and mural
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
(Supplementary Data 35, Fig. 6a and Fig. 8a, b). In the anterior segment,
genes mapped to central corneal thickness and corneal hysteresis were
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 individuals'? 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 ophthalmologists”
(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 Miiller 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 the ONH and ON, 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 less well-studied cell types in POAG pathogenicity,
such as fibroblasts in the unconventional and conventional outflow
pathways, astrocytes in retina and ONH, OPCs in the ON and ONH, 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 associated with POAG®® and over 110 loci associated with its
major risk factor, elevated IOP’. Our analysis integrated a variety of
datasets, including expression and splicing QTLs from 49 GTEx
tissues®® and from retina”’, genome topology data from retina*’, single-
nucleus expression data from a whole-eye cell atlas that includes key
structures of both the anterior*® and posterior segments®**’, and the
largest to date GWAS meta-analyses for these traits®’. 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 diseases*, and implies that GTEXx 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 tissues***®,

Using two QTL/GWAS colocalization methods***, 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 traits***°. 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
randomization****?, which tests for horizontal pleiotropy, not
accounted for by Bayesian colocalization analysis®>**. 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 traits***°%, These results emphasize the value of using
e/sQTLs or other functional assays that link regulatory regions to distal
target genes**°°>® to prioritize causal genes underlying common var-
iant associations.

Integrating e/sQTLs with POAG and IOP GWAS loci proposed
both previously suggested® and new biological processes for these
traits. The POAG colocalizing genes, which included several known
mendelian, early-onset glaucoma genes (EFEMP1V*° and LTBP2%°),
were most strongly enriched in extracellular matrix organization and
elastic fiber formation, as previously reported®, 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
POAG®, and have been suggested to cause impairment of optic nerve
axonal transport and neurotrophic supply that could influence RGC
degeneration®. 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 development®, as well as
hematopoiesis, leukemogenesis, cellular senescence and macro-
phage differentiation®. 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 patients®*, which could
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explain impaired flow-mediated vasodilation in POAG®. Additional

processes suggested to affect IOP regulation, aside from previously
suggested’ 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 microenvironment®. Inhibition of adherens junction

regulation in trabecular meshwork has been shown to modestly
influence IOP levels in rabbits®’. We also found modest 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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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
are provided in Supplementary Data 35. b 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 IOP 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 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 (log,(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 log,(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 Bubble map 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 the percentage of cells expressing the given gene (log(TPK +1) >1). Cell
type abbreviations are described in Supplementary Data 35.

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 I0P-
dependent or independent manner, for experimental follow up. For
example, an increase in expression or alternative splicing of TMCOI, a
gene that regulates the balance of calcium ions inside the endoplasmic
reticulum, or a decrease in expression of LMXIB, LIM homeobox
transcription factor 1 beta, that is essential for several developmental
processes including the anterior segment of the eye®®, were proposed
to reduce POAG risk and IOP levels. The lead IOP GWAS variant
(rs116089225, a low frequency allele) in TMCOI that colocalized with
TMCOI1 e/sQTLs has been recently associated with variable number
tandem repeat (VNTR) length in the UK biobank study®’. However, the
VNTR did not display allelic series association with TMCOI expression
levels in GTEx®’. This and our finding that TMCOI 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 potential mechanism of action
for the protective signal found in this gene’. Skipping of these exons
might render the CDKN2B 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 VCDR". 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 atrophy’. This study
also suggested a potential secondary causal gene, PIGC for the stron-
gest POAG association, a nonsense mutation in MYOC, 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 levels’. 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 reasons why we may not 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 variants®. Finally, there are several
limitations to Bayesian colocalization methodologies®~**, as described
in the Supplementary Discussion.

By applying a recently developed method (ECLIPSER***) 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 methods”>™” 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 iris fibroblasts in the unconventional outflow pathway 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, is most similar to the ‘beam cell A’ defined in the single cell RNA-
seq atlas of the outflow pathway in van Zyl et al.** (Fig. S6B in**), 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 pathway’®, 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
blood vessels. A recent study has found reduced capillary diameter and
impaired blood flow at pericyte locations in mouse eyes with
high IOP”.

In the peripheral and macular retina, we found significant
enrichment of POAG colocalizing genes in astrocyte and Miiller glia
cells. Astrocyte and Miiller 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. Miiller glia, the most common glial cell
in the retina, span the entire retinal layer,