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Genetic risk factors associated with ocular =0
perfusion pressure in primary open-angle
glaucoma

Heejin Jin', Je Hyun Seo” ®, Young Lee? and Sungho Won'**

Abstract

Background Primary open-angle glaucoma (POAG) is the leading cause of irreversible vision loss. However, its
genetic risk factors, such as the vascular hypothesis of POAG, remain unclear. Here, we aimed to explore the genetic
associations between mean ocular perfusion pressure (MOPP) and POAG. We performed genome-wide analysis
with gene-based analysis from the UK Biobank (N=459,195), which includes genetic data and ocular phenotypes.
Bidirectional two-sample Mendelian randomisation (MR), multivariable MR, and mediation analysis were conducted
using summary statistics from a previous meta-analysis of genome-wide association studies (N=216,257).

Results CEP85L, GRIA4, GRIN2A, LRFN5, MAGIT, POU6F2, RBFOX1, RBMS1, RBMS3, RBPMS, TRHDE, TUBB3, ZFHX3, and
ZMAT4 were significantly correlated with various ocular phenotypes. Furthermore, POAG shared strong genetic
associations with corneal resistance factor (CRF), intraocular pressure (IOP), refractive error (RE), and MOPP but none
with corneal hysteresis (CH). Univariable MR showed a negative causal effect of CH, CRF, and MOPP and a positive
causal effect of IOP on POAG occurrence. In multivariable MR, MOPP exhibited a direct causal effect on POAG, which
was supported by the mediation analysis results.

Conclusions We successfully determined 14 genetic loci related to CH, CRF, IOP, RE, and MOPP. In univariable and
multivaribale MR analyses, a causal effect of MOPP on POAG were observed. In addition, the mediation analysis
supported that MOPP exerted direct and indirect causal effects on POAG. This finding indicates that MOPP may serve
as a potential causal factor in POAG, providing valuable insights into the pathophysiology of POAG as vascular theory.

Keywords Intraocular pressure, Refractive error, Mean ocular perfusion pressure, Glaucoma, Genome-wide
association study, Mendelian randomisation, Mediation analysis
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Background

Primary open-angle glaucoma (POAG), the leading cause
of irreversible vision loss, is a progressive optic neuropa-
thy characterised by degeneration of retinal ganglion cells
and their axons; it affects approximately 65 million peo-
ple worldwide [1, 2]. Alterations in posterior displace-
ment of the lamina cribrosa with blockade of axoplasmic
flow are putative features of POAG [3, 4]; however, its
precise pathogenesis remains to be elucidated owing to
multiple risk factors involved in its pathophysiology [1,
5-7]. The proposed risk factors for POAG include age-
ing, elevated intraocular pressure (IOP), vascular factors,
genetic factors, and ocular phenotypes, such as corneal
hysteresis (CH), corneal resistance factor (CRF), and
refractive error (RE) [1, 8, 9]. There has been tremen-
dous growth in our understanding of glaucoma genet-
ics over the past decade, with over 125 genes identified
as being associated with POAG and more than 100 novel
single nucleotide polymorphisms (SNPs) being linked to
IOP alone [10]. However, except for IOP, genetic studies
on POAG risk factors and their effects are lacking. This
is crucial because glaucoma is primarily a complex poly-
genic disease.

Several studies have suggested that insufficient ocular
blood flow is a risk factor for POAG [11-13], consistent
with the vascular theory of glaucoma [14—18]. Although
autoregulation of blood vessels might compensate for
reduced blood flow to a certain extent [19, 20], several
studies have shown that a lower mean ocular perfusion
pressure (MOPP) may be a risk factor for POAG [6, 21,
22]. Some studies have shown a significant association
between MOPP and POAG [18, 23, 24], and fluctua-
tions in MOPP are significantly associated with POAG
[23, 24]; however, others have reported a non-significant
or limited impact of MOPP on POAG risk [25, 26]. Fur-
thermore, a statistically significant correlation does not
indicate a causal relationship, and therefore, a prospec-
tive cohort study is necessary to improve our understand-
ing of the effect of MOPP on POAG. Only a few studies
have reported a causal association between MOPP and
POAG [18, 27]. Investigating MOPP as a risk factor for
POAG using genetic data could unveil novel findings for
POAG pathology with respect to vascular theory [24].

Mendelian randomisation (MR) is a genetic epidemio-
logical technique that uses genetic variants associated
with potential risk factors as instrumental variables (IVs)
to assess the causal effects on disease outcomes [28, 29].
In contrast to observational studies, MR analysis uses
genetic variants distributed independently in the popula-
tion and supports causal interference on the effects of risk
factors. Previous studies using MR [30-33] have shown
that ocular risk factors, such as CH, CRF, IOP, and RE,
have a genetic causal association with POAG. To date, no
genome-wide association study (GWAS) or MR analysis
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has been conducted for MOPP. Considering MOPP as
a risk factor, it might help unveil currently unknown
mechanisms of POAG development. In the present study,
we aimed to elucidate representative genetic features of
MOPP and investigate whether MOPP is a causal factor
for POAG, using MR analysis. Considering the results of
a recent study that showed that deep ocular phenotypes
such as CH, CRE, IOP, and RE to be associated with the
genetic burden in POAG [33], we analysed these pheno-
types using mediation and multivariable (MV) MR anal-
ysis. We adopted a two-stage approach, which included
the following: (1) Discovery of genetic variants related
to ocular risk factors of POAG using GWAS. Since large
biobanks such as the UK Biobank (UKBB) do not provide
summary information on MOPP, we needed to perform
GWAS on primary data after obtaining study permission
from UKBB (project ID: 96390). (2) Based on the first
stage, identification of the causal association of MOPP
with POAG using two-sample (TS) MR and MVMR.
This study followed the Strengthening and Reporting of
Genetic Association Studies (STREGA) guidelines, an
extension of the STROBE statement, to ensure robust
and transparent reporting of genetic association findings
[34].

Methods

Study design and sample phenotype

The study protocol was approved by the Institutional
Review Board of Veterans Health Service Medical Cen-
tre (IRB No. 2022-03-034). The need for informed con-
sent was waived owing to the retrospective nature of
the study; the data were anonymised and de-identified.
In addition, the UKBB committee approved the proj-
ect (project ID: 96390) and material transfer agreement.
Among the approximately 500,000 samples from UKBB,
our analysis included 459,195 individuals of European
ancestry, excluding those of other ethnicities. In this
study, CH, CREF, IOP, RE, and MOPP were clinically
defined as follows: (1) CH (data field id 5256 and 5264)
and (2) CRF (data field id 5257 and 5265) were measured
using a Reichert Ocular Response Analyzer (Reichert,
Inc., Depew, NY) according to a predetermined proto-
col (available at http://biobank.ctsu.ox.ac.uk/crystal/ref
er.cgi?id’4100236) provided by UKBB. (3) IOP measure-
ments were based on the corneal compensated IOP (data
field id 5254 and 5262) and the maximum value in two
eyes. (4) RE (data field id 7390 and 7389) was measured
using a Tomey RC 5000 auto-refractor (Tomey GmbH,
Germany). The mean spherical equivalent (MSE) was
calculated using the following formula: spherical power
+ (0.5 x cylindrical power). The worse MSE values
(across the left and right eyes) were used in our analy-
sis. (5) MOPP was calculated from IOP using the corneal
compensated IOP and the maximum value in two eyes
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(MOPP = 2 [DBP + % (SBP — DBP)} —IOP, where
SBP and DBP denote the systolic and diastolic blood
pressure, respectively). UKBB provides two forms of IOP:
the Goldmann applanation tonometer-measured IOP
(GAT-IOP, data field id 5255 and 5263) and corneal com-
pensated IOP (IOPcc, data field id 5254 and 5262). MOPP
can be computed by selecting the average IOP (IOP-
mean) and highest IOP (IOPmax) of both eyes. Because
an individual has two eyes, four types of IOP can be cal-
culated: GAT-IOPmean, GAT-IOPmax, IOPcc_mean,
and IOPcc_max; the same applies to MOPP. GWAS anal-
ysed four categories of IOP phenotypes, although no sig-
nificant difference was observed between them owing to
their high similarity in the pilot analysis. Because IOPcc
is theoretically ideal [35], and IOPmax is better than IOP-
mean for characterising POAG and the systemic factors
that demonstrate the features of IOP, this study defined
IOPcc_max as the ‘IOP; which was used for calculating
the MOPP.

Genotyping and imputation

Genotyping was performed using the UKBB data, which
identified 805,426 single-nucleotide polymorphisms in
approximately 500,000 individuals [36]. Sample and SNP
quality controls were performed. Samples with sex incon-
sistencies or call rates of <95% were excluded from the
analysis. SNPs were excluded from the analysis if they
had >5% missingness, a minor allele frequency of <0.05,
or a deviation from the Hardy—Weinberg equilibrium

Page 3 of 13

with a P<1.00x107% After quality control, imputa-
tion was performed with IMPUTE4 using UK10K, 1000
Genomes Phase 3, and the Haplotype Reference Consor-
tium panel as reference data [37]. Therefore, 80,863,435
imputed SNPs were used in the analysis (Fig. 1a).

Gene-based analysis of GWAS

Genome-wide analysis of CH, CRF, IOP, RE, and MOPP
were conducted using a linear model with PLINK [38].
Age, sex, and 10 principal component scores were
included as covariates. We performed a gene-based
analysis using MAGMA (‘generalised gene-set analysis of
GWAS data’) with our GWAS results as input data [39].
Gene-level analysis was conducted using the SNP-wise
mean model (default parameters) to compute P-values.
European samples from 1000 Genomes Phase 3 were
used as a reference panel to adjust for linkage disequilib-
rium (LD) between SNPs. The input SNPs were mapped
to 19,230 protein-coding genes for CH, CRF, and RE and
19,273 protein-coding genes for IOP and MOPP. The sig-
nificant genes were considered to be those with a false
discovery rate (FDR)-adjusted P-value (Pzpg) below 0.05,
using the Benjamini-Hochberg procedure [40]. Quan-
tile—quantile (QQ), Manhattan, and colocalisation plots
were generated using LocusFocus for the GWAS results
[41]. To eliminate the possible confounding effects of
population stratification, we calculated the genomic
inflation factor (GIF). A GIF value close to 1 indicates the
absence of genomic inflation. Furthermore, to investigate

Study population

(A) Genome-wide association study

(B) Two-sample Mendelian randomization

UKBB initial population (N=502,645) with 805,426 SNPs

European (N=459,195) Non-European (N=43,450)

Sample QC:
European
Missing genotype rate <0.05
sex consistencies

SNPQC:
Missing genotype rate <0.05
P-value of HWE>1076
MAF=0.05

Imputation

y

Study population with 80,863,435 imputed SNPs

CH CRF 0P RE
(N=97,338) | (N=97,338) | (N=97,338) | (N=98,661)

MOPP
(N=96,743)

Sample 1
Individual level data in UKBB for CH, CRF, IOP, SE, and MOPP
with 80,863,435 imputed SNPs
CH CRF 0P RE MOPP
(N=97,338) | (N=97,338) (N=97,338) | (N=98,661) (N=96,743)
Sample 2

Summary statistics (stage 1) in GWAS for POAG
with 14,219,920 imputed SNPs

Cases (N=16,677) Controls (N=199,580)

Fig. 1 Schematic of the selection of the study population. QC, quality control; SNP, single-nucleotide polymorphism; MOPP, mean ocular perfusion pres-
sure; CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE, refractive error; POAG, Primary open-angle glaucoma
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the differential expression of significant genes in POAG,
we utilised a dataset from the GEO database (accession
no.:GSE27276) [42]. Differential gene expression analysis
was performed using the R package ‘limma’

Functional annotation and pathway enrichment analysis
Functional annotation and pathway enrichment analy-
sis were performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) tool
[43]. The gene list was analysed for associations with dis-
eases (DisGeNET) [44], functional annotations, and gene
ontology (GO) terms, as well as enrichment in biological
pathways. Specifically, the analysis included the biologi-
cal process, cellular component, and molecular func-
tion categories for GO and pathway databases including
KEGG, Reactome, and WikiPathways. An enrichment
analysis was conducted using Fisher’s exact test, and the
results were considered statistically significant when the
adjusted P-value was less than 0.05.

Heritability and genetic correlation (GC)

Heritability of CH, CREF, IOP, RE, and MOPP and their
GCs with POAG were estimated using GWAS summary
statistics from bivariate LD score regression [45]. The
LD reference panel for analysis was based on European
ancestry information obtained from the 1000 Genomes
Project [46].

Instrumental variable selection

The instrumental variables for CH, CRF, IOP, RE, and
MOPP were selected from SNPs that showed signifi-
cant associations in GWAS using the UKBB datasets.
The outcome dataset was the summary statistics of a
genome-wide meta-analysis of 16,677 cases and 199,580
controls from European samples (Fig. 1b) [47]. To avoid
sample overlap, we used GWAS summary statistics from
the European samples, excluding the UKBB subjects. To
select appropriate IVs for the MR analysis, we utilized
the ‘Id_clump’ function from the R package ‘ieugwasr.
This function was applied to perform LD pruning, where
variants were excluded based on whether they exhib-
ited strong LD with other variants. Specifically, variants
within a 10,000 kb distance or with an LD (r®) greater
than 0.001 were removed. Additionally, we excluded vari-
ants that were absent from the reference panel to ensure
that only high-quality, accessible variants were included.
Variants that were nominally associated with POAG
(P<0.05) were also removed to minimize any potential
bias in the MR analysis. After these quality control steps,
we identified the genome-wide SNPs associated with CH,
CRE, IOP, RE, and MOPP. Only the SNPs that passed
these filtering criteria were selected as IVs for the MR
analysis. These steps ensure that the final set of IVs used
in the MR analysis are independent, non-pleiotropic, and
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genetically robust, providing reliable results for assessing
causal relationships. F-statistics (F) indicated instrumen-
tal strength, and an F value larger than 10 suggested that
the analysis was unlikely to be affected by weak instru-
ment bias [48]. To detect pleiotropic outlier SNPs, we
used Cochran’s Q-test, Rucker’s Q’ statistic, and MR-
PRESSO test [48]. Additionally, the violation extent of
the ‘NO Measurement Error’ (NOME) assumption was
quantified using I? statistics, where I? values above 90
indicated less estimate dilution in the MR analysis [48].

Univariable TSMR bidirectional analysis

Univariable TSMR was used to test the causal inferences
between CH, CREF, IOP, RE, MOPP, and POAG. We per-
formed traditional and robust MR analysis using differ-
ent models. First, we used inverse variance-weighted
(IVW) analysis to provide unbiased estimates when all
IV assumptions were satisfied [48]. We conducted a
leave-one-out sensitivity analysis to evaluate the robust-
ness of our results and to detect any potential influence
of individual genetic variants on the overall estimates. By
iteratively excluding each SNP, we assessed whether the
exclusion of any variant substantially altered the causal
estimates, which would indicate any potential heteroge-
neity or pleiotropy. The MR-Egger method was employed
to account for pleiotropic effects and estimate the causal
effect [48]. In addition, we applied three extensions to the
robust MR methods to relax the assumptions by consid-
ering multiple IVs and allowing some to be invalid: (1)
robust regression, (2) penalised weights, and (3) penal-
ised robust regression [49]. We conducted reverse MR
analysis by switching the roles of the exposure and out-
come. MR analysis was performed using the “TwoSam-
pleMR’ and ‘MendelianRandomization’ packages in R
software. The significance threshold for MR was set at
0.01 (0.05/5), considering Bonferroni correction.

In this study, we primarily used the robust and penal-
ized robust MR methods, which focus on selecting the
most valid instrumental variables (IVs) and excluding
unreliable ones, ensuring more significant and reliable
estimates. These methods are particularly effective in
minimizing bias from invalid IVs, making them suitable
for our analysis.

Additionally, weighted median and mode-based MR
methods were also applied as complementary approaches
to perform further sensitivity analysis. These methods
allow for more flexibility in the inclusion of IVs, offering
alternative estimates under different assumptions regard-
ing pleiotropy. While these methods are robust to certain
violations, such as the presence of invalid IVs, they may
be less powerful in the presence of heterogeneity or plei-
otropy, which could lead to non-significant results. In our
study, the results from the weighted median and mode-
based methods did not reach statistical significance,
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IOP/MOPP CH POAG
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IOP/MOPP RE POAG

Fig. 2 Directed acyclic graphs (DAG) for mediation analysis. Path diagram
for mediation analysis model with mediators. DAG (A) depicts a model
where IOP or MOPP are the exposures, CH is the mediator, and POAG is
the outcome. DAG (B) illustrates a model where IOP or MOPP are the ex-
posures, RE is the mediator, and POAG is the outcome. For the sake of
simplicity, the confounders (age and sex) are not shown. The estimates
corresponding to (a) through (f) are shown in Table 6. CH, corneal hyster-
esis; CRF, corneal resistance factor; IOP, intraocular pressure; RE, refractive
error, MOPP, mean ocular perfusion pressure; POAG, Primary open-angle
glaucoma

possibly due to the inclusion of less robust IVs or the
impact of pleiotropy.

MV TSMR analysis

MVMR extends univariable (UV) MR by including all
phenotypes in the same model and jointly estimating
their causal effects on POAG risk. The IVs selected for
each phenotype in the UVMR analysis were directly car-
ried over to the MVMR models without modification.
Specifically, the same set of SNPs identified as I'Vs in the
UVMR for each individual phenotype was used in the
MVMR analysis. Through factor analysis, we selected the
variables to include in the MVMR models (Model 1=CH,
IOP, and RE; Model 2=CH, MOPP, and RE). While
UVMR allows us to examine the causal effect of each
phenotype individually, MVMR allows for the simultane-
ous assessment of multiple phenotypes, accounting for
potential correlations among the IVs related to each phe-
notype. This correlation between IVs is explicitly incor-
porated into the MVMR analysis to ensure the robustness
and accuracy of the results. To infer causal effects using
MVMR, the analysis was performed using the ‘"MVMR’
package in R software using the MV-IVW and MVMR-
Egger methods.

Mediation analysis using structural equation models

To estimate the direct and indirect effects using the
structural equation modelling (SEM) framework, we
assumed a mediation analysis model corresponding to
the directed acyclic graph (DAG) in Fig. 2. To reinforce
the theoretical foundation of the proposed pathways,
additional relevant studies were systematically reviewed
and incorporated. Specifically, the study by Wong et al.
was included to support the “IOP/MOPP—-RE—-POAG”
pathway [50]. Furthermore, the study by Deol et al.
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Table 1 Baseline characteristics of UK biobank participants
included in the present study
Characteristics

Mean (SD) or N (%)

Number of participants 459,195

Male (%) 209,929 (45.7%)
Age, years 56.76 (8.02)
DBP, mm Hg 82.16 (10.67)
SBP, mm Hg 139.89 (19.65)
IOP. mm Hg 17.36 (4.80)
MOPP, mmHg 50.19 (8.83)
CH, mmHg 1141 (2.58)
CRF, mmHg 11.39(2.76)

RE, diopter -0.64 (2.83)

SD, standard deviation; DBP, diastolic blood pressure; SBP, systolic blood
pressure; 0P, intraocular pressure; MOPP, mean ocular perfusion pressure;
P, p-value from the chi-square test for categorical variables and t-test for
continuous variables; CH, corneal hysteresis; CRF, corneal resistance factor; IOP,
intraocular pressure; RE, refractive error, MOPP, mean ocular perfusion pressure

highlighting the physiological interplay in the “IOP/
MOPP—-CH—POAG” pathway was also reviewed and
integrated [51]. These studies were selected based on
their relevance to the proposed mechanisms and their
contributions to understanding the physiological pro-
cesses involved in POAG. We evaluated the mediation
effects of CH or RE on the causal pathway from IOP/
MOPP to POAG using the ‘sem’ function from the R
package ‘lavvan’

Results

Clinical characteristics of the study population

Sample data from 459,195 European individuals from
UKBB, and, of them, 98,661 samples with ocular phe-
notypes were used for the analysis, and the phenotypic
characteristics are summarised in Fig. 1; Table 1. The
proportion of male participants was 45.7%, and the
mean age of the population was 56.76 years. The mean
CH, CREF, IOP, MOPP, and RE were 11.41 mmHg, 11.39
mmHg, 17.36 mmHg, 50.19 mmHg, and -0.64 dioptre,
respectively.

GWAS analysis

We conducted GWAS using 97,338 samples for CH, CRF,
and RE and 96,743 samples for IOP and MOPP with
80,863,435 imputed SNPs. The GIF was 1.107 for CH,
1.018 for CRE, 1.154 for IOP, 1.136 for RE, and 1.162 for
MOPP, suggesting no evidence of inflation in the GWAS
results. The Manhattan and QQ plots for the gene-based
analysis of GWAS allowed visualisation of the distribu-
tion of several association signals across the genome
and enabled the identification of significant loci associ-
ated with the traits of interest [Supplementary Fig. S1
(a)-(e)]. LD clumping was conducted with significant
SNPs, whereas SNPs with LD with other variants or
those absent from the European LD reference panel were
excluded from the results. Among the significant genes
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Table 2 List of significant genes for phenotypes based on differential expression for the retinal ganglion cell

Phenotype Gene Chr Start Stop Nsnps Nparam Pepr

CH MAGIT 3 65,339,200 66,024,509 3864 429 1.14%103
ZFHX3 16 72,816,784 73,093,597 1709 290 462x107

CRF RBMS3 3 29,322,473 30,051,886 4164 372 155%107
MAGIT 3 65,339,200 66,024,509 3864 429 3.98x%107
TRHDE 12 72,481,046 73,059,422 2533 335 402x107

IOP POU6F2 7 39,017,598 39,532,694 2557 7 208x107
TUBB3 16 89,987,800 90,005,169 109 16 3.18x107

RE RBMST 2 161,128,662 161,350,305 1076 140 2.36x107
ZMAT4 8 40,388,109 40,755,352 2282 270 299%107°
GRIA4 1 105,480,721 105,852,819 1862 186 262x10713
LRFN5 14 42,076,773 42,373,752 1636 131 220%10%
RBFOX1 16 6,069,095 7,763,340 16,640 667 470x103
GRIN2A 16 9,852,376 10,276,611 3012 228 2.18x%107

MOPP CEP85L 6 118,781,935 119,031,238 1443 77 153%103
RBPMS 8 30,241,944 30,429,778 862 229 8.13x10°

CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE, refractive error, MOPP, mean ocular perfusion pressure; Gene, gene symbol; Chr,
chromosomal location; Start, chromosomal start location of gene; Stop, chromosomal stop location of gene; Nsnps, number of SNPS annotated to gene; Nparam,
number of relevant parameters used in the model; Ppp, gene-level P-values corrected by false discovery rate

Table 3 Differential expression analysis using GEO datasets

(GSE27276)
Phenotype Gene GSE27276 (N=36)
B logFC P

CH MAGIT -2.212 -0.145 433%x107
ZFHX3 -3.691 0441 2.29%1072

CRF RBMS3 5537 0.110 0.221
TRHDE 4596 -0.076 6.64x107

lop POUGF2 -6.257 0011 0.806
TUBB3 -6.278 0016 0.894

RE RBMS]1 -5.136 -0.184 0.130
ZMAT4 3016 -0.123 1.06% 107
GRIA4 -5.556 -0.105 0.227
LRFN5 -4.005 0132 3.29%1072
RBFOX1 4016 0178 3.33%107
GRIN2A -4.024 0.097 336x107

MOPP CEP85L NA NA NA
RBPMS -2.923 1052 957x107

B, the B-statistic or log-odds that the gene is differentially expressed; logFC, the
Log2-fold change between two experimental conditions; NA, not available; CH,
corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE,
refractive error, MOPP, mean ocular perfusion pressure

for each phenotype, we identified candidate marker genes
based on differential expression for the retinal ganglion
cell type [52] (Table 2). We found a total of 14 marker
genes [MAGII (Pgpp = 1.14x107%) and ZFHX3 (Pgpy =
4.62x 107%) for CH; RBMS3 (Pppp = 1.55x107%), MAGI1
(Pepr = 3.98x1073), and TRHDE (Pppy, = 4.02x 1072 for
CRF; TUBB3 (Pspg = 3.18x107%) and POUGE2 (Pypy =
2.08 x 10~2) for IOP; RBMSI (Pypp = 2.36 x 1072), ZMAT4
(Pepr = 2.99x107°), GRIA4 (Pppp = 2.62x 107 '3), LRFNS
(Prpg = 2.20x107), RBFOXI (Pppe = 4.70x1073), and
GRIN2A (Pppp = 2.18x107%) for RE; CEPSSL (Pypy =
1.53x107%) and RBPMS (Pppy = 8.13x107°) for MOPP].

Of them, POUG6F2 have been reported as a significant
marker associated with IOP in the previous study [53].
The co-localisation figures from LocusFocus for each
gene are shown in Supplementary Fig. S2 [in the artery
(aorta and coronary), heart (left ventricle and atrial
appendage) and whole blood tissue]. Furthermore, the
decreased expression of MAGII (P=4.33x10~3%), ZFHX3
(P=229x10"2), TRHDE (P=6.64x10"2), ZMAT4
(P=1.06x10"%), LRENS (P=329x10"%), RBFOXI
(P=333x10"%), GRIN2A (P=3.36x107?%), and RBPMS
(P=9.57 x1073) was associated with POAG in the GEO
dataset (GSE27276) (Table 3). The functinal annotation
and pathway analysis revealed significant enrichment of
several biological pathways and molecular functions in
neurobiology (Supplementary Table S1).

Heritability and GC

The estimated heritability for CH, CRF, IOP, RE, and
MOPP was 7.4%, 9.5%, 6.9%, 21.0%, and 12.1%, respec-
tively, without inflation in the GWAS results (Table 4).
We identified strong shared genetics for CRF, IOP, RE,
and MOPP with POAG (GC=-0.264, P=4.58x10"7 for
CRF; GC=-0.665, P=8.03x10"* for IOP; GC=0.130,
P=320x10"% for RE; GC=0.325, P=3.08x107'° for
MOPP). No genetic association was observed between
CH and POAG (GC=0.033, P=0.552) (Table 4).

Univariable TSMR bidirectional analysis

A total of 44, 47, 10, 85, and 8 genome-wide SNPs were
associated with CH, CREF, IOP, RE, and MOPP, respec-
tively, and were identified as I'Vs for MR analysis (Supple-
mentary Table S2). The leave-one-out analysis revealed
that no single genetic variant had a disproportion-
ately large effect on the overall estimates, supporting
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Table 4 Heritability and genetic correlation between ocular risk
factors and primary open-angle glaucoma estimated by LDSC

Trait Heritability Genetic correlation with POAG
h?2+SE GIF GC+SE P

CH 0074+0.009  1.107  0.033+0.057 0.552

CRF 0095+0010 1018  -0.264+0.052 458%107

lop 0069+0008  1.154  -0665+0.064 803x102%

RE 0210+0014 1136 0.130+0.044 3.20%107

MOPP  0.121+0009  1.162  0325+0.039 3.08x1076

CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure;
RE, refractive error, MOPP, mean ocular perfusion pressure; SE, standard
error; GIF, genomic inflation factor; GC, genetic correlation; LDSC, linkage
disequilibrium score regression; P, p-value from LDSC; POAG, primary open-
angle glaucoma

the robustness of our findings and the absence of sig-
nificant heterogeneity or pleiotropy. The results of this
analysis are presented in Supplementary Fig. S3. For
reverse MR, 11, 17, 5, 9, and 9 genome-wide SNPs asso-
ciated with POAG were used for CH, CRF, IOP, RE, and
MOPP, respectively (Supplementary Table S3). All IVs

CRF

10P

10P

0433

-0.32
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for bidirectional MR were entirely unrelated to the out-
comes (P>0.05). We found no evidence of weak instru-
ment bias (F>10), no violation of the NOME assumption
(>90), and no heterogeneity or outlier pleiotropy (P of
Q-test, Q’-test, and MR-PRESSO >0.05) (Supplementary
Table S4). The correlation matrix of instruments for all
variables (Fig. 3) illustrates the relationships among the
genetic instruments, which is essential for evaluating
the assumption of instrument independence in the sub-
sequent MVMR analysis. Based on the analysis from the
robust and penalised robust MR methods (IVW and MR-
Egger), which downweighs outliers, we observed that
CH [odds ratio (OR)=0.998 with P<0.001 for all robust
methods], CRF (OR=0.998 with P<0.001 for all robust
methods), and MOPP (OR=0.998 with P<0.001 for all
robust methods) were inversely associated with POAG,
whereas IOP (OR=1.002 with P=0.009 for robust and
penalised robust IVW methods) was positively associ-
ated with POAG (Fig. 4 and Supplementary Tables S5—
S9). However, the association was null when non-robust

B
3 S
1
0.103 0.166 0.8
0.6
0.073 0.083 - 0.4
- 0.2
-0.117 0
F—0.2
0.01 F—0.4
-0.6
MOPP -0.8

-1

Fig. 3 Correlation matrix of instruments for all variables in multivariable Mendelian randomization. Grey circles describe variables that have a positive
correlation with each other, and red circles describe those that have negative correlations with each other. The size of the circles corresponds to the
magnitude of the bivariate correlation. MR, Mendelian randomisation; CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE,

refractive error, MOPP, mean ocular perfusion pressure
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Fig. 4 Forest plot for univariable MR results. Forest plot showing the univariable MR results for CH, CRF, IOP, RE, and MOPP on POAG risk estimates, which
are shown as OR, 95% confidence intervals, and p-values. The X-axis represents the OR, and the red vertical dashed line represents an OR of 1. The Bonfer-
roni correction was used to account for multiple testing. Significant results are highlighted in blue. MR, Mendelian randomisation; IVW, inverse variance
weighted; CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE, refractive error, MOPP, mean ocular perfusion pressure; POAG,
Primary open-angle glaucoma; OR, odds ratio
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Fig. 5 Forest plot showing univariable reverse MR results. Forest plot showing the univariable MR results for POAG on CH, CRF, IOP, RE, and MOPP risk
estimates, which are shown as OR, 95% confidence intervals, and p-values. The X-axis represents the OR, and the red vertical dashed line represents an
OR of 1. The Bonferroni correction was used to account for multiple testing. Significant results are highlighted in blue. MR, Mendelian randomisation; IVW,
inverse variance weighted; CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure; RE, refractive error, MOPP, mean ocular perfusion

pressure; POAG, Primary open-angle glaucoma; OR, odds ratio

IVW and MR-Egger methods were used. Notably, in the

Table 5 Exploratory factor analysis results

Factor 1 Factor 2 Factor 3
reverse MR-Egger analysis, presence of POAG had signif- 008 013 002
icant association with MOPP (OR=4.066 with P=0.001  ¢f 098 009 0.00
for MR-Egger and penalised MR-Egger; OR=3.971 with |p 003 085 003
P<0.001 for robust MR-Egger and penalised robust \opp 0.00 0.82 0.02
MR-Egger) (Fig. 5 and Supplementary Table S9). The gt 001 0.03 1.00
intercepts of various MR-Egger methods suggested the  proportion of Variance 038 0.28 0.20
presence of horizontal pleiotropy, suggesting that some  proportion Explained 038 0.66 0.86
IVs may influence MOPP through pathways other than  cumulative Proportion 0.44 0.77 1.00

POAG. Violation of MR assumption, as is likely in this
case, can lead to biased or unreliable estimates. Thus,
the findings concerning the impact of POAG on MOPP
should be interpreted with caution.

MV MR analysis

Since the correlation matrix reveals a strong positive
correlation between CH and CREF, a negative correlation
between CH and IOP, and another negative correlation
between IOP and MOPP (Fig. 3). Next, to control for
pleiotropic effects, based on the results of factor analysis,

CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pressure;
RE, refractive error, MOPP, mean ocular perfusion pressure

we performed an MVMR analysis including CH, IOP, and
RE jointly using Model 1, and CH, MOPP and RE jointly
using Model 2 (Table 5). In the univariable MR analysis,
CH was significant, whereas RE was not; however, in
the MVMR analysis, CH (Ps>0.05) was no longer sig-
nificant and RE (OR=0.934 with P<0.001 in MV-IVW;
OR=0.929 with P<0.001 in MV-MR-Egger) was signifi-
cant in Model 1 (Fig. 6 and Supplementary Table S10).
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In Model 2, which included MOPDP, the intercept of the
MVMR-Egger analysis was non-zero, indicating hetero-
geneity among the IVs. The results in Model 2 revealed
that CH (OR=1.008 with P=0.503) was not significant,
whereas RE (OR=0.945 with P<0.001) was, and MOPP
(OR=0.944 with P<0.001) remained significant (Fig. 6
and Supplementary Table S10).

Mediation analysis using structural equation models
Based on the MVMR results assessing the direct effect,
it can be inferred that CH, RE, and MOPP has an indi-
rect effect on POAG. The mediation analysis using SEM
in the context of a DAG model [Fig. 2, DAG (A)-2 and
Table 6] for MOPP, CH, and POAG showed that the
mediation effect of MOPP through CH on POAG (a*b)
was significant (Estimate = -0.001, P<0.001), indicating
a small significant mediation (Table 6). In addition, the
mediation analysis [Fig. 2, DAG (B)-2] for MOPP, RE, and
POAG demonstrated that both the direct effect of MOPP
on POAG (f) and the indirect effect of MOPP through
RE on POAG (d*e) were significant (Estimate = -0.002,
P<0.001 for both).

(a)
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Discussion

In this study, we identified 14 genes related to known
risk factors for POAG, including CH, CRF, IOP, RE, and
MOPP, through gene-based analysis of GWAS data.
After adjusting for all ocular phenotypes using MVMR,
we observed a direct effect of RE, IOP, and MOPP on
POAG. Importantly, when considering the comprehen-
sive results of UVMR, MVMR, and mediation analysis, it
consistently demonstrated that lower MOPP has direct as
well as indirect effects on POAG. A previous MR study
reported no causal association or a limited effect of blood
pressure on POAG [54]. However, our study provides evi-
dence of a consistent and potential association between
MOPP and other ocular phenotypes in patients with
POAG.

The GWAS results for MOPP and ocular pheno-
types are significant, with new features to be declared.
Three loci associated with MOPP were also associ-
ated with blood pressure [rs7559141 (intergenic GYPC
and TEX5I), rs12509595 (intergenic PRDMS8 and
FGF5), rs2681485 (intronic ATP2B1)]. NPR3 The SNP
(rs9292468, intergenic NPR3 and LINC02120) for MOPP
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Fig. 6 Forest plot for multivariable MR results. Forest plot showing the multivariable MR results for model (1) CH, IOP, and RE and model (2) CH, MOPP,
and RE on POAG risk estimates, which are shown as odds ratios, 95% confidence intervals, and p-values. Significant results are highlighted in blue. MV,
multivariable; MR, Mendelian randomisation; IVW, inverse variance weighted; CH, corneal hysteresis; CRF, corneal resistance factor; IOP, intraocular pres-
sure; RE, refractive error estimated by spherical equivalent; POAG, Primary open-angle glaucoma; MV, multi-variable
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Table 6 Mediation analysis results using SEM

Path Estimate SE P
DAG (A)-1
IOP — CH (a) -0.101 0.007 <0.001
CH — POAG (b) -0.360 0.044 <0.001
IOP — POAG (0) -0.178 0.020 <0.001
IOP — CH — POAG (a*b) 0.036 0.005 <0.001
DAG (A)-2
MOPP — CH (a) 0.023 0.001 <0.001
CH — POAG (b) -0.002 0.000 <0.001
MOPP — POAG (c) -0.002 0.000 <0.001
MOPP — CH — POAG (a*b) -0.001 0.000 <0.001
DAG (B)-1
IOP — RE(d) -0.042 0.002 <0.001
RE — POAG (e) -0.002 0.000 <0.001
IOP — POAG (f) 0.006 0.000 <0.001
IOP — RE — POAG (d*e) 0.000 0.000 <0.001
DAG (B)-2
MOPP — RE (d) 0010 0.001 <0.001
RE — POAG (e) -0.003 0.000 <0.001
MOPP — POAG (f) -0.002 0.000 <0.001
MOPP — RE — POAG (d*e) -0.001 0.000 <0.001

CH, corneal hysteresis; DAG, directed acyclic graphs; IOP, intraocular pressure;
RE, refractive error; SE, standard error; MOPP, mean ocular perfusion pressure;
POAG, primary open-angle glaucoma; P, p-value from SEM; SEM, structural
equation models

is related to the natriuretic peptide receptor, which is a
secondary signal in the regulation of IOP with a poten-
tial link to POAG [55, 56]. In addition, one gene expres-
sion study using human tissues from African Americans
and Caucasian Americans showed differently expressed
NPR3 in the optic nerve head astrocyte transcriptome
[56]. NPR3 plays an important role in the clearance of
natriuretic peptides that modulate blood pressure [57],
which might be linked to MOPP and POAG pathogene-
sis. The SNP, rs4657477 (TMCOI) is a well-known POAG
locus related to IOP elevation [58-61], and rs28892906
(AFAPI) is a well-known locus related to POAG and is
independently associated with the IOP and the cup-disc
ratio [62, 63], which were found in GWAS. However,
these SNPs were not used as IVs due to their potential
violation of MR assumptions as confounders.
Enrichment analysis of MOPP-related genes showed
that CEP85L and RBPMS were significantly expressed in
retinal ganglion cells in glaucoma. CEP85L (centrosomal
protein 85 like) is a protein-coding gene related to lissen-
cephaly and plays an essential role in neuronal cell migra-
tion. Despite the paucity of glaucoma research on this
gene, CEP85L has been linked to cardiovascular GWAS
for blood pressure [64]. RBPMS (RNA binding protein)
is a protein-coding gene related to prostate stromal sar-
coma and retinal ischaemia via pathway exercise-induced
circadian regulation. RBPMS is a significant marker for
retinal ganglion cells in glaucoma models [65-67]. The
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discovery of a relationship between these modifications
in RBPMS and MOPP is notable.

A previous epidemiological study showed that lower
systolic, diastolic, and mean perfusion pressures are
associated with a higher prevalence of POAG [68], con-
sistent with the results of cross-sectional studies [6,
11, 69]. Forward MR results demonstrated that a lower
MOPP can compromise blood flow to the optic nerve
head. This ischemic environment may contribute to optic
nerve damage, increasing the risk of POAG. This finding
aligns with prior evidence that vascular dysregulation
and insufficient ocular perfusion play a significant role
in glaucoma progression. However, reverse MR results
showed that POAG was positively associated with MOPP.
Several points should be considered for understanding
these results. The significant MR-Egger intercept (Sup-
plementary Tables S9-S2) highlights the complexity of
the relationship between POAG and MOPDP, potentially
involving shared genetic pathways or confounding factors
that cannot be fully accounted for in this analysis. While
the MR-Egger slope suggests an inverse association, the
limitations of the method and the presence of horizontal
pleiotropy call for cautious interpretation of this result.
In addition, in this study, the subjects were not strictly
controlled in order to study the overall trend of the real-
world cohort, MOPP may have increased due to the use
of IOP-lowering medication for glaucoma treatment.

It is worthwhile to contrast the findings of this inves-
tigation with those of recent studies on the causal rela-
tionship between myopia (RE in our study) and POAG
[31-33]. A previous study demonstrated that the causal
relation between myopia and POAG is mediated by
IOP [31], whereas in our study, the causal pathway from
MOPP to POAG demonstrated a mediation effect of CH,
RE, or both CH and RE. In addition, a study on POAG
polygenic risk scores showed that ocular phenotypes,
including IOP, CH, and RE, predict the risk stratification
of POAG [33], consistent with our findings. The origi-
nality of our study lies in the fact that it included MOPP
in the model to investigate the role of vascular theory
among the risk factors for POAG.

A key strength of our study is its utilisation of a large
dataset from UKBB and the analysis of a new clinical
dataset, which revealed genetic loci related to ocular phe-
notypes as risk factors for POAG. Functional annotation
and the pathway enrichment analysis revealed the can-
didate mechanisms related to POAG via identified loci.
In addition, through MVMR and mediation analysis, we
meticulously analysed the relationships between POAG
and ocular phenotypes. However, this study has sev-
eral limitations. First, our study population is limited to
individuals with European ancestry; therefore, conclud-
ing the relationship between MOPP and POAG in other
ethnic groups is challenging owing to the limited ethnic
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diversity of the study population. This limitation can be
overcome by conducting replication studies in other eth-
nic groups, such as East Asian and African populations.
Second, it should be understood that the selection of IOP,
which prioritized higher values in both eyes, may lead to
exaggerated GWAS results. Additionally, the selection
of IOP measurement using IOPcc instead of GAT-IOP
should also be considered, as it may lead to some differ-
ences in clinical settings. Therefore, the findings should
be critically evaluated. Third, an aberration in the causal
linkage of MOPP to POAG was observed in the reverse
MR analysis. However, these results are attributed to the
high likelihood of accompanying IOP abnormalities and
POAG as opposed to causal effects. Consequently, care
must be taken when interpreting the results of reverse
MR. Fourth, for the TSMR analysis, we tried to minimise
data overlap within UKBB as much as possible. However,
approximately 5% of the UKBB dataset does exhibit over-
lap [47]. Fifith, the discrepancy observed between the
UVMR and MVMR analysis, where the protective effect
of CF on POAG is seen in UVMR but reversed in MVMR,
may be attributed to the differences in the structures of
the models. The UVMR analysis evaluates the effect of
a single exposure without accounting for potential con-
founders, whereas MVMR includes multiple exposures
and covariates, which could alter the observed relation-
ships. Despite a relatively low correlation between CH
and MOPP, which suggests minimal multicollinearity,
the inclusion of additional covariates in MVMR may
influence the direction of the effect. Further analyses are
required to explore the independent effects of CH and
MOPP on POAG and to evaluate how confounders inter-
act with these exposures. Finally, if the subjects had any
conditions or were using medications that could affect
IOP or blood pressure, adjustments might have been
necessary; however, no such interventions were made in
this study. Since some previous studies applied correc-
tions while others did not [30], we aimed to minimize
potentially arbitrary adjustments and analysed the data
as they were collected using real-world data for MOPP.
Given that the analysis was conducted without applying
an operational definition, it can be inferred that, in cases
of glaucoma treatment, the use of IOP-lowering drugs
effectively led to an increase in MOPP. Hence, further
studies with corrections including those for specific ocu-
lar conditions may be necessary.

Conclusions

We successfully determined 14 genetic loci related to CH,
CRE, IOP, RE, and MOPP, indicating a potential associa-
tion with POAG. In addition, a significant genetic causal
link was observed between MOPP and POAG. Finally, we
found that a lower MOPP has direct and indirect causal
effects on POAG. Our findings suggest that, in addition
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to IOP, MOPP may serve as a potential causal factor of
POAG, providing valuable insights into the pathophysiol-
ogy and vascular theory of POAG.
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