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Genome-wide association study reveals genetic
mechanisms underlie eye disorders and comorbidities

Chia-Ni Hsiung,2 Wen-Cheng Chou,? Chih-Hsiung Hsu,%> and Linyi Chen.6.7.*
Summary

Eye diseases, including cataracts, glaucoma, diabetes retinopathy, and age-related macular degeneration, are major global health chal-
lenges and leading causes of blindness. This study leveraged genome-wide association studies (GWASs) involving over 100,000 indi-
viduals, integrating data from the Taiwan Biobank and National Health Insurance Research Database, to identify genetic loci associ-
ated with disease onset. Our findings suggest that these conditions are influenced by multifactorial etiologies, as pleiotropic loci
including rs10811660, rs4710941, 152283228, and rs7646518 were identified, linking ocular diseases to metabolic conditions. Notably,
a strong genetic correlation was observed between cataract and depression. Mendelian randomization analysis further demonstrated a
causal effect of depression on cataract risk, implicating shared biological pathways, particularly oxytocin signaling, in disease patho-
physiology. This finding revealed a functional genetic variant near the OXTR gene, highlighting its potential as a causal candidate for
genetic diagnosis in precision health. By bridging the gap between genetic discovery and clinical application, this research offers crit-
ical insights into shared genetic mechanisms across diverse health domains, paving the way for innovative diagnostic and therapeutic

strategies.
Introduction

Eye diseases represent a rising global public health
concern, with hundreds of millions of people are affected
worldwide, which significantly impact the quality of life
of these patients. Cataracts, the leading cause of blindness
globally, result from clouding of the crystalline lens and
predominantly affect the elderly."” Glaucoma, character-
ized by optic nerve damage often associated with elevated
intraocular pressure, poses a progressive threat to vision if
left untreated.® Retinal diseases encompass a spectrum of
disorders affecting the retina, the eye’s light-sensitive tis-
sue, while age-related macular degeneration (AMD) specif-
ically targets the macula, leading to central vision loss.”
Retinal detachment, on the other hand, is a medical emer-
gency requiring immediate intervention to preserve
vision.> While many of these conditions are preventable
or treatable through timely diagnosis and intervention,
they collectively impose a significant burden on health-
care systems.” > Additional factors such as aging, ultravio-
let light exposure, and lifestyles are known major contrib-
utors to ocular diseases." Nonetheless, accumulating
evidence highlights the critical role of genetic predisposi-
tion in their onset and progression.®® Genetic research
thus serves to unravel the multifactorial and complex he-
reditary nature of these diseases, providing an indispens-
able foundation for understanding their etiology and in-
forming personalized approaches to prevention and
treatment.

Advances in genome-wide association studies (GWASs)
and related genomic methodologies have revolutionized
our understanding of the genetic underpinnings of ocular
diseases.” ' Numerous genetic variants have been impli-
cated in their development.'”" For example, in multi-
ancestry, variants in the MYOC gene have been associated
with primary open-angle glaucoma,'* while variations in
the CFH gene are strongly associated with AMD,"'* a lead-
ing cause of vision loss in older adults. Such findings un-
derscore the power of genetic studies in elucidating the
biological pathways underlying ocular diseases, offering
critical insights into potential therapeutic targets.'®'®
Beyond disease-specific variants, GWASs have uncovered
pleiotropic genetic factors—variants that influence multi-
ple ocular diseases simultaneously, as demonstrated in
large-scale cross-trait analyses.'”!” These studies reported
shared genetic susceptibility between diabetic retinopathy
(DR), AMD, and glaucoma, implicating their frequent
coexistence in clinical settings. These shared genetic risks
highlight the interconnected biological pathways that un-
derpin diverse ocular diseases and reinforce the need for
comprehensive genomic investigations to identify mech-
anisms of overlap.

Despite the strides made in genetic research, significant
knowledge gaps remain concerning the shared and
distinct genetic architectures driving ocular disease pro-
gression. To address these challenges, we conducted a
large-scale GWAS in a Taiwanese population. To fulfill
the two-sample requirement of Mendelian randomization
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(MR). Overlapping individuals between the exposure and
outcome datasets were excluded to focus specifically on
cataracts, glaucoma, DR, and AMD. Our aim was to iden-
tify disease-specific and pleiotropic genetic variants in
an East Asian population, distinguish specific loci from
known susceptibility loci, and deepen our understanding
of the biological pathways involved. We further explored
genetic correlations between these eye diseases and rele-
vant systemic conditions (metabolic and psychiatric dis-
orders), and performed MR to evaluate potential causal re-
lationships—particularly the unexpected link observed
between depression and cataract risk. By integrating these
approaches, we sought to expand the catalog of eye dis-
ease-associated loci and to elucidate how genetic factors
contribute to both ocular disease and its comorbidities.

Methods

Study population

This study recruited 174,144 Taiwan Biobank (TWB) volunteers
aged 20-70 years residing in Taiwan between January 2012 and
December 2021. Biological specimens, personal, and clinical in-
formation were analyzed as delinked data. All subjects provided
written informed consent. The study was approved by the
Research Ethics Committee of National Tsing Hua University
(no. 10705HMO024) and the Institutional Review Board of the
Tri-Services General Hospital (no. B202205057). All methods
were conducted in accordance with the Declaration of Helsinki
and relevant regulations. Individuals with missing data were
excluded from the analysis. For GWAS analyses, we defined
case and control groups based on ICD-9-CM and ICD-10-CM co-
des recorded in the National Health Insurance Research Data-
base linked to TWB participants. Each GWAS compared a
distinct set of individuals diagnosed with a specific eye disease
to a common control group, consisting of participants without
any of the four target eye diseases. Individuals with multiple
eye disease diagnoses were excluded from case analyses to avoid
group overlap.

Phenotype definition and covariates

This study focused on four major ophthalmic conditions: cata-
racts, glaucoma, DR, and AMD. To comprehensively define
these diseases, both International Classification of Diseases
9-CM (ICD9-CM) and ICD10-CM coding systems were utilized,
ensuring accurate case identification across different coding
practices. Cataracts were defined by the codes ICD9-CM:
36610, 36630 and ICD10-CM: H259, H2620, encompassing se-
nile (age-related), traumatic, and congenital cataracts.
Although our dataset, which included diagnoses classified un-
der ICD-9-CM code 366.30 (“Unspecified complicated cata-
ract”), denotes lens opacities secondary to intraocular diseases,
congenital and traumatic cataracts are classified separately;
therefore, their contribution to this code is expected to be
small.'® DR was identified using ICD9-CM: 36201 and ICD10-
CM: E11311, E11319, E11321, E11329, E11331, E11339,
E11341, and E11349, reflecting its strong association. Macular
degeneration was defined as ICD9-CM: 36250 and ICD10-CM:
H3530, referring to unspecified macular degeneration. Glau-
coma was identified using ICD9-CM: 3659, 36042 and ICD10-

CM: H409, H44511, H44512, H44513, and H44519, covering
various forms such as unspecified glaucoma, covering primary
open-angle glaucoma (unspecified), glaucoma secondary to
other ocular disorders, and absolute glaucoma. We acknowl-
edge that our broad glaucoma definition includes multiple sub-
types (with distinct etiologies); due to sample size constraints,
we analyzed them as a group but noted this as a limitation.
We identified depression patients based on ICD9: 296.2, 296,
ICD10: F32.0-F32.9, F33.0-F33.9, ICD9-CM: 300.4, 311, and
ICD10-CM: F34.1. Bipolar disorder was based on ICD9: 296.0-
296.8, ICD10: F31. The control participants were defined as in-
dividuals without any of the four eye diseases (cataracts, glau-
coma, AMD, DR).

Covariates included in the analysis were matched with age, sex,
body mass index, and the first 10 principal components to ac-
count for population stratification, minimizing potential con-
founding and ensuring robust statistical analysis.

Genotyping and quality control

Genotyping was conducted using the TWBv1.0 and TWBv2.0
genotyping arrays, encompassing approximately 900,000
SNPs.'? We performed quality control (QC) with PLINK v.2.0*°
and R v.4.0.3. For sample-level QC, we excluded samples with a
call rate <95% and extreme heterozygosity (+3 standard devia-
tions from the mean). We identified and eliminated duplicates
and greater than second-degree relatives (identity-by-descent
>0.185), and performed principal-component analysis to detect
and exclude population outliers.”’ We performed SNP-level QC
and excluded SNPs with a call rate <95%, minor allele frequency
(MAF) < 1%, or Hardy-Weinberg equilibrium p < 1 x 1075, The re-
maining SNPs were plotted to visualize the association using R
v.4.0.3. After QC, 87,532 participants and a high-quality set of
genotyped SNPs remained for analysis.

GWAS and genetic correlation analysis

GWAS was conducted using PLINK v.2.0,%° and additive genetic
model was assumed for the outcome. Odds ratios (ORs) for indi-
vidual SNPs associated with respective eye diseases were calcu-
lated using logistic regression with adjustment for the aforemen-
tioned covariates. Statistical significance was primary defined
according to the conventional genome-wide significance
threshold (p < 5 x 107%). While, suggestive significance with
p <1 x 1073 was considered as the observed and expected p values
(quantile-quantile plot) deviated from the null distribution for
SNPs with less stringent p values. Statistical power of the associa-
tion was determined using the Genetic Association Study Power
Calculator.**

Genetic correlation between eye diseases and related pheno-
types were performed using GWAS summary statistics in employ-
ment of linkage disequilibrium (LD) score regression.”*> Summary
statistics for the eye disease GWAS were correlated with GWAS
summary data for three major metabolic disorders—type 2 dia-
betes, hyperlipidemia (hypercholesterolemia), and hyperten-
sion—and for two psychiatric disorders (major depressive disor-
der and bipolar disorder) were also from this study. For each
pair of traits, LDSC computes a genetic correlation ry and a
p value. We applied false discovery rate (FDR) correction for the
multiple correlation tests performed (20 tests for 5 traits by 4
eye diseases) and resulting in adjusted p values. An FDR-adjusted
p < 0.05 was considered significant evidence of genetic
correlation.
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Imputation

Genotype imputation was performed using the combined refer-
ence panel consisted of East Asian population data from the
1000 Genomes Project phase 3 (n = 504) and Taiwan Biobank
WGS data (n = 1,451).>* Post-imputation QC excluded variants
with imputation quality score (1?) < 0.3 or MAF < 0.5%.

Pathway analysis and SNP prioritization

Pathway analysis was conducted using Ingenuity Pathway Anal-
ysis (IPA) (RRID: SCR_008653) to investigate potential biological
pathways. To prioritize functional variant, we extracted SNPs
from the 3p25.3 locus in LD with rs1465386 (1* > 0.2). Epigenetic
regulation surrounding these SNPs was visualized by integrating
DNase I hypersensitive site signals and H3K4mel and H3K4me3
histone modification marks from ocular-related tissues available
through the ENCODE project.*® These included embryonic retina
(combined signals from eight individual samples), conjunctival
fibroblasts (HConF), retinoblastoma cells (WERI-Rb-1), iris
pigment epithelium cells (HIPEpiC), and retinal pigment epithe-
lium cells (HRPEpiC). The epigenetic signals were displayed as
tracks on the UCSC Genome Browser for comprehensive visuali-
zation. Identification of transcription factors potentially binding
to rs1465386 and rs237899 was performed using TRAP with
approximately 100 bp sequences surrounding each SNP. Motifs
with high binding affinity were further analyzed for site speci-
ficity using the find individual motif occurrences (FIMO) tool,
with transcription factor binding motifs retrieved from JASPAR
2024. Functional interactions of RNA expression between OXTR
and EPAS], stratified by 15237899 genotypes, were assessed using
transcripts per million-normalized RNA sequence data obtained
from the Genotype-Tissue Expression (GTEx) project (Analysis
v.10). Individual genotype information was accessed separately
via dbGaP (Database of Genotypes and Phenotypes) under acces-
sion no. phs000424.v9.p2.*® Additionally, structural modeling
was performed using the AlphaFold Server to evaluate potential
DNA-protein interactions.”” The model included a segment of
double-stranded DNA (AGTGGAAGTTCATCTTAACXTGAACTTA
AAGTTGAAGGAGCTT, where “X” represents the G or A allele of
1s237899) and the DNA-binding domain heterodimer of EPAS1
(amino acids 9-192, NP_001421.2) and ARNT2 (amino acids
62-124, NP_055677.3).

MR

To investigate causality between depression and cataract (moti-
vated by their genetic correlation), we performed two-sample
bidirectional MR analyses. We treated depression as the exposure
and cataract as the outcome in the primary analysis, then
reversed the roles for a secondary analysis. To satisfy the two-sam-
ple MR design, we ensured that the GWAS summary statistics for
exposure and outcome came from non-overlapping samples. In
practice, this meant removing any overlapping individuals: since
both GWASs were derived from the TWB, we excluded from the
depression GWAS any subjects who were also cataract cases
(and vice versa), thereby using strictly separate subsets for each
trait’s association data.

Instrumental variable selection: for each exposure trait, we
selected independent SNPs associated with the exposure at
p <1 x 1075 as candidate instruments. Specifically, for depression
we used the results of a GWAS on depression status within our
TWB dataset (identified via ICD codes as described above; roughly
5,000 depression cases in TWB) to obtain genetic instruments. We

opted to use our own depression GWAS rather than an external data-
set to avoid potential sample overlap with our cataract cases. For cata-
ract (in the reverse MR), we similarly took SNPs with p< 1 x 10> from
our cataract GWAS as instruments. We then pruned these sets of
SNPs to ensure each instrument was independent.

We also removed any SNP that was known or suspected to have
pleiotropic effects on confounding traits. Specifically, we filtered
out SNPs that have genome-wide significant associations (per the
GWAS catalog) with potential confounders such as age, sex,
smoking behavior, alcohol drinking, or type 2 diabetes, as such
pleiotropy could violate MR assumptions. This process yielded a
final set of 10 independent SNPs as instruments for depression
(when testing its effect on cataract). Combined all selected instru-
ments showed strong association with the exposure (all F statis-
tics >> 10, indicating robust instruments with minimal weak in-
strument bias). For thoroughness, we applied the MR-PRESSO
method to detect and remove any outlier instruments with
disproportionate influence on the MR estimate. None were signif-
icant outliers, so all candidate instrumental variables (IVs) were
retained in the analysis.

MR analysis: we carried out the MR using the inverse-variance
weighted (IVW) method as the primary estimator, which com-
bines the SNP-specific ratio estimates (effect of SNP on outcome
divided by effect on exposure) in a meta-analytic framework.
We also explored other MR estimators for sensitivity: the
weighted median method (which provides a consistent estimate
even if up to 50% of the instruments are invalid), MR-Egger
regression (which can detect and adjust for directional pleiot-
ropy, albeit with less power), and MR-PRESSO global test (to iden-
tify overall horizontal pleiotropy). For each analysis, we report
the causal effect estimate (p coefficient for the effect of the expo-
sure on outcome, with 95% CI) and p value. Where applicable, we
checked the MR-Egger intercept to test for directional pleiotropy
(intercept not significantly different from O indicates no strong
unbalanced pleiotropy). All MR analyses were conducted in R us-
ing the MendelinaRandomization*® and MR-presso R package.?’

Results

Baseline characteristics of the subjects

In our study, we utilized data from the Taiwan Biobank
and the National Health Insurance Research Database. Pa-
tients were included if they had one hospitalization or two
outpatient visits with the same diagnosis within a year. Af-
ter genotyping QC samples, we used 87,532 participants
in the Taiwan Biobank to our target samples. We identi-
fied 26,736 cataract cases, 3,758 cases of glaucoma,
2,773 cases of DR, 2,757 cases of AMD, and others of con-
trols. Demographic characteristics of participants are sum-
marized in Table 1. Among individuals with eye diseases,
female participants comprised 54%-68% of the study pop-
ulation, while male participants accounted for 31%-45%.
The mean age of cases ranged from 50 to 70 years, notably
higher than that of controls, whose mean age ranged from
40 to 50 years.

GWAS results for eye diseases
In this study, we identified several significant genetic loci
associated with our ocular diseases (Table S1). Manhattan
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Table 1. Characteristics of eye disorder cohorts

Group Control Cataract Glaucoma DR AMD
Sample, n 52,278 26,376 3,578 2,773 2,527

Age (years), n (%)

20-30 2,483 (4.75) 5(0.02) 59 (1.65) 6 (0.22) 9 (0.37)
30-40 14,256 (27.27) 232 (0.88) 428 (11.97) 133 (4.8) 149 (5.9)
40-50 14,089 (26.95) 1,451 (5.5) 666 (18.61) 343 (12.37) 376 (14.89)
50-60 13,629 (26.07) 9,087 (34.45) 1,139 (31.82) 975 (35.17) 876 (34.66)
60-70 7,821 (14.96) 15,601 (59.15) 1,286 (35.95) 1,318 (47.53) 1,116 (44.18)

Sex, n (%)

Male 19,573 (37.44) 8,277 (31.38) 1,417 (39.6) 1,249 (45.04) 912 (36.1)
Female 32,705 (62.56) 18,099 (68.62) 2,161 (60.4) 1,524 (54.96) 1,615 (63.9)
BMI, 1 (%)

<18 1,270 (2.43) 443 (1.68) 72 (2.01) 25 (0.9) 44 (1.76)
18-24 26,353 (50.41) 13,130 (49.78) 1,801 (50.34) 848 (30.58) 1,319 (52.21)
24-27 13,509 (25.84) 7,836 (29.71) 924 (25.82) 898 (32.38) 708 (28)

>27 11,146 (21.32) 4,964 (18.82) 781 (21.83) 1,002 (36.13) 456 (18.03)

Smoking, n (%)

Never 37,708 (72.13) 20,444 (77.51) 2,686 (75.06) 1,853 (66.84) 1,880 (74.41)
Ever 14,570 (27.87) 5,932 (22.49) 892 (24.94) 920 (33.16) 646 (25.56)
Drinking, n (%)

Never 47,570 (91) 24,218 (91.82) 3,272 (91.45) 2,429 (87.6) 2,308 (91.35)
Quit 1,332 (2.55) 860 (3.26) 104 (2.91) 168 (6.07) 77 (3.05)
Currently 3,376 (6.46) 1,298 (4.92) 202 (5.65) 176 (6.33) 142 (5.6)

Betel chewing, n (%)

Never 49,293 (94.29) 25,026 (94.88)

Ever 2,885 (5.71) 1,350 (5.12)

3,400 (95.02) 2,469 (89.03) 2,377 (94.05)

178 (4.98) 304 (10.97) 150 (5.95)

DR, diabetic retinopathy; AMD, age-related macular degeneration; BMI, body mass index.

and quantile-quantile plots for these associations are
shown in Figures 1 and S1, with genomic control A near
1, respectively, providing critical insights into their ge-
netic underpinnings. For DR, four loci reached genome-
wide significance, including rs10811660 (OR = 0.796,
p = 132 x 10719, rs4710941 (OR = 1.23, p =
3.78 x 1077), 1s2283228 (OR = 0.81, p = 4.09 x 1079,
and 157646518 (OR = 1.24, p = 8.51 x 1077) (Figure 1A).
These loci are located near genes such as CDKN2B-AS1,
CDKAL1, KCNQI1, and IGF2BP2, which have been linked
to type 2 diabetes or fasting glucose,'**3" illustrating
the shared genetic mechanisms between DR and diabetes.
For AMD, we identified one genome-wide significant locus
in 18q22.2, 1512956753 (OR = 1.71, p = 3.76 x 10~®), and
another nearly significant locus in 15q14, rs138597498
(OR = 1.75, p = 1.02 x 1077), located near the genes
DOKG6 and DPH6, respectively (Figure 1B). DOK6 (Docking
protein 6) is involved in neuronal development and cell
signaling, while DPHé6-encoded diphthine-ammonia

ligase plays a role in diphthamide biosynthesis, a post-
translational modification essential for protein function.
These genes have also been associated with metabolic syn-
drome and myocardial infarction, highlighting possible
pleiotropic effects across these conditions. Notably, these
loci have not been reported in prior large-scale AMD
GWASs, including the recent multi-ethnic meta-analysis
and a Taiwan-specific analysis.''*? Aside from these loci,
rs10490924,*>* a well-known AMD-associated SNP, was
also detected showing a modest association (OR = 1.09,
p = 0.00014). The findings on 18922.2 and 15q14 may
therefore represent population-specific or previously un-
reported risk loci. However, given their borderline signifi-
cance, replication in larger AMD cohorts, particularly in
East Asian populations, is warranted to validate these asso-
ciations. For cataracts, lack of loci reached genome-wide
significance. This result reflects the substantial pheno-
typic heterogeneity of cataracts, as our analysis included
multiple subtypes without stratification, potentially
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Figure 1. Genome-wide analysis of four major eye diseases
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Manhattan plots illustrating the associations between SNPs and the risks of (A) diabetic retinopathy (DR), (B) age-related macular
degeneration (AMD), (C) cataracts, and (D) glaucoma. SNPs are ranked by chromosomal position on the x axis, and their statistical
significance is plotted on the y axis. The horizontal lines represent thresholds for suggestive significance (p = 1 x 10~°, lower) and
genome-wide significance (p = 5 x 10~®, upper). The top SNPs in key loci are highlighted.

reducing statistical power. Nonetheless, several loci
demonstrated suggestive associations (p < 1 x 107°), as
shown in Figure 1C. The most notable variant,
151465386 (OR = 0.88, p = 1.15 x 1077), is located near
OXTR promoter in 3p25.3. Interestingly, 151465386 ex-
hibits moderate LD (> = 0.34) with rs237899 in East
Asian populations, a variant linked to depression and
alcohol dependence. OXTR gene encodes the oxytocin re-
ceptor, which has been implicated in social cognition,
anxiety, depression, and other psychological behaviors.
Another notable variant, rs74859858 (OR = 0.78, p =
7.57 x 1077), lies between GLYATLI and GLYATLZ2 of
11q12.1, which are involved in glycine N-acyltransferase
activity. Its role in ocular diseases remains unexplored, of-
fering a promising avenue for future research. We also
checked whether our top cataract loci overlapped genes
known for congenital cataract or other eye development
disorders. They do not appear to overlap with classic
congenital cataract genes (e.g., crystallins or connexins),
suggesting that our hits might be specific to age-related
or adult cataract processes. We did observe that some
known cataract susceptibility loci from a large multi-
ethnic study’ were also detected in our cohort
(rs12777332 in CASP7 had OR = 1.04, p = 0.00032). For
glaucoma, while not genome-wide significant, the stron-
gest association was for rs11692571 (OR = 1.18, p =

1.35 x 10°°), located in the C2CD6 gene of 2q33.1
(Figure 1D). These findings highlight the value of studying
Asian populations, as this locus was not flagged in primar-
ily European-ancestry studies This gene plays a role in cal-
cium-dependent signaling pathways, which are critical for
optic nerve function and intraocular pressure regulation,
both key factors in glaucoma pathophysiology. Collec-
tively, these findings highlight the diverse genetic archi-
tectures underlying these ocular diseases. We have also
included an overview of how our findings overlapped
with previously reported loci for these diseases in
Table S2. While some loci are unique to specific condi-
tions, others suggest potential shared genetic pathways,
particularly with metabolic and psychological traits.

Shared genetic architectures reveal an association
between depression and cataract risk

Given that several loci identified in our GWAS for ocular
diseases have also been linked to metabolic and psycho-
logical disorders, we investigated the potential of shared
genetic architecture between ocular diseases and three
major metabolic disorders (type 2 diabetes, hyperlipid-
emia, and hypertension), as well as two psychiatric disor-
ders (depression and bipolar disorder). As shown
in Table 2, a known genetic correlation was observed
between type 2 diabetes and DR (r = 0.73, adjusted
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Table 2.

Genetic correlation rg (adjusted p value) between eye disease and metabolic and psychiatric traits

DR AMD Cataract Glaucoma
Type 2 diabetes 0.73 (0.000172) 0.23 (0.02) 0.35 (0.06) 0.14 (0.0003)
Hyperlipidemia 0.23 (0.004) 0.02 (0.5) 0.41 (0.04) —-0.04 (0.2)
Hypertension 0.17 (0.000158) 0.13 (0.079) 0.10 (0.07) 0.12 (0.085)
Depression 0.17 (0.04) 0.187 (0.79) 0.46 (0.04) 0.154 (0.53)
Bipolar disorder 0.17 (0.02) 0.11 (0.24) 0.16 (0.03) 0.142 (0.27)

DR, diabetic retinopathy; AMD, age-related macular degeneration.

p =0.000172), consistent with previous findings.*® Type 2
diabetes also showed statistically significant although
weaker genetic correlations with AMD (r = 0.23, adjusted
p =0.02) and glaucoma (r = 0.14, adjusted p = 0.0003). In
contrast, hyperlipidemia exhibited a high and significant
genetic correlation with cataracts, in line with prior
studies evaluating the causal relationship of hyperlipid-
emia and type 2 diabetes.***” Furthermore, cataracts
demonstrated a positive genetic correlation with depres-
sion (r = 0.4685, adjusted p = 0.04), suggesting that indi-
viduals with a genetic predisposition to cataracts may also
carry genetic markers associated with depression. This
finding underscores the complexity of the genetic archi-
tecture underlying ocular diseases and highlights a poten-
tial link between ocular and psychiatric conditions. The
observed genetic correlations, particularly between cata-
racts and depression, point to shared biological pathways
that warrant further investigation to elucidate the under-
lying mechanisms connecting these traits.

The influence of depression on cataract risk

To further clarify the relationship and potential causal
link between cataracts and depression, we conducted a
bidirectional MR analysis. SNPs from GWAS summary sta-
tistics of depression that met a suggestive significance

Table 3. Instrumental variables for depression on cataract
Depression Cataract
SNP B SE 8 SE
rs710214 0.087864 0.018238 0.016714 0.013
154926844 —0.07063 0.015765 0.01424 0.011
1517100422 0.085829 0.018834 0.017299 0.018
rs10863899 —-0.07859 0.015746 0.014248 0.05
15138952050 0.247251 0.054963 0.054489 0.04361
15181905157 0.315446 0.065729 0.065833 0.0623
1576318476 0.273624 0.058987 0.05804 0.04304
rs80237911 0.185965 0.040745 0.039044 0.027044
1s141290247 0.142645 0.030737 0.02898 0.01598
174002490 —-0.10128 0.022899 0.020141 0.0307

SNP, single-nucleotide polymorphism; SE, standard error.

threshold (p < 1 x 10~°) were selected as IVs (Figure S2).
After clumping to ensure independence, 10 SNPs were re-
tained as IVs (Table 3; Figure 2A), and various MR models
were applied to evaluate causal relationships. Using the
IVW method, we identified a causal effect of depression
on cataract risk, with an estimated = 0.206 (95% CI,
0.152-0.26; p < 1 x 10™%) (Table 4). This finding was
consistent across other MR methods, including the
weighted median and MR-Egger, further suggesting that
a genetic predisposition to depression may contribute to
an increased risk of cataracts (Figure 2B). For thorough-
ness, we performed the reverse MR analysis, treating cata-
ract as the exposure and depression as the outcome. We
selected the top cataract-associated SNPs (from our
GWAS, p < 1 x 107°, clumped) as instruments (yielding
16 independent variants for cataract, listed in Table S3,
primarily suggestive hits given no genome-wide hits),
The reverse IVW analysis found no evidence of a causal ef-
fect of cataract genetic liability on depression (IVW
p = 0.024; 95% CI, —0.099-0.147; p = 0.70) (Table S3;
Figure 3A), indicating no significant causal effect of cata-
racts on depression (Table S4; Figure 3B). These findings
reinforce the hypothesis of a shared biological pathway
between depression and cataracts, while supporting the
notion that depression may causally influence cataract
development, rather than the reverse.

Mechanistic insight on the depression-cataract link

To investigate the causal relationship between depression
and cataracts, pathway enrichment analysis using IPA was
performed to identify potential molecular mechanisms.
The analysis highlighted oxytocin-related signaling path-
ways as significantly associated with cataract risk
(Figure S3A). Further examination of this pathway re-
vealed key downstream components, such as CREB, which
plays a role in synaptic plasticity and learning, and NF-kB,
which regulates neuroinflammation and stress responses
(Figure 4). Complementary expression quantitative trait
locus analysis showed that the T allele of rs1465386, asso-
ciated with a reduced risk of both cataracts and depres-
sion, is linked to higher OXTR expression (Figure S3B).
This finding supports the pathway analysis, which indi-
cates that OXTR expression influences social behavior
(Figure 4). These mechanisms, essential for brain develop-
ment, behavioral regulation, and inflammatory processes,
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Figure 2. MR results and sensitivity analyses for the effect of depression on cataracts

(A) Scatterplot of MR-IVW results, where each data point represents the p value of an SNP associated with exposure (depression) and
outcome (cataracts). The regression line indicates the overall causal estimate (details in Table 3).

(B) Sensitivity analyses using various MR methods, with regression results represented by solid or dashed lines, color coded for clarity.
Comprehensive results and significance values are detailed in Table 4. IVW, inverse-variance weighted.

suggest that depression-related changes in neuroinflam-
mation, stress response, and social behavior pathways
may contribute to cataract formation, potentially through
systemic effects or shared molecular mediators like inflam-
mation and oxidative stress.

Exploring the genetic regulation of OXTR underlies
the link between depression and cataract
pathophysiology

To address the gap in understanding how genetic variants
influence OXTR expression and corresponding signaling

Table 4. Mendelian randomization analyses for depression on
cataract

Method Estimate (95% CI) p value
Simple median 0.202 (0.054-0.351) 0.007
Weighted median 0.204 (0.061-0.348) 0.005
Penalized weighted median 0.206 (0.06-0.352) 0.006
VW 0.142 (0.037-0.247) 0.008
Penalized IVW 0.144 (0.039-0.25) 0.007
Robust IVW 0.206 (0.152-0.26) <0.0001
Penalized robust [IVW 0.206 (0.152-0.26) <0.0001
MR-Egger 0.353 (0.11-0.597) 0.004
(Intercept) —0.027 (—-0.056-0.001) 0.06
Penalized MR-Egger 0.353 (0.11-0.597) 0.004
(Intercept) —0.027 (-0.056-0.001) 0.06
Robust MR-Egger 0.222 (0.12-0.325) <0.0001
(Intercept) —0.002 (-0.017-0.012) 0.743
Penalized robust MR-Egger 0.222 (0.12-0.325) <0.0001
(Intercept) —0.002 (-0.017-0.012) 0.743

IVW, inverse-variance weighted; MR, Mendelian randomization.

pathways in the context of depression and cataract risk,
we conducted a functional genomic analysis of the
3p25.3 locus, focusing on 11 SNPs identified in GWASs
with suggestive significance (p < 1 x 107*) (Figure 5A).
Among these, two SNPs—rs1465386, originally identified
in GWAS, and 15237899, an imputed variant—emerged
as candidate allele-specific expression sites based on
the GTEx dataset analysis of heterozygous individuals
(Figure 5B). rs1465386, located in the proximal upstream
promoter region of OXTR, represents a G-to-T polymor-
phism, and in silico predictions suggested that the T allele
may create a binding site for forkhead box transcription
factors (Figure 5C), known regulators of ocular develop-
ment and function. However, subsequent assays for
DNA binding across multiple ocular-related forkhead fac-
tors revealed no significant allelic imbalance, suggesting
that rs1465386 is unlikely to be a functional variant.
Conversely, 15237899 (OR = 0.89, p = 2.71 x 10’6),
located downstream of OXTR, demonstrated stronger evi-
dence of functionality, with the G allele (major allele) pre-
dicted to harbor a binding element for hypoxia-inducible
factor (HIF) (Figure 5D). Of the two major HIF isoforms,
HIF1A mediates acute responses to hypoxia, while EPAS1
(HIF-2a) is associated with chronic hypoxia and long-
term oxygen homeostasis. Structural modeling using
AlphaFold predicted that the G allele binds to the
EPAS1-ARNT2 heterodimer with higher affinity compared
with the A allele (Figure 5E). Analysis of fibroblast tissues
from the GTEx dataset revealed a reverse correlation be-
tween EPAS1 expression and OXTR levels in individuals
with at least one rs237899-G allele, which harbors the
HIF2 binding motif. Specifically, OXTR expression was
downregulated in the presence of elevated EPAS1 expres-
sion in 1s237899-GG/GA genotypes, while this correlation
was absent in individuals with the 1s237899-AA genotype,
which lacks the HIF2 binding motif (Figure SF). These
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cific MR approach, with regression results represented by solid or dashed lines, color coded for clarity. Full estimates and adjusted p

values for all methods are reported in Table S4.

findings highlight rs237899 as a plausible causal variant
regulating OXTR expression via hypoxia-related path-
ways. Given the established link between chronic hypoxia
and depression episodes, our results suggest that HIF2-
mediated regulation of OXTR is likely the underlying
mechanism connecting depression with cataract patho-
physiology, strengthening the biological plausibility of
our MR findings and providing a potential target for ther-
apeutic intervention in conditions involving depression
and cataracts.

Discussion

This study provides a comprehensive exploration of the
genetic underpinnings of cataracts, glaucoma, DR, and
AMD through a large-scale GWAS. By identifying loci
and elucidating shared genetic pathways, our findings
offer critical insights into the complex interplay be-
tween ocular, metabolic, and psychiatric conditions,
advancing both academic understanding and clinical
applications.

A key finding of this study is the causal influence of
depression on cataract risk, established through bidirec-
tional MR. This analysis clarifies a long-standing observa-
tional assumption: improvements in depression symp-
toms following cataract surgery are solely due to restored
vision and reduced social isolation.*® By employing a bidi-
rectional two-sample MR analysis with non-overlapping
datasets,”” we demonstrated that depression plays a direct
role in cataractogenesis, potentially mediated through
systemic inflammation, oxidative stress, or hormonal

signaling pathways such as oxytocin. In this study, we
prioritized internal data to ensure population homogene-
ity and independence between exposure and outcome
samples. Acknowledging that this may reduce statistical
power, and that future use of external East Asian datasets
(when available and non-overlapping) could improve pre-
cision, this finding challenges prevailing clinical narra-
tives and underscores the importance of integrating
mental health considerations into cataract prevention
and management strategies.

We also recognize an alternative or complementary
explanation: certain antidepressant medications may
themselves contribute to cataract risk. Selective serotonin
reuptake inhibitors, a widely prescribed class of antide-
pressants, have been associated in observational studies
with an increased risk of cataract or cataract surgery.*"*!
Possible biological mechanisms include effects on lens
epithelial cell viability, increased oxidative stress, and dys-
regulation of glucose metabolism.

In this study, the available medical records did not
allow precise classification of antidepressant exposure or
dosage, as they generally lack information on patient
adherence and actual intake. Consequently, our MR anal-
ysis is more likely to reflect the genetic contribution of
depression itself, rather than medication-induced effects.
Nonetheless, integrating genetic analyses with detailed
treatment histories and adherence data in future research
would be valuable for disentangling the potential contri-
butions of antidepressant use from the direct biological
impact of depression.

In this study, glaucoma case definition encompassed
multiple subtypes (e.g., primary open-angle glaucoma,
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Figure 4. Identification of the oxytocin signaling pathway in cataract GWASs

Comprehensive visualization of molecular and signaling interactions mediated by oxytocin (OXT) and its receptor OXTR in neurons
and microglia. Key pathways include calcium signaling, protein kinase pathways (e.g., PKC and ERK1/2), and transcription factors
such as CREB, which regulate processes such as social behavior, synaptic formation, and learning.

angle-closure glaucoma, secondary glaucoma, and
congenital glaucoma). This heterogeneity reflects the
available case information in the Taiwan Biobank and
may partly explain why no loci reached genome-wide sig-
nificance. Given the total number of glaucoma cases in
our dataset (~3,500), further subdivision into subtypes
would have substantially reduced statistical power. To
address this pitfall, one could perform subtype-specific
GWAS and meta-analyses to increase power and better
characterize the genetic architecture of each subtype.

The integration of oxytocin signaling into cataract
pathophysiology represents another key innovation of
this study. Variants in the OXTR gene, particularly
15237899, were shown to have functional relevance
through HIF2-mediated regulation, linking chronic hyp-
oxia to both mood disorders and ocular health. This hor-
monal signaling axis provides a plausible explanation for
the genetic correlation between depression and cataracts,
bridging neuroinflammation, behavioral regulation, and
lens opacity development. Importantly, the oxytocin
signaling pathway opens new avenues for exploring tar-
geted therapies that address systemic influences on ocular
health, an area that remains underexplored.

Another major contribution of this study lies in the
identification of pleiotropic genetic loci, such as those

near CDKN2B-AS1, CDKAL1, KCNQ1, and IGF2BP2, which
connect DR to type 2 diabetes.**** These findings support
the hypothesis that hyperglycemia and dysregulated insu-
lin signaling are major drivers of retinopathy, not only
through vascular complications but also via genetic sus-
ceptibility. Similarly, the discovery of DOK6 and DPH6
variants in AMD suggests a convergence of metabolic
and neuronal pathways in its pathogenesis.***> These re-
sults align with prior research, including findings from the
UK Biobank,'” which highlight genetic overlaps between
ophthalmic diseases and mood disorders.*®*® The consis-
tency across datasets strengthens the validity of the ge-
netic correlation between cataracts and depression. Other-
wise, weaker but positive correlations were noted between
depression and DR, likely due to smaller sample sizes for
these conditions in this study. This limitation suggests
that future research with larger cohorts is necessary to
fully elucidate the genetic architecture of these
conditions.

While our study advances the understanding of genetic
contributions to eye diseases, several limitations warrant
discussion. The predominantly East Asian ancestry of
our cohort may limit the generalizability of these findings,
necessitating replication in more diverse populations.
Although we did not have another population for
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validation, it is possible to apply the analysis using other
population groups in Taiwan in the future. Furthermore,
the functional validation of key loci, such as rs237899, re-
mains incomplete, and experimental studies are needed to
confirm their roles in OXTR regulation and downstream
effects. Although our MR analysis provides robust causal
evidence, residual confounding cannot be entirely ruled
out, especially given the complexity of traits such as
depression. Future research should focus on validating
these findings across multi-ethnic cohorts and further
exploring the shared molecular mechanisms connecting
ocular and systemic diseases. Functional experiments
investigating the interaction between oxytocin signaling,
chronic hypoxia, and lens physiology will be crucial to
translating these insights into clinical applications. Addi-
tionally, the integration of advanced multi-omics ap-
proaches, such as epigenomics and proteomics, could pro-
vide a more holistic view of the pathways underlying
ocular diseases and their comorbidities.

Collectively, our study advances the understanding of
the genetic basis of major eye diseases by identifying dis-
ease-specific and pleiotropic loci and elucidating potential
biological pathways connecting ocular, metabolic, and
psychiatric conditions. By bridging genetic discovery

and clinical application, this research lays the foundation
for precision medicine approaches that address the shared
and unique mechanisms underlying ocular diseases and
their comorbidities.
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