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Uncovering genetic loci and biological
pathways associated with age-related
cataracts through GWAS meta-analysis
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Age-related cataracts is a highly prevalent eye disorder that results in the
clouding of the crystalline lens and is one of the leading causes of visual
impairment and blindness. The disease is influenced by multiple factors
including genetics, prolonged exposure to ultraviolet radiation, and a history
of diabetes. However, the extent to which each of these factors contributes to
the development of cataracts remains unclear. Our study identified 101 inde-
pendent genome-wide significant loci, 57 of which are novel. We identified
multiple genes and biological pathways associated with the cataracts, includ-
ing four drug-gene interactions. Our results suggest a causal association
between type 1 diabetes and cataracts. Also, we highlighted a surrogate mea-
sure of UV light exposure as a marker of cataract risk in adults.

Cataract is a common ocular condition characterized by opacification
of the crystalline lens, leading to vision loss and potential blindness. It
is the leading cause of blindness globally among adults aged 50 and
over1. The prevalence of cataracts increases with age, with ~18% of
individuals over the age of 60 affected by the condition2. In certain
regions such as Africa, the prevalence of cataracts is even higher, with
estimates suggesting that up to 40%of individuals over the ageof 60 in
these regions may develop the condition3. Age-related cataract, also
known as senile cataract, is the most common type, accounting for
90% of all cataracts.

Genome-wide association studies (GWAS) have identifiedmultiple
genetic loci associated with a higher risk of developing cataracts4.
Genes such as FOXE3 and PAX6 have been previously linked to catar-
acts in mice and humans. In addition to these genetic risk factors,
several environmental and lifestyle risk factors are linked to the

development of cataracts, including UV light exposure5,6 and a history
of diabetes7. Some studies suggest that systemic diseases such as
diabetesmay increase the risk of cataracts and influence a younger age
at cataract onset8. However, it remains unclear to what extent these
factors contribute to the development of cataracts and whether a
genetic propensity for cataracts is associated with lifestyle factors
earlier in life.

The identification of novel genetic variants associated with cat-
aracts could have significant medical implications for the prevention
of cataracts and visual impairment, understanding the disease’s etiol-
ogy, and identifying modifiable lifestyle factors that contribute to the
development of the disease. In addition, drug-gene interactions can
further elucidate the relationship between genes encoding proteins
influenced by specific drug targets, shedding light on potential con-
tributors to cataract development and deepening our understanding

Received: 13 April 2023

Accepted: 2 October 2024

Check for updates

1QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia. 2Faculty of Medicine, The University of Queensland, Brisbane, QLD, Australia. 3Centre
for Ophthalmology and Visual Science (incorporating the Lions Eye Institute), The University of Western Australia, Perth, WA, Australia. 4Menzies Institute for
Medical Research, University of Tasmania, Hobart, TAS, Australia. 5School of Population and Global Health, The University of Western Australia, Perth, WA,
Australia. 6Genomics and Bioinformatics Hub, Department of Neurology, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA.
7Department of Neurology, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA. 8School of Biomedical Sciences, Queensland
University of Technology (QUT), Brisbane, QLD, Australia. 9Present address: Regeneron Genetics Center, Tarrytown, NY, USA. 10These authors contributed
equally: Puya Gharahkhani, Miguel E. Rentería. e-mail: Santiago.DiazTorres@qimrberghofer.edu.au

Nature Communications |         (2024) 15:9116 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-5442-9211
http://orcid.org/0000-0002-5442-9211
http://orcid.org/0000-0002-5442-9211
http://orcid.org/0000-0002-5442-9211
http://orcid.org/0000-0002-5442-9211
http://orcid.org/0000-0001-6635-1098
http://orcid.org/0000-0001-6635-1098
http://orcid.org/0000-0001-6635-1098
http://orcid.org/0000-0001-6635-1098
http://orcid.org/0000-0001-6635-1098
http://orcid.org/0000-0003-4731-6558
http://orcid.org/0000-0003-4731-6558
http://orcid.org/0000-0003-4731-6558
http://orcid.org/0000-0003-4731-6558
http://orcid.org/0000-0003-4731-6558
http://orcid.org/0000-0003-3468-8619
http://orcid.org/0000-0003-3468-8619
http://orcid.org/0000-0003-3468-8619
http://orcid.org/0000-0003-3468-8619
http://orcid.org/0000-0003-3468-8619
http://orcid.org/0000-0002-8957-0733
http://orcid.org/0000-0002-8957-0733
http://orcid.org/0000-0002-8957-0733
http://orcid.org/0000-0002-8957-0733
http://orcid.org/0000-0002-8957-0733
http://orcid.org/0000-0002-6062-710X
http://orcid.org/0000-0002-6062-710X
http://orcid.org/0000-0002-6062-710X
http://orcid.org/0000-0002-6062-710X
http://orcid.org/0000-0002-6062-710X
http://orcid.org/0000-0001-7914-4709
http://orcid.org/0000-0001-7914-4709
http://orcid.org/0000-0001-7914-4709
http://orcid.org/0000-0001-7914-4709
http://orcid.org/0000-0001-7914-4709
http://orcid.org/0000-0001-8217-1249
http://orcid.org/0000-0001-8217-1249
http://orcid.org/0000-0001-8217-1249
http://orcid.org/0000-0001-8217-1249
http://orcid.org/0000-0001-8217-1249
http://orcid.org/0000-0001-6704-4815
http://orcid.org/0000-0001-6704-4815
http://orcid.org/0000-0001-6704-4815
http://orcid.org/0000-0001-6704-4815
http://orcid.org/0000-0001-6704-4815
http://orcid.org/0000-0001-6731-8142
http://orcid.org/0000-0001-6731-8142
http://orcid.org/0000-0001-6731-8142
http://orcid.org/0000-0001-6731-8142
http://orcid.org/0000-0001-6731-8142
http://orcid.org/0000-0002-4203-5952
http://orcid.org/0000-0002-4203-5952
http://orcid.org/0000-0002-4203-5952
http://orcid.org/0000-0002-4203-5952
http://orcid.org/0000-0002-4203-5952
http://orcid.org/0000-0003-4626-7248
http://orcid.org/0000-0003-4626-7248
http://orcid.org/0000-0003-4626-7248
http://orcid.org/0000-0003-4626-7248
http://orcid.org/0000-0003-4626-7248
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53212-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53212-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53212-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53212-6&domain=pdf
mailto:Santiago.DiazTorres@qimrberghofer.edu.au
www.nature.com/naturecommunications


of how drugs interact with these genes. Moreover, a deeper under-
standing of the underlying genetic architecture could provide a way to
screen individuals at high risk of developing cataracts, using methods
such as polygenic risk scores (PRS). This insight could also shed light
on the relationship between genetic risk for cataracts and potential
contributing factors that may increase the likelihood of developing
cataracts later in life.

In this study, we present the largest GWASmeta-analysis of cataracts
using data from 121,725 cases and 821,856 controls of multiple ancestry.
We employed gene enrichment techniques to identify genes and biolo-
gical pathways associated with cataracts, and further tested the associa-
tion between cataract-associated loci and gene expression through
expression quantitative trait loci (eQTL) of peripheral blood andexplored
drug-gene interactions. In addition, we investigated the potential causal
association between type 1 diabetes and cataracts using a Mendelian
randomization (MR) framework to gain further insights into the rela-
tionship between diabetes and cataracts. Previous research has already
established a causal association between type 2 diabetes and cataracts9.
Furthermore, we estimated PRS to assess the association between cat-
aract risk and UVR-related lesions in both young and older adults.

Results
Meta-analysis
We identified 101 independent genome-wide significant loci associated
with cataracts (Supplementary Data 1). Of these, 44 loci had been pre-
viously reported, and 57 were unreported; as per Fig. 1 and Supple-
mentary Data 1 and 8. The results of our meta-analysis, which combines
data from five cohorts, showed a genetic inflation factor of 1.14 and an
LD-score intercept of 1.04 (se =0.009; see Q-Q plot in Supplementary
Fig. 1) and a single nucleotide polymorphism (SNP)-based heritability of

4.5%. The LD-score intercept suggests that the inflation is likely due to
the polygenicity of cataracts rather than confounding factors. Prior to
the meta-analysis, we assessed the genetic correlation between studies
using LD score (LDSC) regression, which showed a consistent correla-
tion between Choquet et al.4 meta-analysis and FinnGen (rg =0.94,
se =0.04, p= 1.03 × 10−92). The univariate LDSC results for The Mass
General Brigham Biobank (MGBB) study were too noisy to allow us to
reliably estimate a genetic correlation. We then proceeded to correlate
the effect estimates of the genome-wide significant independent loci,
weighting variants by the square of the standard error of their effect
estimates (also known as inverse variance weighted (IVW)). Risk-
increasing alleles in the larger study were selected, and the other
study was aligned to match the same allele. The weighted correlation
between the previous meta-analysis, and FinnGen was high (r=0.84), in
comparison with the other two studies. The correlation between MGBB
and the previous meta-analysis, and between MGBB and FinnGen, was
0.1 and 0.19, respectively, as shown in Supplementary Figs. 3–5. This is
consistent with the results of LDSC, where the previous meta-analysis
and FinnGen maintained a high correlation throughout the genome.
Given the smaller sample size of MGBB (~3k cases) in comparison with
the previous meta-analysis (~68k cases) and FinnGen (~51k cases), larger
confidence intervals and lower statistical power were expected. Never-
theless, the correlation stillmaintains a consistent positive correlation of
effects between studies. We further tried a ‘leave-one-out’ approach,
where we excluded MGBB from the meta-analysis. The results did not
affect the number of loci associated with cataracts, leading us to con-
clude that including MGBB in the meta-analysis does not significantly
affect the results. However, given the consistency in the direction of the
effect correlations, and a slight improvement in the effect estimates we
decided to include it in the meta-analysis.
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Fig. 1 | Manhattan plot showing results for the GWAS meta-analysis of catar-
acts; p values derived from logistic regression models are two-sided. Each dot
represents a single nucleotide polymorphism (SNP) and the red line represents the

threshold formultiple testing correction (p < 5 × 10−8) and theblue line (p < 5 × 10−6).
Novel loci are represented in the plot as red dots and are highlighted in purple,
whereas previously known loci are presented in black.
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After the meta-analysis, we correlated the effect estimates
between the meta-analysis and previous cataract GWAS, using inde-
pendent andgenome-wide significant loci, to ensure consistency in the
magnitude and direction of the effect. Results showed a high correla-
tion of the effect between our meta-analysis, FinnGen (r = 0.98,
p < 2.2 × 10−16), Choquet et al.4 (r = 0.99, p < 2.2 × 10−16), and a lower
correlationwithMGBB (r =0.56, p = 2.3 × 10−5) with awider 95%CIs due
to the smaller sample size in that study (Fig. 2).

Functional annotation and eQTL
A gene enrichment analysis using MAGMA on 19,491 genes identified
134 genes associated with cataracts, after a Bonferroni correction for
multiple testing (p < 2.56 × 10−6) (Supplementary Data 2). We observed
associations of previously reported genes such as BLVRA, EFNA1,
KRTCAP2, and CDKN2B. We also identified two biological processes
that were significantly enriched for gene ontology through gene-set
analysis: pericyte cell differentiation and negative regulation of lipid
biosynthetic process. These gene sets are shared with multiple dis-
orders in GWAS catalog such as Refractive error, Type 2 diabetes,
Schizophrenia, Parkinson, and Alzheimer’s disease. Results from
summary-data-based Mendelian randomization (SMR) using periph-
eral blood eQTL data confirmed that gene expression of 30 genes out
of the 134 genes identified byMAGMA is likely associatedwith cataract
(p < 3.7 × 10−4), however only 20 genes maintain a consistent effect
between eQTL of peripheral blood and the GWAS results (p heidi
>0.05; Supplementary Data 3).

Drug-gene interaction
Drug-gene interactions among 20 genes associated with cataracts
identified four genes (GNL3, JAG1,METTL21A, and CREB1) that interact
with eight drugs. Three of these genes (CREB1, METTL21A, and GNL3)
have not previously been associated at a genome-wide significant level
with cataracts. GNL3 exhibited interactions with epirubicin, cyclo-
phosphamide, and fluorouracil. Meanwhile, JAG1was found to interact
with hydrocortisone. Interactions between METTL21A and citalopram
were also observed. Similarly, CREB1 displayed interactions with cita-
lopram, lithium, nicotine, and alcohol.

Mendelian randomization
We observed a putative causal association between the genetic pre-
disposition to type 1 diabetes and the risk of cataracts. The proportion
of phenotypic variance (PVE) explained by the selected SNPs on Dia-
betes was ~10% (R2 = 0.09). Analysis with MR-PRESSO identified two
potential pleiotropic outliers (rs2596560 and rs9468541) and eight
palindromic SNPs with intermediate allele frequencies. Once the out-
liers and palindromic SNPs were excluded, MR results based on IVW
showed thatgenetic predisposition todiabetes is likely to have a causal
association with higher cataract risk (OR = 1.011, 95% CI = 1.017–1.005,
p = 4.7 × 10−4). Results were consistent using other MR approaches
including MR Egger, Weighted median, and Weighted mode (Fig. 3,
Supplementary Data 4). There was no evidence of horizontal pleio-
tropy (MR egger intercept p >0.05), yet there was evidence of het-
erogeneity between variants (Q = 58.11, i2= 46.6%, p = 2.23 × 10−3). We
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Fig. 2 | Correlation of allele effect estimates (log(OR)) using a two-sided linear
model between the meta-analysis and previous cataract GWAS, based on
independent and genome-wide significant loci (N = 101). Effects estimates
(center points) are presented as logarithms of odd ratios (log(OR)) and black

crosses represent a 95% confidence interval. The studies included are (A) The
previous meta-analysis for cataracts (Choquet et al.; p < 2.2 × 10−16), (B) FinnGen
(p < 2.2 × 10−16), and (C) The Mass General Brigham Biobank (MGBB; p = 2.3 x 10−5).
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did not find evidence of unbalanced pleiotropy, following a manual
inspection of funnel plot symmetry (Supplementary Fig. 2). We further
investigated the heterogeneity, as the high heterogeneity estimate
could be due to the pleiotropic effects of the SNPs and contraveneMR
assumptions. Further investigation with MR Rucker, as a robust
method to account for the heterogeneity, estimated a consistent
causal association between type 1 diabetes and cataracts (OR = 1.01,
95% CI = 1.011–1.004, p = 4.7 × 10−4). We further tested the association
between type 1 diabetes and cataracts by excluding the SNPs that have
been associated with type 2 diabetes (p < 0.05), where the association
remained significant (OR = 1.009, 95% CI = 1.002–1.015, p = 4.1 × 10−3);
as per Supplementary Fig. 6. These results were consistent with the
MVMRanalysis when adjusting for Type 2 diabetes-related variants as a
possible cofounder for the association between type 1 diabetes and
cataracts (OR = 1.008, 95% CI = 1.002–1.01, p =0.01).

Out of the 249metabolites tested through Generalized Summary-
data-based Mendelian Randomization (GSMR), 28 showed an asso-
ciation with cataracts, including total fatty acids, Omega 6, the ratio of
phospholipids to total lipids, and cholesterol in small HDL, among
others; for a complete list of nominal associations, see Supplementary
Data 7. However, only the association with β-Hydroxybutyric acid was
maintained after multiple testing corrections. β-Hydroxybutyric acid
was highlighted as a protective factor for cataracts in our results
(OR =0.41 95% CI = 0.29–0.56, p = 7.24 × 10−8).

Polygenic risk scores
To further test the association between these genome-wide indepen-
dent loci and cataracts, we conducted a PRS analysis using data from
389 cataract cases and 4,416 controls in the Busselton Healthy Aging
Study (BHAS) (Fig. 4). We used a pruning and threshold approach for

the PRS analysis,where the genome-wide lociwere selected to evaluate
the PVE explained by the genetic risk of cataracts. We found that the
genetic risk of cataracts was associated with cataracts in BHAS, an
independent cohort, confirming that these loci are likely associated
with cataracts (AUC =0.54,R-squared =0.001, p =0.01). Participants in
the highest PRS decile seem more likely to have cataracts (odds
ratio = 1.12, 95% CI = 0.81–1.56) compared to the rest of the cohort,
however, results were not statistically significant. The PRS demon-
strated similar predictive efficacy when contrasted with the PRS
derived from the previous meta-analysis (AUC=0.53, R-squared =

Fig. 3 | MR results of the putative causal association between cataracts and
type 1 diabetes (N = 33). A Forest plot based on different MR methods. Estimated
effects (center point), odd ratios (OR), are presented as per unit change of the
exposure with a 95% confidence interval. B Effect of variants associated with Cat-
aracts (Outcome) and type 1 Diabetes (Exposure). Effects estimates (center points)

are presented as logarithms of odd ratios (log(OR)) and gray crosses represent a
95% confidence interval. The dashed blue line shows the inverse variance weighted
(IVW) fit and the red dashed line shows theMR-Egger-fit; p values derived from IVW
and MR-Egger are two-sided.

Fig. 4 | Distribution of Polygenic Risk Scores for Cataracts in Cases and Controls.
Standardized PRS for cataracts are based on 389 cases and 4416 controls from the
BHAS cohort (p = 0.01). The PRS distribution for cases is shown in blue, while the
distribution for controls is shown in yellow.
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0.001, p =0.02). DeLong’s test was performed to compare the ROC
curves of the two models (p = 0.918).

We investigated the association between the PRS for cataracts and
measures of ocular UVR exposure in the Raine Study Gen2 and BHAS
cohorts. The PRS for cataracts was nominally associated with pter-
ygium area in young adults (the Raine Study Gen2; p =0.029) after
multiple testing corrections (p =0.05/2 traits = 0.025), but not in older
adults (BHAS; p =0.189). Furthermore, the PRS for cataracts was not
associated with CUVAF in young adults (p =0.201) and was nominally
associated in older adults (p =0.047) (Supplementary Data 5).

Discussion
This study identified 101 independent genome-wide significant loci
associated with cataracts, of which 57 are novel, expanding our
understanding of the genetic basis of this condition. The PRS analysis
showed an association between these genome-wide independent loci
and the risk of cataracts in independent datasets, providing further
evidence for an association between these loci and the disease.

We usedMAGMA to perform gene enrichment analysis and found
that 134 genes were associated with cataracts. Additionally, we iden-
tified two biological processes, pericyte cell differentiation and the
negative regulation of the lipid biosynthetic process, that were asso-
ciated with age-related cataracts. These results are consistent with
previous studies that implicate lipid accumulation in disrupting the
structure and function of lens proteins10,11 by affecting homeostasis
and the biosynthesis process of lipids, which leads to an opacification
of the lens.

Negative regulation of lipid biosynthesis has also been linked to
the development of metabolic disorders such as type 2 diabetes12,13,
where a dysregulation of lipid biosynthesis can lead to the accumula-
tion of lipids such as triglycerides and cholesterol in several organ
tissues14,15. Lipids are also an important component of the lens mem-
branes and dysregulation of the lipid metabolism has been associated
with the development of cataracts16. Drugs that target negative reg-
ulation of lipid biosynthesis have shown promise as potential treat-
ments for cataracts17 bymodulating lipidmetabolism and reducing the
accumulation of lipids in the lens, which is a hallmark of cataract for-
mation. We further assessed blood lipid metabolites and their asso-
ciation with cataracts. Notably, we observed a nominal causal
association between the ratio of phospholipids to total lipids and the
risk of cataracts. This finding aligns with prior research that has
emphasized the phospholipid-to-cholesterol ratio as a factor con-
tributing to cataract etiology. However, among all the tested associa-
tions, only β-Hydroxybutyric acid demonstrated sustained statistical
significance following correction for multiple testing, and there is no
established link between β-Hydroxybutyric acid, a ketone body pro-
duced during fasting or ketosis, and the development or prevention of
cataracts. Consequently, further research is necessary to elucidate the
specific role of lipid metabolites in the etiology of cataracts.

Drug-gene interactions involve genes that encode proteins
potentially influenced by drug-like molecules, predicted based on
sequence and structural similarity to existing drug targets. These
interactions can aid in the identification of potential risk factors for
cataract development and in uncovering the mechanisms of interac-
tion with drugs. Our results suggest that specific interactions between
genes and drugs highlight mechanisms that may play a role in the
development of cataracts. In particular, the gene CREB1 exhibits
interactions with lithium, nicotine, and alcohol, indicating their
potential relevance to cataract formation. Consistently, previous stu-
dies have linked lithium18, nicotine19, and alcohol consumption20 with
an increased risk of developing cataracts. Citalopram, an anti-
depressant known as a selective serotonin reuptake inhibitor21, has
been associated with an increased risk of cataract surgery22. The
interaction between METTL21A and CREB1 with citalopram could

highlight a mechanism that is triggered by citalopram and leads to an
increased risk of cataracts.

Meanwhile, the interaction of JAG1 with hydrocortisone under-
lines a potential drug that could be used for the treatment of cataracts.
Hydrocortisone is a corticosteroid drug that has been evaluated for its
potential as an anti-cataract steroidal drug23, which is consistent with
the findings of this study. The mechanism of interaction with other
drugs such as epirubicin, cyclophosphamide, and fluorouracil is not
well understood, so further research is needed to determine if this
interaction could lead to potential treatments. This information sheds
light on the complex genetic basis of cataracts and provides new
insights into the underlying mechanisms behind gene-drug
interaction.

We observed a potential causal association between genetic pre-
disposition to type 1 diabetes and an increased risk for cataracts.
Despite the already well-established high prevalence of cataracts
among patients with diabetes, this is a noteworthy finding as it sug-
gests that the genetic variants associatedwith type 1 diabetesmay also
increase the risk of cataracts. This is consistent with previously pub-
lished research that identified a potential causal association between
type 2 diabetes and cataracts9, likely pointing to a common underlying
mechanism between the etiology of the two conditions. However,
patients diagnosed with diabetes often undergo frequent eye
examinations24. More frequent and careful examinations could lead to
a higher diagnosis rate within the disease subgroups which could
inflate the association between type 1 diabetes and cataracts. As such,
additional research incorporating a wider sample is necessary to
establish the persistence of the causal relationship.

The PRS cross-trait analyses indicated a potential association
between the risk of developing cataracts and increased CUVAF area in
older adults, while results in young adults were non-significant. These
findings may highlight that persistent exposure to sunlight may influ-
ence the development of cataracts later in life. Thus, this implicates
UVR, specifically CUVAF area, as a potential marker of cataract risk in
adults.

This study contributes to our understanding of the genetic basis
of cataracts and has yielded several noteworthy findings. Our analysis
identified 101 loci and 134 genes associated with cataracts, doubling
the number of known loci. Notably, we have identified a potential
overlap between negative regulation of lipid biosynthesis and the
development of cataracts, as well as drug-gene interactions that may
expand the range of therapeutic options available for the treatment of
cataracts. Furthermore, our findings provided evidence of a putative
causal relationship between genetic predisposition to type 1 diabetes
and an increased risk of cataracts. Finally, we highlight a potential
association between exposure to UVR and the risk of developing age-
related cataracts; however, further research is required to establish the
reliability of this as a marker of cataract risk. The results of this study
contribute to the understanding of biological mechanisms involved in
the development of cataracts and open up potential new avenues for
the treatment of cataracts.

Methods
Cohorts
To identify risk loci for cataracts, we conducted a GWASmeta-analysis
that encompasses 67,844 cases and 517,399 controls from a meta-
analysis of the United Kingdom Biobank (UKB) and Genetic Epide-
miology Research in Adult Health and Aging (GERA) cohorts4, 2920
cases and 17,127 controls from theMGBB and 50,961 cases and 287,330
controls from FinnGen. We leveraged data from two independent
Australian cohorts, the Raine Study and BHAS25–27, to derive PRS based
on the meta-analysis results and test their predictive ability to validate
the associated loci (Fig. 5). A brief description of each of the cohorts
included in the present study is provided below.
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The MGBB (formerly Partners HealthCare Biobank) is a long-term
medical research repository allocated within the Partners HealthCare
System in Boston, Massachusetts28. The Biobank is dedicated to col-
lecting and storing biospecimens, such as blood and tissue samples,
from over 130,000 participants and genomic data from over 65,000
participants; of which 47% are over 60 years of age. The Partners
HealthCare Biobank operates with the highest ethical standards and
follows the Declaration of Helsinki to ensure the protection of the
rights and welfare of study participants. We performed a GWAS in
2920 cases and 17,127 controls using PLINK 1.90 beta. The phenotype
was defined based on ICD-9/ICD-10 codes in the electronic health
records of the participants.

The FinnGen Study is a biobank located in Finland that aims to
encourage human genetics research and promote the discovery of
novel treatments for various diseases. It is one of the largest biobanks
in Europe including over 220,000 participants with genomic data and
with a median age of 63 years29. The biobank is maintained by the
Institute for Molecular Medicine Finland. The summary statistics used
in this study included 50,961 cases and 287,330 controls and are
labeled as “senile cataracts” as part of Finngen release eight (https://r8.
finngen.fi/pheno/H7_CATARACTSENILE).

The current meta-analysis also includes the previous larger cat-
aract multi-ancestry meta-analysis that encompassed GERA and UKB4,
using their publicly available summary statistics. The GERA cohort
contains clinical and genomicdata of over 110,000participants; 33,145
patients who have undergone cataract surgery and 64,777 controls
were included in this study. The UKB is a large prospective study fol-
lowing the health of ~500,000 participants, including 34,699 cataract
cases defined as “participants with a self-reported cataract operation
(f20004 code 1435) or/and a hospital record including a diagnosis
code (ICD-10: H25 or H26)”4, and 452,622 controls were included in the
meta-analysis. Cataracts were clinically diagnosed based on ICD-9/ICD-
10 criteria in GERA, the MGBB, and FinnGen. Detailed information
regarding phenotype definition, genotyping, QC, and imputation
procedures for all cohorts is provided in Supplementary Data 6.

GWAS meta-analysis
We conducted an IVW fixed-effect meta-analysis of 121,725 cases and
821,856 controls using METAL30. All variants were aligned to the
positive strand on build GRC37 hg19 and those with a minor allele
frequency (MAF) < 1% were removed. In cases where the MAF was not

available for the study (i.e., GERA and MGBB), it was derived from a
referencepanel basedonfive thousandhealthy individuals fromUKBB.
Linkage disequilibrium (LD) clumping was used to identify the inde-
pendent genome-wide significant lociwithin a 1Mbwindow. Clumping
of the results was conducted in PLINK 1.9 with a P value cut-off of 5e-8
and r-squared >0.01 using the 1000 Human Genome Project reference
panel. Employing the same configuration for the clumping analysis, we
estimated the independent loci for the previous, larger meta-analysis,
resulting in 44 independent loci. Loci that were shared between the
previous and this study’s meta-analysis were considered known, while
those unique to this study were deemed as novel. SNP heritability
estimates for the GWAS meta-analysis were estimated using LDSC
v1.0.131. Manhattan plots were generated using custom code32.

Functional annotation and eQTL
To provide insights into the genes and biological pathways underlying
cataract etiology, we used functional annotation as implemented in
FUMA (Functional Mapping and Annotation of Genetic Variants)33

v1.3.6 and mapped variants to protein-coding genes using MAGMA
(Meta-Analysis Gene-set Mining of GWAS) v1.08. FUMA is a tool for
functional annotation of genetic variants that integrates functional
genomics data from various sources, such as GWAS and eQTL to
provide functional annotation and prioritize genetic variants. MAGMA
performs gene-based and gene-set analyses to identify genes and
genetic pathways that are enriched for genetic variants associatedwith
a trait34. We used a p value threshold of 5e-8 to define loci associated
with cataracts in GWAS and applied a Bonferroni correction for mul-
tiple testing and corrected for the total number of genes in the gene-
based analysis (p = 0.05/19,491 genes) and gene-set analysis (p = 0.05/
17,017 gene-sets). Gene-based analysis was used to prioritize associa-
tions between genes and cataracts. Gene-set tests, also known as
pathway analysis or enrichment analysis, were employed to assess
groups of genes that are functionally related and collaborate in bio-
logical pathways that are associated with cataracts etiology process.
Gene sets were obtained fromMsigdb v7.0 for “Curated gene sets” and
“GO terms” as part of the magma analysis and are incorporated in
FUMA V.108 pipeline.

Genes identified through gene-based analysis in MAGMA were
further evaluated with the integration of blood eQTL data from 2765
individuals35 of the Consortium for the Architecture of Gene Expres-
sion by using SMR. SMR is a commonly usedmethod to interrogate the

Fig. 5 | Cohorts included in the cataract meta-analysis and polygenic risk score (PRS) analysis. UK biobank (UKB), Adult Health and Aging (GERA), Mass General
Brigham Biobank (MGBB).
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association between gene expression and complex human traits using
GWAS summary statistics36. We applied a Bonferroni correction, which
was set at0.05dividedby thenumber of genes (N = 134), to account for
multiple testing.

Drug-gene interaction
Genes that were consistent between MAGMA and SMR analyses were
evaluated for their potential drug-gene interactions using vs 4.0 of the
Drug-Gene Interaction Database37. The Drug-Gene Interaction Data-
base is a carefully curated database that collects information on both
established and predicted interactions between drugs and genes. It
combines data fromvarious sources to give a comprehensive overview
of drug-gene interactions. Drug-gene interactions are instrumental in
thedevelopment of strategies for preventing cataracts, as they provide
information about potential drug exposures that could be related to
therapeutic approaches for comorbid conditions or lifestyle factors
that increase the likelihood of cataracts.

Mendelian randomization
We estimated the putative causal relationship between Type 1
Diabetes38 and cataracts using the TwoSampleMR framework imple-
mented as a package inR 4.0.2. “TwoSampleMR”39 package v0.5.5 is an
R package that enables the estimation of causal effects between an
exposure and an outcome of interest using summary-level data from
GWAS through two-sampleMR.Thepackage includes variousmethods
such as IVW, weighted median, MR-Egger, MR-PRESSO, and MR
Rucker. We selected independent instrumental variables based on
clumping using PLINK 1.9, with the following parameters: --clump-r2
0.001, --clump-p1 5e-8, --clump kb 1000. If the IVW estimate showed
evidence for a nominal causal association, we further re-assessed the
MR relationship using a series of alternativeMRmodels, includingMR-
Egger, weighted median, simple, and weighted mode40. We calculated
the proportion of PVE explained by SNP based on the equation below
and used the traits where SNPs collectively explained at least 1% of the
PVE. Here, β is the effect of the variant, MAF is the minor allele fre-
quency, SE is the standard error and N is the sample size.

R2 =
2β2MAFð1�MAFÞ

2β2MAF 1�MAFð Þ+ ðSEðβÞÞ22NMAFð1�MAFÞ
ð1Þ

Multivariate Mendelian randomization (MVMR) was employed to
assess whether the genetic variants associated with Type 2 Diabetes41

were causally influencing the association between Type 1 diabetes and
Cataracts; this analysis is included in the “TwoSampleMR” package.

Considering the association between lipid metabolites and cat-
aracts highlighted by the gene-set analysis, we further assessed a
potential causal relationship through an MR framework. We utilized
summary statistics data from 249metabolic markers, including amino
acids and metabolites related to glycolysis and fatty acids. This data
was generated through metabolic profiling conducted by Nightingale
Health’s NMR metabolomics platform, which analyzed over 118,000
participants from the UKB42. We employed GSMR43 v1.91 to investigate
the potential causal relationship between cataracts and thementioned
phenotypes. This method only requires GWAS summary statistics to
estimate MR effect sizes and accounts for correlated SNP instruments
by modeling LD from a pre-specified reference panel. Additionally, it
uses the HEIDI-outlier statistical test to look for heterogeneous SNP
outliers. We applied specific parameters to select independent
instrumental variants (--clump-r2 0.001, --gwas-thresh 5e-8, and
--clump kb 1000 --heidi-thresh 0.01). To control for Type-1 Error, we
applied the Bonferroni correction by setting the p value threshold to
0.05/(249 metabolites) = 2e-04. To avoid sample overlap with UKB
participants, we excluded GERA-UKB meta-analysis and based the MR
results on a meta-analysis of FinnGen and MGBB.

Polygenic risk scores (PRS)
PRS is a statisticalmethod that adds the number of risk alleles a person
carries weighted by their effect sizes to estimate an individual’s risk for
developing a particular disease. PRS can be used to predict an indivi-
dual’s risk for cataracts and can also help identify individuals whomay
benefit from early intervention. A brief description of each of the
cohorts included in the PRS analysis is provided below.

The Raine Study is a prospective multigenerational observational
study from Western Australia44,45. Between 1989 and 1991, 2900
women in the first trimester of their pregnancy were recruited from
metropolitanPerth,Western Australia. A total of 2868offspring (Gen2)
wereborn to thesewomen, and thebirth cohort has beenundergoing a
series of health andmedical examinations since before theywere born.
Comprehensive eye examinations were conducted at 20 and 28 years
of age25,26. The Raine cohort consists of individuals under 30 years of
age, which means they do not have age-related cataracts. Therefore,
only estimates for UVR-related phenotypes (as explained in the section
below) were assessed in this cohort.

Blood specimens were obtained from participants during the Gen2
14- and 17-year follow-up assessments. Of the 1592 participants, samples
were analyzed in 2010 using the Infinium HD Human660W-Quad
Beadchip Array while samples of an additional 310 participants were
analyzed in 2013 using the Infinium OmniExpress-24 BeadChip Array.

The BHAS is a long-term, population-based study of 5107 adults
born between 1946 and 1964 recruited from the City of Busselton, a
coastal city in Western Australia and is focused on two examination
periods conducted between 2010 and 201527 and between 2016 and
2022. The BHAS involves the collection of detailed data on various
aspects of health and well-being, including physical, cognitive, and
mental health, as well as lifestyle and environmental factors. All follow-
ups of the Raine Study and phases of the BHAS have been approved by
theUniversity ofWesternAustralia HumanResearch Ethics Committee
and comply with the Declaration of Helsinki.

BHAS participants underwent blood sample collection and were
genotyped using the Illumina Infinium Global Screening Array. Quality
control measures were implemented to ensure data accuracy, includ-
ing the exclusion of data with a single SNP call rate <0.95, Hardy-
Weinberg equilibrium p value less than 10�6, and MAF less than 0.01.
Population outliers were identified and excluded through a principal
component analysis to maintain participants with known European
ancestry using data from the 1000 Human Genome Project reference.
The post-quality control data was then imputed against the TOPMed
reference panel. SNPs with an imputation accuracy >0.3 and MAF >
0.01 were included in further analysis.

The PRS for cataracts was generated using PLINK 2.0. We selected
independent SNPs using the following parameters: --clump-r2 0.05,
--clump-p1 5e-8, and --clump kb 1000. We used a subset of the UK
biobank that includes 5000 healthy individuals as a linkage dis-
equilibrium reference for the clumping process.We used a generalized
linear model to assess the correlation between the scores derived
based on cataract genome-wide significant SNPs (p < 5e-8) and catar-
acts in an independent cohort (Busselton, N cases = 389, N controls =
4416). We also conducted a comparison of the PRS results with a PRS
derived from the preceding cataracts meta-analysis4, employing the
same parameters.

We further explored the association between the PRS of cataracts
and two surrogate measurements of the UVR exposure; pterygium
(Busselton N cases = 516, N controls = 4029), non-cancerous growth of
the conjunctiva membrane that is highly associated with UVR expo-
sure, and conjunctival ultraviolet autofluorescence (CUVAF; N
BHAS = 4384, N the Raine Study Gen2 = 1847) a non-invasive and
objective method of measuring the amount of UVR exposure at the
bulbar conjunctiva46. Participants who have previously undergone
pterygium removal surgery were also included in the analysis as
cases25,47. Given the limited statistical power derived from the scarcity
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of genome-wide significant instruments for UVR exposure pheno-
types, further analysis utilizing MR methods to confirm the causal
relationship between UVR exposure and cataracts was not feasible.

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

Data availability
Themeta-analysis data generated in this study have been deposited in
the Zenodo database under accession code 13594388. Cataract and
genotype data from theMGBB are available under restricted access for
authorized researchers, as they represent sensitive patient data.
Access can be obtained by applying through the following link: https://
www.massgeneralbrigham.org/en/research-and-innovation/
participate-in-research/biobank/for-researchers. Similarly, raw data
from the Raine Study and the BusseltonStudy areprotected by privacy
laws and are only available to selected researchers. Applications can be
submitted through the Raine Study [https://rainestudy.org.au/home-
beta/information-for-researchers/available-data-sm/] and Busselton
Study [https://bpmri.org.au/research/database-access.html] web-
pages. The GWAS data used in this study are available in the GWAS
Catalog for the previous meta-analysis, which includes the UKB and
GERA datasets, under accession code GCST90014268 [https://www.
ebi.ac.uk/gwas/downloads/summary-statistics] and as part of release 8
of FinnGen [https://r8.finngen.fi/pheno/H7_CATARACTSENILE]. Sup-
plementary data canbeaccessedonFigshare [https://doi.org/10.6084/
m9.figshare.22359862].

Code availability
The code used in this study is available upon request.
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