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Genome-wide association and
multi-omics analyses provide
insights into the disease
mechanisms of central serous
chorioretinopathy
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Central serous chorioretinopathy (CSC) is a major cause of vision loss, especially in middle-aged men,
and its chronic subtype can lead to legal blindness. Despite its clinical importance, the underlying
mechanisms of CSC need further clarification. In this study, we conducted a meta-analysis of three
genome-wide association studies (GWASs) for CSC consisting of 8811 Asians and Caucasians,
followed by replication in an additional 4338 Asians. We identified four genome-wide hits, including
anovel hit (rs12960630 at LINC01924-CDH7, P, =2.97 x 107%). A phenome-wide association

study for rs12960630 showed a positive correlation between its CSC risk allele with plasma cortisol
concentration. Expression/splicing quantitative trait loci (QTL) analyses showed an association of all
these hits with the expression and/or splicing of genes in genital organs, which may explain the sex
differences in CSC. Protein QTL also suggested the protein-level contribution of the complement factor
H pathway to CSC pathogenesis.
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AMD Age-related macular degeneration

CEU Utah Residents from North and West Europe
CHART-2  Chronic Heart Failure Analysis and Registry in the Tohoku District 2
CI Confidence interval

CSC Central serous chorioretinopathy

eQTL Expression QTL

EyeGEx Eye Genotype Expression

GTEx Genotype-tissue expression

GWAS Genome-wide association study

HGNC Human Genome Organization Gene Nomenclature Committee
JPT Japanese in Tokyo, Japan

LD Linkage disequilibrium

LDSC LD score regression

IncRNA Long non-coding RNA

MAF Minor allele frequency

MNV Macular neovascularization

NES Normalized effect size

OCT Optical coherence tomography

OR Odds ratio

PC Principal component

PheWAS Phenome-wide association study

PP Posterior probability

pQTL Protein QTL

QTL Quantitative trait loci

RNA Ribonucleic acid

SE Standard error

SNP Single nucleotide polymorphism

sQTL Splicing QTL

SYT2 Synaptotagmin-2

Central serous chorioretinopathy (CSC) is characterized by a serous retinal detachment of the macula. It is one
of the common causes of vision loss and predominantly occurs in middle-aged men!. Many CSC cases resolve
spontaneously within three months; therefore, the visual prognosis of CSC was thought to be good. However,
a recent study reported that chronic CSC cases lasting =6 months had relatively poor visual prognosis, where
12.8% of cases had developed legal blindness after a mean follow-up of 11.3 years®. In addition, accumulating
evidence relates CSC to wet age-related macular degeneration (AMD), which is one of the leading causes of
irreversible blindness in developed countries®~’. For example, we have identified multiple genetic relationships
between AMD and CSC through meta-analysis of genome-wide association studies (GWASs) for AMD? or
genome-wide survival analysis*. Genetic colocalization between CSC and AMD has also been reported®. As
such, CSC demands much attention for its clinical consequences.

Four GWASs have been conducted for CSC. The first study, conducted in 2018, evaluated 4098 Europeans
and identified one genome-wide significant hit at CFH (i.e., complement factor H)8. The second, also in 2018°,
evaluated 1,311 Japanese individuals and identified SLC7AS5 as a novel susceptibility gene. The third study,
conducted in 2019, evaluated 3,460 Japanese individuals and identified TNFRSFI0A and GATA5™. Lastly, the
2023 meta-GWAS replicated the significance of CFH and GATA5 and identified three novel susceptibility loci
(CD34/CD46, NOTCH4, and PREXI), using two biobank-based cohorts and the aforementioned European
GWAS!.

In the current study, we meta-analyzed data from the first three GWASs together to identify the multiracial
genetic backgrounds of CSC at a higher level of evidence. This is the first study to integrate CSC GWAS datasets
across multiple populations, aiming to understand the genetic background shared across different ethnic groups.
The meta-GWAS comprised a total of 8811 individuals and the hits were replicated in an additional 4338 Asian
samples. This meta-analysis successfully identified one novel hit, which was identified to be associated with
four blood molecules, including plasma cortisol, through the subsequent phenome-wide association analysis
(PheWAS). Additionally, this novel hit was found to have a differential effect on CSC risk between males and
females, with a greater impact observed in males, as revealed by genotype-sex interaction analysis. Furthermore,
through single-tissue expression/splicing quantitative trait loci (eQTL/sQTL) analysis and protein quantitative
trait loci (pQTL) analysis, we identified the possible reason for the sex differences and the protein-level
contribution of the complement factor H pathway in CSC.

Results

Discovery meta-GWAS

The characteristics of the three GWAS datasets are summarized in Supplementary Table 1. A total of 4,860,401
single nucleotide polymorphisms (SNPs) from 7,543 individuals, including 1,268 patients with CSC, were meta-
analyzed. Figure 1 depicts the Manhattan plot of the results. The inflation factor () was 1.154. The quantile-
quantile plot is shown in Supplementary Fig. 1.

We identified a genome-wide significant association for seven loci. Four of these loci were novel; rs822602
at NFUIP2-LINC01776 (odds ratio [OR]=0.88 [95% confidence interval [CI], 0.84-0.92], P=4.41x107%),
1$12032663 at RPL39P10-CHRM3 (odds ratio [OR] =1.09 [95% CI, 1.06-1.13], P=6.92x 10™°), rs59611893 at
MROHS5 (OR=0.92 [95% CI, 0.89-0.94], P=4.98 x 10~°), rs2418196 at RNU6-710P-SUSD1 (OR=0.92 [95% CI,
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Fig. 1. Manhattan plots of the discovery stage of the genome-wide meta-analysis for central serous
chorioretinopathy (CSC). The plots represent the — log, , transformed P-values for all single nucleotide
polymorphisms. The red and blue horizontal lines represent the genome-wide significant threshold
(P=5.0x107%) and the suggestive threshold (P=5.0x 1077), respectively. Seven loci (arrows), including
previously reported susceptibility loci for CSC (CFH, TNFRSF10A-TNFRSF10A-DT, and near GATA5)
associate with CSC genome-wide significantly, and six loci (arrowheads) associate with CSC suggestively.

0.89-0.95], P=3.17x 1078). The remaining three loci were previously reported; rs10922108 at CFH (OR=0.89
[95% CI, 0.86-0.91], P=1.91x107%%), rs13254617 at TNFRSFI0A-DT (OR=1.10 [95% CI, 1.07-1.14],
P=5.38x10"1"), and rs2379120 near GATA5 (OR=0.89 [95% CI, 0.86-0.92], P=3.15x 107!3). We also identified
suggestive associations for six novel loci. Of the lead SNPs of the 13 loci (summarized in Table 1), we carried
10 novel candidate SNPs forward to the replication stage. Supplementary Table 2 summarizes the results of the
SNPs that showed suggestive associations (P<5.0x 1077) with CSC.

Additionally, we looked up previously-reported CSC susceptibility SNPs using the results from the three
discovery datasets and our discovery meta-GWAS (summarized in Supplementary Table 3). Of the 22 SNPs at 15
loci, results for 16 SNPs were included in our discovery meta-GWAS. For the remaining six SNPs, we examined
the results of proxy SNPs with linkage disequilibrium (LD) r2>0.8, and only rs1061170 at CFH had a proxy SNP
(rs10754199, LD r?=1.00) included in the results. Among these 17 SNPs, the only one that was not located in a
suggestive or genome-wide significant locus in the discovery meta-GWAS but showed a nominally significant
association was rs10490924 at ARMS2 (effect allele/non-effect allele: T/G, Z-score=—1.96, P=0.050). For the
23 SNPs (22 previously reported SNPs and the aforementioned proxy SNP), all results were available in the
Netherlands dataset. In the Kyoto and Kobe datasets, results were available for 20 SNPs, excluding rs882198 near
CD34/CD46, 161758735 at PTPRB, and rs35770820 at PREX1. Although rs8192569 was not replicated in either
of the two Japanese datasets (both P>0.05), it showed a significant association in the Netherlands dataset (OR
[95% CI]=0.65 [0.55-0.78], P=1.03x 107).

We mapped 780 SNPs (338 candidate SNPs of the genome-wide meta-analysis and 442 SNPs in the reference
panel in strong LD with any of independent significant SNPs) to 21 candidate genes in 13 genomic loci using
positional mapping (summarized in Supplementary Table 4). Of these 21 genes, 20 (excluding FAM92A1) were
included in the database of the Human Genome Organization Gene Nomenclature Committee (HGNC) and
used for functional enrichment analysis by ToppFun function of ToppGene. A total of 26 CFH- or CFHRs-
related pathways showed significant associations (summarized in Supplementary Table 5).

Replication and overall meta-analysis

The characteristics of the three replication datasets are summarized in Supplementary Table 1, while Table 2
shows the results of the replication stage. After meta-analyzing the three replication datasets, one newly detected
SNP, rs12960630, revealed a statistically significant association after multiple testing corrections (OR=0.79 [95%
CI, 0.67-0.93], P=0.004). This SNP displayed a consistent “direction of effect” in each discovery and replication
dataset.

The results of the meta-analysis of all the discovery and replication datasets are outlined in Table 2.
Rs12960630 at LINC01924-CDH?7 was genome-wide significantly associated with CSC (OR=0.77 [95% CI,
0.70-0.84], P=2.97x 107®). Supplementary Figs. 2 and 3 present the regional association and the forest plots,
respectively, for rs12960630 at LINC01924-CDH?.

Ethnicity-stratified analysis
To investigate differences in the genetic background of CSC between ethnicities, we compared the meta-GWAS
results of two Japanese datasets (the Kyoto CSC cohort and the Kobe CSC dataset, referred to as the Japanese
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meta-GWAS dataset) with the GWAS results of the Netherlands CSC dataset (referred to as the European GWAS
dataset). The Japanese meta-GWAS dataset included 4,989,727 SNPs from 4713 individuals, including 747 CSC
patients.

The results of gene mapping for the Japanese meta-GWAS and European GWAS datasets are summarized
in Supplementary Table 4. For the Japanese meta-GWAS dataset, we mapped 415 SNPs (283 candidate SNPs
from the genome-wide meta-analysis and 132 SNPs in strong LD with any independent significant SNPs in
the reference panel) to 9 candidate genes across 18 genomic loci. For the European GWAS dataset, we mapped
306 SNPs (178 candidate SNPs from the genome-wide meta-analysis and 129 SNPs in strong LD with any
independent significant SNPs in the reference panel) to 6 candidate genes within one genomic locus. All these 6
genes were also mapped in the discovery meta-GWAS.

In the functional enrichment analysis, for the Japanese meta-GWAS dataset, all nine mapped genes were
analyzed by ToppGene. However, no pathway showed a significant association with the Japanese meta-GWAS
results. For the European GWAS dataset, all six mapped genes were analyzed by ToppGene, and 26 CFH- or
CFHRs-related pathways showed significant associations, all of which were also significantly associated with
the discovery meta-GWAS. When combining all genes mapped from both the discovery meta-GWAS and
the Japanese meta-GWAS, only the same 26 pathways demonstrated significant associations. Results for these
pathways are summarized in Supplementary Table 5.

Genotype-sex interactions of CSC susceptibility SNPs

Using the Kyoto CSC cohort dataset, we examined the interaction between genotype and sex for the four SNPs
that showed genome-wide significance. Since control group of the dataset included participants with unknown
sex (1,656 cases), we inferred sex using PLINK, successfully identifying the sex of 1,639 cases. As a result, a total
of 3,443 individuals (610 patients with CSC and 2,833 controls) were included in the analysis. Among the four
SNPs, two exhibited a significant genotype-sex interaction effect; rs13254617 at TNFRSF10A-DT (OR=0.66
[95% CI, 0.48-0.91], P=0.011), and rs12960630 at LINC01924-CDH7 (OR =0.64 [95% CI, 0.44-0.92], P=0.016).
This result indicates that the risk alleles for both SNPs have significantly lower odds ratios in females compared
to males. The results for all four SNPs are summarized in Supplementary Table 6.

Multi-omics analysis

Results of the single-tissue eQTL and sQTL analyses of the four CSC susceptibility SNPs are shown in
Supplementary Table 7. All four SNPs significantly altered the expression or splicing levels of at least one gene
in genital organs (testis, prostate, and/or ovary). The newly identified susceptibility SNP, rs12960630, was
significantly associated with the splicing of long non-coding ribonucleic acid (IncRNA) AC007948.1 in single-
tissue sQTL of the testis (normalized effect size [NES]=0.51, P=7.8 x 1077, Supplementary Fig. 4). It should be
noted that AC007948.1 showed testis-specific expression (Supplementary Fig. 5). Additionally, we used the Eye
Genotype Expression (EyeGEx) database!? to explore retina-specific eQTL associations. However, no significant
hits were identified in this analysis.

For rs10922108, six proteins—CFH, CFHR1, CFHR2, CFHR3, CFHR4, and CFHR5—were measured in
the Icelander pQTL analysis”. Of the six proteins, CFH, CFHR1, CFHR2, CFHR3, and CFHR4 reached the
significance threshold in their analysis (P<1.8x 10~°)!3 (Table 3). In the validation pQTL study for Japanese,
instead of rs10922108, we evaluated the results for its direct genotyping proxy SNP, rs1329428, at CFH (LD
r?=0.99). The SNP was confirmed to be associated with protein expressions of CFH, CFHR2, and CFHR4
(P=1.41x10", 6.09 x 10724, and 1.06 x 10-28, respectively). For the other three lead SNPs, related proteins were
not measured in the proteome analyses.

Potential regulation

For the four lead SNPs rs10922108, 152379120, rs13254617, and rs12960630, 19, 13, 2, and 0 SNPs, respectively,
were reported as high LD in the HaploReg database (Supplementary Table 8). Combined with the results for
the proxy SNPs, all these four lead SNPs were predicted to alter the binding state of multiple motifs; three lead
SNPs, i.e., rs10922108, rs2379120, and rs13254617, were located in enhancer histone marks, while rs13254617
was located in promoter histone marks.

PheWAS

Through PheWAS using the IEU OpenGWAS database (https://gwas.mrcieu.ac.uk/, accessed on July 5,
2022)'*15 we found that the novel hit rs12960630 at LINC01924-CDH?7 was significantly associated with four
phenotypes regarding blood molecules'®""%, including plasma cortisol (=-0.067, standard error [SE]=0.017,
P=1.03x10"%) and synaptotagmin-2 (SYT2; p=-0.111, SE=0.032, P=6.17x107*). Supplementary Table 9
summarizes the four phenotypes.

Mendelian randomization (MR) analysis

The MR analyses were conducted to investigate the causal relationships between the blood molecules (as
exposures) and the onset of CSC (as the outcome) by using genome-wide significant SNPs reported for each
blood molecule (summarized in Supplementary Table 10). For serum total cholesterol, as only the summary data
were available and lead SNPs were not explicitly reported, we identified genome-wide significantly associated
genomic loci using SNP2GENE function of FUMA. The settings were partially modified from those described
in Supplementary Table 11: the “Reference panel population” was set to “1000G Phase3 EUR” (i.e. European in
the 1000 Genomes Project (phase3)), and “Maximum P-value of lead SNPs (<)” (i.e. genome-wide significance
threshold) was set to 2.3x 107, following the criteria of the original study. For each detected genomic locus,
the lead SNP with the lowest P-value was selected for the MR analysis. Since no genome-wide significant
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Iceland

(Ferkingstad et al.'’) Japan*

p SE B
Protein | EA/NonEA | (x107!) | (x107!) | P-value (x107!) | P-value
CFH 1.15 0.08 4.29x107* | 3.80 141x10°8
CFHR1 -426 |0.06 0 -0.54 | 029
CFHR2 -7.06 | 0.04 0 -5.15 |6.09x107%
CFHR3 A -0.61 |0.08 2.93x107 | -0.94 | 0.08
CFHR4 -3.75 | 0.05 0 -569 |1.06x107%
CFHR5 -0.37 |0.08 6.21x107° | -0.30 |0.57

Table 3. Results of protein quantitative trait loci analyses for rs10922108. SNP single nucleotide
polymorphism, EA effect allele (also, risk allele for central serous chorioretinopathy), NonEA non-effect
allele, SE standard error. *Data for rs1329428, the direct genotyping proxy SNP of rs10922108 (linkage
disequilibrium r?=0.99) are shown. SEs were not available.

regions were reported for SYT-2, this molecule was excluded from the analysis. No significant associations were
observed using both the inverse variance weighted method and the MR Egger method (all Ps>0.05). Similarly,
no significant causal effect was found when analyzing the potential influence of CSC (as the exposure) on the
levels of these blood molecules (as outcomes), using the four genome-wide significant SNPs identified in this
study for CSC (all Ps>0.05). These results are summarized in Supplementary Table 12.

Genetic colocalization between CSC and AMD

To investigate the genetic colocalization between CSC and AMD, we analyzed the results of the discovery
meta-GWAS and a previously reported Japanese AMD meta-GWAS. Seven loci with genome-wide significant
associations with either CSC or AMD (CFH, C2-CFB, TNFRSF10A-TNFRSF10A-DT, WBPIL, ARMS2,
LINC01924-CDH7, and RBBP8NL-GATA5) were included in the analysis. The results are summarized in
Supplementary Table 13. The analysis indicated a high probability of shared causal SNPs between CSC and
AMD at the TNFRSF10A-TNFRSF10A-DT (posterior probability [PP]=99.1%) and RBBPSNL-GATA5 loci
(PP =98.3%).

Discussion

In the current study, we identified rs12960630 at LINC01924-CDH?7 as a novel susceptibility SNP for CSC via a
meta-GWAS of 4713 Japanese and 4098 Europeans. This SNP was successfully replicated in 4338 Asians, and a
genotype-sex interaction on CSC risk (greater in males than females) was observed. In addition, PheWAS of the
SNP revealed that it was associated with four blood molecules, including plasma cortisol. Furthermore, single-
tissue eQTL and sQTL analyses suggested a potential link to sex differences in CSC, and in pQTL analysis, the
result suggested the protein-level contribution of the complement factor H pathway to CSC pathogenesis.

Before 2018, Several susceptibility genes for CSC have been identified through candidate gene studies
However, most of these susceptibility genes identified through candidate gene studies have not been replicated by
later GWASs. The only exception is CFH, which is well-replicated as a susceptibility gene for CSC. Interestingly,
the same SNP of CFH is also an established susceptibility gene for the vision-threatening disease AMD, though
the effect directions are opposite between AMD and CSC?°. We have also identified three additional susceptibility
genes for CSC through two GWASs. An intermediate phenotype (i.e., choroidal thickness) two-staged GWAS of
6,110 healthy Japanese individuals, lead to the identification of VIPR2?®, TNFRSF10A, and GATA5'. The current
meta-GWAS successfully confirmed the involvement of CFH, TNFRSF10A and GATAS5, while the contribution
of other candidate SNPs was not replicated. The lack of replication for other SNPs may reflect their initial
discovery in candidate gene studies or differences in population genetics.

Multi-layered QTL mapping provided important insights into the pathogenesis of CSC. In tissue-specific
analyses, the SNPs most significantly associated with CSC in the three genes previously reported and replicated
in this study, regulated the expression and/or splicing of several genes in genital organs. For instance, rs10922108
at CFH regulated the expression of CFHRI in testes and the expression and splicing of CFH in ovaries, while
rs2379120 near GATAS5 regulated the splicing of RP5-908M14.5 in testes. This is likely to contribute to the
sex differences observed in CSC patients. Future studies on the pathways of these genes in different sexes
are warranted. Interestingly, for CFH, the T allele of rs10922108 (risk allele for CSC) caused increased gene
expression in organs as well as increased protein expression in plasma, whereas, for some CFHRs, it did not cause
decreased protein expression in plasma despite decreased gene expression in organs, at least in the Japanese
cohort. This suggested that the regulation of the complement factor H pathway in tissues other than the eye
may also indirectly contribute to CSC development. Furthermore, the significance of complement factor H in
CSC pathogenesis was underscored by functional enrichment analysis results, where CFH- or CFHRs-related
pathways emerged as notably associated with CSC, further supporting role of complement factor H as a key
factor in CSC. The results of HaploReg suggested that these regulations were caused by enhancer/promoter
histone marks, motif alternations, and more. While our analyses focused on single-tissue eQTL, sQTL, and
PQTL mapping in multiple tissue types, which enabled us to identify regulatory mechanisms potentially linked
to CSC, future tissue-specific pQTL analysis is expected to elucidate the pathogenesis of CSCs in more detail.
More advanced multi-omics approaches, integrating epigenomic, proteomic, and metabolomic data across
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cellular and tissue contexts, could offer additional insights into CSC pathogenesis and help clarify the biological
mechanisms underpinning genetic susceptibility to CSC.

The male predominance in CSC incidence is well-established, but its genetic basis concerning sex remains
unclear. Our study identified significant genotype-sex interactions for TNFRSF10A-DT and the novel locus,
LINC019240CDH7, where genetic effects on CSC were greater in males. However, no significant interactions
were observed for CFH or RBBPSNL-GATAS5. In contrast, previous study reported CFH variants as male-specific
and TNFRSFI0A as non-sex-specific, differing from our findings. These discrepancies may reflect population or
methodological differences, highlighting the need for larger, diverse studies to clarify the genetic mechanisms
underlying sex differences in CSC.

While the exact mechanisms of the novel susceptibility SNP rs12960630 remain unknown, the involvement
thereof in the development of CSC is plausible based on the current PheWAS, single-tissue sQTL, and regulatory
prediction analysis results. Firstly, PheWAS indicated that the C allele of the SNP associated with an increased
risk of CSC was positively associated with the concentration of plasma cortisol, which is in line with the fact that
corticosteroid use is a well-known risk factor for CSC?. Although the three SNPs used in the MR analysis, with
plasma cortisol as the exposure, are thought to account for a substantial part of its estimated 30-60% heritability,
they explain only< 1% of the actual variance in cortisol concentration'®. This limited explained variance may
have made it challenging for the MR analysis to detect a significant causal association. Secondly, Phe WAS showed
a significant association between this SNP and SYT2, a Ca?* sensor mediating neurotransmitter release, which
is expressed in the frontal lobe® and controls emotion; this may have some effect on type A personality, which
is another risk factor for CSC?’. Thirdly, the association of the SNP with the splicing of a IncRNA (AC007948.1)
specifically expressed in testes may explain the male dominant prevalence of CSC. The functional analysis of this
IncRNA can lead to a further understanding of CSC. Finally, rs12960630 is predicted to alter the binding state of
six motifs, further highlighting the importance of rs12960630.

In our genetic colocalization analysis, strong evidence suggested that CSC and AMD share causal SNPs in
the TNFRSF10A-TNFRSFI10A-DT and RBBP8NL-GATAS5, supporting previous findings®. While prior studies
indicated the possibility of shared causal SNPs in WBPIL between CSC and AMD, our analysis did not find
strong evidence to support this. Among the CSC susceptibility loci, the novel locus, LINC01924-CDH?7, showed
a relatively high probability of not being associated with AMD, suggesting its potential involvement in CSC-
specific pathogenic mechanisms. Further investigation is warranted to enhance our understanding of the
classification and pathophysiology of AMD-related diseases, including those within the pachychoroid spectrum.

This is the first multi-ethnic meta-GWAS for CSC with a large replication sample. Though there are strengths
in its sample size and reproducibility, the sample size remains a limitation. Because our study could identify only
one novel hit, more samples may reveal additional parts of the molecular mechanisms of CSC through GWAS.
In addition, potential population structure issues were observed within the Japanese meta-GWAS, as indicated
by elevated lambda GC values. Despite applying stringent quality control filters (heterogeneity I1><25% and
MAF >10%), these values remained high, suggesting that genetic structure within the Japanese sample may
have influenced the observed results. Another limitation is that the current study did not take the most recent
CSC classification into account. Recently, an updated classification for CSC was published®, in which CSC is
classified into simple and complex types according to the area of retinal pigment epithelium atrophy. Although
their genetic differences have not been recognized, subtype analysis may lead to further understanding of CSC
in the future.

In conclusion, this first multi-ethnic meta-GWAS of CSC identified a novel robust susceptibility SNP for
CSC and confirmed the association of previously reported susceptibility SNPs. Results of single-tissue eQTL
and sQTL revealed the association between these SNPs and gene regulation in genital organs, which may be of
importance in explaining the sex differences in CSC. Additionally, pQTL analysis suggested the protein-level
contribution of the complement factor H pathway to CSC pathogenesis. Further studies are warranted.

Methods

Ethics statement

All participants provided written informed consent. All human research was conducted according to the
Declaration of Helsinki and approved by the following institutional review boards and/or medical ethics
committees:

o The Kyto CSC Cohort: Kyoto University Graduate School and Faculty of Medicine Ethics Committee, and In-
stitutional Review Board at the Aichi Cancer Center Research Institute, Oita University Faculty of Medicine,
Nagahama City Hospital.

o The Kobe CSC dataset: Institutional Review Board at the Kobe University Graduate School of Medicine, Tok-
ushima University, University of Yamanashi, Nihon University, Kyushu University, and the Aichi Cancer
Center Research Institute.

o The Netherlands dataset: The ethics committee of Leiden University Medical Center.

o The Japan dataset: Kyoto University Graduate School and Faculty of Medicine Ethics Committee, the Nagaha-
ma Municipal Review Board of Personal Information Protection, and Institutional Review Board at Fukushi-
ma Medical University, Kagawa University, and University of Yamanashi.

o The Hong Kong dataset: The Ethics Committee on Human Research of the Chinese University of Hong Kong.

o The Shantou dataset: The Ethics Committee of the Joint Shantou International Eye Centre.

Discovery meta-GWAS
For the discovery stage, we meta-analyzed three GWAS datasets: the Kyoto CSC cohort (610 Japanese patients
with CSC and 2,850 healthy controls), the Kobe CSC dataset (137 Japanese patients with CSC and 1,116 healthy
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controls), and the Netherlands CSC dataset (521 Caucasian patients with chronic CSC and 3,577 healthy
controls). The details of the datasets can be found in the respective studies®-!?. As we included only CSC cases
without macular neovascularization (MNV) at registration, the numbers of CSC cases in the Kyoto and Kobe
datasets are different from previous GWASs. Genome-wide genotyping, quality checks, and association studies
of the Kyoto and Kobe datasets are summarized in Supplementary Note 1, while that for the Netherlands dataset
was described previously®.

These three datasets were meta-analyzed with the sample-size-based fixed-effect model, wherein we analyzed
the SNPs available in all three datasets and with heterogeneity I? < 75%. Based on previously published methods*,
the meta-analysis p and SE were calculated using the following formulas:

1

T VTN N+ 23)
B=7ZxSE

SE

In these formulas, f denotes the minor allele frequency (MAF), N denotes the sample size, and Z denotes
the Z-score. Regarding the MAF, the average of the MAFs for Japanese (Japanese in Tokyo, Japan [JPT]) and
European (Utah Residents from North and West Europe [CEU]) populations was used. The ORs and 95% Cls
were then calculated using f and SE.

We carried the lead SNPs of the detected genomic risk loci or their proxy SNPs with LD r2>0.8 forward to
the replication stage. Moreover, we investigated previously reported CSC susceptibility SNPs (summarized in
Supplementary Table 3).

To detect genomic risk loci, we performed gene-mapping of the SNPs that demonstrated a nominal association
(P<0.05) with a MAF>1% in the discovery stage of the meta-GWAS, by using the SNP2GENE function of
FUMA v1.3.6a (https://fuma.ctglab.nl/). FUMA is a commonly-used online software for genetic research®!-3?
that integrates 18 biological databases and tools for processing GWAS summary statistics>®. The detailed settings
we used are described in Supplementary Table 10. We then conducted a functional enrichment analysis of the
mapped genes using the ToppFun module of ToppGene (https://toppgene.cchmc.org/)*®, an established online
tool that performs gene list enrichment based on functional annotations and protein interaction networks*3¢:3’
We focused on three pathway categories: GO: Biological Process, GO: Cellular Component, and GO: Molecular
Function. To refine our search for pathways specifically related to the mapped genes, we excluded pathways
containing > 50 genes. Additionally, to minimize false positives, we excluded pathways associated with only a
single mapped gene.

Replication analysis
For the replication stage, we enrolled 889 patients with CSC and 3,449 healthy individuals from Japan, Hong
Kong, and Shantou (a city located in southeast China). The details are described in Supplementary Note 2.
Briefly, for the Japan dataset, 353 unrelated patients with CSC without MNV at registration were recruited from
across Japan (Kyoto University Hospital, Kagawa University Hospital, University of Yamanashi Hospital, and the
Fukushima Medical University Hospital). In addition, 1,411 unrelated healthy control individuals were recruited
from the Nagahama Prospective Cohort for Comprehensive Human Bioscience (the Nagahama Study, the
details are described in Supplementary Note 3). The diagnosis of CSC was made by two retina specialists and the
details are described in the previous study'?. The samples were genotyped using the Asian Screening Array, and
imputation was performed using the Michigan Imputation Server. We conducted GWAS using this data adjusted
for age, sex, and the 1st to 3rd principal components (PCs) and looked up SNPs of interest from the output result.

For the Hong Kong dataset, 222 unrelated patients with chronic CSC and 1,033 unrelated healthy control
individuals were recruited from the Chinese University of Hong Kong Eye Centre, the Prince of Wales Hospital
Eye Centre, and the Hong Kong Eye Hospital. Unrelated control subjects aged > 30 years were recruited from the
attendants of the clinics for unrelated eye conditions. For the Shantou dataset, 314 unrelated patients with CSC
and 1,005 unrelated healthy control individuals were recruited from the Joint Shantou International Eye Centre.
The inclusion criteria were the same as that in the Hong Kong cohort. The samples from the Hong Kong and
Shantou datasets were genotyped using TagMan genotyping assays (Applied Biosystems, Foster City, California)
on a Roche LightCycler® 480 Real-Time PCR System (Roche, Switzerland). We conducted a logistic regression
adjusting for age and sex to evaluate the association.

Finally, the results of the discovery and replication stages were meta-analyzed using a fixed-effect model.

Ethnicity-stratified analysis

To investigate differences in the genetic background of CSC between ethnicities, we compared the meta-GWAS
results of two Japanese datasets (the Kyoto CSC cohort and the Kobe CSC dataset) with the GWAS results of the
Netherlands CSC dataset. Two Japanese datasets were meta-analyzed with the sample-size-based fixed-effect
model, wherein we analyzed the SNPs available in both datasets and with heterogeneity I><25%. We analyzed
SNPs that were included in both the Japanese meta-GWAS and the European GWAS. The Japanese meta-GWAS
and European GWAS were processed with FUMA for gene-mapping, followed by functional enrichment analysis
with ToppGene, as in the discovery meta-GWAS.

Genotype-sex interaction analysis

To examine the influence of sex on the genetic background of CSC onset, we conducted a logistic regression
analysis that included an interaction term between sex and genotype for the four loci identified as genome-
wide significant for CSC in this study. The Kyoto CSC cohort dataset was used for this analysis. For control
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3

participants with unknown sex, we applied the “~check-sex” function in PLINK to infer sex, excluding cases
where sex determination was unsuccessful from the analysis.

Single-tissue eQTL and sQTL analyses

To clarify the association between the CSC susceptibility SNPs and the expression of transcripts, we conducted
single-tissue eQTL and sQTL analyses. For single-tissue eQTL analysis, we searched for genes whose messenger
RNA levels differ by the genotypes of the CSC susceptibility SNPs in the Genotype Tissue Expression (GTEx)
Portal (https://gtexportal.org/home/, Release V8 accessed on October 6, 2022), which is a comprehensive public
resource of tissue-specific gene expression and regulation. For single-tissue sQTL analysis, we also searched
genes whose selective splicing is affected by the genotypes of the CSC susceptibility SNPs in the GTEx Portal.
Additionally, to explore retina-specific eQTLs and sQTLs, we utilized the EyeGEx dataset'? in FUMA to search
for relevant associations.

pQTL analysis

To understand the association between the SNPs and protein expression, we evaluated the large-scale pQTL
study from Iceland'® and tried to reconfirm these associations in our Japanese study. The Icelandic study
measured 4719 proteins using an aptamer-based technology from 35,559 participants and applied it to the pQTL
analysis. The cis-pQTL associations between the SNPs showed genome-wide significance in our study, and genes
chromosomally located as their cis-related genes were evaluated with the significance threshold in the Icelandic
study (P<1.8x107%)13,

To reconfirm the association, as an independent study, we used the participants of the Chronic Heart Failure
Analysis and Registry in the Tohoku District 2 (CHART-2) Study in Japan®. In the CHART-2 Study, 743
individuals had their proteomes measured using the same aptamer-based technology®® and genotypes from a
SNP Array with Japonica v2C. The expression of proteins was normalized by inverse normal transformation.
Linear regressions were performed on genotypes of SNPs that showed genome-wide significance in our study
and the normalized proteome expressions using PLINK (v2.00a3LM) with age, sex, and the 1st and 2nd PCs as
covariates to obtain the beta and P-value.

Potential regulatory prediction analysis

Functional annotations, including enhancer histone marks and motifs, were applied to the four lead SNPs of
genome-wide significance and their proxy SNPs with a high LD > 0.8 using the HaploReg v4.1 database (https://
pubs.broadinstitute.org/mammals/haploreg/haploreg.php, accessed on September 26, 2022)*1.

PheWAS

We performed PheWAS using the IEU OpenGWAS database (https://gwas.mrcieu.ac.uk/, accessed on July 5,
2022)'*'3, which integrates > 42,000 GWAS summary datasets and allows a comprehensive search for phenotypes
that are significantly associated (P<0.001) with the SNP of interest. Using IEU OpenGWAS, we searched the
result for phenotypes of blood molecules.

MR analysis

To explore potential causal relationships between the four blood molecules identified in the PheWAS and
the onset of CSC, we performed MR analyses. The analyses were conducted using summary data from our
discovery meta-GWAS and publicly available summary statistics for each blood molecule!-!°. The MR analysis
investigating whether each of the blood molecules (as exposures) is a causal factor for CSC (as the outcome)
was conducted using genome-wide significant SNPs as reported for each blood molecule (summarized in
Supplementary Table 8). Conversely, to assess whether CSC (as the exposure) acts as a causal factor for changes
in these blood molecules (as outcomes), we used four SNPs identified as genome-wide significant in this study
for CSC. The analyses were performed using both the inverse variance weighted method and the MR Egger
method.

Genetic colocalization analysis

We analyzed the results of the discovery meta-GWAS for CSC and the previously published meta-GWAS for
AMD in the Japanese population. We focused on four genomic regions significantly associated with CSC in
the discovery meta-GWAS (CFH, TNFRSF10A-TNFRSF10A-DT, LINC01924-CDH7, RBBPSNL-GATA5) and six
genomic regions significantly associated with AMD in the Japanese meta-GWAS (CFH, C2-CFB, TNFRSFI0A,
ARMS2, WBPIL, RBBP8NL-GATAS5). For each region, we extended the range by+250 kbp upstream and
downstream of the target region. For the TNFRSF10A-related loci, TNFRSF10A was included within the broader
TNFRSF10A-TNFRSF10A-DT locus; therefore, we adopted the latter for analysis.

The analysis was conducted using the coloc package version 5.2.3 for R**~**. In this analysis, the following
hypotheses were evaluated: H, — Association is present with CSC but not with AMD; H,—Association is present
with AMD but not with CSC; H3—Both CSC and AMD are associated, but they have distinct causal variants;
H,—Both CSC and AMD are associated, and they share a single causal variant.

Statistical analysis

METAL v2011-03-25 (https://genome.sph.umich.edu/wiki/METAL_Documentation)** was used to meta-analy
ze the three GWASs. METAL is a software used for genetic research that performs meta-GWAS at a high speed
and on low-capacity workstations. The metafor package v3.0-2 for R was used for the subsequent targeted
meta-analysis.
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The R 4.2.0 software (The R Foundation for Statistical Computing, Vienna, Austria) was used for statistical
analysis. The MAFs for Japanese (JPT) and European (CEU) and the pair-wise measures of LD r? in a mixed
population of Japanese (JPT) and European (CEU) in the 1000 Genomes Project dataset (phase3 v5 release) were
obtained via LDlink 5.1 (https:/ldlink.nci.nih.gov/?tab=home) using the LDlinkR package v1.1.2 for R*45, MR
analyses were conducted with the TwoSampleMR package version 0.6.4 for R,

A P-value 0f<0.05 was considered statistically significant. In GWAS, a P-value of <5.0 x 10~ was considered
genome-wide significant.

Data availability
The data that support the findings of this study are available upon reasonable request. Requests for access to the
data should be sent via email to the corresponding author, Masahiro Miyake, at miyakem@kuhp.kyoto-u.ac.jp.
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