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Abstract
Background

Atrial fibrillation (AF) is the most common cardiac arrhythmia, which is potentially life-threatening such
as stroke and heart failure. Recent genome-wide association studies (GWASs) and polygenic risk scores (PRSs) have
provided many insights into AF, but the vast majority of these studies have been predominantly performed in European
populations.

Methods

We performed a genome-wide association study (GWAS) for AF in the Japanese population, which included
9,826 cases and 150,272 controls. Then, we conducted a trans-ancestry meta-analysis of > 1 million individuals, which
including 77,690 cases. Further, we investigated the biological role of the identified AF-associated loci by leveraging
gene expression and epigenomic datasets. Additionally, we developed a PRS derived from the trans-ancestry meta-
analysis and assessed the impact of the PRS on relevant phenotypes and long-term mortality.

Results

We identified five new susceptibility loci in the Japanese GWAS, including East Asian-specific rare variants.
In the trans-ancestry meta-analysis, we found 33 novel loci, bringing the total number of new loci to 35. Leveraging
gene expression and epigenomic datasets to prioritize putative causal genes and their transcription factors revealed the
involvement of /L6R gene and transcription factor ESRRG besides the known ones. Further, a trans-ancestry PRS was
associated with an increased risk of long-term cardiovascular and stroke mortality, and segregated individuals with
cardioembolic stroke in undiagnosed AF patients.

Conclusions

In our large-scale Japanese and trans-ancestry genetic analyses, we showed the genetic underpinnings of AF.
Our findings suggest the clinical utility of AF-PRS for individual risk stratification, leading to the realization of future
precision medicine.



Introduction

Atrial fibrillation (AF) is the most common
cardiac arrhythmia, affecting approximately 46.3
million individuals worldwide'. The global prevalence
of AF is increasing due to the rapid aging of the general
population and intensified search for subclinical
AF’. Despite progress in diagnostic and therapeutic
technologies, a substantial number of patients with AF
are admitted with life-threatening complications such
as stroke and heart failure’, causing a considerable
burden on patients and public healthcare systems®.
Besides conventional clinical risk factors such as
ageing, obesity, hypertension, and heart failure, the
genetic contribution to the development of AF is also
widely recognized. Recent genome-wide association
studies (GWASs) have identified more than 100 AF-
associated loci, some of which are involved in cardiac
developmental, electrophysiological, contractile, and
structural pathways’*. However, since the vast majority
of AF-GWASs have been predominantly performed
in European populations, the genetic pathophysiology
of AF in non-European populations has not been
comprehensively understood and it is difficult to apply
polygenic risk scores (PRSs) derived from such GWASs
to non-European populations.

Therefore, in the present study, we sought
to explore the genetic architecture of AF in a non-
European population and improve the statistical power
of AF-GWASs by performing a large-scale Japanese
GWAS, followed by conducting a trans-ancestry meta-
analysis. Further, we investigated the biological role
of the identified AF-associated loci by leveraging gene
expression and epigenomic datasets. Additionally, we
developed a PRS derived from the trans-ancestry meta-
analysis and assessed the impact of the PRS on relevant
phenotypes and long-term mortality, which may provide
evidence for the clinical utility of AF-PRS and lay the
foundation for the realization of precision medicine in
AF.

() HEFC M (2021 4 EERTZE3EREE)

Methods
Study populations

All subjects were Japanese who were
registered in the BioBank Japan (BBJ) project (https://
biobankjp.org/). The BBJ is a hospital-based national
biobank project that collects DNA and serum samples
and clinical information from 12 cooperative medical
institutes throughout Japan (Osaka Medical Center
for Cancer and Cardiovascular Diseases, Cancer
Institute Hospital of Japanese Foundation for Cancer
Research, Juntendo University, Tokyo Metropolitan
Geriatric Hospital, Nippon Medical School, Nihon
University School of Medicine, Iwate Medical
University, Tokushukai Hospitals, Shiga University of
Medical Science, Fukujuji Hospital, National Hospital
Organization Osaka National Hospital, and lizuka
Hospital). Approximately 200,000 patients with any of
the 47 target diseases were enrolled between 2003 and
2007. All samples were at least 18 years old. Informed
consent was obtained from all participants, and our
study was approved by the relevant ethical committees
at each facility.

For the quality control of GWAS, we
excluded samples with a call rate < 0.98 and related
individuals with PI_HAT > 0.2, which is an index
of relatedness based on pairwise identity-by-descent
implemented in PLINK 2.0 (20 Aug 2018 ver.). We
then excluded samples with a heterozygosity rate > +4
s.d. To identify population stratification, we performed
principal component analysis using PLINK 2.0. and
excluded outliers from the Japanese cluster. For the case
samples in GWAS, we selected individuals with atrial
fibrillation or atrial flutter diagnosed by a physician
based on general medical practices or documented on a
12-lead electrocardiogram. The demographic features
of the case—control cohort are shown in Supplementary
Table 1.
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Genotyping, imputation, and quality control

GWAS subjects were genotyped using the
Illumina Human OmniExpress Genotyping BeadChip
or a combination of Illumina HumanOmniExpress and
HumanExome BeadChips (Illumina, San Diego, CA).
For genotype quality control, we excluded variants
with (i) SNP call rate < 0.99, (ii)) MAF < 0.01, and (iii)
Hardy-Weinberg equilibrium P value < 1.0 x 10, We
pre-phased the genotypes using EAGLE and imputed
dosages with the 1,000 Genome Project Phase 3 (1KG
Phase 3; May 2012)° reference panel with 1,037
Japanese in-house reference panel from BBJ using
minimac3. For the X chromosome, pre-phasing was
performed in both males and females, and imputation
was performed separately for males and females.
Dosages of variants in X chromosomes for males were

assigned between 0 and 2.

GWAS

In the Japanese GWAS, association was
performed by logistic regression analysis assuming
an additive model with adjustment for age, age’,
sex, and top 20 principal components using PLINK
2.0. We selected variants with minimac3 imputation
quality score of > 0.3 and MAF > 0.001. For the X
chromosome, we conducted association analyses in
males and females separately, and integrated the results
using an inverse-variance weighted fixed-effects model
implemented in METASOFT (v2.0.1). Heterogeneity
between studies was calculated using the Cochran’s
Q test. We filtered variants with strong heterogeneity
(P,,<1.0x10™). The genome-wide significance threshold
was defined at P<5.0x10™ for variants with MAF>1% and
P<5.71x10" for those with MAF<1% (0.05/8,753,038
variants). Although the genomic inflation factor (Asc)
was 1.12, LD-score regression indicated that the
inflation was primarily due to polygenic effects (LD-
score regression intercept=1.02; Supplementary Fig. 1a).
Adjacent genome-wide significant SNPs were grouped
into one locus if they were within 1 Mb from each
other. We defined a locus as the candidate region that

was located within 500 Mb upstream and downstream
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Supplementary Fig. 1 | Quantile-quantile plot for GWAS of three studies.
a, the Japanese GWAS. b, GWAS of a meta-analysis in European population (EUR).
¢, GWAS in data from FinnGen project (FIN). GWAS, genome-wide association study.

of the genome-wide significant variants. When a locus
was not in LD (1°<0.10) with reported loci, we defined
it as a novel locus. In sex-stratified association analysis
of 81,050 males (6,825 cases and 74,225 controls) and
69,222 females (3,001 cases and 66,221 controls), we
also performed logistic regression analysis in males
and females separately using the same pipeline as
described above. To investigate the difference in genetic
susceptibility to AF between males and females, we
compared effect sizes of the variants identified in the
sex-stratified GWAS. Genotyped or imputed variants
were annotated using ANNOVAR (7 July 2017 build)

(http://annovar.openbioinformatics.org).

Stepwise conditional analysis

To identify independent association signals in
the loci, we conducted a stepwise conditional analysis
for genome-wide significant loci defined as described
in the GWAS. First, we performed logistic regression
conditioning on the lead variants of each locus. We set a
locus-wide significance at P<1.0x10” and repeated this
procedure until none of the variants reached locus-wide

significance for each locus.

LD score regression and heritability

To estimate confounding biases such as
cryptic relatedness and population stratification, we
performed an LD score regression (Version 1.0.0). We
selected SNPs with MAF>0.01, and variants within the

major histocompatibility complex region were excluded.
For the regression, we used the East Asian LD scores

provided by the authors (https://github.com/bulik/ldsc/).

Trans-ancestry meta-analysis

Summary results from two European
AF GWASs (EUR and FIN) were obtained from a
previously published website (http:/csg.sph.umich.edu/
willer/public/afib2018)” and from the FinnGen research

project website (https://www.finngen.fi/en), respectively.
EUR is a meta-analysis of six contributing AF data
sources (The Nord-Trendelag Health Study, deCODE,
the Michigan Genomics Initiative, DiscovEHR, UK
Biobank, and the AFGen Consortium). FIN is composed
of 102,739 Finnish participants, and the phenotypes
were derived from ICD codes in Finnish national
hospital registries and cause-of-death registry as a
part of the FinnGen project. To inspect the biases of
these GWAS, we calculated the LD-score regression
intercept for each study and confirmed that these two
studies were well calibrated (LD score regression
intercept for EUR=1.052 (s.e.m.=0.012) and FIN=1.033
(s.e.m.=0.010); Supplementary Fig. 1b, c¢). We also
calculated the genetic correlation and found a significant
genetic correlation between EUR and FIN (r,=0.918,
s..m.=0.035, P=3.9x10""%).

To account for the ancestral heterogeneity
among the three studies, we applied the MANTRA

algorithm in the trans-ancestry meta-analysis'’, which
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allows for heterogeneity between diverse ancestry
groups and improves performance compared to fixed-
effects meta-analysis and random-effects meta-analysis.
Variants with MAF>1% in both the Japanese and
European populations were selected for association. We
considered SNPs with log,, BF>6 to be genome-wide

significant.

Trans-ancestry genetic correlation

To estimate the trans-ancestry genetic
correlation, we applied Popcorn software (v.1.0). We
used East Asia or European samples of 1KG for the LD
reference and excluded the variants within the major
histocompatibility complex region according to the
instructions of the software. To estimate the liability-
scale genetic correlation, we assumed that the AF
prevalence was 0.58% in the Japanese population, 1.38%

in the United Kingdom population, and 0.97% in the

Finnish population (https://vizhub.healthdata.org/gbd-
compare/).

Credible set analysis

To construct sets of variants that likely
include causal variants, we constructed a 99% credible
set in each AF-associated locus using BF obtained from
MANTRA results in the trans-ancestry meta-analysis.
For each locus, we calculated the posterior probability
(PP) for the /™ SNP using the following formula: PPj
= %, where BFj denotes the BF for the /" SNP
and BF), denotes all of the variants included in the locus.
We then constructed the 99% credible set by adding the
variants in order of decreasing PP until the cumulative
PP reached 0.99. To assess whether the 99% credible
set derived from the trans-ancestry meta-analysis
narrowed down the causal variants, we performed two
additional meta-analyses (EUR + BBJ and EUR + FIN)
using the MANTRA algorithm and constructed 99%
credible sets for 150 AF-associated loci identified by
the trans- ancestry meta-analysis. We then compared
the number of variants in the 99% credible set for each
locus. Among them, the loci where at least one variant

surpassed genome-wide significance (log,, BF>6) in all

meta-analyses were included in the test. The differences
in the sizes of the credible sets were tested using the

paired Wilcoxon rank-sum test.

Pleiotropy

We searched for AF-associated variants
that overlapped with other diseases or traits using the
NHGRI-EBI GWAS catalog on February 8, 2019. As
reported previously', we selected the AF-associated
variants in the trans-ancestry meta-analysis according
to the following criteria: (i) variants with +>0.5 in
both East Asian and European samples of 1KG if the
publication in GWAS catalog included East Asians, (ii)
variants with 7°>0.5 in European samples of 1KG if the
original report did not study East Asian populations;
and (iii) the physical distance from AF-associated lead
variants in the trans-ancestry meta-analysis to variants
reported in the GWAS catalog was within 25 kb. For
the association analysis between AF-associated loci
and QTL for clinical parameters, we used the summary
statistics previously reported in the BBJ dataset' ™. We
selected AF-associated variants (7>0.6 in East Asian
samples of 1KG and clinical parameters of nine distinct
categories: anthropometric (n=2), metabolic (n=6),
serum protein (n=2), kidney-related (n=4), electrolyte
(n=3), liver-related (n=5), other biochemical (n=5),
hematological (n=5), and blood pressure (n=4). In QTL
analysis, clinical measurements were corrected by
taking into account the effect of medications as follows:
for individuals taking cholesterol-lowering drugs, total
cholesterol and low-density-lipoprotein cholesterol
levels were corrected by dividing by 0.8 and 0.7,
respectively'”; for individuals taking antihypertensive
drugs, 15 mmHg was added to the systolic blood
pressure and 10 mmHg to the diastolic blood pressure
readings'’. Furthermore, linear regression models for
these quantitative traits were adjusted for sex, age, agez,
the top 10 principal components, and disease status.
Smoking status was also introduced into the model for
white blood cell count and C-reactive protein levels.
We chose QTL showing a genome-wide significant

association (P<5.0x107).



Tissue and gene set enrichment analysis

For tissue and gene set enrichment analysis,
we used data-driven expression-prioritized integration
for complex traits (DEPICT) software (https://data.
broadinstitute.org/mpg/depict)'*. To reduce the

redundancy of the pathways, we applied affinity
propagation clustering implemented in the apcluster

15,16

package v.1.4.8 in R, Using this algorithm, we
obtained distinct clusters that contained ‘exemplar’
pathway and member pathways. We extracted 48
exemplar tissues and 1,157 gene sets for enrichment
analysis and selected independent AF-associated variants
with log,, BF>5 as applied in a previous study'’. The
significance level was set at P=1x10"° (=0.05/48) for
tissue enrichment analysis and P=4.3x10"° (=0.05/1,157)

for gene set enrichment analysis.

Transcriptome-wide association study

We performed a transcriptome-wide
association study to assess gene-AF associations using
MetaXcan v0.3.512", which estimates the association
between predicted gene expression levels and a
phenotype of interest using summary statistics and gene
expression prediction models. We used precomputed
prediction models with LD reference data in GTEx
v7 for atrial appendage and left ventricular tissues
and the summary statistic of the trans-ancestry AF-
GWAS as input. Bonferroni significance level was set
at P=8.4x10° (=0.05/5,988) for atrial appendage and
P=9.3x10" (=0.05/5,378) for left ventricle to account

for the number of genes tested in each tissue.

Enrichment analysis of transcription factor

To assess the enrichment of transcription
factor in AF-associated loci, we defined AF-associated
loci as regions within 500 Mb upstream and 500 Mb
downstream of the AF-associated lead variants or
proxies with 7>0.8 in European samples of 1KG. We
then searched for overlaps of peak-call data archived
in the ChIP-Atlas dataset with AF-associated loci and

control regions selected from all the genome regions by

() HEFC M (2021 4 EERTZE3EREE)

permutation test. P-values were calculated with the two-
tailed Fisher’s exact probability test (the null hypothesis
is that the two regions overlap with the ChIP-Atlas
peak-call data in the same proportion). The epigenetic
landscapes around cardiac ion channel-related genes
were visualized using ChIP-Atlas Peak Browser and

. . . 19
Integrative Genomics Viewer .

PRS derivation and performance

We derived PRS using the pruning and
thresholding methods. PRSs were created over a range
of P value threshold (0.5, 5.0x107, 5.0x10™, 5.0x107,
and 5.0x10®) and /* threshold (0.2, 0.5, and 0.8). For the
survival analysis, we divided our dataset into three groups:
(1) a discovery group to derive and validate PRS (6,890
cases and 49,451 controls), (ii) a test group to assess
PRS performance (2,953 cases and 21,194 controls), and
(ii1) a group for the survival analysis (70,645 controls)
(Supplementary Fig. 2). To secure independence
between the PRS derivation and validation, we used a
ten-fold cross-validation approach. First, we randomly
split a discovery group into ten subgroups and used nine
of these subgroups for PRS derivation and the remaining
one for PRS validation. To determine the weight of PRS,
we performed GWAS in combination with two European
GWAS: (i) Japanese subgroup GWAS, (ii) two European
GWAS (EUR or FIN), (iii) Japanese subgroup GWAS
+ EUR (fixed- or random-effect model), (iv) Japanese
subgroup GWAS + FIN (fixed- or random-effect model),
(v) EUR + FIN (fixed- or random-effect model, and
(vi) Japanese subgroup GWAS + EUR + FIN (fixed- or
random-effect model). Meta-analyses were performed
using the METASOFT software. In the meta-analysis
with the Japanese subgroup GWAS, LD was calculated
separately based on East Asian or European samples
of 1KG. We then calculated the PRSs for the withheld
validation cohort using PLINK 2.0 and validated its
performance. Changing the withheld validation cohort,
we repeated these procedures ten times and obtained
the performance measurements for each combination.
Notably, the validation cohort was excluded from the

derivation of GWAS. The performance of the PRS was
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Supplementary Fig. 2 | Analytical scheme for PRS derivation, validation, and test cohorts and survival analysis.
Schematic representation for cross-validation, performance testing of the AF-PRS in the independent
test cohort, and survival analysis for AF-PRS. PRS, polygenic risk score; AF, atrial fibrillation.

measured as (1) Nagelkerke’s pseudo R” obtained by
modeling age, sex, and normalized PRS, and (2) the
area under the curve of the receiver operator curve in
the same model as Nagelkerke’s pseudo R’. The best
model/parameter set for each combination model (BBJ,
EUR, FIN, BBJ + EUR, BBJ + FIN, EUR + FIN, BBJ +
EUR + FIN) was determined by averaging Nagelkerke’s
pseudo R’ (Supplementary Table 2). Using the best
models and parameters determined in the derivation and
validation cohorts, we calculated the PRSs and assessed
their performance for the independent test cohort.

We applied bootstrapping to assess the distribution of

performance of the PRS; randomly extracted the
individuals in the test cohort with replacement and
calculated the performance for the samples. By
repeating this procedure 5.0x10" times, we estimated the

distribution of the performance measures.

Association of AF-PRS with age of AF onset and
stroke subtypes

To assess the association between AF-PRS
and age at AF onset, we extracted AF case samples
with the data (n=7,458, median age of AF onset was 63
years of age (IQR 56-71)), and estimated the difference
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Supplementary Table 2 | The performance of AF-PRS in the cross-validation cohort

Summary Parameter Wedian number Performance BBI/FIN EUR 5004 08 random 1428 012 072
LD reference] P 2 |Effectmodel| _of variants _[Pseudo R2| AUCROC BBI/FIN EUR 50E-06 [ random 55 012 072
B8] EAS 5.0E-06 02 A 130 0.12 0.7z BBI/FIN EUR. 50.E06 05 random 139 012 071
B8] EAS 5004 08 NA 1985 012 072 BBI/FIN EUR 50E04 05 random To1d 012 072
B8] EAS 50604 05 NA 1374 012 072 BBI/FIN EUR 5006 08 random 229 012 071
B8] EAS 5006 05 NA 206 012 072 BBI/FIN EAS 5006 08 random 225 012 071
B8] EAS 5008 02 NA 65 012 072 BBI/FIN EUR 5004 02 random 787 012 071
B8] EAS 5.0£-06 08 NA 350 012 072 BBI/FIN EAS 5004 02 random 772 012 071
B8] EAS 50E-08 05 NA i 012 072 BBI/FIN ERS 50E-08 02 random 40 012 071
B8] EAS 5004 02 NA 1070 012 072 BBI/FIN EAS 5008 05 random 58 012 071
B8] EAS 50.E-08 08 NA 205 011 071 BBI/FIN EUR 5008 05 random 50 011 071
68) EAS 50E-02 08 NA 86953 010 070 BBI/FIN EUR 50E08 02 random £ 011 o1
B8) EAS 50E-02 05 NA 63,015 0.09 069 BB)/FIN EUR 50608 08 random 86 011 071
B8] EAS 50E-02 02 NA 46787 009 069 BBI/FIN ERS 5002 08 fixed 65458 011 (5
B8) EAS 50601 08 NA 739,368 0.09 069 BBI/FIN EAS 50.E02 08 random | 50,018 011 071
B8) EAS 50E-01 05 NA 494,048 0.08 0568 BBJ/FIN EAS 50E-08 08 random 9 011 071
68) EAS 50E01 02 NA 305173 008 068 BBI/FIN EUR 5002 08 fixed 66952 011 (50
EUR EUR 50E-06 05 NA 1333 013 072 BB)/FIN EUR 50.E02 08 random | 51,088 011 071
EUR EUR 50E-08 05 NA 668 012 072 BBI/FIN EUR 5002 05 fixed 46313 011 070
EUR EUR 50,605 08 NA 2,363 012 072 BB)/FIN ES 50.E02 05 fixed 45,730 0.10 0.70
EUR EUR. 50608 02 NA 364 012 072 BBJ/FIN EAS 50£-02 05 random | 35,864 010 070
EUR EUR 50605 02 NA 750 012 072 BBI/FIN EUR 5002 05 random | 34,157 010 070
EUR EUR. 50608 08 NA 1196 012 071 BB/FIN EUR 50E-02 02 Fixed 32,051 0.10 0.70
EUR EUR 50E04 02 NA 3ETL 011 071 BBI/FIN EAS 5002 02 fixed 32,364 010 070
EUR EUR 50600 05 NA 5479 010 0.70 BBJ/FIN EAS 50E02 02 wandom | 26275 0.10 [
EUR EUR 50604 0s NA 8597 010 069 BBJ/FIN EAS 5001 08 fixed 438117 0.10 059
EUR EUR 5002 02 NA 81,351 008 068 BBI/FIN EUR 5001 08 random | 456137 010 059
EUR EUR 50E-02 05 A 116610 0.08 068 BBI/FIN EUR. 50601 08 fixed 505,946 010 069
EUR EUR 50E-02 08 NA 166235 008 068 BBI/FIN EAS 5001 08 random | 438117 008 069
EUR EUR 50601 02 NA 406,522 0.08 067 BBI/FIN EUR 5001 05 fixed 311410 0.09 059
EUR EUR 5001 08 NA 1,104,286 007 066 BBI/FIN EUR 50602 02 random | 26,020 009 069
EUR EUR 50E01 05 NA 713565 007 066 BBI/FIN EAS 5001 05 fixed 299,065 008 059
FIN EUR 50E-06 08 NA 228 01 0.70 BBI/FIN EUR 50601 05 random | 284846 0.09 069
FIN EUR 50E-08 08 NA 04 010 070 BBI/FIN EAS 50E-0L 05 random | 273821 009 059
FIN EUR 50E-06 05 NA 161 010 0.70 BBI/FIN ES 50.E01 02 fixed 166,748 009 059
FIN EUR 50.E-08 05 NA 68 010 0.70 BBI/FIN EUR 5.0.E-01 02 fixed 168475 009 069
FIN EUR 50E-06 02 NA 1 010 070 BBJ/FIN EUR 50E-01 02 random | 157446 009 068
FIN EUR. 50.E-08 02 NA a1 010 069 BB)/FIN EAS 50601 02 random | 155,199 009 059
FIN EUR 50E-08 08 NA 2313 008 069 EUR/FIN EUR 5004 05 random 4284 013 073
FIN EUR 50604 05 NA 1651 0.09 069 EUR/FIN EUR 50604 05 fixed 5839 013 073
FIN EUR. 50E-04 02 NA 1288 008 068 EUR/FIN EUR 5006 05 random 1077 013 012
FIN EUR 50E-02 08 NA 106,221 008 067 EUR/FIN EUR 50E-06 05 fixed 1530 013 072
FIN EUR. 50E-02 05 NA 76,300 0.08 067 EUR/FIN EUR 5004 08 random 6,637 013 072
FIN EUR 50E-02 02 NA 54875 007 067 EUR/FIN EUR 50E08 05 fixed 780 013 072
FIN EUR 50601 02 NA 334,891 0.07 067 EUR/FIN EUR 5008 05 random 547 013 072
FIN EUR 50E-01 05 NA 577,575 007 067 EUR/FIN EUR 5008 02 random 324 012 072
FIN EUR 50E01 08 NA 881894 007 057 EUR/FIN EUR 50E04 08 Tixed 5,335 012 072
BBI/EUR EUR 50608 05 Fixed 4032 015 0.7 EUR/FIN EUR 50E-06 08 random 1866 012 072
BBI/EUR ERS 50604 05 fixed 4,380 014 073 EUR/FIN EUR 50E06 02 random 642 012 0z
BBI/EUR EUR 50600 08 fixed 6.784 014 073 EUR/FIN EUR 5008 08 random 943 012 0.72
BBI/EUR EAS 50E-04 02 fixed 2,984 014 073 EUR/FIN EUR 5002 08 fixed 146145 012 072
BBI/EUR EUR 50605 05 fixed 1118 014 073 EUR/FIN EUR 50E-08 [ fixed a7 012 072
BBJ/EUR EUR 50E-04 02 fixed 2617 0.1 073 EUR/FIN EUR. 50.E02 08 random | 109131 012 072
BBJ/EUR EAS 5004 08 fixed 6784 014 073 EUR/FIN EUR 50E-06 02 fixed 845 012 072
BBJ/EUR EAS 5006 02 fixed 75 0.1 073 EUR/FIN EUR 5006 08 fixed 2742 012 072
BBJ/EUR EAS 50E-06 05 fixed 1214 013 073 EUR/FIN EUR 5008 08 fixed 1415 012 072
BBJ/EUR EUR 50E-02 [ fixed 95,388 013 073 EUR/FIN EUR 5002 05 random | 77,031 012 o7
BBJ/EUR EAS 50E-02 08 random 70,119 013 073 EUR/FIN EUR 50.E:02 05 Tixed 100447 012 071
BBJ/EUR EUR 50E-06 02 fixed 647 013 073 EUR/FIN EUR 5004 02 fixed 3851 012 (50
BBJ/EUR EAS 50E-02 08 Tixed 94,503 013 073 EUR/FIN EUR 50604 02 random 2,364 011 071
BBJ/EUR EAS 50E-04 08 random 4514 013 073 EUR/FIN EUR 5000 08 Fixed 914270 011 070
BBI/EUR EUR 5004 05 random 2874 013 073 EUR/FIN EUR 5002 02 random | 54487 011 070
BBI/EUR EAS 50.E-08 05 random 3,091 013 073 EUR/FIN EUR 50.E01 05 Fixed 589,023 0.10 0.70
BBI/EUR EUR 50E-02 05 fixed 62,961 013 072 EUR/FIN EUR 5002 02 fixed 68,464 010 [0
BBI/EUR EUR 50608 05 fixed 1053 013 073 EUR/FIN EUR 50601 08 random | 841,099 0.10 0.70
BBI/EUR EAS 50E-08 02 fixed 372 013 073 EUR/FIN EUR 5.0.E-01 05 random | 547595 0.10 069
BBJ/EUR EUR 50605 08 fixed 2013 013 072 EUR/FIN EUR 50E01 02 fixed 335,381 010 059
BBI/EUR EUR 50E-02 08 random 71,155 013 073 EUR/FIN EUR 50.E-01 02 random | 316,738 0,09 069
BBI/EUR EUR 50608 02 fixed 316 013 07z BEJEUR/AIN__EUR 50E-04 05 fixed 4474 014 073
BBJ/EUR EUR 50604 08 random 4451 013 072 BEJEUR/FIN__EAS 5004 05 fixed 4862 04 073
BBJ/EUR EAS 50E-02 05 random 49.287 013 072 BBIEUR/FIN__EAS 5004 08 fixed 7614 014 073
BBJ/EUR EAS 5008 05 fixad 611 013 072 BEIEUR/FIN__EAS 50E-04 08 random 4896 014 073
BBJ/EUR EAS 50E-02 05 fixed 64151 013 072 BBJEUR/FIN__EUR. 50.E06 05 Tixed 1306 014 073
BBJ/EUR EAS 50E-06 08 fixed 2,063 013 072 BEIEUR/FIN__EAS 50E-02 08 random | 68426 014 073
BBJ/EUR EUR 5008 08 fixed 1,053 013 072 BEJEUR/FIN__EAS 5006 02 fixed 880 04 073
BBJ/EUR EUR 50E-02 05 random 48751 013 0.7z BBJEUR/FIN__EUR. 5004 08 fixed 7443 014 073
BBJ/EUR EUR 5006 05 random g 012 072 BEIEUR/FIN__EAS 50E-04 05 random 3287 014 073
BBJ/EUR EAS 5006 02 random 523 0.12 0.7z BBJEUR/FIN__EUR. 50.E04 02 fixed 2835 014 073
BBJ/EUR EAS 50E-04 02 random 2231 012 072 BEIEUR/FIN__EAS 50E-02 08 fixed 93,143 o014 073
BBJ/EUR EAS 50E-06 05 random 776 012 072 BEJEUR/FIN__EAS 50604 [ fixed 3275 014 073
BBJ/EUR EUR 50E-04 02 random 1992 012 072 BBJEUR/FIN__EUR. 5004 08 random 4780 014 073
BBJ/EUR EAS 5006 08 random 1232 012 072 BBIEUR/FIN__EUR 50E-06 0z Tixed 740 013 073
BBJ/EUR EAS 50E-08 08 fixed 1,089 0.12 0.7z BBJEUR/FIN__EUR. 50.E02 08 fixed 94,188 013 073
BBJ/EUR EAS 5001 08 fixed 526944 012 071 BEIEUR/FIN__EAS 50E-06 05 fixed 1447 013 072
BBJ/EUR EUR 50602 02 fixed 1575 012 072 BEJEUR/FIN__EUR 5002 08 random | 69,037 013 073
BBJ/EUR EAS 50E-02 02 fixed 43393 012 071 BBJEUR/FIN__EUR. 5004 05 random 3013 013 073
BBJ/EUR EUR 5006 08 random 1207 012 072 BEIEUR/FIN__EAS 50E-08 02 Tixed w2 013 072
BBJ/EUR EUR 50E-06 02 random 453 0.12 0.7z BBJEUR/FIN__EUR. 50.E02 05 fixed 61,445 013 073
BBJ/EUR EAS 50E-08 02 random 24 012 071 BEJEUR/AIN__EUR. 50E-06 08 fixed 2373 013 073
BBJ/EUR EAS 50601 08 random 483579 012 071 BEJEUR/FIN__EUR 5008 05 fixed 675 013 073
BBJ/EUR EUR 5001 08 fixed 565,455 012 071 BBIEUR/FIN__EAS 5006 05 random B 013 073
BBJ/EUR EUR 50E01 08 random 523419 012 o071 BEIEUR/FIN__EAS 50E-02 05 random | 47546 013 073
BBJ/EUR EAS 50E-02 02 random 34904 [ 071 BBJEUR/FIN__EAS 50.E06 08 fixed 1460 013 072
BBJ/EUR EUR 50E-01 05 fixed 340642 oar 071 BEIEUR/FIN__EAS 50E-08 05 fixed 733 013 072
BBJ/EUR EAS 5008 08 random 605 01 071 BEJEUR/FIN__EUR. 5004 02 random 2,058 013 073
BBJ/EUR EAS 5001 05 fixed 312,689 01 071 BBIEUR/FIN__EAS 5006 08 random 1460 013 072
BBJ/EUR EUR 5008 02 random 207 [0 o071 BEIEUR/FIN__EAS 50E-04 [ random 2,325 013 072
BBJ/EUR EUR 50E-02 02 random 33637 011 071 BBJEUR/FIN__EUR. 50.E08 02 fixed 369 013 072
BBJ/EUR EAS 50E-01 05 random 291938 [ 071 BBIEUR/AIN__EUR 50E-06 05 random 801 013 072
BBJ/EUR EUR 50601 05 random 319,69 0.1 071 BEJEUR/FIN__EUR. 5002 05 random | 46,529 013 072
BBJ/EUR EAS 50E-08 05 random 368 01 071 BBJEUR/FIN__EUR. 50E-06 02 random 506 013 072
BBJ/EUR EUR 5008 05 random 338 [0 o071 BEIEUR/FIN__EAS 50E-06 0z random 550 013 072
BBJ/EUR EAS 50E-01 02 fixed 167187 01 0.70 BBJEUR/FIN__EUR. 50.E08 08 fixed 1261 013 072
BBJ/EUR EUR 50E-01 02 fixed 179,959 [ 070 BEJEUR/FIN__EAS 50E-02 05 fixed 62810 013 072
BBJ/EUR EUR 5008 08 random 550 01 071 BEJEUR/FIN__EUR. 5006 08 random 1402 013 072
BBJ/EUR EUR 5001 02 random 171908 01 0.70 BBIEUR/FIN__EAS 5008 08 fixed 1291 013 0712
BBJ/EUR EAS 50E01 02 random 159,328 010 070 BEIEUR/FIN__EAS 50E-08 05 random 429 012 072
BBI/FIN EAS 50E-06 02 fixed 125 0.1 073 BBIEUR/FIN__EAS 50.E08 02 random 218 012 072
BBI/FIN EAS 5004 08 fixed 2,064 013 073 BEJEUR/AIN__EUR. 50E-02 02 fixed 39835 012 072
BBI/FIN EAS 5008 02 fixed 65 013 073 BEVEUR/FIN__EAS 5001 08 fixed 498,303 012 072
BBI/FIN EAS 50E-04 05 fixed 1411 013 073 BBIEUR/FIN__EAS 5008 08 random 706 012 072
BBI/FIN EUR 50E-04 08 fixed 2,158 013 073 BBIEUR/FIN__EUR 50E-08 08 random 666 012 072
BBI/FIN EAS 50E-06 05 fixed 231 013 073 BBJEUR/FIN__EUR. 50.E08 02 random 236 012 071
BBI/FIN EUR 50E-04 05 fixed 1478 013 073 BEIEUR/FIN__ EAS 50E-00 08 random | 461151 012 o071
BBI/FIN EUR 5006 05 fixed 28 013 072 BEJEUR/FIN__EUR 50E-08 05 random 383 012 071
BBI/FIN EUR 50E-06 08 fixed 410 013 0.7z BBJEUR/FIN__EUR. 5002 02 random | 31591 012 071
BBI/FIN EUR 5006 02 fixad 157 013 072 BBIEUR/FIN__EUR 50E-01 08 Tixed 534,900 012 o071
BBI/FIN EAS 50E-06 08 fixed 39 013 072 BBJEUR/FIN__EUR. 50.E01 08 random | 496020 012 071
BBI/FIN EAS 50E-04 02 fixed 1053 013 072 BEJEUR/AIN__EUR. 50E-01 05 fixed 323118 012 o071
BBI/FIN EUR 50604 02 fixed 1,083 013 072 BEJEUR/FIN__EAS 5002 [ fixed 42038 012 071
BBI/FIN EUR 50E-08 02 fixed 68 013 072 BBIEUR/FIN__EAS 5002 02 random | 33,133 011 071
BBI/FIN EAS 5008 05 fixad 13 013 072 BEIEUR/FIN__EAS 50E-01 05 Tixed 296,688 oL 071
BBI/FIN EAS 50E-04 08 random 1376 0.12 0.7z BBJEUR/FIN__EAS 50.E01 05 random | 278881 011 071
BBI/FIN EAS 50E-04 05 random 988 012 072 BEJEUR/AIN__EUR 50E-00 05 random | 303625 o1 o071
BBI/FIN EUR 5008 08 fixed 189 012 072 BEVEUR/FIN__EAS 5001 02 fixed 159,071 o1 071
BBI/FIN EUR 50E-08 05 fixed 3 012 072 BBJEUR/FIN__EUR. 5.0.E01 02 fixed 170897 011 071
BB)/FIN EAS 50E-08 08 fixed 197 012 072 BEIEUR/FIN__EAS 50E-01 0z random | 152014 010 070
BBI/FIN EAS 50E-06 02 random 3 0.12 0.7z BBJEUR/FIN__EUR. 50.E01 02 random | 163231
BBI/FIN EAS 50E-06 05 random 138 012 072 AF. atrial firilation; PRS, polygenic risk score; LD, inkage disequiibrium; P, P-value; Pseudo RZ, Negelkerke's

pseudo R2; AUCROC, area under the curve of the recelver operator curve
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in the effect of AF onset age between individuals
with top PRS to those with the remaining PRS using
a linear regression model adjusted for sex and top 10
principal components. For the association analysis
between AF-PRS and stroke subtype, we calculated
ORs and associated P values using a logistic regression
model adjusted for age, sex, and the top 10 principal
components. Among the control samples (without AF
diagnosis) in our dataset (n=140,447), we found 14,120
stroke phenotypes: 9,177 for cerebral infarction, 111
for cardioembolic stroke, 1,465 for atherothrombotic
infarction, 1,266 for lacunar infarction, 1,143 for
cerebral hemorrhage, and 967 for subarachnoid

hemorrhage.

Survival analysis

For survival analysis, the Cox proportional
hazards model was used to assess the association
between AF-PRS and long-term mortality. We obtained
survival follow-up data with the ICD-10 code for
132,737 individuals from the BBJ dataset™”'. The causes
of death were classified according to ICD-10 codes: (i)
cardiovascular death (100-199), (ii) heart failure death
(150), (iii) ischemic heart disease death (120-125), and
(iv) stroke death (160, 161, 163, and 164). The median
follow-up period was 8.4 years (IQR 6.8 — 9.9). The
Cox proportional hazards model was adjusted for sex,
age, top 10 principal components, and disease status.
Analyses were performed with the R package survival
v.2.44, and survival curves were estimated using the R

package survminer v.0.4.6, with modifications.

Mendelian randomization

We performed two-sample MR to test for a
causal relationship between AF and relevant diseases
or traits. Although the statistical power to detect the
associations with AF decreased, we selected AF-
associated variants from the trans-ancestry meta-
analysis in combination with BBJ and FIN to avoid
sample overlap, and extracted summary statistics from a
large database of genetic associations in the UK biobank

(http://www.nealelab.is/uk-biobank/). To identify

independent variants for exposure, genome-wide
significant variants (P<5x10%) were pruned (+°<0.05;
LD window of 10,000 kb; using European samples of
1KG for LD reference) as applied previously™. First,
we assessed whether AF is causally associated with
cardiovascular diseases using AF-associated variants
as instrument variables and variants associated with
cardiovascular diseases as outcome variables. Next,
we assessed the causal effects of quantitative traits
related to anthropometry, metabolites, serum protein,
kidney function, liver function, hematocyte count, and
blood pressure on AF, where variants associated with
quantitative traits were used as instrument variables
and AF-associated variants as outcome variables. We
used the inverse-variance-weighting (IVW) method. To
exclude horizontal pleiotropic outliers, we performed
MR-PRESSO for instrument variables”. We also
calculated Cochran’s Q statistics for heterogeneity
between the causal effects of variants using IVW and
the MR-Egger intercept for directional pleiotropy.
All analyses were performed using R v4.0.3, with R
packages TwoSampleMR and MRPRESSO.

Results

Five novel loci for AF identified in the Japanese GWAS

An overview of the study design is shown
in Supplementary Fig. 3. We performed a GWAS on
the case-control dataset from the BioBank Japan (BBJ)
that comprised 9,826 AF cases and 140,446 controls,
using 16,394,105 variants in the autosomes and 423,039
variants in the X chromosome with a minor allele
frequency (MAF) > 0.1%. The GWAS identified 31 AF-
associated loci with genome-wide significance, of which
five were previously unreported (Table 1, Supplementary
Table 3, Supplementary Fig. 4, and Supplementary
Datasets 1 and 2). The proportion of the variation in AF
(the single nucleotide polymorphism (SNP) heritability;
h2) explained by the total genome-wide genetic
variation detected in the current Japanese GWAS was
estimated to be 6.1% (standard error of mean [s.e.m.]

1.4%), and the liability-scale /#* was estimated at 11.7%
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Supplementary Fig. 3 | Overview of the study design.
Top, overview of the Japanese cohort of 9,826 AF cases and 140,446 controls with reference panel. Middle, GWAS
summary of each study and the trans-ancestry meta-analysis with the number of cases and controls. Bottom, overview
of the downstream analyses for AF-associated variants in the trans-ancestry meta-analysis. GWAS, genome-wide
association study; JENGER, Japanese ENcyclopedia GEnetic associations by Riken; MR, Mendelian randomization;
PRS, polygenic risk score; TWAS, transcriptome-wide association study.

(s.e.m. 2.6%) using linkage disequilibrium (LD)-score low-frequency and one rare lead variant, rs202030113
regression. (MAF=1.2%) and rs778479352 (MAF=0.25%),

We found two novel loci whose lead variants respectively. The lead variant on 6q25.1, rs202030113,
were observed only in East Asian according to the was located in the intronic region three bases away from
Genome Aggregation Database v2.1.1 (gnomAD)*: one an exon-intron boundary of SYNE! and was predicted as
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Supplementary Table 3 | Significant association loci in the Japanese GWAS
CHR|  POS Locus REF | ALT rsID Gene Annotation AAF Beta SE P Status
Start End
1 | 112392360 | 111879026 | 112915683 | G | T | rs12044963 KCND3 intronic 0.499 0.088 0.015 2.89E-09 | known
1| 147228874 | 146722832 | 147728874 | C | T | rs11240121 GIAS 3UTR 0.489 0.084 0.015 1.58E-08 | known
1 [ 170631763 | 169751130 | 171143365 | T | C | rs629234 GORAB, PRRX1 intergenic 0.461 -0.152 0.015 8.50E-24 |known
1 | 203032038 | 202521116 | 203555101 | G | T | rs11579558 PPFIA4 intronic 0.299 -0.163 0.017 2.08E-22 | known
2 | 65355386 | 64768159 | 65885592 | C | G | rs75251643 RABIA intronic 0.219 -0.115 0.019 1.07E-09 | known
2 | 201163454 | 200659988 | 201785029 | A | T | rs4673904 MAIPI, SPATSZL intergenic 0.689 0.094 0.016 9.26E-09 |known
3 | 12872995 | 12372995 | 13372995 | C | T | rs75387493 CAND2 exonic 0.047 0.181 0.033 4.24E-08 | known
4 | 111716513 | 110841397 | 113093765 | C | T | rs12644625 PITX2, Cdorf32 intergenic 0.455 0510 0.015 1.70E-249 |known
4 | 148936414 | 148433736 | 149469249 | T | G | rs10213376 ARHGAP10 intronic 0.088 0.146 0.025 537E-09 |known
4 | 174463916 | 173936866 | 175118863 | C | T | rs187693118 HAND2-AS1 ncRNA intronic | 0.110 0.204 0.022 5.30E-20 | known
5 | 113749460 | 113202058 | 114269952 | A | G | rs1013168 KCNNZ intronic 0.150 0.126 0.020 3.82E-10 |known
6 | 133443662 | 132932323 | 134073257 | C | T | rs6941949 LINC00326, EYA4 intergenic 0307 0.091 0.016 1.25E-08 | known
6 | 152466619 | 151966619 | 152966619 | T | C | rs202030113 SYNEI intronic 0.012 0.352 0.063 1.90E-08 | novel
7 | 116198621 | 115508844 | 116726422 G | A | rs1997571 CAVI intronic 0.667 0.124 0.016 1.24E-14 |known
8 | 124635197 | 124135197 | 125135197 | G | C | rs4871397 FBX032, KLHL38 intergenic 0.931 -0.154 0.028 4.37E-08 | known
9 | 97891869 | 96435520 | 98884974 | C | T [ rs149672087 FANCC intronic 0.014 0.765 0.055 9.17E-44 |known
10 | 21157621 | 20531514 | 21740532 | G | T | rs2296610 NEBL exonic 0.124 0.175 0.021 2.42E-16 | known
10 | 69263759 | 68751616 | 69957002 | C | CA | rs548764966 CTNNA3Z intronic 0317 0.097 0.016 2.41E-09 | known
10 | 77936670 | 77420739 | 78451056 | T | G | rs10458662 LRMDA intronic 0.554 0.096 0.015 1.76E-10 |known
10 | 105334707 | 102333335 | 107948060 | A | G | rs185158502 NEURLT intronic 0.007 1.428 0.056 3.20E-141 |known
12 | 24801856 | 24258480 | 25321641 | C | T | rs7973464 | LINC0047, ;BCATI intergenic 0.874 0.157 0.024 7.46E-11 |known
12 | 26596225 | 26096225 | 27105278 | C | G | rs74763618 ITPR2 intronic 0.285 -0.096 0.017 1.39E-08 |known
12 | 104471663 | 103967069 | 105021552 | C | T | rs2930856 HCFC2 intronic 0579 0.090 0.015 5.80E-09 | novel
12 | 111609727 | 109346714 | 114213062 | G | T | rs3809297 cuxz intronic 0.235 -0.229 0.019 3.10E-32 |known
12 | 114789226 | 114257807 | 116315524 | G | A | rs2384407 LINC02459, TBX5 intergenic 0.420 0.122 0.015 5256-16 | known
14| 32912092 | 32396479 | 33498038 | T | C | rs10138310 AKAPG intronic 0395 0.099 0.015 6.91E-11 |known
14 | 64679960 | 64149737 | 65292764 | A | G | rs2738413 SYNEZ intronic 0.635 -0.103 0.015 1.65E-11 |known
16 | 30619745 | 29552041 | 32415761 | C | T |rs1055894680 ZNF689 intronic 0.001 1215 0.158 1.58E-14 | novel
16 | 73053022 | 71808175 | 73585286 | T | A | rs2359171 ZFHX3 intronic 0.306 0.300 0.016 3.29E-83 |known
X | 23399501 | 22894362 | 24046193 | T | C | rs73205368 PTCHDI intronic 0.285 0.089 0012 750E-13 | novel
X | 137790580 | 137290580 | 138290580 | T | C | rs778479352 FGFI3 intronic 0.002 0.692 0.075 1.62E-20 | novel

GWAS, genome-wide association study; CHR, Chromosome; POS, position(hg19); REF, reference allele; ALT, alternate allele; rsID, reference SNP cluster ID; AAF, alternate allele

frequency; SE, Standard error; P, P-value; ncRNA, non-coding RNA; UTR, untranslated region
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Supplementary Fig. 4 | Manhattan plot for the Japanese GWAS.
The results of the Japanese GWAS (9,826 AF cases and 140,446 controls) are shown. The negative log,, P values on
the y-axis are shown against the genomic positions (hg19) on the x-axis. Association signals that reached a genome-
wide significance level (P<5.0x10"") are shown in blue if previously reported loci and in red if novel loci. GWAS,
genome-wide association study; AF, atrial fibrillation.
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a splice donor loss with the spliceAl delta score of 0.33%.
SYNE! en codes nesprin-1 (spectrin repeat) protein,
and together with Sad1p/UNC84-domain-containing
proteins (SUN1/2), compose the nuclear envelope
protein complex via its nucleoplasmic domains to lamin
A/C. Mutations in LMNA and SYNE! genes have been
identified in patients with severe muscle dystrophy and
dilated cardiomyopathy®*”’. Mutations in the SYNE!
gene cause defects in nuclear morphology, myoblast
differentiation, and heart development™, altering the
nuclear envelope protein complex that contributes to the
structural substrate in atrial arrhythmogenesis. A strong

signal (odds ratio [OR] for AF development = 2.00,

Position on chrX (Mb)

95% confidence interval [CI] = 1.73-2.31, P=1.6x10™")
was displayed by rs778479352, the lead variant located
in an intron of FGF13. FGF13 encodes a member of the
fibroblast growth factor family, which possesses broad
mitogenic and cell survival activities. FGF13 directly
binds to the C-terminus of the main cardiac sodium
channel (NaV1.5) in the sarcolemma; knockdown of
FGF1I3 in rat cardiomyocytes showed a loss of function
of NaV1.5-reduced Na" current density, decreased Na*
channel availability, and slowed NaV1.5-reduced Na"
current recovery from inactivation®. This evidence of
conduction disturbance in cardiomyocytes indicates that

FGF13 is an important target gene associated with AF.



LRI 70 DB AN E) &7 DRHTIC X DB T2 e RB A 1 = XL DI L BIET U A7 23712 K50

AMEEZE D T
@
4 Locus
@ known
@ novel
./ZNFsss
3
il
=
© FGF13
[72]
e
©
(o] @
2
PTCHD1
:. SYNE1\. .HCFcz
) [
(6} ®e
1 (@) @ ® (©)) @
e @ o0%0,
(]
0.01 0.10 1.00
Risk allele frequency

Supplementary Fig. 5 | Independent association signals in AF development.
The ORs for AF development of AF 49 independent signals in the Japanese GWAS (31 lead variants and 18
independent variants) were plotted against the risk allele frequencies. Novel variants are highlighted in orange with
annotated genes. AF, atrial fibrillation; OR, odds ratio; GWAS, genome-wide association study.

Supplementary Table 4 | Additional independent signals in the Japanese GWAS

Locus Independent signal

CHR Start End Lead variant Gene POS REF | ALT rsID Gene Annotation AAF Beta SE P

1 |169751130| 171143365 rs629234 GORAB, PRRX1 169878684 | A T rs79553182 SCYL3KIFAP3 intergenic 0.015 0.265 0.057 2.94E-06
1 [202521116|203555101| rs11579558 PPFIA4 203055101 A G rs4950877 MYoG 5'UTR 0.560 -0.101 0.015 1.44E-11
4 |110841397|113093765| rs12644625 PITX2, Cdorf32 111701433| A | G | rs59788391 PITX2;C40rf32 intergenic 0.452 0.507 0.015 3.07E-246
4 1110841397(113093765| rs12644625 PITX2, C4orf32 111724471 G C rs723364 PITX2;C4orf32 intergenic 0.772 0.103 0.018 1.53E-08
4 1110841397 (113093765| rs12644625 PITX2, C4orf32 111761487 T C rs3853445 PITX2;C4orf32 intergenic 0.330 -0.244 0.016 1.75E-49
4 [110841397|113093765| rs12644625 PITX2, C4orf32 111849422| G A rs374582 PITX2;C4orf32 intergenic 0.740 -0.213 0.016 3.33E-39
4 1110841397 (113093765| rs12644625 PITX2, C4orf32 112577111 G T rs77502141 PITXZ;C4orf32 intergenic 0.142 -0.125 0.022 1.87E-08
4 |173936866175118863| rs187693118 HAND2-AS1 174599459| T C rs4615152 | HAND2-ASI;LINC02269| intergenic 0.392 0.124 0.015 2.70E-16
9 | 96435520 | 98884974 | rs149672087 FANCC 97567106 | G C | rsb77463446 C9orf3 intronic 0.005 0.455 0.096 2.41E-06
10 | 20531514 | 21740532 | rs2296610 NEBL 20565750 | G | T | rs965277670 PLXDCZ2 intronic 0.006 0.498 0.102 9.81E-07
10 |102333335(107948060 | rs185158502 NEURL1 105333613| C T rs12411463 NEURL1 intronic 0.095 0.315 0.023 1.66E-42
10 |102333335|107948060 rs185158502 NEURL1 105340059 | A G rs7068070 NEURL1 intronic 0.205 -0.156 0.019 3.59E-16
10 [102333335| 107948060 rs185158502 NEURL1 106367501 T | C | rs201901902 |LOC101927523;SORCS3| intergenic 0.005 0.519 0.117 8.56E-06
12 |114257807|115315524| rs2384407 LINC02459, TBX5 114857726 A G rs2551389 TBX5-AS1;TBX3 intergenic 0.191 0.077 0.019 3.15E-05
12 114257807 115315524 | rs2384407 LINC02459, TBX5  |115108361| T | C 151061651 TBX3 3'UTR 0.383 0.080 0.016 2.69E-07
14 | 32396479 | 33498038 | rs10138310 AKAP6 32971599 | G C rs8013209 AKAP6 intronic 0.349 0.098 0.016 5.62E-10
16 | 71808175 | 73585286 rs2359171 ZFHX3 72879660 | T C rs740177 ZFHX3 intronic 0.317 -0.109 0.016 2.15E-11

GWAS, genome-wide association study; CHR, Chromosome; POS, position(hg19);

P, P-value; UTR, untranslated region

REF, reference allele; ALT, alternate allele; rsID, reference SNP cluster ID; AAF, alternate allele frequency; SE, Standard error;

To identify AF-associated variants
independent of the lead variant at each locus, we
performed a stepwise conditional analysis, in which
18 independent variants (locus-wide P<5.0x10) were
additionally detected, increasing the total number of
AF-associated signals to 49 (Supplementary Fig. 5 and
Supplementary Table 4). We identified 10 loci that had
multiple independent association signals, especially

in the PITX2-C4orf32 locus with 6 association signals

(Nsignal=2: GORAB-PRRX1, CAND2, HAND2-AS1,
FANCC, NEBL, AKAP6, ZFHX3 loci, Nsignal=3:
LINC02459-TBX35 locus, Nsignal=4: NEURLI locus, and
Nsignal=6: PITX2-C4orf32 locus). Of these additional
signals, three variants were observed only in East Asian
populations in gnomAD (rs577463446 at the FANCC
locus, MAF=0.5%, OR=1.58; rs965277670 at NEBL
locus, MAF=0.6%, OR=1.65; rs201901902 at NEURL1
locus MAF=0.5%, OR=1.68).
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Sex-stratified GWAS for AF prevalence of AF is lower in female than in male,
Sex-related differences in the epidemiology, despite a higher risk for AF-related outcomes such
clinical presentation, and prognosis of AF have been as stroke in female’™*. Thus, we first perfomed sex-
consistently reported’®'. For example, the age-stratified stratified GWAS and calculated the genetic correlation
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Supplementary Fig. 6 | Sex-stratified GWAS.
a, Miami plot for sex-stratified GWAS. Upper panel for male GWAS (N=81,050: 6,825 cases and 74,225 controls) and
lower panel for female GWAS (N=69,222: 3,001 cases and 66,221 controls). Association signals that reached a
genome-wide significance level (P<5.0x10"*) are shown in blue if previously reported loci and in red if novel loci. b,
Comparison of estimated effect sizes of the lead variants identified in both male and female GWAS. Data are presented
as estimated B and 95% confidence. The lead variants with significant heterogeneity (Phet < 0.0001) are highlighted in
orange, and p indicates Spearman’s correlation coefficient. GWAS, genome-wide association study.
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Supplementary Table 5 | Significant association loci in male and female Japanese GWAS

CHR[  POS siD [ REF [ ALT | Gene [ Annotation [ AAF | Beta | SE | P Status

Male GWAS
1 | 170631763 | rs629234 T C GORAB, PRRX1 intergenic 0.461 -0.162 0.018 7.07E-19 known
1 | 203032038 | rs11579558 | G T PPFIA4 intronic 0.300 -0.193 0.020 2.09E-21 known
2 | 65382261 | rs9989843 | G T RAB1A, ACTRZ intergenic 0.713 0.116 0.021 2.76E-08 known
4 | 111716513 | rs12644625 | C T PITX2, C4orf32 intergenic 0.459 0.569 0.018 1.87E-210 known
4 | 174451999 | rs2276940 c A HAND2-AS1 ncRNA exonic|  0.114 0.225 0.027 2.20E-17 known
5 | 113749460 | rs1013168 A G KCNNZ intronic 0.150 0.142 0.024 4.09E-09 known
6 | 133565735 | rs1582725060| A | AT EVA4 intronic 0.167 0.135 0.023 7.24E-09 known
7 | 116198621 | rs1997571 G A CAVI intronic 0.667 0.114 0.019 4.79E-09 known
9 | 97768758 | rs147288039 | A G C9orf3 intronic 0.014 0.678 0.068 3.00E-23 known
10 | 21157621 | rs2296610 | G T NEBL exonic 0.124 0.163 0.026 1.93E-10 known
10 | 77936670 | rs10458662 | T G LRMDA intronic 0.554 0.108 0.018 3.23E-09 known
10 | 105334707 | rs185158502 | A G NEURL1 intronic 0.007 1371 0.070 2.94E-85 known
12 | 24803849 | rs60634518 | G A LINC00477, BCAT1 intergenic 0.773 0.137 0.023 1.14E-09 known
12 | 104492003 | rs2629755 | A G HCFC2 intronic 0.418 -0.103 0.018 2.03E-08 novel
12 | 111609727 | rs3809297 | G T cuxz intronic 0.239 -0.280 0.024 9.67E-33 known
12 | 114789226 | 152384407 | G A LINC02459, TBX5 intergenic 0.421 0.144 0.018 2.06E-15 known
14 | 32974844 | 158010040 A c AKAPE intronic 0.598 0.119 0.019 5.01E-10 known
14 | 64679960 | rs2738413 | A G SYNE2 intronic 0.635 -0.105 0.019 1.82E-08 known
16 | 73053022 | rs2359171 T A ZFHX3 intronic 0.307 0.334 0.019 7.98E-72 known
X | 23399501 | rs73205368 | T c PTCHDI intronic 0.286 0.086 0.014 3.27E-10 novel
X | 137790580 | rs778479352 | T C FGF13 intronic 0.003 0.691 0.080 6.12E-18 novel

Female GWAS
4 | 111697653 | rs78229461 | C T PITX2, C4orf32 intergenic 0.450 0.385 0.027 5.66E-47 known
7 | 116191697 | rs9886216 A G CAVI intronic 0.288 -0.172 0.030 1.71E-08 known
9 | 97891869 | rs149672087 | C T FANCC intronic 0.014 0.911 0.092 2.42E-23 known
10 | 21202360 | rs3802729 C T NEBL intronic 0314 0.164 0.029 1.04E-08 known
10 | 105335361 | rs373205748 | C T NEURL1 intronic 0.008 1.483 0.092 2.47E-58 known
16 | 73053022 | rs2359171 T A ZFHX3 intronic 0.304 0.222 0.028 2.39E-15 known

GWAS, genome-side association study; CHR, Chromosome; POS, position(hg19); REF, reference allele; ALT, alternate allele; rsID, reference SNP cluster ID;

AAF, alternate allele frequency; SE, Standard error; P, P-value; ncRNA, non-coding RNA

between sexes using LD-score regression to explore
the genetic heterogeneity. We then found a significant
correlation (r,=1.095, s.e.m. =0.112, P=1.2x107%).
Next, we examined genetic loci with sex-dependent
effects on AF development in the sex-stratified GWAS.
We found 21 loci with genome-wide significance in
the male GWAS, but only six loci in the female GWAS
(Supplementary Fig. 6a and Supplementary Table 5).
Furthermore, by comparing the effect sizes of the lead
variants identified in the sex-stratified GWAS, we
observed significant positive correlation and concordant
allelic effects between sexes (Spearman's p=0.92,
P=7.4x10"; Supplementary Fig. 6b). We found several
variants with significant heterogeneity in the P/7X2-
C4orf32 and CUX2 loci (P,,<1.0x10™*). Although the
PITX2-C4orf32 locus reached genome-wide significance
in both sex-stratified GWAS (B, (s.-€.m.,,.)=0.569
(0.018), Pmale=1.9x10">""; Bfemale (s.e.m.female)=0.381
(0.027), Pfemale=3.0x10"*, for rs12644625, the lead

variant in the PITX2-C4orf32 locus), the CUX2 locus
in the female GWAS did not achieve genome-wide
significance level (Bmale (s.e.m.male)=-0.280 (0.024),
Pmale=9.7x107"*; Bfemale (s.e.m.female)=-0.105 (0.034),
Premale=2.1x107°, for rs12644625, the lead variant in the
CUX2 locus). CUX2 is a transcription factor regulating
sex-biased gene expression in rat and mouse liver’™,
and the variant in the CUX2 locus is associated with a
DNA methylation site near the ALDH?2 gene, encoding
aldehyde dehydrogenase, which catalyzes the oxidation
of aldehydes into carboxylic acids’’. Moreover,
according to Genotype-Tissue Expression (GTEx)
data®™, CUX2 gene expression in liver was significantly
different between male and female (P=7.8x10 ",
Wilcoxon rank-sum test; Supplementary Fig. 7). These
results suggest that sex-biased gene expression related
to the metabolism of aldehydes in the liver may partially
explain the sex-related differences in the genetic basis of
AF.
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Supplementary Fig. 7 | CUX2 gene expression in liver.
Violin plots showing the distribution of CUX2
gene expression in the liver based on GTEx data.

Trans-ancestry meta-analysis identified 33 novel loci
for AF

To improve the statistical power to detect
further genetic associations with AF, we conducted a
trans-ancestry meta-analysis by combining the current
Japanese GWAS (BBJ) and two European GWASs:
a large-scale meta-analysis of European populations
(EUR)’ and a biobank data of FinnGen data release 2
(FIN). All three datasets yielded 77,690 cases (BBJ:
9,826; EUR: 60,620; FIN: 7,244) and 1,167,040
controls (BBJ: 140,446; EUR: 970,216; FIN: 56,378).
We tested a total of 5,158,449 variants with MAF > 1%
and identified 150 AF-associated loci with genome-
wide significance (log,, Bayes factor (BF) > 6; Fig. 1,
Supplementary Table 6, and Supplementary Datasets
3 and 4). Of these loci, 33 have not been reported
previously, including three novel loci detected in the

current Japanese GWAS. In total, we identified 35 novel

() HEFC M (2021 4 EERTZE3EREE)

loci through the current Japanese GWAS and trans-
ancestry meta-analysis (Table 2). Of the 5,855 variants
in LD (+* > 0.6) with 150 lead variants, 27 missense
variants were observed (Supplementary Table 7). Among
novel loci, we found a missense variant, rs848208
(p-Ala970Val), in the SPEN gene, encoding a hormone-
inducible transcriptional co-regulator that activates and
represses downstream targets. SPEN-deficient zebrafish
embryos developed bradycardia, atrioventricular block,
and heart chamber fibrillation with downregulation
of connexin 43 expression’’, which is a well-known
component of gap junctions and is associated with
the cardiac conduction system®. Another missense
variant in novel loci, rs3746471 (p.Argl045Trp), was
located on the KIAA41755 gene, which is reported to be
associated with heart rate”' and heart rate variability®.
Given the robust relationship between autonomic
nervous dysfunction and AF®, KI441755 can be a
potential target gene for neural modulation contributing
to AF management; however, the biological association
between the KI4A41755 gene and AF has not been fully

examined.

Shared allelic effects between Japanese and European
populations and fine mapping/credible set analyses in
the trans-ancestry meta-analysis

We compared alternate allele frequencies
and allelic effects for 150 lead variants between BBJ,
EUR, and FIN. Compared to substantial concordance in
allele frequencies between EUR and FIN (Spearman’s
p=0.974, P<2.2x10'%), we observed a moderate
correlation in allele frequencies between BBJ and EUR
as well as BBJ and FIN (p=0.592, P=1.5x10""" and
p=0.632, P<2.2x10°'%, respectively; Supplementary
Fig. 8a-c). Additionally, we found a significant positive
correlation between concordant allelic effects of these
variants (p=0.769, P< 2.2x107" for BBJ vs. EUR;
p=0.769, P<2.2x10"' for BBJ vs. FIN; Supplementary
Fig. 8d-f). To further explore the relationship of allelic
effects between populations, we performed a trans-
ancestry genetic correlation analysis, which showed
strong correlation of BBJ with EUR and FIN (BBJ and
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4. Previously reported 127 loci in the trans-ancestry meta-GWAS
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Supplementary Table 6 | Significant association loci in trans-ancestry meta-analysis
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EUR: ,=0.990, s.e.m.=0.097, BBJ and FIN ,=0.955,
s.e.m.=0.344).

To assess the contribution of trans-ancestry
meta-analyses to the refinement of the putative causal
variants, we constructed 99% credible sets for the
150 AF-associated loci detected by the current trans-
ancestry meta-analysis, and compared the number of
variants included in the 99% credible sets derived from
three combinations of the meta-analysis (EUR+BBJ,
EUR+FIN, BBJ+EUR+FIN; Supplementary Fig. 8g,
h). The size of the 99% credible sets derived from
EUR+BBJ significantly decreased compared with
those from EUR+FIN (P=0.004, paired Wilcoxon
rank-sum test). In addition, trans-ancestry meta-
analysis of three datasets (BBJ+EUR+FIN) yielded
the most significant decrease in the number of variants
among all the combinations of meta-analyses (median
number of variants=12; interquartile range [IQR]
5-36; Supplementary Table 8). In particular, a single
variant, rs67329386, was identified on the ZFHX3
locus with a high posterior probability of 0.995, only
in the trans-ancestry meta-analysis of three datasets.
In previous AF-GWAS, several variants were found
in the ZFHX3 locus™*, where a large transcription
factor, ZFHX3, together with PITX2, facilitated DNA
binding and transcription activity. To corroborate the
role of rs67329386 as a causal variant, we searched
for transcription factors binding to this locus using the
ChIP-seq dataset in ChIP-Atlas"’. Compared to other
AF-associated variants within this locus, rs67329386
was distinctly located on the binding site of CEBPB
(Supplementary Fig. 9), aiding in the recognition and
binding of target gene regulatory regions, leading to
cell proliferation, differentiation, immune response, and

.48
tumor formation™.

Pleiotropic effects and functional pathways of AF-
associated loci

To characterize the AF-associated loci, we
examined the pleiotropic effects of the identified lead
variants and proxies using the NHGRI-EBI GWAS
catalog database. Of the 150 AF-associated loci, 114



LRI 70 DB AN E) &7 DRHTIC X DB T2 e RB A 1 = XL DI L BIET U A7 23712 K50

Jibi A5 ZE D> 1

1.001

0.751

0.754

AAFe
o
g

0257 »

p =0.974

025 0.50

AAFeuR

0.75 1.00

0.01 00
02 -02
p =0.769 p =0.823
T 02 00 02 04 02 00 02 04
Basy Beur
g h
0 @
o
z 5
m
& 3
5 2
w M -
104 o .
° i = * e
P P=4.0x10% ,,f’ ® P=21x10%
K ° ° e °
i 10 100 i 10 I
EUR + BBJ BBJ + EUR + FIN

Supplementary Fig. 8 | Comparison of allele frequencies and allelic effects among ancestries and
fine mapping derived from credible set analyses

a-c,Comparisons of alternate allele frequencies of the 150 lead variants identified in the trans-ancestry meta-analysis
(a, BBJ versus EUR; b, BBJ versus FIN; ¢, EUR versus FIN). d-f, Comparison of estimated effect sizes of 150 lead
variants. Data are presented as estimated § and 95% CI in each study (d, BBJ versus EUR; e, BBJ versus FIN; f, EUR
versus FIN). Grey points indicate previously reported loci, and orange points indicate newly identified loci in this
study. p indicates Spearman’s correlation coefficient. g, h, Comparisons of the number of variants included in the 99%
credible sets derived from each combination of the meta-analysis (g, EUR + BBJ versus EUR + FIN; h, BBJ + EUR +
FIN versus BBJ + EUR). Both the x and y axes represent the log-transformed number of variants in the 99% credible
sets. BBJ, BioBank Japan; EUR, European population; FIN, FinnGen data release 2; CI, confidence interval.

(76.0%) had at least one overlapping variant, and
739 variants overlapped with 200 diseases or traits
(Supplementary Table 9). Among them, blood pressure-
related traits were most frequently observed (13.0%),
followed by traits related to electrocardiogram (10.1%)
and heart rate (4.0%).

Given the heterogeneous study design and
population in the GWAS catalog, we subsequently
utilized the BBJ dataset

"1 with a consistent study

design and population, to investigate the pleotropic
effects. In particular, to explore the biological pathways

related to AF development, we searched for AF-
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Supplementary Table 8 | Credibleset analysis for AF-associated loci in trans-ancestry meta-analysis
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Supplementary Fig. 9 | rs67329386 and transcription factor.
ZFHX3 locus showing rs67329386 (highlighted in yellow) and proxies with /* > 0.8 in European samples in 1KG
along with ChIP-seq track of CEBPB experiments in mesenchymal stem cells.

associated variants overlapping with quantitative
trait loci (QTL) for clinical measurements such as
anthropometric, metabolic, kidney-related, and blood
pressure data (Supplementary Table 10). We found
160 loci-phenotype association pairs, where distinct
functional clusters were observed (Supplementary Fig.
10); positive impact on blood pressure: CASZ1, PRDMS-
FGF5, CUX2, and RPH3A4, and negative impact on renal
function: MIR5096, MBDS5, DNAJC12-SIRT1, IGFIR,
and NFATCI. Moreover, we observed associations
on chromosome 6p21.31 harboring HMGAI, in
which AF-associated variants overlapped with QTLs
for height (rs1759628) and body mass index (BMI)
(rs6913361). Both rs1759628 and rs6913361 were
located 7 kilobases (kb) and 25 kb upstream of HMGAI,
respectively, and the risk alleles of these variants were
significantly associated with increased height and BMI
(Bheight (s.e.m.height)=0.090 (0.005), Pheight=8.7x10"";
BBMI (s.e.m.BM1)=0.037 (0.005), PBMI=1.7x10""%,
respectively). HMGAI encoded a chromatin-associated
protein that attach to AT-rich regions of DNA and
recruit transcription factors, resulting in upregulation of
the insulin receptor gene expression® and the variants
in HMGA1 were associated with increased risk of

metabolic syndrome™.

To enhance the biological understanding of
the AF-associated loci, we performed in silico tissue
and gene-set enrichment analysis using DEPICT
software'*, which prioritizes candidate genes and tissues
based on gene expression data from different tissues
and cell types. Consistent with a previous study’, we
found significant enrichment of AF-associated loci
predominantly in heart tissues (P<1.2x10~ for heart
and P<2.3x10°° for heart atria; Supplementary Fig. 11
and Supplementary Table 11). Additionally, pathway
analysis demonstrated that AF-associated loci were
significantly enriched in 34 out of 1,157 gene sets,
most of which were involved in heart development
and morphogenesis (Supplementary Table 12). Among
them, the regulation of cell adhesion was a previously
unreported pathway (P=1.6x10"""), in which ZMIZI,
the nearest gene for rs1769758, was reported to regulate
the activity of various transcription factors related to
vascular development, androgen receptor coregulation,
SMAD3 regulation, and coactivation of p53°'~>,
Knockdown of ZMIZ1 in mice resulted in severe defects
in the reorganization of the yolk sac vascular plexus and

cell proliferation™.
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Supplementary Table 9 | Pleiotropy of AF-associated loci
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Supplementary Table 10
Pleiotropic effects of AF-associated loci with clinical
measurements
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Prioritization of AF-associated genes and transcription
factors using gene expression and epigenetic features

We performed a transcriptome-wide
association study (TWAS) using the identified loci in
the trans-ancestry meta-analysis and GTEx data®™ to
identify candidate genes associated with AF. Given the
enrichment of AF-associated loci in the heart tissue,
we used the gene expression data of GTEx in the atrial
appendage and left ventricle as a reference. TWAS
prioritized 86 and 74 candidate causal genes significantly
associated with AF in the atrial appendage and left
ventricle, respectively (Fig. 2a and Supplementary
Table 13). We found only 14 and 15 overlapping genes
between nearby genes located on the AF-associated
loci and the candidate genes in the atrial appendage
and left ventricle, respectively (Fig. 2b). Moreover,
the median physical distances from the lead variants to
the candidate genes were greater than 100 kb. Notably,
17.4% and 25.6% of the candidate genes were located
500 kb away from the lead variants (Fig. 2¢). Further, to
test whether the candidate genes were enriched in unique
pathways, we used ingenuity pathway analysis and
found several canonical pathways, including fatty acid
metabolism-related pathways, in which the candidate
genes prioritized in both atrial appendage and left
ventricle were enriched (Fig. 2d). Intriguingly, /L6R was
identified as a candidate gene associated with AF in the
atrial appendage and was also involved in the canonical
associated pathway. Despite increasing evidence for
the role of inflammation in the AF pathophysiology™,
including a report on the suggestive association of
the IL6R locus with AF (P=5.0x10"%), the genetic
contribution of inflammatory process to AF development
has not been fully elucidated. Our transcriptome-wide
analysis revealed a significant association between /L6R
and AF development, providing supportive evidence for
the contribution of inflammation through /L6R to the
pathophysiological mechanism underlying AF.

Next, we sought to identify transcription
factors that bind to AF-associated loci which orchestrate
the expression of causative genes involved in AF

development. We performed enrichment analysis using
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Supplementary Fig. 10 | Overlap between AF-associated signals and variants associated with quantitative traits

Heat-map representation of the AF-associated loci, in which AF-associated variants in LD with r* > 0.6 in East Asian
samples of 1KG overlapped with variants associated with at least one of the quantitative traits. The Z score of QTL
alleles that were in accordance with the AF risk allele are shown. Positive values are shown in red, and negative values
are shown in blue. The rows show quantitative traits, and the column shows the chromosome and base position of AF-
associated signals. AF, atrial fibrillation; LD, linkage disequilibrium; QTL, quantitative trait loci.
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Supplementary Fig. 11 Tissue enrichment and eQTL analysis

The results of tissue enrichment analysis (log,, BF > 5 and 16,181 variants). The x-axis indicates the -log,, P value.

Forty-eight exemplar tissues (Methods) were tested, and the significance level was set at P =1 x 10~ (0.05/48). eQTL,

expression quantitative trait locus; BF, Bayes factor.
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Supplementary Table 11 | Tissue and cell type enrichment analysis

Exemplar EUR+FIN EUR+FIN+BB)
Cluster member
MeSH Organ Tissue System P Adjusted P Adjusted
A10.165.114 Adipose Tissue Tissues Connective Tissue 36E-01 17E-03 17E-01 8.2E-04  |Abdominal Fat, Adipocytes, Adipose Tissue, Adipose Tissue White, Aortic Valve, Heart Valves, Subcutaneous Fat, Subcutaneous Fat Abdominal
A07.231 Blood Vessels Cardiovascular System Blood Vessels 17E01 80E-04 T8E-01 3TE-03  |Arteries, Blood Vessels, Embryoid Bodies, Endothelial Cells, Muscle Cells, Muscle Smooth, Myocytes Smooth Muscle, Portal System, Serum, Umbilical Veins, Veins
A03.556.875 Upper inal Tract Digestive System Tract 9.6E-03 46E-05 5.8E-03 28E-05  |Esophagus, Stomach, Upper Tract
A03.620 Liver Digestive System Liver 88E-01 42803 T6E-01 36E-03  |Liver
A06.407.071.140 Adrenal Cortex Endocrine System Endocrine Glands 6.IE-01 33E-03 22E-01 11E-03  |Adrenal Cortex, Adrenal Glands
AOT541 Heart Cardiovascular System Heart T3E-05 35E-07 1.2E-05 5.8E-08  |Heart, Heart Ventricles
A11.329.228 Fibroblasts Cel Connective Tissue Cells |~ 6.9E-02 33E-04 36E-01 L17E-03  |Cenvical Vertebrae, Chondrocytes, Chorion, Connective Tissue Cells, Extraembryonic Membranes, Fibroblasts, Joint Capsule, Joints, Mesenchymal Stem Cells, Osteoblasts, Spine, Stromal Cells, Synovial Membrane
A05.810.453.324 Kidney Cortex Urogenital System Urinary Tract 28E-01 14E-03 89E-01 43603 idney Cortex
A05.360.319 Genitalia Female Urogenital System 30E-01 14E-03 27E-02 13E-04  |Adnexa Uteri, Cenvix Uteri, Endocrine Glands, Endometrium, Fallopian Tubes, Genitalia, Genitalia Female, Gonads, Lung, Myometrium, Ovary, Pancreas, Serous Membrane, Thyroid Gland, Uterus
A02.165 Cartilage System 54E-03 26E-05 13602 6.2E-05  |Cartilage
A03.556.500.760.464 Parotid Gland Digestive System Gastrointestinal Tract TIE-01 34E-03 43E-01 206-03  |Parotid Gland
A03.556.500.760 Salivary Glands Digestive System Gastrointestinal Tract | 7.1E-01 34E-03 46E-01 22E-03  |Salivary Glands
A07541.358 Heart Atria Cardiovascular System Heart 32604 15E-06 23805 LIE-07  |Atrial Appendage, Heart Atria
A11436.348 Hepatocytes Cel Epithelial Cel 85E-01 41E-03 9.6E-01 46E-03  [Hepatocytes
A05.810.453 Kidney Urogenital System Urinary Tract 3301 16E-03 B89E-01 43803 |Kidney, Urinary Tract
A03.556.124 Intestines Digestive System Gastrointestinal Tract 13601 6.1E-04 18E-01 8.6E-04 | Cecum, Colon, Colon Sigmoid, Gastraintestinal Tract, lleum, Intestinal Mucosa, Intestine Large, Intestines, Intestine Small, Lower Gastrointestinal Tract, Membranes, Mucous Membrane, Rectum, Urinary Bladder
A05.360.444.492 Penis Urogenital System Genitalia 23801 LIE-03 26E-01 1.2E-03  |Foreskin, Keratinocytes, Penis
A10336 Exocrine Glands Tissues Exocrine Glands 20E-01 94E-04 LIE-01 5.2E-04  |Exocrine Glands, Genitalia Male, Prostate
A11.118637.415 Granulocytes Blood Cel 88E-01 42E-03 35E-01 17E-03  |Granulocytes, Neutraphi
A11.872.653 Neural Stem Cells Stem Cel 6.0E-03 29E-05 L7E-01 T9E-04  |Neural Stem Cel
A10.165.450.300 Cicatrix Tissues Connective Tissue 8.0E-02 38E-04 49E-01 23E-03  |Cicatrix, Granulation Tissue, Keloi
A10.690.552.500 Muscle Skeletal Tissues Muscles 3TE02 18E-04 31E-03 15E-05 | Muscles, Muscle Skeletal, Muscle Striated, Quadriceps Muscle
A02.835.583.443.800.800 Synovial Fluid Musculoskeletal System Skeleton 6.8E-01 32603 6.5E-01 31E-03  |Synovial Fluid
A11497.497.600 Qocytes G4E-01 45E-03 95E-01 45E-03  |Germ Cells, Qocytes, Owm
A11.872.700500 Induced Pluripotent Stem Cells T5E-01 36E-03 TAE-01 36E-03  |Adult Stem Cells, Embryonic Stem Cells, Induced Pluripotent Stem Cells, Pluripotent Stem Cel
A15.382.812 Mononuclear Phagocyte System Hemic and Immune Systems|  Immune System 95E-01 46E-03 99E-01 4.7E-03  |Antigen Presenting Cells, Bone Marrow Cells, Dendritic Cells, Hematopoietic System, Macrophages, Macrophages Alveolar, Monocytes, Mononuclear Phagocyte System, Myeloid Cells, Phagocytes
A03.734.414 Islets of Langerhans Digestive System Pancreas 6.9E-01 33E-03 99E-01 4TE-03 Cells, Epithelial Cells, Glucagon Secreting Cells, Islets of Langerhans, Stem Cel
A06.407.312.497.535.300.500 Cumulus Cells Endocrine System Endocrine Glands 8.1E-01 39E-03 43E-01 20E-03  |Cumulus Cells, Endocrine Cells, Granulosa Cells, Ovarian Fol
A06.407.312.782 Testis Endocrine System Endocrine Glands 93E-01 44E-03 TIE-01 3403 |Testis
A09.531 Nose Sense Organs Nose T8E-01 3TE-03 3TE-01 18E-03  |Epithelium, Nasal Mucosa, Nose, Respiratory Mucosa
A10549 Lymphoid Tissue Tissues Lymphoid Tissue T6E-01 36E-03 8.0E-01 38E-03  |Lymphatic System, Lymph Nodes, Lymphoid Tissue, Oropharynx, Palatine Tonsil, Spleen
A02.835.232.043 Bones of Lower Extremity Musculoskeletal System Skeleton T5E-00 36E-03 84E-01 40E-03  |Anterior Eye Segment, Bones of Lower Extremity, Conjunctiva, Eye, Eyelids, Foot Bones, Tarsal Bones
Al4549 Mouth ic System Mouth 42800 20E-03 21802 10E-04  |Dentition, Mouth, Mouth Mucosa, Periodontium, Skin, Tongue, Vulva
A09.371.729 Retina Sense Organs Eye 42E-01 20E-03 73E-01 35E-03  |Retina
A15.145.229.188 Blood Platelets Hemic and Immune Systems Blood 6.0E-01 29E-03 4TE-01 22E-03  |Blood Platelets
A08.186.211.730.885.287.249 Basal Ganglia Nervous System Central Nervous System |~ 3.3E-01 16E-03 42801 20E-03  |Basal Ganglia, Corpus Striatum
A08.186.211.730.317.357 Hypothalamus Nervous System Central Nervous System |~ 4.2E-01 20E-03 6.1E-01 29E-03 | Diencephalon, Hypothalamo Hypophyseal System, Middle, Systems.
A08.186.211.730.885.287.500.571 Occipital Lobe Nervous System Central Nervous System [~ 7.8E-01 37E-03 30E-01 14E-03  |Occipital Lobe, Visual Cortex
A08.186.211.730 Prosencephalon Nervous System Central Nervous System [~ 6.8E-01 33E-03 6.1E-01 29E-03  |Brain, Central Nervous System, Cerebral Cortex, Cerebrum, Entorhinal Cortex, Frontal Lobe, Hippocampus, Limbic System, Mesencephalon, Parahippocampal Gyrus, Parietal Lobe, Prosencephalon, Telencephalon, Temporal
A08.186.211.865 Rhombencephalon Nervous System Central Nervous System| ~ 3.0E-01 14E-03 5.3E-01 25E-03  |Brain Stem, Cerebellum, Metencephalon, Rhombencephalon
AL0.272.497 Epidermis Tissues Epithelium 86E-01 41603 5.3E-01 25E-03  |Epidermis
A11.063 Antibody Producing Cells Antibody-Producing Cells| ~ 9.6E-01 46E-03 9.9E-01 48E-03  [Antibody Producing Cells, B Lymphacytes, Lymphocytes, Plasma, Plasma Cells
A11.118.637.555.567.569 T Lymphocytes Blood Cells TIE01 37E-03 TTE-01 3TE-03 r Cells Natural, Lymphocytes Null, Lymphoid Progenitor Cells, Precursor Cells B Lymphoid, T Lymphocytes
ALLA83 Erythroid Cells Erythroid Cel 10E+00 48E-03 10E+00 4.8E-03  |Erythrocytes, Erythroid Cells, Erythroid Precursor Cells, Megakaryocyte Erythraid Progenitor Cells
A11.872.378.590.635 Granulocyte Macrophage Progenitor Cells| Stem Cel 99E-01 47E-03 10E+00 4.8E-03 | Granulocyte Macrophage Progenitor Cells, Granulocyte Precursor Cells, Hematopoietic Stem Cells, Monocyte Macrophage Precursor Cells, Myeloid Progenitor Cel
ALLT2 Pharynx ic System Pharynx 98E-01 4.7E-03 98E-01 47E-03 | Nasopharyny, Pharynx
A15.145.229.637.595.567.569.200 CDA4 Positive T Lymphacytes Hemic and Immune Systems Blood 30E-01 14E-03 12E-01 5.9E-04  |CD4 Positive T Lymphocytes, T Lymphocytes Regulatory
A15.382 Immune System Hemic and Immune Systems|  Immune System 9.8E-01 47E-03 9.8E-01 4.7E-03  |Blood, Blood Cells, Bone and Bones, Bone Marrow, Connective Tissue, Fetal Blood, Immune System, Leukocytes, Leukocytes Mononuclear, Skeleton
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Supplementary Table 12 | Gene set enrichment analysis

Classification _|Exemplar gene set 1D [Evemplar pathwiay P Ajusted P_Cluster member of pathwzys

= [P mormal bt et 0500 Legtgg_|oromlcutlow actdevelpment pcor circulto,abnormal hert ventrile mrphology, aboral et mapholoy thin mocardium, aorml ftlcardiamyaeste, abnormal teventiculrseptum morghology, abrormalheartdevlopmert,fiure o eart logang, abnormal et ube morgholog.
sbrormal somite ize, abnormal heart atrum morphology, edema, thin myocardium compzct layer,ventricular hypoplasia, abnormal heart loopng, abrormal feta cardiomyocyte profferation, GATAY subnetwork, NKX2-5 subnetwork

ated hearteft ventricle, abnormal myocardial fiber physiology, enlarged heart, enarged heart atrum, decreased cardiac muscle contractity, bnormal cardiovascular system physiology, cardiac fibrosis, thick ventricular wall, increased cardiomyocyte apoptosis, abnormal myocardium layer morphology,

P MP0002753 lated heart left vertricle 185606 300E-08  [abnormal myocardialfiber morphology, thin ventricular wall, abnormal cardiac muscle relaxation, increased heart weight, decreased ventrcle muscle contraciity, thick nterventricular septum, heart ght ventricle hypertrophy, cardiac interstial fbrosis, abnorma heat right ventricle morphology, ilated
cardiomyapathy, heart leftventricl hypertophy, dilated heart rght ventricle, congestive heart falure, abnormal heart et venticle morphology

- [P [ — . 3 pe.0g|Pomomel st regresion,abnamal endocardum morpholce, sbrormal carinlvin mophology, ol aneror carinl v morghoogy necoss abnormal vascuer endthell e developmen,absentviseral yo sac blod islands, abormlieline vscular remodeling,abroma
angiogenesis, abnormal vascular development, abnormal dorsal zorta morphology

- P I — e 4a0e.gg | Ereased i stength, abnorml skeletal muscl iber mopholog,dystrphic muscle, progresive mustle wknes, abnorml skeletal muscle mapfalog, myopathy, nreased circulaing creatine Kiase e, dcreased skeletl muscle mes,skeletal muscl fber necross,decreased skeltal muscle
fiber size, muscle weakness, abnormal muscle centrally nucleated skeletal muscle fibers, increased skeletal muscle fiber size, ncreased variabilty of skeletal muscle fiber size, sarcolemma, MUSK subnetwork, DAGY subnetwork

- - [—— . wase.1g | omPlte perinta lthalty,atlctasi,dereasedftal iz, absent gt milk i nonates epiator allr,decreased bodylengt,eelidsapen at bith, esoratoy distes, complet pastnatlethait, abnormal breating pater, neaneal thliy,complte neonatal talty, janoss, abnormel
facial morphology, abnormal sucking behavior, growth
enlarged pericardium, complete embryonic ethality during organogenesis, prenatal lethality, pericardial effusion, hemrthage, abnormal head mesenchyme morpholagy, abnormal cell morphology,falure of nitition of embiyo turning, complete embryonic ethality before turning of embryo, abnormal
mesenchyme morphology,incomplete embryo turning, abnormal embryogenesis/ development, abnormal visceral yolk sac morphology, abnormal liver development,trabecula carnea hypoplasia, decreased embryo size, pele yolk sac, embryonic growth retardation, abnorma viteline vasculature morphology,

P MP:0011098 complete embryonc lethalty during organogenesis 972608 213608 [increased apoptoss,partial embryoniclethlity during rganogenesis, complete preweaning lethalty, parta lethality throughout fetelgrowth and development, incomplte somite formation,pericardal edema, abrormal raphoblast layer morphology,complete embryoric ethalty, abnormel i
tissue morphology, embryonic growth arrest, abnormal embryonic hematopolesis, abnormal vasculogenesis, complete ethality throughout feta growth and development, failure of chorioallantac fusion, absent viteline blood vessels, complete prenata lethaliy, distended pericardiu, abnormal embryo
tissue morphalogy, in utero embryoric development

0 [ — Loe0s SHEL RNA polymerase Il ranscription factor binding transcription factor activity, transcription factor binding, protein binding transcription factor activity, transcription factor binding transcription factor activity, biquitin protein ligase binding, transcription cofactor activity, transcription corepressor activity,
transcription cozctivator activty, TP73 subnetwork, SUMO2 subnetwork, CREBBP subnetwork, NFYA subnetwork, HOXAS subnetwork, EP300 subnetwork
sbnormal intestine morphology, decreased vascular permeabilty, bormal induced retinal neovascularizaton, abnorme artery marphology, persistence of hyalod vascular ystem, abrnormal vescular smooth muscle morphology, abnormal capilary morphology,lung hemorthage, hemopericardium, ntracranicl

50 60:0001568 blood vessel development 391E05 149E-08 | hemorrhage, abnormal coronary vessel morphology, hydrops fetais, ncreased vasodilation, abnormal vasculer endothelialcell morphology, decreased angiogenesis, abnorma vascular branching morphogenesis, patent ductus artriasus, abrorma blood circulaton, ncreased vescular permeabilty, abnormal
blood vessel morphology, PTPRB subnetwork, blood vessel development, blood vessel ture development, regulation of anatomical structure morphogenesis, regulation of angiogenesis, positve regulation of angiogenesis

- [— [ I 70E.10 |7l aesia abnormalvnial boy vl morphlog, mrphogenesis of o brancingsrcture reglation of organ morphogenesi,rancing morphogenesis f atube,gand developmert, ssue wbe ube development, is of a branching epithelum, regulation of
embryonic development, morghogenesis of an epithelium, epithelium development, regulation of f & branching structure, epithelial tube morphogenesi

50 60:0003206 cardiac chamber morphogenesis 183607 1616-08 | ilted heart atvium, cardiac ventricl development, cardia atrum evelopment,cardiac chamber morphogenes’s,cardiac chamber development, cardiac vetricle cardioc atrium heart developmen

60 60:0003779 actin binding BI4E-0 237E-08__actn flament binding, actn binding, actn filement, actin cytoskeleton, TLNI subnetwark, DNMBP subnetwork, SPTAT subnetwork, ACTAL subnetwork, ACTNé subnetwork, ACTNI subnetwork, SL00B subnetwork, TPMS3 subnetuork,actin cytoskeleton orgenization, actn filement-based process
KEGG ADHERENS JUNCTION, abnormal cell adhesion, ancharing junction, basolateral plasma membrane, cell-cell adherens junction, adherens junction, cell-substrate adherens junction, focal adhesion, cell-substrate junction, CDHS subnetwork, PKDI subetwork, FHL3 subnetwork, TRAF4 subnetwork,

50 60:0005912 adherens junction L11EG6 L70E11
INPHP! subnetwork, 2YX subnetuork, PTPNL3 subnetiork, GIPCL subnetwork, EPHB subnetwork

50 60:0019501 protein kinase binding 31E05 3.3TE-08__[mitogen-cctivated protein kinase binding, protein kinase binding, kinase binding
KEGG HYPERTROPHIC CARDIOMYOPATHY HCM, KEGG DILATED CARDIOMYOPATHY, abnormal sarcomere morphology, abriormel intercalated disc morphology, impaired skeletal muscle contractlty, muscle degeneration, abnormal muscle developmen, cardiac hypertrophy, abnormal muscle physiology,
increased cardiac muscle contractility, abnormal skeletal muscle fiber type ratio, abnormal Z lines , actinin binding, tropomyosin binding, structural constituent of muscle, titin binding, myosin binding, microfilament motor activity, actin monomer binding, muscle myosin complex, myosin filament, striated

50 60:0030016 myofibrl 951E-0 3.29E-09 |muscle thin flament, contractlefber, costamere, A band, | band, smooth endoplasmic retculum, pseudopodium, 2 disc, myofibrl sarcomere, myosin complexd, myosin | complex,contractie fiber part, REACTOME STRIATED MUSCLE CONTRACTION, REACTOME MUSCLE CONTRACTION, TRIM63
subnetuiork, CAPN subetwork, MYL1 subnetwork, TNNT1 subnetwork, NEB subnetwork, MYLK2 subnetwork, SMURF2 subnetwork, S100A4 subnetwork, DMD subnetwork, TTN subnetiork, MYOZL subetuork, HSPBS subnetwork, TPML subnetwork, GC subnetwork, ANKI subnetuork,actin-myosin
filament lding actin-meated cel contraction, actn lament-based movement, muscle flament liding

50 60:0030155 egulation of cell adhesion IR0 158E-10_[regulaion of cell adhesion, cel adhesion mediated by integrin, negative regulation of cell-cll adhesion, positv regulation of cll adhesion

50 60:0030239 myofibril assembly 65308 T.12E-09_[actomyosin structure organization, myofibrl assembly, cardiac myofibrilassembly, sarcomere organization

- [ I — . 415,10 |80 regonnuleic aid binding chromatin DNA binding,renscripionregltorytegion DNA iding,regltoy regon DNA bicing, INA polymerae it ahancer sequence:speic N inding tanscrpionfctor activy ranscripionfctor compe, R subnetwar,MEFZC sonetwark
negative regulation of transcripton from RNA polymerase I promoter

" o T — . TiE.g9 | eeaion of tated muscl el iferentiaon, eguato o muscle cll iferentatin, reglationof el muscle fisue Gevelpmenteguato o musdle argan dvelopment, musde fierdevlopment, regulation o keleal muscefiordevlapmen, kel muscle for devegpment, myoblst
differentiation, regulation of striated muscle tissue development

50 60:0051093 negative regulation of developmental process 297E05 821E-09 _|negative regulaton of process, negativ regulation of signal ransduction, maturation, posiive regulation of cell differ negativ regulaton of cell d

60 60:0055007 cardiac muscle cel diferentiation 5.396-07 142E-08_|carlac cel diferentition, ventricula cardiac muscle celdifferentiaton,cardiac cel development, cardiec muscle cell differentiaton,cardiac muscle cell development

60 60:0060090 binding, bridging 9.27E-05 5.64-09[signaling adaptor actvty, binding, bridging cytoskeletal adaptor actiity, protein binding, bridging, SH3/SH2 adeptor actity

- E— o of cnonel Vit rceptor Sl by | 10506 S 1gg.10 | °8Yion ofcanoncal Wit receptor signlingpathway,psiiv egultonofcanoica Wat receptor ignalingpathey, ngatv egulation ofWn recepor signaling pathay,positive reulation f Wt eceptr signaing pathwa, egulatonof Wit recepor signling pethway,negatierelation of canonical
Wnt receptor signaling pathway, canonical Wnt receptor signaling pathway, Wt receptor signaling pathway

- [E— T — i Jase.qa_|2omel muscl egeneraion,abnarmal muscle morpholog, aborme daphvag marpholog,abnormal myogenesis, TEADL subnetwork stated muscle el iferentiton, musce organ deveopmentskeletal mscle ssue developmentstted muscl tssue development, muscle stucuredevelopment
muscle cell differentiation,striated muscle el development, muscle cll development, skeletal muscle organ development, musce tissue development

Pl 1564 |TCF3 PP subnetwork 18305 2566-08__[E-box binding, MYODI subnetwork, TCF4 subnetwork, TCF3 subnetwork, MYOG subnetwork,1D2 subnetwork, ASCLL subnetwork, TCF12 subnetwork , HEY1 subnetwork

IE VARK2 PP subnetwork 348605 4.65E-10__|CSNKIAL subnetwork, PAKS subnetwork, MLLT4 subnetwork, MAP3K2 subnetwork, BAD subnetwork, MARK2 subnetwork
ESR1 PPl subnetwork 372605 B01E-09_|NRSCL subnetwork, ESRL subnetvork, PTEN subnetvork, GSK3B subnetwork, THRB subnetwork, PGR subnetwork, ESR2 subnetvork, AR subnetork, AHR subnetwork, KLFS subnetwork, VDR subnetwork
497606 630E-09_|KEGG WNT SIGNALING PATHWAY, beta-catenin binding, DVLL submetwark, AXINZ subetvork, AXINI subnetwork, DVL3 subnetwork, DVL2 subnetwork

e i 416,17 |6 CARDIAC MUSCLE CONTRACTION ncreasedrespanse of hert 0 induced stess, bnorml cariac musce contacity, cardomyopaty,clcium-Gependent prten bining, TANCL subetwor, FHLE subnetwork ACOTL3subnetwark, MYHG subnetvork, CRIP2subnetwork, PCDHIZ subnetwrk,
HADHA subnetwork, MYOZ2 subnetwork, MYHT subnetwork, TIALL subnetwork, HNRPDL subnetwrk, TMODI subnetwork, HISTIHLD subetuork, CSRP3 subnetwork, HNRNPAB subnetwork, CKM subetwork, SOHB subnetwork, DECRL subnetwork, CHCHDS subnetuork, TNNI3 subnetwork

PP/ subnettwork|ENSGOD000143995_|MEISI PP submetwork 247605 6.36E-12_abnormal seminal vesicle morphalogy, PKNOXI subnetwork, ZMIZL subnetwork, MEISI subnetwork, ENSGO0000214528 subnetwork, PBX subnetwork

PPl SPDYA PPl subnetwork 5926-11 LE0E-09 _[PPPICA subnetwork, SPDYA subnetwork, PPP1CB subnetwork

PPl suby YWHAB PPl subnetwork LT2E05 4.16E-10__|YWHAQ subetwork, YWHAB subnetwork, YWHAH subnetwork, YWHAG subnetwork, MTOR subnetwork, YWHAE subnetwork

P bt ENSGON000IE5048 | SHADS PPl st . s176.09|F-SVIAD iding, BAGT subnetwork, SMADS subnetwork, RUNKT subnetvark,ZNF8128 subnetwark, MADY subnetwark,SKILsubnetwork, RUNKZ ubrnetwor, SENP2 subnetwork, SMADT subnetvor, SMAD2 suonetwork, R subnetwors, TRINZ subnetwark, SMAD subnetwor, SADS subnetwor,
BTRC subnetwork

PPl subnettvork|ENSGO0000LT0759_|KIF5B PP subnetwork LB6E-05 L0SE-08 [ IRS2 subnetwork, BRAF subnetwork, BCARL subnetvwork, HDACH subnetwork, IRS1 subnetwork, WEEL subnetwork, USP8 subnetwork, CGN subnetwork, PARD3 subnetwork, KLCZ2 subetuwork, KIFSB subnetwork, MARK3 subnetwork, LMOT subnetwork, ARAF subnetwork

Pl RYR3 PP subnetwork 27405 839E-11__|RYR3 subnetwork, RYRI subnetwork

Adjusted P, Pvalues adjusted by Bonferroni correction; PP, protein-protein ineraction; MP, mouse phenotype; G0, gene ontology; K

6, Kyoto Encyclopedia of Genes and Genomes,
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ssociated genes identified by transcriptome-wide association study using GTEx heart tissues

[ Gene I AF Tead variant | Heart Atvial Appendage | Heart Left Ventricle
[CGene symbal Gene [ staRt | Enb _[cHR 0S| reiD | Neawstgons | Effectsize] Zscore | P | Effectsize] Zsoore | P
Novel loci
RP1-736E22.3] 1] seeross | svezrass | 4 | 7i7769%s | sizsizeoe| #0515 | o121 | ames | iieos| oasr | aesr |szieo
THAPY a382183 Base1z2 | 4| 83910712| 6641088 | M54 | b1t | 6415 |ele0s| - - -
POV | ENSGO00001130685 | 139624624 | 1396827106 | ¢ | 1zaromzasl rer7iisans|  aear |_005L | 5887 59600 00sa | savs |38e0s)
PCDHACZ | ENSG0000243232.3| 140345620 | 140391936 0366 | 6009 [19£03] - - -
"5ME7 27115745 | 127177723 | © [119181794] rs17303101 | ASTAZ | 0097 | 4532 |58E06] - - -
TMEMZ73_| ENSGO00002041619| 50362773 | 50396630 | 10 | 50485434 | 1576460895 | Cldort7I-AST - 0071 | _4ats | e7E0s)
Known loct
L0LRADZ 7] 22176 | 251718 | 1 | oserena| verezezso | porer - - — ] ose1 | 7as JosEwa
TCEAs 23050 _|_2atsiza B 0055 | 5138 | 2807]
01502 | ENSGO0000118729.10 116242628 | 1lesiisor | 1 |116297758) rsh073778 | CASQZ | 0131 | 6120 |94€10] 0235 | 7050 | 1812
10041 53600402_| 153604513 0079 | 5572 | 25608 0059 | -a7a7 | 21E05
AQP10 ENSG00000143595.8 | 154293566 154297801 0.080 5159 | 25£-07) 0383 0.065 | 15.E-08
IR 1 54377660 | 160461926 | | | \sagrosl eriosezso|  wowws  |_0ATL | 7306 |28E13 - - -
TORDIO 154474695 | 154520623 0081 | 5677 | 14E08| 0083 | 5754 |87E09
STz 54900096 | 155006257 - - — [ oaes | sew [sse0e
ARHGEF? | ENSGO0000116584.13] 155916630 | 155976861 - - — | o3 | o00e 190
METTLI3 | ENSGO0000171806.7| 169761670 | 169764107 - 0045|5051 | 42E07
METTLI1E A n0is1e2 | 110036931 | | | ocosossl ressooss | prax - - — | oter | osm 162
PRRXI__| ENSGO0000116132.7| 170631869 | 170708560 - - — | -os0s | 17068 | 26665
RP1-79C84 1| i7osseszz_| 170638566 o205 | 09w | 7aE28] 0220 | 1ass2 | 36E48
Pi2001 8| 205797150 | 05819260 | 1 [206691316] redus1oes | WUCKST - - — [ oses | sen [sak0e
ceweo 25006005 | 2505285 | , | oicamn0| egstozo | s |_0292 | 4808 |imeos| - -
PTGES3PZ_| ENSGOO00217643.1| 26045338 | 26045819 - - — | oss | esw [szein
CePos | ENSGOO0000LIS239| 65283500 | Gsaiaras | 2 | Gooedzan| rmzsaooss | CePes | oor7 | iiite 1028 0101 | wsi7 |saear
meL 70056770 _| 70108528 | , | 10100532 | reorevonz | eomos L0324 | 8899 [s6es| o191 | 659 [azEnn
SnnP27 7020852 | 0132707 o013 | 5721 [Lieos| - - -
AcvR2A 10 148002085 | 14soss393 | 2 |148709710] rs12092231|  MBDS | 0a57 | 6155 | 26607 o115 | 58 |zsE08
WiPFI__|ENSGO0DDI15935.12] 175424300 | 17ssatess | 2 |175512620] rs7574892 | Wipr | 04z | rsss | saeas| -oaz0 | raes | 1813
FKBP7__|ENSGO0000079150.13] 179328301 | 179343327 | 2 [170413110] 53731748 T 0060 | 6710 [19£11] 0103 | 7255 |41E13
Coorfss 80745 200775979 | 200820658 0218 | ez3 [ssEal] - - -
SpatszL 8| zoti7osos | zonasesss | 2 | 201180023 rs3620888 |  SPATS2L | pis1 | 11270 | 1aE2s| 0205 | 10426 |42E2d
PPILS__| ENSGO0000240344.4| 201735630 | 201754025 - - — | wass | 7e1s [seEds
TrRE 13 patsass1 | oasasris | 3 | 24470866 1573092363 | TR | -0.ua7ses| ezeadt | 4] - - -
SosA 11| smnosts | 3091160 |, | surerars| reosorost | sowion | 011369 | 62683037 41610 - - -
SON10A 8738293 | 3se3ssol - - — | oo | om0 [1aEm
SLC25426 | ENSGO0D00144741.13] 66119285 | oea3ssa0 | 3 | 664519l | reak0s0iel| LA | 00w | as7a |G6E07] 0068 | 6637 |s2E1l
PCCE | ENSGOOO001140649 | 135863148 | 136056738 | 3 | 3sarens| rorovaess | peezmas 0092 | 4584 |46E06| 0105 | bbes |28E08
6Y61 T _1as709128 | 1as7asats 0109 | s1ss_|21£07] - - -
RPILL 1| r9niserT | 179115965 | 4 |1 raurerel wreroees | omer 0058 | 6794 |11ea1] oose | 7o |1eE12
GNBs__| ENSGO00001124505] 179116990 | 170169378 0057 |saeszrsna| 14610 0058 | 6980 | 3012
coociss 13 7rzseise | Trsesvzr | 4 | 81169912 rs11099088 | FGrs o072 | a5z |seE08| - - -
LRRCS7ALEP 1036483t | 108651878 | , | o “o1a1 | 5626 |18E08] - - -
UBE2D3 15103715540 | 103790053 0126 | 585 |49E09] - - -
BNz 127593601 | 127994878 - 0080 | 6866|6612
SLCo7A6 | ENSGOD0001133968| 127873706 | 128369335 | 5 |128100363| 12012809 |  SLC2746 | 0055 | 6382 | 17.E10] 0051 | 6502 |BOETL
1501 128430044 _| 128049721 002 | 6169|6910 - - -
FAn1E 137273689 _| 137387650 - T | 11918 |53
RPIL-325L72 1| tararanss | 137315665 | o | \yraanussl esseszs | wwes | 034 | 10802 [1iE2i] - -
ME5__| ENSGO00001129813| _137450856_| 137475132 1209 | 7098|1312 - -
REEPZ 11| 17774706 | 1arvszess “o078 | 7818|5415 0169 | 11207 | 14E29
Crorfi7 173000782 | 173439183 | 5 | perares] vepeetre0 | wows - - — | ots | et [1ze1
WsG2__| ENsGo00001700916] 173472607 | 173670508 - o105 | 7137 [95E13
TPMT 4] 1enoasaz | ts1ssaos 0172 | e7es |1sEus| - - -
KowiG ai5e50 | 18220080 | ¢ | \anron09| sasooris|  wowzs | 0212 | 8399 |e9Et7| ooss | vorr |2aeis)
DEx___|ENs00000124795.10] 16224095 | 18265054 0065 | 793 |21eas| oae | sew |3aez
ANF1435 18368779 | 18469105 024 | a7 [10£11] - - -
57809 12| 3sia6z2r | 3s60rozs | 6 | 36647280 | rs3176326 | CORNIA - - — | oos | a7 |zokos
Céort16 4] eB1066a0 | 88109857 | o | grameass| rorroram0 | oweser |00 | 4772 |1sEQR| - - -
Céorf165_| ENSGO0002132044| es1irion | seirates 0104 | 6251 |15E07] - - -
Gtz | ENSGO0001701629| 117586721 | 117594728 | ¢ | oorerasl resssress | cepss |00 | 5918 |32E00] - - -
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Enrichment analysis of transcription factor using

Supplementary Table 14 |

ChIP-seq dataset
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ChIP-seq, chromalin Immunoprecipitalion sequencing; TF, ranscription factor;
HUVEC, human umbilical vein endothelial cells; HAEC, human aortic endothelial cells; HCASMC, human coronary

artery smooth muscle cells

S, nduced pluripotent stem:

the ChIP-Atlas” dataset, which comprised several high-
throughput ChIP-seq experiments (15,109 experiments,
1,028 transcription factors). As a result, AF-associated
loci were characterized by enriched binding of 33
distinct transcription factors (P< 0.05) in cardiovascular
cells, pluripotent stem cells-derived cardiac cells, and
muscle cells (Fig. 3a and Supplementary Table 14).
Of these, ESRRG, TALI, and TBXS5 were among
the top enriched transcription factors and are known
to be involved in endothelial gene expression and
differentiation®”*, In particular, ESRRG binding
was significantly enriched with Bonferroni-corrected
significance level of P=3.3x10" (0.05/15,109): ESRRG
ChlIP-seq peaks overlapped with AF-associated loci
around genes encoding cardiac ion channels (SCNI0),
KCNH2, HCN4, and CAMK2D), where active histone
markers such as H3K27ac and H3K4me3 in induced
pluripotent stem cells (iPSC)-derived cardiac cells were
also observed (Fig. 3b and Supplementary Fig. 12).
These results suggest that ESRRG is a transcription
factor that regulates the expression of AF-associated

genes.

Predictive ability of PRS derived from single-
population GWAS and trans-ancestry meta-GWAS
PRS has the potential for risk stratification
of complex traits and diseases based on genetic data.
However, the transferability of PRS from diverse
populations to a population of another ancestry remains
challenging. Therefore, we examined the performance
of a PRS derived from various combinations of
summary statistics in the Japanese population. We split
our case-control samples into derivation, validation,
and test datasets, and constructed 255 combinations of
the summary statistics of three GWAS studies (BBJ,
EUR, and FIN) and parameters for PRS derivation.
Based on the PRS performance in the validation cohort,
we determined the parameters that showed the best
performance for each combination of summary statistics
(BBJ, FIN, EUR, BBJ+FIN, BBJ+EUR, EUR+FIN, and
BBJ+EUR+FIN) (Supplementary Table 2), and assessed

the performance of the best model in the test cohort
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Supplementary Fig. 12 | Ion channel-related gene and ERG.
a, CAMK2D locus b, CAVI locus, ¢, KCNH2 locus d, HCN4 locus showing AF-associated variants (+>0.8 in
European samples in 1KG) and ChIP-seq track of ERG experiment (P=1.0x10"") and histone modification markers in
iPSC-derived cardiac cells. iPSC, induced pluripotent stem cells.

[] case [ ] controt

FIN EUR BBJ EUR+FIN BBJ+FIN BBJ+EUR BBJ+EUR+FIN
04
%‘“ \ \ \
go2
[=]
01 \
0.0
-5.0 -25 00 25 -5.0 -25 0.0 25 -50 =25 0.0 25 -5.0 -25 0.0 25 -5.0 -25 0.0 25 =50 =25 0.0 25 -5.0 -25 0.0 25
Normalized PRS
FIN EUR BBJ EUR_FIN BBJ_FIN BBJ_EUR BBJ_EUR_FIN
\ | : | |
: {
502 4 t t t
: +”+ ++'l +*T i 4“‘ ‘ tt
a
orfy g h bt cid it f t et vit
t1 ot pott XL skt § ¢ iod (it

1234567891 1234567891012345678910 12345678910 12345678910 12345678910 12345678910
Decile

Supplementary Fig. 13 | PRS distribution and AF prevalence.
a, Distribution of PRS in the case and control samples for each combination of GWAS. b Prevalence of AF based on
the AF-PRS deciles in each combination of GWAS. Data are presented as medians and 95% CI. PRS, polygenic risk
score; AF, atrial fibrillation; GWAS, genome-wide association study; CI, confidence interval.
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Supplementary Table 15 | The performance of AF-PRS in the test cohort
L Parameter Number of Pseudo /72 AUCROC
Summary statistics
LD reference P 12 Effect model| variants Median L95 U95 Median L95 U9
BBJ EAS 5.0.E-06 02 NA 141 0.123 0.111 0.133 0.719 0.708 0727
EUR EUR 5.0.E-04 05 NA 1,147 0.120 0.108 0.129 0.716 0.705 0.724
FIN EUR 5.0.E-06 08 NA 201 0.100 0.089 0.108 0.698 0.687 0.706
BBJ/EUR EUR 5.0.E-04 0.5 fixed 4,102 0.142 0.128 0.151 0.735 0.725 0.743
BBJ/FIN EAS 5.0.E-06 0.2 fixed 155 0.129 0.116 0.139 0.724 0.713 0.732
EUR/FIN EUR 5.0.E-04 0.5 random 3,799 0.125 0.112 0.134 0.721 0.711 0.729
BBJ/EUR/FIN EUR 5.0.E-04 0.5 fixed 4520 0.144 0.130 0.154 0.737 0.726 0.745

AF, atrial fibrillation; PRS, polygenic risk score; LD, linkage disequilibrium; P, P-value; Pseudo R2, Nagelkerke's pseudo R2; AUCROC, area under the curve of the receiver

operator curve; L95, lower limit of 95% confidence interval; U95, upper limit of 95% confidence interval
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Supplementary Fig. 14 | Impact of AF-PRS on the age of AF onset and long-term mortality
a, Comparison of the age of AF onset between samples with high PRS and those with remaining PRS. b, Kaplan-
Meier estimates of cumulative events from all-cause death, heart failure death, and ischemic heart disease death with
95% CI. Individuals are classified into high PRS (top 10 percentile, red), low PRS (bottom 10 percentile, blue), and
intermediate (others, green). AF, atrial fibrillation; PRS, polygenic risk score; CI, confidence interval.

(Fig. 4, Supplementary Fig. 13, and Supplementary
Table 15). Concordant with the population specificity,
the PRS derived from BBJ showed a significantly
better performance than those from European studies
(P<2.2x10' for both BBJ vs. EUR and BBJ vs. FIN).

Furthermore, the performance of the PRS derived from

meta-analysis that included different ancestry groups
(EUR+BBJ and FIN+BBJ) significantly exceeded
that from a single study (P<2.2x107'° for all cases)
as well as that from a meta-analysis of two European
studies (P<2.2x107' for both EUR+BBJ vs. EUR+FIN
and BBJvs FIN+EUR). Among all models, the PRS



derived from three studies with multi-ancestry and
the largest sample size (BBJ+EUR+FIN) showed the
highest performance (pseudo R*=0.144, 95% CI=0.130—-
0.154, area under the curve of receiver operating
characteristic=0.737, 95% CI=0.726-0.748).

Impact of AF-PRS on AF-relevant phenotypes and
cardiovascular outcomes

To assess the potential for clinical
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applications of the PRS, we investigated the association
between PRS and the onset age of AF in individuals
from our BBJ case samples (n=7,459). We observed
that the onset age decreased as the PRS increased,
and individuals with the top 1% PRS were estimated
to be approximately 4 years younger in AF onset
compared to the remaining individuals (Fig. 5a, 5b, and
Supplementary Fig. 14a). Next, we examined whether

AF-PRS could explain the phenotypic variability of

Supplementary Table 16 | Mendelian randamization analysis

Outcome / Exposure Number of | MR-VW T VIR-Egger Pleiotropy [ Cochran's Q
variants | Beta | SE | | Beta | SE | P { Intercept P | P
Causal effect of AF on cardiovascular and cerebrovascular disease
Ischemic heart disease 193 0.086 0.012 0.036 0.023 1.2.E-01 0.004 1.3.E-02 3.1.E-08
Peripheral artery disease 197 0.069 0.024 0.115 0.047 1.5.E-02 -0.004 2.6.E-01 5.1.E-01
Heart failure 195 0.178 0.013 0.115 0.025 4.9.E-06 0.005 3.2.E-03 1.8.E-15
Cardiomyopathy 197 0.225 0.043 0.215 0.084 1.2.E-02 0.001 8.8.E-01 7.4.E-02
Valvular heart disease 172 0.181 0.023 0.081 0.044 7.0.E-02 0.009 8.9.E-03 1.4.E-02
Rheumatic valvular disease 196 0.206 0.028 0.156 0.054 4.4.E-03 0.004 2.9.E-01 1.9.E-03
Aortic aneurtsm and dissection 197 0.093 0.038 -0.033 0.073 6.5.E-01 0.011 4.8.E-02 3.0.E-01
Myocarditis 197 0.317 0.141 0.401 0.278 1.5.E-01 -0.007 7.2.E-01 2.1.E-01
Pericarditis 197 0.140 0.041 0.009 0.080 9.1.E-01 0.011 5.9.E-02 2.0.E-01
Endocarditis 197 -0.063 0.055 0.133 0.108 2.2.E-01 -0.017 3.6.E-02 3.1.E-01
Sinus node dysfunction 196 0.392 0.084 0.271 0.181 1.4.E-01 0.010 4.5.E-01 4.6.E-05
Atrioventricular block 196 0.226 0.036 -0.038 0.068 5.8.E-01 0.023 1.3.E-05 3.4.E-06
Other cardiac arrhythmia 192 0.084 0.012 0.040 0.023 8.1.E-02 0.004 2.5.E-02 3.2.E-07
Cardiac arrest 197 0.029 0.044 -0.020 0.086 8.2.E-01 0.004 5.2.E-01 4.5.E-01
Stroke 197 0.115 0.022 0.133 0.044 2.9.E-03 -0.002 6.4.E-01 1.9.E-01
Transient ischemic attack 197 0.116 0.029 0.146 0.057 1.1.E-02 -0.003 5.3.E-01 5.3.E-01
Intracerebral hemorrhage 134 0.069 0.045 -0.036 0.082 6.6.E-01 0.010 1.3.E-01 2.6.E-01
Subarachnoid hemorrhage 170 -0.011 0.056 -0.141 0.107 1.9.E-01 0.011 1.6.E-01 5.4.E-01
Vascular dementia 197 0.236 0.083 0.221 0.164 1.8.E-01 0.001 9.1.E-01 7.2.E-02
Ststemic embolism 197 0.070 0.053 0.194 0.104 6.3.E-02 -0.011 1.7.E-01 7.3.E-02
Causal effect of quantitative traits on AF
Height 9 0.323 0.086 1.8.E-04 0.944 0.492 9.6.E-02 -0.034 2.4.E-01 5.9.E-01
Body mass index 782 0.149 0.028 7.6.E-08 0.191 0.081 1.8.E-02 -0.001 5.7.E-01 5.0.E-07
Systolic blood pressure 661 0.324 0.035 9.4.E-21 0.416 0.101 4.6.E-05 -0.002 3.3.E-01 4.1.E-20
Diastolic blood pressure 581 0.331 0.036 2.9.E-20 0.360 0.111 1.3.E-03 -0.001 7.8.E-01 6.6.E-22
Pulse pressure 582 0.199 0.039 3.0.E-07 0.221 0.107 3.9.E-02 0.000 8.2.E-01 1.7.E-27
White blood cell count 637 0.026 0.031 4.0.E-01 0.111 0.073 1.3.E-01 -0.002 2.0.E-01 2.5.E-07
Neutrophil count 489 0.033 0.029 2.7.E-01 0.061 0.071 3.9.E-01 -0.001 6.6.E-01 1.0.E-03
Eosinophil count 712 0.005 0.022 8.0.E-01 -0.049 0.046 2.8.E-01 0.002 1.7.E-01 1.4.E-06
Basophil count 139 -0.004 0.051 9.3.E-01 -0.208 0.110 6.1.E-02 0.005 4.0.E-02 3.7.E-01
Monocyte count 674 -0.026 0.021 2.1.E-01 -0.007 0.040 8.6.E-01 -0.001 5.7.E-01 5.1.E-07
Lymphocyte count 557 -0.079 0.029 6.5.E-03 -0.057 0.070 4.1.E-01 -0.001 7.3.E-01 4.4.E-06
Red blood cell count 864 -0.056 0.024 2.0.E-02 -0.229 0.051 6.7.E-06 0.005 1.1.E-04 6.2.E-13
Hemoglobin 568 -0.067 0.037 7.3.E-02 0.012 0.089 9.0.E-01 -0.002 3.3.E-01 1.5.E-11
Hematocrit 568 -0.111 0.036 2.1.E-03 -0.113 0.086 1.9.E-01 0.000 9.8.E-01 3.9.E-10
Mean corpuscular volume 846 0.012 0.019 5.1.E-01 0.067 0.035 5.4.E-02 -0.002 6.3.E-02 2.0.E-22
Mean corpuscular hemoglobin 804 0.031 0.019 1.0.E-01 0.068 0.036 5.6.E-02 -0.001 2.2.E-01 9.3.E-21
Mean corpuscular hemoglobin concentration 136 0.017 0.053 7.5.E-01 0.228 0.110 3.9.E-02 -0.007 3.0.E-02 1.3.E-03
Platelet count 1207 0.019 0.017 2.6.E-01 0.091 0.036 1.1.E-02 -0.002 2.2.E-02 2.5.E-28
High-density-lipoprotein cholesterol 666 -0.021 0.022 -0.043 0.038 2.7.E-01 0.001 4.9.E-01 1.6.E-12
Low-density-lipoprotein cholesterol 482 -0.079 0.027 A 0.001 0.052 9.9.E-01 -0.003 7.8.E-02 2.6.E-10
Triglyceride 484 -0.035 0.027 1.9.E-01 0.043 0.047 3.6.E-01 -0.003 4.3.E-02 4.7.E-10
Bolood sugar 139 -0.143 0.045 1.6.E-03 -0.101 0.083 2.3.E-01 -0.001 5.5.E-01 2.3.E-02
Total protein 414 0.018 0.035 6.2.E-01 0.035 0.077 6.5.E-01 -0.001 8.0.E-01 2.1.E-14
Albmin 361 -0.088 0.037 1.8.E-02 0.019 0.085 8.3.E-01 -0.003 1.6.E-01 1.7.E-07
Blood urea nitrogen 281 -0.027 0.045 5.5.E-01 -0.198 0.110 7.3.E-02 0.004 9.0.E-02 5.8.E-08
Serum creatinine 701 -0.055 0.032 -0.130 0.074 8.0.E-02 0.002 2.7.E-01 4.2.E-10
Estimated glomerular filtration rate 644 0.014 0.032 6.7.E-01 0.078 0.075 3.0.E-01 -0.002 3.4.E-01 8.2.E-15
Uric acid 485 0.011 0.032 7.3.E-01 -0.084 0.062 1.7.E-01 0.003 7.1.E-02 3.8.E-07
Aspartate aminotransferase 466 -0.078 0.034 2.0.E-02 -0.104 0.077 1.8.E-01 0.001 7.1.E-01 7.3.E-10
Alanine aminotransferase 356 -0.112 0.040 5.0.E-03 -0.139 0.089 1.2.E-01 0.001 7.3.E-01 7.3.E-06
Alkaline phosphatase 737 -0.003 0.019 8.8.E-01 0.014 0.034 6.7.E-01 -0.001 5.4.E-01 3.0.E-07
gamma-glutamyl transferase 603 -0.016 0.028 5.6.E-01 0.025 0.060 6.7.E-01 -0.001 4.3.E-01 1.9.E-14
C-reactive protein 409 -0.017 0.029 5.7.E-01 0.047 0.051 3.6.E-01 -0.002 1.3.E-01 1.7.E-13

MR, Mendelian randomization; IVW, inverse variance weighted; SE, standar error; P, P-value
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stroke in individuals without a diagnosis of AF. We
performed logistic regression analysis in 140,446
control samples in our dataset, and found significant
associations of the PRS with increased risks of cerebral
infarction (OR [95% CI]=1.055 [1.032-1.078],
P=1.2x10"%), cardioembolic stroke (OR [95% CI]=1.391
[1.155-1.676], P= 5.2x10%), atherothrombotic stroke
(OR [95% CI]=1.054 [1.001-1.111], P=0.045), and
cerebral hemorrhage (OR=1.068, 95% CI=1.008-1.133,
P=0.027; Fig. 5c). Importantly, we observed the largest
impact of the PRS on cardioembolic stroke among those
with other stroke phenotypes, indicating that AF-PRS
may reveal clinically undetectable AF (i.e., subclinical
AF) or AF-related conditions, such as prothrombotic or
hypercoagulable state, in individuals without AF.

To further explore the clinical utility of AF-
PRS, we assessed the impact of PRS on mortality using
long-term follow-up data in the BBJ. The Kaplan-
Meier estimates of cumulative mortality rate were
increased in individuals with a high PRS, especially in
cardiovascular- and stroke-related mortality (Fig. 5d
and Supplementary Fig. 14b). Cox regression analysis
demonstrated that PRS was significantly associated with
an increased risk of cardiovascular death (hazard ratio
[HR] per 1 standard deviation [s.d.] of PRS=1.06, 95%
CI=1.02—1.11, P=5.0x10"") and stroke death (HR [95%
CI]=1.14 [1.04-1.24], P=4.0x10"; Fig. 5e). In contrast
to evidence from clinical studies, the association
between PRS and heart failure death did not reach
statistical significance in the present study (HR [95%
CI]=1.05 [0.95-1.16], P=0.39), because the statistical
power might be hampered by a small fraction of heart
failure deaths with relatively wide dispersion in our

cohort.

Genetic liability of AF to various cardiovascular diseases

AF is frequently associated with various
cardiovascular diseases, such as valvular heart disease,
heart failure, and stroke. The causal relationship
between AF and cardiovascular diseases is clinically
evident, but genetic causality is not comprehensively

understood. Therefore, we estimated the directional

effect of AF on a wide range of cardiovascular diseases
using two-sample Mendelian randomization (MR),
where the exposure was AF and all the distinct AF-
associated variants from the trans-ancestry meta-
analysis were used as instrumental variables. Consistent
with clinical evidence, we observed significant causal
effects on heart failure, cardiomyopathy, ischemic heart
disease, valvular heart disease, and stroke (Fig. 6 and
Supplementary Table 16). Notably, we found that AF
was a significant predictor for sinus node dysfunction
and atrioventricular block (OR [95% CI]=1.480 [1.255—
1.745], P=3.0x10"*; OR [95% CI]=1.253 [1.167-1.346],
P=6.1x10"", respectively), indicating that genetic risk
for AF contributes to the potential disturbance in the
cardiac conduction system.

In contrast, AF is also known as the
phenotype accumulated by multiple atherosclerotic-
and metabolic-related traits. Therefore, we investigated
whether genetic risks for such traits could affect the
development of AF using two-sample MR, where the
exposures represented quantitative traits, and selected
the distinct variants associated with each trait as
instrumental variables. As expected”, height and BMI
were significant predictors for AF (OR [95% CI]=1.381
[1.166—1.635], P=1.8x10"*; OR [95% CI]=1.160
[1.099-1.225], P=7.6x10"*, respectively). Furthermore,
blood pressure showed a significant causal effect on AF
(OR [95% CI]=1.383 [1.292-1.480], P=9.4x10"*" for
systolic blood pressure; OR (95% CI)=1.393 (1.298-
1.494), P=2.9x10* for diastolic blood pressure; OR
(95% CI)=1.220 (1.131-1.317), P=3.0x10 "7 for pulse
pressure; Supplementary Fig. 15 and Supplementary
Table 16).

Discussion

We conducted a large-scale AF-GWAS
with approximately 10,000 AF cases in the Japanese
population and identified 31 genome-wide significant
loci associated with AF. This includes five novel loci,
where disease-relevant rare and highly East Asian-
specific variants were found in the SYNE! and FGF13

loci, suggesting the involvement of the functional
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Supplementary Fig. 15 | Causal effect of quantitative traits on AF development

Each point and error bar represents the causal estimates on the OR scale and the 95% CI for these ORs, respectively.
We analyzed the MR analysis to estimate the causal effects using variants after excluding horizontal pleiotropic
outliers. The P values were determined using the IVW two-sample MR method. OR, odds ratio; MR, Mendelian
randomization; IVW, inverse-variance-weighting; DBP, diastolic blood pressure; SBP, systolic blood pressure; PP,
pulse pressure; BMI, body mass index; Neu, neutrophil count; MCH, mean corpuscular hemoglobin; WBC, white
blood cell count; PLT, platelet count; TP, total protein; MCHC, mean corpuscular hemoglobin concentration; eGFR,
estimated glomerular

filtration rate; MCV, mean corpuscular volume; UA uric acid; Eos, eosinophil count; ALP, alkaline phosphatase;
Baso, basophil count; GGT, gamma-glutamyl transferase; CRP, C-reactive protein; HDL, high-density lipoprotein
cholesterol; Mono, monocyte count; BUN, blood urea nitrogen; TG, triglyceride; Cre, serum creatinine; RBC,
red blood cell; Hb, hemoglobin; AST, aspartate aminotransferase; LDL, low-density lipoprotein cholesterol; Lym,
lymphocyte count; Alb, albumin; HCT, hematocrit; ALT, alanine aminotransferase; Glu, blood sugar
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alteration in the nuclear envelope and the ion channel as
a mechanism underlying AF.

Furthermore, we performed the largest
trans-ancestry meta-analysis for AF to date, where 150
genome-wide significant loci were identified, resulting
in the discovery of 35 novel loci. We further analyzed
AF-associated genes and transcription factors using
gene expression and epigenetic datasets. Transcriptome-
wide analysis linked AF-associated loci to target genes,
including /L6R, which indicated that inflammation
plays a key role in the pathogenesis of AF. Additionally,
our approach based on the ChIP-seq dataset clearly
implicated ESRRG as a candidate transcription factor
involved in the regulation of AF-associated gene
expression. ESRRG is highly expressed in endothelial
cells and regulates a wide range of targets and pathways
involved in vascular homeostasis and angiogenesis®.
Endothelial dysfunction is observed in patients with
AF®"®? but the association between AF and ESRRG had
not been previously examined. This may be attributable
to mutational constraints on the ESRRG gene according
to the relatively low LOEUF score of 0.33 in gnomAD
and embryonic lethality in ESRRG knockout mice with
severe defects in vascular development®™®. Although the
contribution of ESRRG signaling to AF development
needs further confirmation by functional experiments,
the results from this study suggest that ESRRG may
play a critical role in the pathophysiology of AF through
vascular development at early developmental stages.

We found shared allelic effects of lead
variants in AF-associated loci and genetic correlations
between Japanese and European populations. We then
derived AF-PRS from the trans-ancestry meta-analysis,
which outperformed that derived from a population-
specific GWAS. In addition to the predictive ability
for AF itself, AF-PRS segregated individuals with
AF-related phenotypes, such as early onset of AF and
cardioembolic stroke, as well as those with increased
risks of long-term cardiovascular and stroke mortalities.
These results indicated that the cumulative genetic
risk for AF may be an indicator for early therapeutic

intervention, including anticoagulation in at-risk

individuals as a primary prevention of stroke. Taken
together, our findings suggest the clinical utility of AF-
PRS for individual risk stratification, leading to the
realization of future precision medicine.

In conclusion, our large-scale Japanese and
trans-ancestry genetic analyses identified 35 novel loci
and provided insights into the distinct and shared genetic
architecture of AF between Japanese and Europeans.
Integrative analysis of transcriptome and epigenome data
revealed the candidate genes and transcription factors
involved in the mechanism of disease development.
Furthermore, analyses of disease prediction and long-
term survival demonstrated the clinical utility of the AF-
PRS. These data highlight the importance of AF genetics
in clinical settings and provide useful evidence for the

implementation of genomic medicine.
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