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Aims Genome-wide association studies (GWASs) identified common single-nucleotide polymorphisms (SNPs) in more than 100 
genomic regions associated with atrial fibrillation (AF). We aimed to identify novel AF genes in Taiwanese population by 
multi-stage GWAS.

Methods 
and results

In exploratory stage, we did GWAS with whole-genome genotypes (4 512 191 SNPs) in 516 patients with AF from the National 
Taiwan University AF Registry and 5160 normal sinus rhythm controls from the Taiwan Biobank. Significant loci were replicated in 
1002 independent patients and 2003 controls and in the UK Biobank. Expression quantitative trait locus (eQTL) mapping and 
transcriptome-wide association study (TWAS) were performed to implicate functional significance. Stage I GWAS revealed three 
loci associated with AF with a genome-wide significance level, including one close to PITX2 gene (chromosome 4q25, rs2723329, 
minor allele frequency [MAF] 0.50 vs. 0.41, P  =  1.53 × 10−10), another close to RAP1A gene (also to previous KCND3; chromo
some 1p13.2, rs7525578, MAF 0.17 vs. 0.07, P = 1.24 × 10−26), and one novel locus close to HNF4G gene (chromosome 8q21.13, 
rs2980218, MAF 0.44 vs. 0.35, P  =  2.19 × 10−9). They were validated in Stage II population. The eQTL analyses showed significant 
colocalization of 1p13.2 locus with RAP1A gene expression in fibroblasts and 8q21.13 locus with HNF4G expression in lympho
cytes. There is a significant association of RAP1A gene expression in fibroblasts and HNF4G in lymphocytes and brain with AF in 
TWAS.

Conclusion Genome-wide association study in Taiwan revealed PITX2 and RAP1A/KCND3 loci and novel AF locus (HNF4G) with the 
most significant locus in the RAP1A locus. RAP1A and HNF4G genes may implicate fibrosis, metabolic, and neurogenic path
ways in pathogenesis of AF.
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Graphical Abstract

Identification of a new genetic locus associated with atrial fibrillation in the
Taiwanese population by genome-wide and transcriptome-wide association studies

Conclusion: GWAS and TWAS
revealed genetic markers influencing
AF, possibly via fibrosis, metabolism,
and inflammation, providing insights
into AF mechanisms and risk
prediction.

Methods:  Multi-stage GWAS
and TWAS analyzed
4 512 191 SNPs in 516
patients with AF and 5160
controls, validated in 1002
independent patients with AF
and 2003 controls.

Regional plots highlight SNP associations with AF near RAP1A, PITX2,  and HNF4G, displaying

chromosomal positions and –log10(P) values.

Results:  Identified three loci associated with AF:
PITX2, RAP1A,  and novel HNF4G. Functional
analysis TWAS and eQTL linked RAP1A  to
fibrosis and HNF4G to inflammatory pathways.

Manhattan and QQ plots show significant AF-associated
loci (RAP1A, PITX2, HNF4G) and validate GWAS model

appropriateness (   = 1.036).

Keywords Atrial fibrillation • Genome-wide association study • Transcriptome-wide association study • Expression quantitative trait 
locus • Whole genome • Taiwan Biobank • Taiwanese • Taiwan

What’s new

• We identified three loci associated with AF, including the previously 
reported PITX2 gene locus and KCND3 gene locus (nearest gene is 
RAP1A in our study) and one novel HNF4G gene locus. The RAP1A 
and HNF4G genes are associated with fibrosis and inflammation, re
spectively—both of which are critical AF mechanisms.

• In previous AF GWAS, PITX2 locus was usually the most significant 
locus associated with AF. In our Taiwanese population, we found the 
RAP1A locus to be even more significant than the PITX2 locus.

Introduction
Atrial fibrillation (AF) is the most prevalent sustained arrhythmia and a sig
nificant risk factor for stroke, heart failure, and cardiovascular mortality. 
Over the past decade, genome-wide association studies (GWASs) have 
identified common single-nucleotide polymorphisms (SNPs) in over 
100 genomic regions associated with AF, including loci on chromosomes 
4q25 (PITX2), 16q22 (ZFHX3), and 1q21 (KCNN3).1–5 However, these 
loci do not fully account for the genetic risk of AF, suggesting the presence 
of additional genetic factors yet to be discovered. Moreover, several 
AF-related genes identified by GWAS in Caucasian populations have 
shown ethnic variations in Asian populations.6–8

While GWASs have been conducted in Japanese6 and Korean8

populations, Asian populations are highly diverse, comprising distinct 
ancestry groups such as East Asian, Southeast Asian, and South Asian, 
each with unique genetic structures and linkage disequilibrium (LD) pat
terns. Conducting GWAS across multiple Asian countries can help 
identify population-specific variants that might not be detected in a single 
country or region. For example, a variant strongly associated with a trait in 
Han Chinese individuals may not exhibit the same relevance in South 
Asians due to differences in allele frequencies and LD structures.9 Our pre
vious GWAS study on copy number variation (CNV) also identified a un
ique CNV in the KCNIP1 gene associated with AF in the Taiwanese 

population, a finding not observed in other populations.10 Consequently, 
the present study aims to identify additional novel AF loci or genes specific 
to patients with AF in the Taiwanese population.

Methods
Study populations
A multi-stage study design was employed to minimize false-positive findings 
while maximizing power and efficiency. The study design is illustrated in 
Figure 1. All the patients with AF in this study were recruited from the car
diovascular clinics within the National Taiwan University AF Registry 
(NTUAFR). Detailed patient selection criteria have been previously de
scribed.10–13 Patients without documented AF in 12-lead ECG or Holter 
ECG, and with no reported history or diagnosis of AF, were selected as nor
mal sinus rhythm (NSR) controls. The NSR controls were sourced from the 
general Taiwanese population [Taiwan Biobank (TWB)],14,15 with whole- 
genome sequencing data for the Stage I exploratory population and from 
the NTUAFR for the Stage II validation population. The Stage I and II popu
lations did not overlap. The TWB includes over 100 000 Taiwanese partici
pants recruited from the community to investigate the effects of 
environmental and genetic factors on disease risks and to provide health in
formation for the Taiwanese population.14,15

In the exploratory stage, a whole-genome GWAS was conducted on 516 
patients with AF and 5160 NSR controls. In the replication stage, significant 
loci identified in the exploratory stage were validated in 1002 general pa
tients with AF and 2003 NSR controls from our cardiovascular clinics 
(NTUAFR), as reported in our previous studies.10–13 All patients were 
Taiwanese, with no population stratification (λ = 1.036). The study was ap
proved by the Institutional Review Board (IRB) of the National Taiwan 
University Hospital (200911002R), and written informed consent was ob
tained from all participants in the National Taiwan University Hospital.

Validation of Taiwan AF loci in the Caucasian 
population and vice versa
In the third stage, to further validate the loci or genes identified in the 
Taiwanese population, we confirmed the association in the United 
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Kingdom (UK) population using genotype data from the UK Biobank. The 
UK Biobank is a prospective study of more than 500 000 individuals residing 
in the UK with long-term follow-up, aimed at exploring genetic and non- 
genetic determinants of diseases in middle and old age.16 Participant 
DNA was genotyped using the UK BiLEVE and UKB Axiom arrays. 
Approximately 800 000 SNPs that passed quality control were imputed 
to the UK10 K reference panel, with genotyping called using Affymetrix 
Power Tools software. For this validation, 6621 patients with AF were 
used as the case population and 25 981 NSR patients as controls in the 
analysis.17

To validate the Taiwanese AF loci in the UK Biobank, we focused on 
locus-level association rather than variant-level association. In GWAS 
across different ethnic populations, the sentinel or lead variants at significant 
loci may differ due to factors such as variations in LD structure, allele fre
quencies, imputation quality, and distinct genetic architectures between po
pulations.18,19 Therefore, we prioritized SNPs located within 500 kb of each 
significant locus (sentinel SNP) and identified the most significant SNP asso
ciated with AF in the UK Biobank. For the validation of previously reported 
AF loci in our population, we used the same strategy, prioritizing SNPs with
in 500 kb of the reported loci and searching for the most significant SNPs 
associated with AF in our Taiwanese GWAS. A significance threshold of 
P < 0.05/tested SNP number was applied. The exploratory population 
was used for the validation of previously reported AF loci.

Genome-wide genotyping
In the exploratory stage, both patients with AF and NSR controls were gen
otyped using a custom Axiom Genome-Wide Array Plate, known as the 

TWB chip 2, containing 714 431 SNPs based on Affymetrix technology. 
Single-nucleotide polymorphism quality control was performed by excluding 
SNPs with a missing call rate >0.05, Hardy–Weinberg equilibrium (HWE) 
P-value < 1 × 10−6 in controls, and a minor allele frequency (MAF) < 0.05.

Genotype imputation
Prior to imputation, we converted hg38 co-ordinates to hg19 co-ordinates 
using the HRC-1000G-check-bim tool (https://www.well.ox.ac.uk/∼wrayner/ 
tools/). Genotype imputation was performed using Minimac4 on the 22 chro
mosomes in the Michigan Imputation Server,20 with the 1000 Genomes 
Project East Asian (EAS) Phase 3 Integrated Release Version 5 Haplotypes 
as the reference panel. For quality control after imputation, we selected 
SNPs with imputation quality R2 > 0.8, HWE P-value > 1 × 10−6, MAF ≥ 5%, 
and complete genotypes in >99% of control subjects. A total of 4 512 191 
SNPs passed quality control and were used for subsequent GWAS analysis.

Association analysis
Single-nucleotide polymorphism-based association analysis was conducted 
using PLINK (v1.9)21 based on a binary outcome model of logistic regres
sion. We adjusted for the top 10 principal components, age, and gender 
in the analysis. Manhattan plots and quantile–quantile (Q–Q) plots were 
generated using the qqman package. A genome-wide significance threshold 
of P < 5 × 10−8 was applied in the exploratory GWAS.

Genome-wide genotyping with custom 
Axiom Genome-Wide Array Plate (714 431 SNPs) 

Imputation, filtering

Stage 1: GWAS with 4 512 191 whole-genome SNPs 

516 patients with AF from North Taiwan 5160 NSR control patients from TWB

PP4 for colocalization

Stage 3: Candidate gene replication in UKB (locus level)

6621 patients with AF 25 981 NSR controls
P < 0.05/variant number 

P < 3.1x10–6

P < 5x10–8

P < 0.05/variant number 

Stage 2: Candidate gene replication (variant level)

1002 patients with AF from 
North and middle-South Taiwan

2003 NSR control patients from
North and middle-South Taiwan 

eQTL analysis TWAS

Figure 1 CONSORT flow diagram showing the study design of three-staged GWAS. AF, atrial fibrillation; GWAS, genome-wide association study; 
NSR, normal sinus rhythm; SNP, single-nucleotide polymorphism.
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Expression quantitative trait locus analyses
Expression quantitative trait locus (eQTL) mapping of novel AF genetic loci 
was performed using data from the publicly available Genotype-Tissue 
Expression (GTEx) database, version 8.22,23 We treated the GWAS sentinel 
or lead SNP as a cis-eQTL and calculated the P-values, effect sizes, and 
standard errors using linear regression between the expression levels of 
the nearest gene and the genotypes of the sentinel SNP.5

Bayesian colocalization analysis was performed to evaluate whether the 
same genetic variant is likely responsible for the associations observed in 
both GWAS and eQTL datasets.23 Posterior probabilities were calculated 
for the H4 hypothesis, indicating a shared association (colocalization) be
tween GWAS and eQTL signals. Single-nucleotide polymorphisms available 
in only one database were also included, with LD adjustments applied. A 
posterior probability for H4 exceeding 0.75 was considered evidence of co
localization between GWAS and eQTL signals.

Additionally, MotifMap24 and ChromHMM25 were used to analyse 
whether these sentinel SNPs were located within transcription factor bind
ing sites or chromatin-active regions, respectively, if they were significant 
cis-eQTLs.

Transcriptome-wide association study
Transcriptome-wide association study (TWAS) was conducted using 
MetaXcan.26 In this approach, associations between predicted expression 
and AF were estimated based on gene prediction model weights, GWAS 
summary statistics, and an SNP-correlation LD matrix. The 1000 
Genomes Project Phase 3 Version 5 EAS was used as the LD matrix. 
Genes with significant associations between predicted expression and AF 
were reported, highlighting potential candidate genes underlying the 
GWAS signal. In this exploratory TWAS phase, genes with a P-value of 
<0.05 were reported as suggestive associations, and a P-value of <3.1 ×  
10−6 (corrected by the total number of human genes) was considered a sig
nificant association. All tissues potentially related to AF mechanisms, includ
ing the right atrial appendage, left ventricle, aorta, coronary artery, brain, 
fibroblasts, and lymphocytes, were tested.

Results
Novel AF genetic loci in the Taiwanese 
population
The baseline characteristics of the study participants are summarized in 
Table 1. As expected, the mean age and the prevalence of hypertension, 
coronary artery disease, diabetes, and stroke were higher in patients 

with AF compared with NSR controls in both the exploratory and val
idation populations.

GWAS was performed on Stage I subjects using the Axiom 
Genome-Wide Array Chip (714 431 SNPs; Figure 2). After quality con
trol filtering and imputation, a total of 4 512 191 SNPs were analysed. 
The Manhattan plot of the GWAS is shown in Figure 2A, alongside the 
Q–Q plot. Three loci were associated with AF at genome-wide signifi
cance (P < 5 × 10⁻8) in the exploratory stage (Figure 2A).

The most significant association was at 1p13.2/RAP1A [rs7525578; 
MAF: 0.167 in cases vs. 0.0682 in controls; odds ratio (OR): 2.74; 
95% confidence interval (CI): 2.28–3.30; P = 1.24 × 10⁻26]. This was fol
lowed by 4q25/PITX2 (rs2723329; MAF: 0.500 in cases vs. 0.411 in con
trols; OR: 1.54; 95% CI: 1.35–1.76; P = 1.53 × 10⁻10) and 8q21.13/ 
HNF4G (rs2980218; MAF: 0.437 in cases vs. 0.345 in controls; OR: 
1.49; 95% CI: 1.31–1.70; P = 2.19 × 10⁻9) (Table 2). Figure 3 presents 
the regional plots for these significant loci.

While the PITX2 locus has been consistently identified as the most 
significant AF locus in prior studies,1–5 the RAP1A locus is more signifi
cant than the PITX2 locus and is located <500 kb from the previously 
reported KCND3 gene. Our study also identified a novel locus, 
HNF4G, significantly associated with AF in the Taiwanese population.

Validation of GWAS AF variants in a 
replication population
The significant variants identified in the exploratory GWAS were vali
dated in a replication cohort comprising 1002 patients with AF and 
2003 NSR controls (Table 2). The associations with AF were replicated 
for all three variants, with ORs and P-values of 1.72 (95% CI: 1.42–2.07; 
P = 4.60 × 10⁻9) for RAP1A (rs7525578), 1.41 (95% CI: 1.27–1.58; 
P = 4.45 × 10⁻10) for PITX2 (rs2723329), and 1.25 (95% CI: 
1.12–1.40; P = 6.97 × 10⁻5) for HNF4G (rs2980218). We also per
formed a meta-analysis combining the exploratory and validation popu
lations. The association of these three variants with AF was even more 
significant in this meta-analysis (Table 2).

Validation of Taiwanese AF loci in the UK 
population
We further validated the associations of 4q25/PITX2, 1p13.2/RAP1A, 
and 8q21.13/HNF4G with AF in the UK Biobank. All SNPs within 
500 kb of these loci were analysed, with the most significant SNPs 
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Table 1 Patient characteristics of the study population

Variables Exploratory population Replication population

AF NSR AF NSR
(n = 516) (n = 5160) (n = 1002) (n = 2003)

Age, mean ± SD 58.1 ± 8.7 57.8 ± 8.7 68.7 ± 12.1* 60.7 ± 14.2

BMI, mean ± SD 25.3 ± 3.8* 24.4 ± 3.6 24.4 ± 4.6 24.8 ± 4.0

Female, n (%) 245 (47.5) 2695 (52.3) 409 (40.8) 916 (45.7)

Male, n (%) 271 (52.5) 2460 (47.7) 593 (59.2) 1087 (54.3)

Diabetes, n (%) 18 (12.0)* 458 (8.9) 238 (23.8)* 327 (16.3)

Hyperlipidaemia, n (%) 25 (16.7) 668 (13.0) 134 (13.4) 278 (13.9)

Hypertension, n (%) 50 (33.3)* 1104 (21.4) 576 (57.5)* 819 (40.9)

CAD, n (%) 8 (5.3)* 150 (2.9) 246 (24.6) 402 (20.0)

AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; NSR, normal sinus rhythm.
*P < 0.05 compared with NSR.
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reported. Only the 4q25/PITX2 locus was significantly associated with 
AF in the UK population, but not the other two loci. The P-values 
were 2.93 × 10⁻43 for 4q25/PITX2 (rs200657990, 126 kb from 
rs2723329, r2 < 0.1), 0.0015 for 1p13.2/RAP1A (rs141883790, 33 kb 
from rs7525578, r2 < 0.1), and 0.0022 for 8q21.13/HNF4G 
(rs114415293, 1.2 kb from rs2980218, r2 < 0.1).

Validation of previous AF loci in the 
Taiwanese population
More than 100 genetic loci have been associated with AF in multi-ethnic 
GWAS meta-analyses.5,6 We validated these loci in the Taiwanese popu
lation, and the results are given in Table 3. Loci with P-values <0.05 
were listed, with significance determined using Bonferroni’s correction 
(P < 0.05/tested SNP number for each locus). Among the 138 reported 
AF loci (tested SNP numbers from 297 to 3542),5 three genes—PITX2 

(rs2723329), ZFHX3 (rs2106261), and HAND2 (rs78164752)—were sig
nificantly associated with AF in the Taiwanese population. The most sig
nificant association was at PITX2 as expected, followed by ZFHX3 
(rs2106261; OR: 1.42; 95% CI: 1.24–1.62; P = 2.42 × 10⁻7) and HAND2 
(rs78164752; OR: 1.43; 95% CI: 1.20–1.70; P = 4.92 × 10⁻6).

eQTL analyses
The effects of novel susceptibility SNPs on the expression of nearby 
genes across various human tissues were assessed by investigating 
eQTLs and colocalization between GWAS and eQTL loci.23,27 Initial 
analyses focused on whether these sentinel SNPs were associated 
with gene expression in the GTEx atrial appendage or left ventricular 
(LV) samples, but no significant associations were observed. 
Subsequent analyses in other tissues revealed significant colocalization 
between the RAP1A locus and eQTL in fibroblasts (see Supplementary 
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Figure 2 Manhattan and Q–Q plots of GWAS results. (A) Three loci/genes (RAP1A, PITX2, and HNF4G) show associations with AF with P < 5 × 10−8 
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material online, Figure S1A) and between the HNF4G locus and eQTL in 
lymphocytes (see Supplementary material online, Figure S1B).

Given that these three sentinel SNPs were identified as potential 
cis-eQTLs, further investigation was conducted using MotifMap and 
ChromHMM to determine whether they were located within transcrip
tion factor binding sites or chromatin-active regions. SNP rs2723329 was 
localized in a region containing transcription factor binding sites for IRF8, 
HNF4, NFAT2, and MTF1 (MotifMap). Chromatin state analyses 
(ChromHMM) suggested an inactive promoter or weak enhancer region 
(see Supplementary material online, Figure S2A). The region 60 kb up
stream of rs2980218 contained predicted binding sites for TEF-1, AP-3, 
and IRF8, while the region 50 kb downstream showed binding sites for 
TEF-1 and STAT6 (MotifMap). SNP rs2980218 was situated in a chromatin 
region indicative of an active promoter or weak enhancer (ChromHMM) 
(see Supplementary material online, Figure S2B).

SNP rs7525578 was localized within an intron of the RAP1A gene, 
with chromatin state analyses indicating an actively transcribed region 
(ChromHMM) (see Supplementary material online, Figure S2C). 
Additionally, rs7525578 was found to be near (100 kb) a transcription 
factor binding site region associated with HSF2, HNF4, LEF1, TEF-1, and 
SOX10 (MotifMap).

TWAS analysis
The TWAS results are summarized in Table 4. The most significant gene 
identified in the atrial appendage was GPHN (P = 7.23 × 10⁻9). Although 
GPHN did not demonstrate significant expression in LV tissue, it also 
exhibited high significance in brain tissue (P = 3.30 × 10⁻9). Of note, 
while GPHN was the top hit in TWAS, it was not a genome-wide sig
nificant locus. The CASQ2 gene showed a suggestive association in both 
atrial appendage (P = 0.010) and LV (P = 0.015) tissues, consistent with 
findings from two large multi-ethnic AF GWAS and TWAS studies.5,6

Among the three GWAS-significant loci, the 8q21.13 and 1p13.2 loci 
also demonstrated significant associations in the TWAS. Expression of 
the HNF4G gene in brain tissue and lymphocytes was significantly associated 
with AF (P = 3.30 ×10⁻7 in brain tissue and 4.22×10⁻8 in lymphocytes). 
Similarly, expression of the RAP1A gene in fibroblasts was significantly asso
ciated with AF (P = 1.46 × 10⁻9). In contrast, TWAS analysis of the 4q25 
locus did not identify any significant gene expression associated with AF.

Discussion
In this study, we identified a novel 8q21.13/HNF4G locus associated 
with AF specifically in the Taiwanese population, which had not been 
previously reported. Alongside Japanese and Korean AF GWAS, our 

study represents the third AF GWAS conducted in the Asia–Pacific re
gion. Our sample size was similar to that of the Korean AF GWAS. In all 
three AF GWAS studies in the Asia–Pacific region, the 4q25/PITX2 lo
cus was consistently and highly significantly associated with AF. In our 
Taiwanese AF GWAS, the 1p13.2/RAP1A locus showed even greater 
significance than the 4q25/PITX2 locus. The association between the 
novel 8q21.13/HNF4G locus and AF was also significant in TWAS.

Thus, we contribute a new AF locus (8q21.13/HNF4G) to the AF 
GWAS catalog. In Japanese AF GWAS studies, six new loci (with near
est genes KCND3, PPFIA4, SLC1A4-CEP68, HAND2, NEBL, and 
SH3PXD2A) were identified as novel AF loci.7 Among these, PPFIA4 
and HAND2 were validated in the Korean AF GWAS.8 Although 
HAND2 gene was not significantly associated with AF in our AF 
GWAS (P > 5 × 10−8), the locus within 1 Mb of the HAND2 gene 
was identified as a significant region in the replication analysis of previ
ously reported AF loci in our study (Table 3). HAND2 was first found as 
an AF gene/locus in the Japanese population7 and then validated in the 
Korean population,8 both of which are Asian populations. HAND2 locus 
was also significant in our Taiwanese population, also an Asian 
population.

There has been significant progress in the genetic study of cardiac ar
rhythmias, including both hereditary channelopathies and common ar
rhythmias such as AF.28 Genetic research has greatly advanced the 
diagnosis and treatment of cardiac arrhythmias, particularly hereditary 
channelopathies. However, due to AF as a complex trait, applying gen
etic study results to AF treatment remains challenging. At the current 
stage, these findings are more effectively utilized in guiding clinical gen
etic testing for diagnosing or predicting the risk of AF. Our discovery of 
HNF4G and RAP1A establishes an understandable connection between 
genetic studies and mechanistic insights, potentially offering a more 
straightforward path for developing novel AF treatments based on 
these findings.

A plausible explanation for the association of the HNF4G gene with 
AF lies in its previously reported role as a risk gene for obesity in 
obesity-related GWAS.29,30 Obesity is a well-established risk factor 
for AF,31,32 and weight reduction by itself has been shown to decrease 
the burden of AF.33 In our AF GWAS cohort, patients with AF had a 
significantly higher mean body mass index (BMI) compared with NSR 
controls. This suggests the possibility that the association of HNF4G 
with AF may be body-weight dependent. However, in our replication 
cohort, the mean BMI of patients with AF did not differ significantly 
from that of NSR controls, yet a significant association with the 
HNF4G gene was still observed. This suggests that the association of 
HNF4G with AF may extend beyond BMI or obesity34,35 and may in
volve metabolic or inflammatory pathways.36,37 This is supported by 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 Summary of genetic study results

Gene Exploratory population 
(516 AF vs. 5160 controls)

Validation population 
(1002 AF vs. 2003 controls)

Combined population 
(1518 AF vs. 7163 controls)

Lead SNP OR (95% CI) P OR (95% CI) P OR (95% CI) P

RAP1A 2.74 (2.28–3.30) 1.24 × 10−26 1.72 (1.42–2.07) 4.60 × 10⁻9 2.07 (1.83–2.35) 1.13 × 10−28

rs7525578 (C/T)a

PITX2 1.54 (1.35–1.76) 1.53 × 10−10 1.41 (1.27–1.58) 4.45 × 10⁻10 1.51 (1.40–1.63) 2.15 × 10−21

rs2723329 (T/C)a

HNF4G 1.49 (1.31–1.70) 2.19 × 10−9 1.25 (1.12–1.40) 6.97 × 10⁻5 1.33 (1.23–1.44) 7.89 × 10−11

rs2980218 (G/A)a

AF, patients with atrial fibrillation; OR, odds ratio per minor allele (additive model); CI, confidence interval; SNP, single-nucleotide polymorphism.
aMajor allele/minor allele
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eQTL colocalization and TWAS results in our study that revealed a sig
nificant association between HNF4G gene expression in lymphocytes 
and AF.

In our study, the 1p13.2/RAP1A locus was more significantly asso
ciated with AF than the 4q25/PITX2 locus when considering the 

P-value, a finding not previously reported. While P-values are import
ant, the effect size (OR) of an association is also critical and can some
times hold greater significance. In our study, the effect size was 1.5, 
which aligns with findings from the combined ancestral GWAS of 
Caucasian populations.4 In contrast, the OR reported in a Japanese 
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Figure 3 Regional plots of variants that show associations with AF with P < 5 × 10−8. Regional plots of SNPs centred on the lead SNP around the 
RAP1A gene (left upper panel), PITX2 gene (right upper panel), and HNF4G gene (lower panel) are shown. For each SNP, the chromosomal location is 
shown on the x-axis and the significance level for association with AF is indicated by a −log10 P-value on the y-axis. P-values are expressed as −log10 (P) 
(y-axis) for every tested SNP ordered by chromosomal location (x-axis).
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population AF GWAS was 2.0,7 as observed in a Korean AF GWAS 
study.8 Therefore, compared with other Asian populations, the effect 
size in our study was smaller and more closely resembled that of 

Caucasian populations. This difference may partly explain why the 
4q25 locus was not the most significant in our study. However, racial 
differences in genetic susceptibility to AF may also play a role.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Genes significantly associated with AF in transcriptome-wide association study

Gene name RAP P LV P Brain P Chr Sentinel SNP SNP position GWAS P Nearest gene Risk locus

GPHN 7.23E−09 3.40E−01 3.30E−09 14 rs992474 66699865 0.00251793 ENSG00000287833 —

TRPC1 9.96E−08 1.05E−01 3.92E−02 3 3:142312975:C:CTT 142312975 4.37E−05 PLS1 —

IKBKAP 5.06E−06 2.22E−05 1.76E−05 9 9:111661422:C:CA 111661422 1.06E−05 ELP1 —

FMO2 1.34E−05 1.62E−05 1.49E−05 1 rs72714189 171266804 0.00587934 FMO1 —

RP11-188D8.1 2.38E−04 2.55E−05 6.84E−10 1 1:118026324:C:A 118026324 4.47E−05 ENSG00000279513 —

SNX24 4.21E−03 3.17E−01 1.15E−08 5 rs56071867 121831707 0.00300478 MGC32805 —

TMEM59L 9.63E−03 2.76E−06 19 rs12610537 18687225 2.29E−05 UBA52 —

CASQ2 1.04E−02 1.47E−02 1.59E−07 1 rs9428221 116300137 0.0029283 CASQ2 —

PGRMC2 9.71E−02 5.69E−02 5.87E−08 4 rs79555688 129709201 0.00038062 JADRR —

RNF126 2.70E−01 4.56E−08 19 rs8113305 1088017 8.11E−05 ARHGAP45 —

OCIAD1 4.02E−01 1.03E−01 8.57E−07 4 rs6814786 48313005 0.0366267 SLAIN2 —

ALPK1 5.29E−01 5.41E−01 2.54E−15 4 rs13108156 113115904 0.00073831 FAM241A —

UBE4A 5.92E−01 1.93E−10 2.54E−09 11 rs572460646 118262515 0.00158631 ENSG00000254873 —

GTF2E2 6.54E−01 5.30E−02 2.85E−06 8 8:30386410:A:AT 30386410 2.13E−05 ENSG00000279041 —

USP8 6.64E−01 4.98E−01 1.89E−06 15 rs1294724317 51122054 0.0339529 ENSG00000273674 —

CYTH3 7.55E−01 2.81E−06 7 rs145450974 6093078 0.00156747 RNU6-218P —

HNF4G 3.30E−07 8 rs2980218 76306804 2.19E−09 HNF4G 8q21.13

ZAR1 9.38E−09 4 rs10938521 48113219 0.00440531 RNU6-868P —

SPSB3 8.12E−07 16 rs7199735 1765171 0.00130256 MAPK8IP3-AS1 —

Chr, chromosome; GWAS, genome-wide association study; LV, left ventricular tissue; RAP, right atrial appendage tissue; SNP, single-nucleotide polymorphism.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Replication of known AF loci in the Taiwanese population

#Chr Position SNP Nearest gene Allelea OR 95% CI P #SNP

1 22282619 rs7529220 HSPG2 C/T 0.772 0.655–0.910 0.0020505 2243

1 112392360 rs12044963 KCND3 G/T 1.164 1.020–1.328 0.0242902 2223

1 116297758 rs4073778 CASQ2 C/A 1.203 1.051–1.377 0.0072332 2281

1 170591310 rs651386 PRRX1 A/T 0.860 0.751–0.984 0.0282370 1723

1 203026591 rs17461925 PPFIA4 A/G 0.803 0.680–0.949 0.0100012 2295

3 179170494 rs4855075 GNB4 C/T 1.220 1.023–1.454 0.0266717 1190

4 111658394 rs2723329 PITX2b T/C 1.542 1.350–1.763 1.53E-10 1736

4 174448143 rs78164752 HAND2b T/G 1.434 1.248–1.702 4.92E-06 1115

5 113736416 rs716845 KCNN2 G/A 1.223 1.009–1.482 0.0401149 1384

8 141746324 rs4355822 PTK2 A/G 0.835 0.727–0.960 0.0110472 1245

10 21157621 rs2296610 NEBL G/T 1.349 1.144–1.591 0.0003795 1881

14 32981484 rs2145587 AKAP6 G/A 1.277 1.121–1.455 0.0002357 1488

16 73051620 rs2106261 ZFHX3b C/T 1.421 1.244–1.624 2.42E-07 1649

17 44019712 rs242557 MAPT A/G 1.141 1.001–1.299 0.0478401 368

AF, atrial fibrillation; #Chr, chromosome number; CI, confidence interval; OR, odds ratio per minor allele (additive model); SNP, single-nucleotide polymorphism; #SNP, SNP number 
tested for association.
aMajor allele/minor allele.
bSignificant replicated gene.

8                                                                                                                                                                                                G.-W. Lee et al.



The RAP1A locus lies within 500 kb of the previously reported 
KCND3 gene, though it remains uncertain which gene is causal in this 
locus. Our eQTL and TWAS results suggest RAP1A as a potential causal 
gene. RAP1A encodes for Rap1 GTPase, which plays a role in reducing 
fibrotic gene expression and myofibroblast activation to counteract 
cardiac fibrosis.38 Our eQTL and TWAS results also indicated a signifi
cant association of RAP1A expression in fibroblasts with AF, suggesting 
its involvement in atrial fibrosis and AF.39,40 Furthermore, RAP1A has 
been implicated in cardiac development and function,38 with studies 
showing that knockdown of RAP1A in zebrafish heart results in reduced 
connexin 43 and conduction block, key mechanisms in AF.38

In our TWAS analysis, the 4q25/PITX2 locus did not show any signifi
cant gene associations. Similarly, recent large multi-ethnic AF GWAS 
studies have failed to link the 4q25 locus to PITX2 expression in any tis
sue, including cardiac tissue samples. Negative TWAS results may arise 
for various reasons and do not necessarily rule out a functional role for 
the nearest gene. Therefore, functional studies continue to explore the 
relationship between PITX2 and AF,41 even though no definitive AF risk 
link to PITX2 expression levels has been confirmed by TWAS.

Our novel 8q21.13 locus was also linked to a significant TWAS result 
for HNF4G in brain tissue. As mentioned, HNF4G is associated with 
obesity, and interestingly, TWAS on obesity has revealed significant 
genes in the brain,42 suggesting a neurogenic contribution to obesity. 
The association of HNF4G in the brain with AF could indicate a neuro
genic mechanism underlying AF. In our TWAS analysis, the most signifi
cant gene was GPHN, which encodes gephyrin, a neuronal assembly 
protein that anchors inhibitory neurotransmitter receptors.43

Furthermore, we previously reported the association of KCNIP1, a po
tassium channel gene highly expressed in the brain, with AF.10

Despite a limited number of cases in the exploratory phase of our 
GWAS, we identified a novel locus that was later confirmed in a larger 
cohort of over 1000 patients with AF. This finding highlights the sto
chastic nature of GWAS, where certain causal genes may be identified 
in one study but not in others, irrespective of sample size. Additionally, 
our cohort consisted entirely of patients with symptomatic AF treated 
in tertiary medical centres, in contrast to larger GWAS studies that of
ten include patients from biobanks, some of whom may have low AF 
burden or asymptomatic AF. Furthermore, we excluded patients 
with atrial flutter, which many large AF GWAS studies include.

This study has several limitations. First, we did not directly prove that 
RAP1A and HNF4G are involved in the mechanism of AF. Future studies, 
including knockout mice models, may be necessary to establish the cau
sal relationship between RAP1A and atrial fibrosis or HNF4G and 
obesity-related inflammatory pathways in AF. Second, in our eQTL ana
lyses, although PITX2 and RAP1A are known to be expressed in the left 
atrium, the significant SNPs for these genes were not associated with 
PITX2 and RAP1A in atrial or ventricular tissues. Direct analyses in hu
man surgical left atrium tissue are warranted.

In conclusion, in this first Taiwanese AF GWAS, we identified a novel 
HNF4G locus associated with AF, and its significance was further con
firmed by TWAS. Additionally, we found that the 1p13.2/RAP1A locus 
was more significant than the well-established 4q25/PITX2 locus. These 
genes may involve fibrosis, inflammatory, and metabolic pathways in the 
mechanism of AF, thereby contributing to a deeper understanding of 
AF pathology.
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