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Aims Some genetic susceptibility loci for atrial fibrillation (AF) identified by genome-wide association studies (GWAS) in
a European database showed ethnic differences in the Asian population. We explored novel AF susceptibility var-
iants for patients with early-onset AF (<_60 years old) among Korean patients who underwent AF catheter ablation.

...................................................................................................................................................................................................
Methods
and results

A genome-wide association study (GWAS) was conducted with 672 cases (<_60 years old, Yonsei AF Ablation
cohort) and 3700 controls (Korea Genome Epidemiology Study). Association analysis was performed under an
additive model of logistic regression, and replication study was conducted with 200 independent cases of Korean
AF Network and 1812 controls. Five previously proven genetic loci (1q24/PRRX1, 4q25/PITX2, 10q24/NEURL,
12q24/TBX5, and 16q22/ZFHX3) were validated. Two novel genetic loci associated with early-onset AF were found
on chromosomes 1q32.1/PPFIA4 (rs11579055, P = 6.84 � 10-10) and 4q34.1/HAND2 (rs8180252, P = 1.49 � 10-11)
and replicated in an additional independent sample of the Korean AF Network. The identified loci implicate candi-
date genes that encode proteins related to cell-to-cell connection, hypoxic status, or long non-coding RNA.

...................................................................................................................................................................................................
Conclusion Two novel genetic loci for early-onset AF were identified in Korean patients who underwent catheter ablation.

One of the novel susceptibility loci on chromosome 4 has strong associations with previously proven gene in a
European ancestry database.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia in
clinical practice, and it is associated with increased morbidity and
mortality.1 Atrial fibrillation is predominantly a disease of the elderly.
Well-established risk factors for AF include hypertension, diabetes
mellitus, obesity, and structural heart disease, all of which are

associated with advancing age.2 However, subjects without clear pre-
cipitating factors for AF may present with AF at a relatively young age
with familial clustering.3 Recent studies have shown genetic suscepti-
bility in the development of AF with significantly increased risk of AF
for family members of patients with lone AF.4,5 Arnar et al.6 also
reported a five-fold increased risk of incident AF in first-degree rela-
tives of patients diagnosed with AF before the age of 60.

* Corresponding author. Tel: þ82 2 2228 8460, Fax: þ82 2 2223 7739, Email: hnpak@yuhs.ac
†The first two authors contributed equally to the study.
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Genome-wide association studies (GWAS) have recently been

used to assess the genetic basis of many diseases. The first GWAS for
AF identified a chromosome 4q25 locus conferring the risk of AF in
Icelanders.7 A recent GWAS, mostly performed in populations of
European ancestry, identified approximately 14 common genetic sus-
ceptibility loci for AF.8–12 However, ethnic differences exist between
Europeans and other populations,13,14 and the impacts of these loci
on AF in Asian populations remain to be elucidated. Although several
studies have replicated these identified loci in Asian populations,
some studies showed weak or no association with AF due to differ-
ent allele frequencies and linkage disequilibrium (LD) patterns com-
pared with European ancestry.10,15,16

The purposes of this study were to: (1) examine previously identi-
fied loci from European ancestry in the Korean population and (2)
identify novel variants of AF susceptibility loci in Korean patients with
early-onset (<_60 years of age) AF who underwent AF catheter abla-
tion using two-stage GWAS.

Methods

Study design and subjects
A GWAS was performed in two stages, as displayed in Figure 1. Stage 1
consisted of 672 cases of early-onset AF (<_ 60 years old) who underwent
radiofrequency catheter ablation (RFCA) and 3700 controls free of AF
from a large urban cohort. Stage 2 consisted of 200 cases of early-onset
AF (<_60 years old) and 1812 controls free of AF from a large community
cohort. The Institutional Review Board of Human Research for each insti-
tution approved the study protocol, and written informed consent was
obtained from all subjects. A detailed description is available in the see
Supplementary material online.

Genotyping and validation study for SNP

selection
Details of genotyping, imputation methods, and validation study for SNP
selection are available in the see Supplementary material online.

Analysis of expression quantitative trait loci

(eQTL) and implicated genes
Expression quantitative trait loci analyses were performed using the
publicly available Genotype-Tissue Expression Portal (GTEx) of the
Broad Institute of Harvard and MIT (GTex, Broad Institute, Boston, MA,
USA; http://www.gtexportal.org/home/, 23 June 2016). Further descrip-
tion is available in the see Supplementary material online.

Statistical analyses
Details of statistical analyses are available in the data see Supplementary
material online.

Results

Baseline characteristics and early-onset
AF susceptibility loci in the Korean
population
Table 1 summarizes the patient characteristics in this case-control
study and replication study. Among 672 patients who underwent
RFCA (81.0% male and 50.5 ± 7.8 years old), 482 patients (71.7%)
were categorized as having paroxysmal AF. The prevalence of hyper-
tension, coronary artery disease, and stroke in the case group was
higher than that of controls (P < 0.001, respectively). In the replica-
tion set, the mean age of cases was 50.0 ± 8.2, while in the control
group it was 60.7 ± 6.6. The prevalence of coronary artery disease
(P < 0.001) was higher in cases than in controls, while the prevalence
of diabetes (P < 0.001) was lower in cases than in controls.

A total of 14 genetic loci known to be associated with AF in the
European ancestry database were compared using GWAS of early
onset AF in Koreans (Table 2). Among these 14 previously defined
genetic polymorphisms, five genetic loci were reproducibly associated
with Korean early-onset AF with statistical significance: 1q24/PRRX1
rs3903239, 4q25/PITX2 rs17042171, 10q24/NEURL rs6584554,
12q24/TBX5 rs883079, and 16q22/ZFHX3 rs2106261 (based on
Bonferroni correction; P < 0.05/14 = 0.0036). The most significant
association was shown in 4q25/PITX2 rs17042171 [odds ratio (OR)
0.41; 95% confidence interval (CI) 0.36–0.46, P¼ 1.80� 0-43], followed
by 16q22/ZHFX rs2106261 (OR 2.09; 95% CI 1.85–2.85,
P¼ 1.79� 10-33, Table 2). Of note, the association of 10q24/NEURL
rs6584554 is similar to the magnitude and direction of previous findings
in a Japanese population (OR 1.50; 95% CI 1.28–1.75, P¼ 5.03� 10-7).

Two novel genetic loci associated with
early-onset AF
A total of 642 422 SNPs genotyped on the Affymetrix Genome-Wide
Human SNP Array 6.0 chip in 672 AF patients and 3700 controls was
analysed following a data-cleaning procedure. As shown in the
Manhattan plot of GWAS results (Figure 2), 4 loci were associated
with early onset AF with P < 5� 10-8 in the discovery stage. While
two loci were previously identified (4q25/PITX2 and 16q22/ZFHX3),
two novel loci in chromosome 1q32.1/PPFIA4 and chromosome

Figure 1 Study flowchart showing the two-staged genome-wide
association study (GWAS). AF, atrial fibrillation; GWAS, genome-
wide association study; MAF, minor allele frequency.
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4q34.1/HAND2 were significantly associated with Korean early onset
AF. A total of 12 SNPs clustered in those two genetic loci had statisti-
cally strong associations (based on P-value < 5� 10-8, Table 3).
Figure 3 shows signal plots for the two strong loci 1q32.1/PPFIA4
rs11579055 (P = 6.84� 10-10) and 4q34.1/rs8180252 (P = 1.49�
10-11) using imputation analyses, and we found that additional SNPs
could be highly correlated with top significant SNPs.

Using an independent replication set consisting of 200 cases and
1812 controls, the 12 SNPs showing strong association with Korean
early onset AF in the discovery study were tested. Two genetic loci,
rs11579055 in chromosome 1q32.1/PPFIA4 (P¼ 0.044) and
rs8180252 in 4q34.1/HANDS2 (P = 0.011), were significantly associ-
ated with AF disease risk in the replication stage (Table 3). In the com-
bined data set, the loci at chromosome 1q32.1 (rs3737883,
rs6694477, and rs6670637) and 4q34.1 (rs8180252 and rs2067518)
showed significant associations (P < 5.0 � 10-8, Table 3). For haplo-
type analyses, all significant SNPs genotyped at 1q32.1 (50kb region
containing rs11579055 and rs3737883) and 4q34.1 (50 kb region
containing rs4615152 and rs8180252) were included in high LD block
(see Supplementary material online, Figure S1).

Because there were age and gender mismatches in both discovery
and replication group, propensity score matching was conducted.
The four genetic variants in novel genetic loci (rs11579055,
rs3737883, rs4615152, and rs8180252) were consistently associated
with Korean early onset AF (see Supplementary material online,
Table S1). Controls in the replication cohort had a higher prevalence
of diabetes and a lower prevalence of coronary artery disease. To
adjust for these factors using a multivariate logistic regression model,
we included age, sex, diabetic mellitus, coronary artery disease, and
hypertension as covariates, while maintaining a consistent effect size.
We observed that the top SNP (rs11579055) was no longer signifi-
cant in this analysis, whereas the significance for variants located in
chromosome 4 had even stronger significance than the unadjusted
state (see Supplementary material online, Table S2).

The allele frequencies of the recessive genetic model were com-
pared between case and control groups in see Supplementary mate-
rial online, Table S3, and we observed that genetic variants at two
novel loci (4q34.1/HAND2 and 1q32.1/PPFIA4) were consistently
associated with AF risk in the recessive genetic model (see
Supplementary material online, Table S4).

Expression quantitative trait loci
mapping of novel genetic loci
The influence of novel susceptibility signals on expression of candi-
date genes was assessed by investigating eQTLs. By accessing the
publicly available GTEx, several significant associations between novel
susceptibility genetic variants and gene expression were found. The
AF risk allele of the top SNP at 1q32.1, rs11579055, was significantly
associated with a higher expression of PPFIA4 in whole blood
(P = 1.4� 10-10). Four other AF risk alleles of SNPs at the same locus
also had a significant eQTL association with PPFIA4 in whole blood
(rs3737883, P = 2.1� 10-10; rs6694477, P = 1.4� 10-7; rs6670637,
P = 1.2� 10-7; and rs10920559, P = 1.4� 10-7). PPFIA4 encodes a
protein named liprin-a4. Liprin-a4 is involved in cell-to-cell junctions
and can be up-regulated by hypoxia-inducible factor-1a in hypoxic
states. Among SNPs associated with AF at 4q34, rs8180252 was
located close to HAND2 and had a significant eQTL association with
non-coding RNA (lncRNA) RP11-161D15.1 in the left ventricle of
the heart (P = 1.7� 10-6). HAND2 is a cardiac transcription factor
related to heart repair and development, but the function of RP11-
161D15.1 is not yet clearly defined.

Discussion

Main findings
In this study, a two-stage GWAS was performed using 672 patients
with early-onset AF (<_60 years of age) who underwent AF ablation

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

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

Table 1 Characteristics of discovery and replication study subjects

Baseline characteristics Discovery Replication

Case Control Case Control

(n 5 672) (n 5 3700) (n 5 200) (n 5 1812)

Age, year 50.5 ± 7.8 53.1 ± 8.3* 50.0 ± 8.2 60.7 ± 6.6*

Male sex, % 546 (81.0) 1649 (44.6)* 156 (78.0) 859 (47.3)*

PAF, % 482 (71.7) – 99 (49.5) –

Body mass index, kg/m2 25.1 ± 3.0 24.0 ± 2.9* 24.9 ± 2.9 24.7 ± 3.3

Hypertension, % 237 (35.3) 691 (18.7)* 66 (33.0) 597 (32.9)

Diabetes, % 51 (7.6) 249 (6.7) 15 (7.5) 656 (36.1)*

Coronary artery disease, % 56 (8.3) 106 (2.9)* 21 (10.5) 43 (2.4)*

Stroke, % 47 (7.0) 56 (1.5)* 7 (3.5) 60 (3.3)

CHADS2 Score 0.93 ± 1.1 – 0.61 ± 0.7 0.77 ± 0.9*

Echocardiography

LA size (mm) 41.0 ± 6.4 – 41.9 ± 7.4 –

LV ejection fraction (%) 62.3 ± 8.8 59.7 ± 10.6

Data are shown as mean ± SD or n (%).
LA, left atrium; LV, left ventricle; PAF, paroxysmal atrial fibrillation.
*P-values <0.05.

Early onset atrial fibrillation and genome-wide association studies 3
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and 3700 controls in stage 1, and 200 subjects with early-onset AF
and 1812 controls from a large community cohort in stage 2. Five out
of 14 known AF susceptibility loci identified in patients with
European ancestry were reproducibly associated with AF risk in the
Korean population. Two novel loci located at 1q32 [PPFIA4] and
4q34 [HANDS2] were identified as new AF susceptibility loci associ-
ated with early onset AF in the Korean population.

Replication of atrial fibrillation
associated genetic loci and early onset
atrial fibrillation in the Korean
population
Five of the 14 known AF susceptibility loci previously discovered in
subjects with European ancestry8–10,12 had significant associations
with early onset AF in patients of the Korean AF Network. Significant
and replicated associations were found in rs6817105 at 4q25 [PITX2]
and rs2106261 at 16q22 [ZFHX3], consistent with other GWAS in
Non-European populations.7,10,13 This suggests a shared genetic basis
for the pathophysiology of AF between European and Korean popu-
lations. The KCNN3 gene at 1q21, one of the strongest AF risk
genetic loci associated with shortened action potential duration
(APD),17 showed no significant association, with a rare minor allele
frequency of 1.8% in this Korean population. This is consistent with
previous studies in Asian populations.13,16 Also, the frequency of
HCN4 variants in the Korean population is relatively low (5.1%),
compared with that in Europeans. The rs6584554 at 10q24/NEURL,
which was also identified in a Japanese population, and rs3807989 at
7q31/CAV1, which was replicated in a Chinese population, were rele-
vant in the Korean population. These results indicate that there are
ethnic differences in the genetic basis of AF, with considerable
genomic variants conferring AF risk.

Potential mechanisms of early-onset
atrial fibrillation related genes
Atrial fibrillation is an age-dependent progressive disease and non-
white populations have lower AF prevalence than patients of European
descent in individuals older than 65 years of age.18 Early-onset AF
present in populations with a lack of predisposing conditions for AF
may indicate a significant underlying genetic etiology. Recently, Ma et al.
reported that TBX5 gene gain-of-function mutations contribute to
early-onset AF.19 The TBX5 gene has a critical role in cardiac develop-
ment. It reduces fibrosis and improves cardiac function by reprogram-
ming non-myocytes20 while increasing conduction heterogeneity by
up-regulating connexin-40 expression.19 Similarly, HAND2, the closest
gene to the novel AF variant (rs8180252) in the Korean early onset AF
population, is also reported as a cardiac transcription factor related to
heart repair. HAND2 reprograms non-myocytes, and its overexpres-
sion can facilitate regenerative cardiomyocyte proliferation with
reprogramming of cardiac fibroblasts into functional cardiac-like
myocytes.20

A second novel genetic locus associated with early onset AF was
identified on chromosome 1q32 (rs11579055) in PPFIA4, which enc-
odes a member of the liprin (LAR: leucocyte antigen related, protein-
tyrosine phosphatase-interacting protein) protein family.21 The evo-
lutionarily conserved proteins of the liprin family play key roles in syn-
apse maturation and regulation. Liprin proteins regulate the
disassembly of focal cell adhesion to aid cell-matrix interactions.22

Although liprin is also present in the heart, association between
PPFIA4 and cardiac disease has not yet been reported.

Clinical implication of genetic studies
Although estimates of AF heritability have been reported as up to
60%,5 no genetic test is indicated for AF. This is because only a small
portion of its mechanism has been defined and none of the known
genes have been reported to account for >_5% of AF pathogenesis.
Some recent studies have demonstrated the positive effect of AF risk

Figure 2 Manhattan plot of GWAS results. Among four loci that showed associations with early onset AF with P < 5� 10-8 in the discovery stage,
two novel loci in chromosome 1q32.1/PPFIA4 and chromosome 4q34.1/HAND2 show significant associations with Korean early-onset AF.
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Figure 3 Regional plots of new variants that reached genome-wide significance. (A–B) Regional plots of log P-values for the two replicated loci.
Results (–log P) are shown for the association of directly genotyped and imputed SNPs for a 400-kb region centred on replicated lead SNP, reported
AF genome-wide association studies (GWAS) in Korean (purple squared). Genotyped SNPs are represented as square, while imputed SNPs are
marked by circles. Marks (rs number) indicate replicated and top significant SNPs among two loci. The recombination rates estimated from 1000
Genomes project’s Han Chinese and Japanese samples are plotted in blue.

Figure 4 Chromosome loci of common variants increasing AF risk identified by GWAS, its closest gene, and the suggested mechanism.
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loci in predicting cardioversion, catheter ablation, and anti-
arrhythmic medication responses.23–25 Although pre-defined genetic
variants did not predict AF ablation success in the Korean AF
Network,16 rs2106261 at 6q22 ZFHX3 predicted a good response to
AF ablation among a sub-group with longstanding persistent AF.26

Future studies directed at determining the role of AF risk alleles in
predicting the progression of AF substrate, defining types of AF, and
finding a potential target for pharmacological treatment of AF are
warranted. Despite recent advances in genetics, it is still challenging
to investigate the mechanism through which these genetic variants
influence AF risk. Genome-wide association studies identified chro-
mosome loci of common variants increasing AF risk, their closest
gene, and their potential mechanisms are summarized in Figure 4.

Limitations
There are several potential limitations of our study. First, although
we tried to find functions of novel SNPs by investigating eQTLs with
accessing the publicly available GTEx, the specific functions of the
two novel genetic loci in the pathophysiology of early onset AF are
not fully elucidated. The identification of two novel SNPs is still insuf-
ficient to assume causality, but may represent just proxy associations
suggesting existing unexplained molecular pathways. Therefore,
potential genetic interactions using biological analysis are required to
interpret these findings. Deep sequencing and fine mapping to identify
causal variants are necessary to confirm these findings. Second, this
study included a highly selected group of patients (60 years old and
younger) who were referred for AF catheter ablation. This select
patient population represents symptomatic anti-arrhythmic drug
resistant early onset AF; as such, it is more susceptible to an active
catheter ablation with a corresponding higher success rate. Third, the
study findings may not be generalized to other cohorts with different
ethnicities and races. In addition, comparison of the Caucasian
(CEU), African (AFR), Han Chinese (CHB), and Japanese (JPT) data
from the 1000 Genomes Project Phase 3 revealed notable ethnic dif-
ferences in allele frequencies in the risk allele (see Supplementary
material online, Table S5). Especially, at chromosome 4, the major
risk allele frequencies of six SNPs (rs4615152, rs10024812,
rs13132889, rs12507756, rs2067518, and rs7680060) were much
higher in a population of European ancestry than in an Asian popula-
tion (MAFs ranging from 0.79 to 0.99 in CEU). These substantial dif-
ferences in inter-ethnic MAF results indicated different associations
in individuals of different descent, resulting in insufficient power to
identify the observed variants in other ancestries. Although there
were significant associations between novel SNP rs11579055 in
1q32.1 and European database proven loci in 1q21 (rs13376333,
KCNN3; OR 4.77, 95% CI 2.40�9.50, P = 9.0� 10-6), and between
novel rs8180252 in 4q34 and previously proven loci in 4q25
(rs4611994 proxy to PITX2 rs2200733; OR 12.9, 95% CI 7.33–22.68,
P = 7.3� 10-19) using gene-gene interaction analysis in discovery set
(see Supplementary material online, Table S6), there was no associa-
tion between our novel variant on chromosome 1 (rs11579055) and
previously identified variant (rs13376333) in replication cohorts,
probably due to an underpowered sample size and differences in
MAF between populations.

Conclusions

Two novel genetic loci for early-onset AF were identified in Korean
patients who underwent catheter ablation. One of the novel suscept-
ibility loci on chromosome 4 has strong associations with previously
proven gene in a European ancestry database.

Supplementary material

Supplementary material is available at European Heart Journal online.
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