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Abstract Atrial fibrillation (AF) affects more than 5
million people worldwide; however, none of the anti-
arrhythmic drugs available now are entirely optimal in
terms of efficacy and safety. A better understanding of the
molecular mechanism of AF will facilitate the process of
finding new strategies to prevent AF. As the non-familial
AF is the major form of AF, identifying common variants
for AF in these populations by genome-wide association
studies will definitely accelerate this process. This review
summarizes the recently identified common AF variants on
4925, 16922, and 1g21 and discusses their implications for
the clinic.
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Introduction

Atrial fibrillation (AF), a ubiquitous yet diverse arrhythmia,
is characterized by fast and irregular abnormal atrial elec-
trophysiological activities with a prevalence of 1% in the
general population (Xiao et al. 2010a, b, 2011a, b). Given
AF’s strong association with aging, it affects more than 5%
of the population over 65 years of age and increasing with
age to 8% in those with age over 80 (Xiao et al. 2010a, b).
AF affects over 5 million people worldwide and causes
many complications, including heart failure and stroke,
which greatly contributes to morbidity and mortality (Qi
et al. 2009). Despite extensive research in exploring anti-
arrhythmic therapy for AF, nothing that is currently avail-
able is optimal in terms of efficacy and safety (Xiao et al.
2010a, b, 2011a, b). Therefore, new strategies to prevent
AF are highly desired (Xiao et al. 2010a, b). A better under-
standing of the molecular mechanism of AF will definitely
facilitate this process (Xiao etal. 2011a, b; Cheng et al.
2010).

The first familial AF was reported in 1943 and after the
first causal mutation in potassium voltage-gated channel,
KQT-like subfamily, member 1 (KCNQ1) for AF was iden-
tified in 2003 by Chen et al., at least 17 causal mutations
have been identified (Table 1). Although the identified
mutations in familial AF have provided great insights into
the molecular mechanisms of AF, as the familial AF only
accounts for a small fraction of AF patients, they might not
be representative of pathogenesis in the more common,
non-familial form of AF (Xiao et al. 2011a, b; Gudbjarts-
son et al. 2007). The common variants recently identified
by genome-wide association studies in common AF are rel-
atively of broad interest (Gudbjartsson et al. 2007). Here
we have highlighted and discussed recent advances in
identifying common variants of AF by genome-wide
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Table 1 Mutations for familial atrial fibrillation

Genes Variants Locus Races References

ABCC9 T15471 12p12.1 European (Olson et al. 2007)

GJA1 ¢.932delC 6q22-q23 European (Thibodeau et al. 2010)

GJAS P88S,.M163V,G38D,A96S 1q21.1 European (Gollob et al. 2006)

KCNAS E375X 12p13 European (Olson et al. 2006)

KCNE2 R27C 21q22 Chinese (Yang et al. 2004)

KCNE3 R53H 11q13-q14 Chinese (Zhang et al. 2005)

KCNES5 L65F Xq22.3 European (Ravn et al. 2008)

KCNH2 NS588K 7q35-q36 European (Brugada et al. 2004)

KCNJ2 Vo3l 17q23-q24 Chinese (Xia et al. 2005)

KCNQ1 S140G, V141M 11pl15 Chinese, European (Chen et al. 2003; Hong et al. 2005)

NPPA c.456-457delAA 1p36-p35 South America (Hodgson-Zingman et al. 2008)

NUPI155 R391H 5pl13 European (Zhang et al. 2008)

RYR2 p-Asn57_Gly91 1q43 European (Bhuiyan et al. 2007)

SCN1B R85H, D153N 19q13.1 European (Watanabe et al. 2009)

SCN2B R28Q, R28W 11923 European (Watanabe et al. 2009)

SCN5A M1875T, D1275N,N1986K 3p21 Japanese, European (Makiyama et al. 2008; Olson et al. 2005;
Ellinor et al. 2008)

TBX5 p.Gly125Arg 12q24.1 European (Postma et al. 2008)

ABCC9 ATP-binding cassette, subfamily C, member 9, GJAI gap junction protein, alpha 1, GJAS Gap junction alpha-5, KCNAS5 potassium volt-
age-gated channel, shaker-related subfamily, member 5, KCNE2 potassium voltage-gated channel, IKS-related family, member 2, KCNE3 potas-
sium voltage-gated channel, Isk-related family, member 3, KCNES potassium voltage-gated channel, shaker-related subfamily, member 5, KCNH2
potassium voltage-gated channel, subfamily H (age-related), member 2, KCNJ2 potassium inwardly-rectifying channel, subfamily J, member 2,
KCNQI KQT-like subfamily, member 1, NPPA natriuretic peptide A, NUP155 nuclear pore complex protein 155, RyR2 ryanodine receptor 2,
SCNIB sodium channel, voltage- gated, type I, beta, SCN2B sodium channel, voltage-gated, type II, beta, SCN5A sodium channel, voltage-gated,

type V, alpha subunit, 7BX5 T-box transcription factor 5

Table 2 Common variants for atrial fibrillation

Common variants Locus Genes Races References
rs2200733 4q25 Pitx2 European, Chinese (Gudbjartsson et al. 2007; Kaab et al. 2009;
Anselmi et al. 2008; Lee et al. 2010; Shi et al. 2009)
1rs2220464 4q25 Pitx2 European, Chinese (Gudbjartsson et al. 2007; Kaab et al. 2009)
rs17570669 4q25 Pitx2 European (Lubitz et al. 2010)
rs3853445 4q25 Pitx2 European (Lubitz et al. 2010)
1s7193343 16q22 ZFHX3 Iceland (Gudbjartsson et al. 2009)
rs2106261 16q22 ZFHX3 European, Chinese (Benjamin et al. 2009; Li et al. 2011)
rs13376333 1921 KCNN3 European (Ellinor et al. 2010)

Pitx2 paired-like homeodomain 2 gene, ZFHX3 zinc finger homeobox 3, KCNN3 potassium intermediate/small conductance calcium-activated

channel, subfamily N, member 3

association studies (Table 2). The locus of these 17 causal
mutations and 3 common variants are indicated in Fig. 1.

Common variants on 4q25
Gudbjartsson et al., for the first time, performed a genome-
wide association study by the Illumina Hap300 BeadChip

in 550 AF and/or atrial flutter (AF1) patients and 4,476 con-
trols from Iceland. They identified a strong association
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between two sequence variants (rs2200733 and rs2220464)
on chromosome 4q25 and AF and these associations were
replicated in an additional Icelandic sample consisting of
2,251 AF/AFI patients and 13,238 healthy controls and two
populations of European ancestry, one from Sweden, con-
sisting of 143 AF/AFI cases and 738 controls, and the other
from the United States, consisting of 636 AF/AFI cases and
804 controls (Gudbjartsson et al. 2007). Finally, they repli-
cated the association in a Chinese population consisting of
333 AF/AFI cases and 2,836 controls (Gudbjartsson et al.
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Fig. 1 Locus of variants for
atrial fibrillation
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2007). Later on, Kaab et al. replicated these associations in
four independent cohorts from the Framingham Heart
Study, the Rotterdam Study, the Vanderbilt AF Registry,
and the German AF Network. They found that rs2200733
was associated with AF in all four cohorts, but rs10033464
was only confirmed in the Framingham Heart Study and
Vanderbilt AF Registry. Meta-analyses of the relations
between AF and rs2200733 or rs10033464 in all available
case—control studies provided an odd ratio (OR) of 1.90 for
rs2200733 and 1.36 for rs10033464 (Kaab et al. 2009).
Anselmi et al. (Anselmi et al. 2008) also validated a posi-
tive, significant association between the rs2200733 T allele
and patients with AF/AFI in Italian origin. In addition,
Lee etal. examined the genotypes of five single-
nucleotide polymorphisms (SNPs), rs2634073, rs2200733,
rs13143308, rs2220427 and rs10033464 in a Taiwanese
population composed of 200 AF patients and 158 healthy
controls using multiplex single base extension methods.
They confirmed the association between rs2200733 and
AF, but failed to confirm the association between
rs10033464 and AF (Lee et al. 2010). In sum, these studies
consistently showed the association between rs2200733
and AF but not with rs10033464.

Shi et al. (Shi et al. 2009) also carried out a case—control
study with AF patients and non-AF controls to confirm the
association of rs2200733 on chromosome 4q25 with AF in
a Chinese Han population. They confirmed a significant
association with OR =1.81 between rs2200733 and AF
(Shi et al. 2009). Interestingly, when the AF cases in their
study were divided into lone AF (32.6%) and other types of
AF (67.4%), a significantly stronger association with lone
AF compared to other types of AF was observed. This

suggests that the influence of genetic factors might be much
stronger in lone AF than in other types of AF and that
rs2200733 confers a stronger risk in populations with lone
AF than in populations with other types of AF (Shi et al.
2009).

Lubitz et al. (Lubitz et al. 2010) genotyped 34 SNPs at
chromosome 425 in 790 AF patients and 1,177 controls
from Massachusetts General Hospital and tested their asso-
ciations with AF. They identified two novel susceptibility
signals marked by rs17570669 and rs3853445 after adjust-
ment for rs2200733, a well-known AF common variant.
These associations were also confirmed in 5,066 AF case
and 30,661 controls from the German Competence Net-
work for AF, Atherosclerosis Risk in Communities Study,
Cleveland Clinic Lone AF Study, Cardiovascular Health
Study, and Rotterdam Study (Lubitz et al. 2010). However,
as all subjects in their study were of European ancestry,
whether these two SNPs could be validated in other ances-
tries is yet to be confirmed.

No known gene is present in the linkage disequilibrium
(LD) block containing the common variants identified
above (Gudbjartsson et al. 2007). The paired-like homeo-
domain 2 (Pitx2) gene located in the adjacent upstream LD
block is the closest gene to these risk variants (Gudbjarts-
son et al. 2007). Pitx2 has been found to be necessary for
the development of the pulmonary myocardium, or the
sleeve of cardiomyocytes extending from the left atrium
into the initial portion of the pulmonary vein (Gudbjartsson
et al. 2007; Sinner et al. 2011). Interestingly, trigger activi-
ties from pulmonary veins play a critical role in initiating
and maintaining AF, indicating that Pitx2 might play a role
in the genesis of AF (Sinner et al. 2011). Recently, Wang
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Fig. 2 Potential mechanisms
for the increased susceptibility
to AF in Pitx2null & adult mice

Pitx2null +/- adult mice

NPPA natriuretic peptide A,
KCNQ1 KQT-like subfamily,
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Programmed stimulation

et al. found that Pitx2 null & adult mice had atrial arrhyth-
mias, including AFI and atrial tachycardia, supporting that
Pitx2 haploinsufficiency causes a predisposition to atrial
arrhythmias (Wang et al. 2010). Using the mRNA micro-
array, they found that the sinoatrial node (SAN)-genes
Shox2 and Tbx3, as well as many other channel genes,
were up-regulated in the Pitx2 null-mutant embryos when
compared with controls, indicating a Shox2-mediated
mechanism (Wang etal. 2010). They also found that
KCNQL, a potassium channel gene that has been implicated
in familial AF through a gain-of-function mutation was up-
regulated (Wang et al. 2010; Chen et al. 2003). In addition,
they found that atrial natriuretic peptide, NPPA, a protein
identified within atrial myocardium of AF patients through
a gain-of-function mutation was up-regulated (Wang et al.
2010; Hodgson-Zingman et al. 2008). The potential mecha-
nisms are indicated as Fig. 2. These results indicate that
Pitx2 likely has multiple targets that are relevant to the pre-
disposition to atrial arrhythmia (Wang etal. 2010).
Recently, Pitx2c expression has been reported to be
decreased in human patients with sustained AF (Chinchilla
et al. 2011); however, there is still no direct evidence that
the variants associated with AF lead to a reduction in Pitx2c
in the human heart. As Pitx2c is mainly expressed in the
adult left atrium (Kirchhof et al. 2011), it would be urgent
to collect left atrium samples from AF patients and conduct
further studies to solve this issue.

Common variants on 1622
After identifying the common variants in 4q25, Gudbjarts-
son etal. (Gudbjartsson etal. 2009) expanded their

genome-wide association study on AF in Iceland and found
a variant (rs7193343) on chromosome 16q22 significantly
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associated with AF. Later on, Benjamin et al. (Benjamin
etal. 2009) found that rs2106261 on chromosome 16q22
was associated with AF. Li et al. tried to explore whether
the above two variants could be expanded to a different eth-
nic population (Li et al. 2011). They confirmed a significant
association between rs2106261 and AF in a Chinese Han
cohort consisting of 650 AF patients and 1,447 non-AF
controls, providing a cross-race susceptibility of the 16q22
AF locus (Li et al. 2011).

The variants identified on 16q22 located in the zinc
finger homeobox 3 (ZFHX3) gene, have been found to play
a role in the regulation of cell growth and differentiation in
several tissues, including neuron and skeletal muscle
(Gudbjartsson et al. 2009; Benjamin et al. 2009). ZFHX3
encodes an AT motif-binding factor 1, which is required for
early transcriptional activation of the Pituitary-specific pos-
itive transcription factor 1 (POU1F1) (Gudbjartsson et al.
2009; Benjamin et al. 2009). Interestingly, POU1F1 has
been found to interact with Pitx2 (Benjamin et al. 2009;
Quentien et al. 2010), which is of interest because it is the
nearest gene to the previously identified AF variants on
chromosome 4q25. A schematic of the interaction of
ZFHX3 with Pitx2 is showed in Fig. 3.

Common variants on 1q21

Ellinor et al. (Ellinor et al. 2010) identified the association
of rs13376333 on chromosome 1g21 to lone AF with an
OR=1.56 from 1,335 lone AF patients and 12,844
unaffected controls from the German AF Network, Heart
and Vascular Health Study, the Atherosclerosis Risk in
Communities Study, the Cleveland Clinic and Massachu-
setts General Hospital. This variant is located in the intron
between the first and second exon of the potassium



Hum Genet (2012) 131:33-39

37

AT motif-binding factor 1

Fig. 3 A schematic of the interaction of ZFHX3 with Pitx2 ZFH3 zinc
finger homeobox 3, POUIF1 pituitary-specific positive transcription
factor 1, Pitx2 paired-like homeodomain 2 gene

intermediate/small conductance calcium-activated channel,
subfamily N, member 3 (KCNN3), which encodes a mem-
ber of a family of voltage-independent calcium-activated
potassium channel proteins involved in atrial repolarization
(Ellinor et al. 2010). However, there is still no direct evi-
dence indicating that the variants associated with AF lead
to a reduction in KCNN3 in the human heart. Blocking of
KCNN channels pharmacologically has been found to
inhibit pacing-induced shortening of pulmonary venous and
atrial action potential duration (APD) in rabbit and it is
well-known that APD shortening could reduce the refrac-
tory period in atrial myocytes and promotes re-entry, which
is an important mechanism for the development and main-
tenance of AF (Xiao et al. 2011a, b; Ellinor et al. 2010).

Implications for the clinic

Although the common variants identified by recent
genome-wide association studies indicate promising novel
molecular pathways for AF, the translation into drug devel-

Fig. 4 A paradigm for the trans-
lation of information of AF’s
common variants into clinical
practice AF atrial fibrillation,
CABG coronary artery bypass

opment has not yet occurred (Xiao et al. 2011a, b). These
common variants, however, have shown great potential in
risk prediction, assessment of outcomes, and response to
therapies for AF (Fig. 4) (Xiao et al. 2011a, b).

Gretarsdottir et al. (Gretarsdottir et al. 2008) genotyped
1,661 Icelandic ischemic stroke patients and 10,815 healthy
controls using the Infinium HumanHap300 chip and repli-
cated the most significant signals in two large European
ischemic stroke sets composed by 2,224 ischemic stroke
patients and 2,583 healthy controls. They discovered that
rs2200733 and rs10033464, two common variants previ-
ously associated with AF, significantly associate with
ischemic stroke, with the strongest risk for cardioembolic
stroke (Gretarsdottir et al. 2008). Their study indicated that
these variants on chromosome 4q25 might be utilized for
identification of subgroups of stroke patients that may ben-
efit from additional efforts to detect AF (Gretarsdottir et al.
2008). However, Lemmens et al. reported that the associa-
tion of the 4q25 susceptibility variant for AF with stroke
was limited to stroke of cardioembolic etiology by perform-
ing a large case—control association study in 4,199 ischemic
stroke patients and 3,750 controls from 6 studies conducted
in Australia, Austria, Belgium, Poland, Spain, and Sweden
(Lemmens et al. 2010). Because the genotyping of these
variants has become commercially available, whether
patients with stroke of cryptogenic etiology should be
offered genetic testing deserves further examination by per-
forming larger association study of people of more diverse
ancestries (Lemmens et al. 2010).

AF is among the most common adverse events after car-
diac surgery, with an estimated incidence of 27-40% (Body
et al. 2009). Body et al. (Body et al. 2009) found that varia-
tions (rs2200733, and rs13143308) in 4q25 could predict
postoperative AF after coronary artery bypass graft
(CABG) surgery in two independently cardiac surgery
cohorts. They defined postoperative AF as the occurrence
of AF identified from physician, nursing, or perioperative
ECG records, during the postoperative time of primary
hospitalization, or the duration of contiguous hospitaliza-
tion in the institution where the surgery was conducted. The

AF Patients

graft surgery

Risk Prediction
i.e. Ischemic Stroke

Outcomes Assessment
i.e. AF after CABG

Response to Therapies
i.e. Catheter Ablation
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discovery cohort was comprised of 1,583 patients from the
CABG Genomics Program and the validation cohort was
composed of 1,288 patients from the VCRS. However, the
previous association of rs10033464 with AF in ambulatory
populations was not seen for postoperative AF (Body et al.
2009). Their study indicated that AF after CABG risk pre-
diction might be improved by the incorporation of genetic
findings. Recently, Virani et al. performed genotyping for
rs2200733 and rs10033464 on 4q25 in 1,166 white partici-
pants from the TexGen genetic registry. They found that
both variants were associated with postoperative AF with
odds ratios of 1.41 and 1.47, respectively (Virani et al.
2011). These findings are consistent with the report from
Body et al. (Body et al. 2009). They also found that the two
variants were also associated with long-term AF with haz-
ard ratios of 1.32 and 1.28, respectively. Based on the
results of the above two studies, we can conclude that using
these common variants can predict the short-term risk of
AF after CABG surgery and as well as the long-term AF
risk. Using this information, one might like to plan the post-
surgery management by, for example, defining those at
high risk of postoperative AF and trying to identify and
treat them at an early stage. Husser et al. (Husser et al.
2010) genotyped the two common variants including
rs2200733 and rs10033464) in 195 consecutive patients
with drug-refractory paroxysmal or persistent AF who
underwent AF catheter ablation. All participants in their
study were followed up for 6 months. Seven-day Holter
recordings were conducted immediately after the ablation
and at 3 and 6 months after the ablation. Early recurrence of
AF was defined as an AF episode during the first 7 days
after the ablation and late recurrence of AF was defined as
any AF episode between 3 and 6 months after the ablation.
They found that the presence of any variant allele increased
the risk for both early recurrence of AF (OR 1.994) and late
recurrence of AF (OR 4.182) (Husser et al. 2010). Their
study points to a potential role for these common variants in
stratification of AF ablation therapy or peri-interventional
management. This information could be used to predict the
risk or anticipated success rate before the procedure and to
plan the ablation strategy and post-ablation management
accordingly. In short, common variants of AF have showed
great potential in outcomes assessment and therapies
response determination (Xiao et al. 2011a, b).

In conclusion, several common variants have been iden-
tified on the 4q25, 16q22, and 1q21 chromosomes. These
common variants provided novel molecular pathways for
AF. Rarely does such an opportunity arise to use these
common variants for risk prediction, assessment of out-
comes, or response to therapies for AF.
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