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Abstract. Atrial fibrillation (AF) is the most common
sustained cardiac arrhythmia associated with substantial
morbidity and mortality. Genetic variants play important
roles in the pathogenesis of AF. However, AF is a genetically
heterogeneous disorder, and the genetic determinants in most
patients with AF remain to be identified. In this study, the
entire coding region of the connexin40 gene, encoding the
cardiac gap junction membrane channel protein a5, was
sequenced in 126 unrelated probands with familial AF. A
novel heterozygous mutation, c.145C>T, in connexin40, was
identified in a proband. The mutation was predicted to
introduce a premature stop codon at amino acid position 49
(p-Q49X). This nonsense mutation was present in all the
living relatives of the mutation carrier, co-segregating with
AF in the family with a penetrance of 100%. However, it was
absent in 200 ethnically matched unrelated control indivi-
duals. The findings suggest a pathogenic link between the
compromised connexin40 function and familial AF, hence
providing new insight into the molecular mechanisms involved
in AF.

Introduction

Atrial fibrillation (AF) is the most common form of cardiac
arrhythmia encountered in clinical practice and an important
contributor to increased mortality and significant morbidity.
The occurrence of AF increases dramatically with age, with a
prevalence rising from ~0.1 % among adults <55 years of age,
to nearly 10% in subjects >80 years old (1). Men and women
>40 years of age, have a ~25% risk for the development of
AF (2). Compared to individuals with sinus rhythm, patients
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with AF have a 6-fold increased risk of stroke and a 2-fold
increased risk of death (3). While the structural heart diseases
or systemic disorders, such as coronary artery disease, rheu-
matic heart disease, cardiomyopathy, congenital heart defects,
pericarditis, congestive heart failure, hypertension, hyper-
thyroidism, and electrolyte imbalance, predispose to AF (4),
AF also occurs in individuals without any known risk factors
and growing evidence points to a genetic basis for the patho-
genesis of AF (5-13). Furthermore, several chromosomal loci
linked to AF have been mapped and AF-related mutations in
multiple genes, including the connexin40 encoding cardiac
gap junction membrane channel protein a5, have been identi-
fied (14-26). However, AF is a genetically heterogeneous
disorder and the molecular basis of AF remains unknown in
the majority of cases (27).

Gap junctions are intercellular channels responsible for
the exchange of ions and small molecules between adjacent
cells. These channels mediate the electrical coupling of
mammalian cardiomyocytes, and this is essential for the fast
and coordinated cardiac action potential propagation. The
functional gap junction channel is composed of 2 hemi-
channels, also known as connexons, and 1 is provided by
each cell. Connexons are the hexamers of the membrane-
spanning proteins called connexins. At present, >20 connexin
genes have been identified in mice and humans (28). In the
human heart, myocyte gap junctions are constructed mainly
by 3 different connexin isoforms, connexin40, connexin43,
and connexin45. Connexin40 is expressed selectively in the
atrial myocytes, the atrioventricular node, the His-bundle and
the ventricular conduction system (Purkinje fibers), predom-
inantly contributing to the electrical synchronization of the
atrium and the rapid conduction of impulses in the His-
Purkinje (29). In connexin40-deficient mice, spontaneous or
inducible dysrhythmias as well as conduction abnormalities,
have been observed (30). In goats, alterations in the expression
levels and distribution patterns of atrial connexin40, could
constitute a cellular substrate underlying the susceptibility
and perpetuation of AF (31). In humans, cardiac connexin40
remodeling could give rise to anomalous electrical coupling,
thus forming an electrophysiological matrix with potential
arrhythmogenic effects (32). By reducing connexin40 protein
levels, 2 closely linked polymorphisms in the promoter
region of the connexin40 gene, have strongly been associated
with enhanced atrial vulnerability and an increased risk of
idiopathic AF (33-35). Additionally, the loss-of-function
missense mutations of connexin40 have been identified in
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patients with sporadic AF (23). These findings rationalise the
scanning of connexin40 as a logical candidate gene for familial
AF.

In this study, we analyzed the connexin40 gene in 126
unrelated index cases with familial AF and identified a non-
sense heterozygous mutation in 1 case, including the family
members. This novel mutation resulted in a truncated protein
with only the initial 48 out of 358 amino acids, and was co-
segregated with AF in the family with complete penetrance.
To our knowledge, this is the first description of the relation-
ship between a defect in connexin40 and susceptibility to
familial AF, thereby expanding the spectrum of mutations in
connexin40 which are linked to AF, and thus providing new
insight into the molecular mechanisms involved in AF.

Materials and methods

Study participants. A total of 126 unrelated kindreds with
familial AF were identified among the Chinese population.
The controls were 200 ethnically matched unrelated healthy
individuals. Peripheral venous blood specimens were prepared
and clinical data including medical records, an electrocardio-
gram (ECG) and echocardiography reports, were collected.
The study participants were clinically classified using a
consistently applied set of definitions (27,36). Briefly, the
diagnosis of AF was made by a standard 12-lead electro-
cardiogram demonstrating no P-waves and irregular R-R
intervals, regardless of clinical symptoms. Lone AF was
defined as AF occurring in individuals <60 years of age
without other cardiac or systemic diseases found by physical
examination, electrocardiogram, transthoracic echocardio-
gram, and extensive laboratory tests. Familial AF was
defined as the presence of lone AF in =1 first-degree relatives
of the proband. Relatives with AF occurring at any age in the
setting of structural heart disease (hypertensive, ischemic,
myocardial or valvular) were classified as ‘undetermined’ for
having an inherited form of AF. The ‘undetermined’ classifi-
cation was also used if the documentation of AF on an
electrocardiogram tracing was lacking in the relatives with
symptoms consistent with AF (palpitations, dyspnea and
light-headedness), or if a screening electrocardiogram and
echocardiogram were not performed, regardless of the
symptoms. Relatives were classified as ‘unaffected’ if they
were =18 years of age, asymptomatic and had a normal
electrocardiogram. In addition, paroxysmal AF was defined
as AF lasting >30 sec, terminating spontaneously. Persistent
AF was defined as AF lasting >7 days and requiring either
pharmacological therapy or electrical cardioversion for
termination. AF that was refractory to cardioversion or that
was allowed to continue, was classified as permanent (37).
The study protocol was reviewed and approved by the local
institutional ethics committee and written informed consent
was obtained from all the participants prior to the study.

Genetic studies. Genomic DNA from all the participants was
extracted from blood lymphocytes with the Wizard Genomic
DNA Purification Kit (Promega). The candidate gene,
connexin40, was screened in 126 unrelated probands with
familial AF and connexin40 genotyping in the relatives of a
mutation carrier and 200 ethnically matched unrelated healthy
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Table I. Clinical characteristics of the 126 probands with
familial AF.

Number % or range
Male:female 65:61 52:48
Age of onset 445 25-58
Paroxysmal AF on presentation 92 73
Progression to permanent AF 20 22
History of cardioversion 23 18
History of pacemaker 8 6
Resting heart rate (bpm) 72.5 55-141
Systolic blood pressure (mm Hg) 128.5 96-172
Diastolic blood pressure (mm Hg) 79.1 65-108
Body mass index (kg/m?) 22.6 20-24
Left atrial dimension (mm) 36 27-40
Left ventricular ejection fraction 0.6 0.53-0.68
Fasting blood glucose (mmol/L) 4.6 39-5.8
Total cholesterol (mmol/L) 39 34-49
Triglycerides (mmol/L) 1.2 0.5-1.5
Medications
Aspirin 41 33
Warfarin 22 17
3-blocker 38 30
Calcium channel blocker 19 15
Digoxin 43 34

control individuals, was conducted subsequently for the
presence of a mutation identified in a proband. The refer-
ential genomic DNA sequence of connexin40 was derived
from GenBank (accession no. NG_009369). With the aid of
on-line Primer3 software (http://frodo.wi.mit.edu), the primer
pairs used to amplify the complete coding region of
connexin40 by polymerase chain reaction (PCR) were
designed as follows: Primer 1 forward 5'- GCA, TCT, GTT,
CCC, TGG, CTG, TGC -3', and backward 5'- CGG, ACC,
TCT, TTG, GCC, CTC, TCG -3' (the PCR product was 404
base pairs in size); primer 2 forward 5'- CGC, CCT, CTC,
TGG, TGT, ACA, TGG -3', and backward 5'- CCA, GAA,
AGC, TGG, CAC, TTA, GCC -3' (the product was 496 base
pairs); primer 3 forward 5'- CCT, GGG, CTG, GAA, GAA,
GAT, CAG -3', and backward 5'- GCC, AAG, CAG, TGA,
TGA, CAG, TG -3' (the product was 500 base pairs). PCR
was carried out using HotStar Taq DNA Polymerase (Qiagen)
on a PE 9700 Thermal Cycler (Applied Biosystems). The
amplified products were purified with QIAquick Gel
Extraction Kit (Qiagen). Both strands of each PCR product
were sequenced with the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) under an ABI PRISM
3130 XL DNA Analyzer (Applied Biosystems). DNA
sequences were viewed and analyzed with the DNA
Sequencing Analysis Software v5.1 (Applied Biosystems).
The variant was validated by re-sequencing an independent
PCR-generated amplicon from the participant (done by the
Shensu DNA Sequencing Facility) and met our quality control
thresholds with a call rate of >99%.
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Figure 1. Standard 12-lead surface electrocardiogram of the proband (II-6). The electrocardiogram shows atrial fibrillation combined with incomplete right

bundle branch block.

Wild-type

Mutant

Figure 2. Sequence chromatograms around connexin40 amino acid residue 49 in the control and proband. The arrow indicates the homozygous C nucleotide in the
control (wild-type) or the heterozygous C/T nucleotides in the proband (mutant). The square denotes the nucleotides comprising the forty-ninth codon of

connexin40.

Statistical analysis. Data are expressed as the means + SD.
Continuous variables were tested for normality of distribution
and the Student's unpaired t-test was used for the comparison
of the numeric variables between the patient and the control
groups. The comparison of the categorical variables between
the 2 groups was performed using Pearson's y? test or Fisher's
exact test, when appropriate. A 2-sided P-value of <0.05 was
considered to indicate statistical significance.

Results

Characteristics of the study participants. A total of 126 un-
related kindreds with familial AF were recruited and clinically
evaluated in contrast to a cohort of 200 ethnically matched
unrelated healthy individuals as the controls. None of them
had traditional risk factors for AF. There were no significant
differences between the proband and the control groups in
the baseline characteristics including age, gender, body mass
index, blood pressure, fasting blood glucose, serum lipid
levels, left atrial dimension, left ventricular ejection fraction,
heart rate at rest, as well as lifestyle (data not shown). In this
study, 6 probands were also diagnosed with hypertension in
accordance to the criterion that the average systolic or diastolic

blood pressure (2 readings made after 5 min rest in the sitting
position) was =140 or 290 mm Hg, respectively. However, at
the time of the initial diagnosis of AF, their blood pressures
were normal. The clinical characteristics of the 126 probands
with familial AF are shown in Table I.

Connexin40 mutation. The probands in 126 kindreds with
familial AF were genetically evaluated. Direct sequencing of
the coding region of the gene for the atrial-specific gap
junction protein, connexin40, was performed after PCR
amplification of genomic DNA from the 126 index patients.
A heterozygous substitution of T for C in the first nucleotide
of codon 49, corresponding to a C to T transition at nucleo-
tide position 145 from the translation initiation codon, was
identified in 1 of the probands. The proband presented with
paroxysmal AF (in combination with incomplete right bundle
branch block) as frequently as once a week. A representative
ECG of the proband with AF is recorded in Fig. 1. The
detected variation in connexin40 is shown in Fig. 2. The
¢.145C>T mutation was predicted to introduce a premature
stop codon at amino acid position 49 (p.Q49X). Connexin40
topologically consists of a cytoplasmic N-terminus, 4
membrane-spanning domains linked by 1 cytoplasmic and 2
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Figure 3. Pedigree structure of a family with atrial fibrillation. Family
members are identified by generations and numbers; squares indicate male
family members; circles, female members; symbols with a slash, the
deceased members; closed symbols, affected members; open symbols,
unaffected members; stippled symbols, members with phenotype undeter-
mined; arrow, proband; (+), carriers of the heterozygous mutation; and (-),
non-carriers.

extracellular loops, and a cytoplasmic C-terminus, and the
truncated protein eliminates most of the functionally important
domains leaving only the N-terminus and the first trans-
membrane segment. This novel nonsense mutation was not
present in the 200 unrelated control individuals. DNA from
all the available relatives of the proband was subsequently
sequenced for the presence of the p.Q49X mutation and the
results displayed that the mutation was present in all 7
affected living family members, but was absent in the
unaffected family members tested. The analysis of the
pedigree demonstrated that the mutation co-segregated with
AF transmitted as an autosomal dominant trait in the family
with complete penetrance. The pedigree structure of the
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family is illustrated in Fig. 3. The phenotypic characteristics
and results of the genetic screening of the pedigree members
are listed in Table 1II.

Discussion

In the present study, we report a previously unrecognized
nonsense mutation of connexin40 identified in a family with
familial AF. This novel heterozygous mutation, present in all
the affected living family members and absent in the un-
affected relatives tested and 200 unrelated control individuals,
introduced a premature stop codon at amino acid 49 disrupting
the connexin40, an a5 gap junction channel protein. The
truncation deleted 3 transmembrane domains, 3 loop regions
and the C-terminus, preserving the N-terminus and the first
transmembrane segment. Therefore, it is highly likely that the
p-Q49X mutation causes a loss of connexin40 function and
that haploinsufficiency is the pathophysiological mechanism
underlying the cardiac rhythm disturbance in the family.

In addition to the inability to generate full-length functional
proteins, mRNAs harboring premature termination codons
can be selectively degraded by a surveillance mechanism
called nonsense-mediated mRNA decay (NMD), resulting in
the decreased abundance of mutant mRNA transcripts rather
than in the production of truncated dysfunctional proteins
(38). Nonsense-containing mRNAs targeted by NMD can be
generated by naturally occurring frameshift and nonsense
mutations, splicing errors, leaky 40 S scanning, and the

Table II. Phenotypic characteristics and status of the connexin40 mutation in the pedigree members.

Subject information Phenotype Electrocardiogram Echocardiogram  Genotype

Identity Gender Age attime of Age attime of AF  AF (Classification) P-wave QRS interval LAD LVEF Q49X
study (years) diagnosis (years) (ms) (ms) (mm) (%)

I-1 M 63" 34 Permanent N/A 94 N/A N/A N/A
II-1 M 71 39 Permanent N/A 92 40 58 +
I1-2 F 68 N/A N/A 94 100 32 65 -
11-3 M 67 N/A N/A 108 96 38 55 -
1I-5 M 66 N/A N/A 98 92 33 62 -
II-6 F 64 32 Paroxysmal 92 106 39 64 +
11-8 F 60 N/A N/A 90 92 36 65 -
1I-9 M 62 N/A N/A 86 90 35 60 -
II-10 F 58 30 Permanent N/A 98 39 65 +
II-12 F 52 N/A N/A 86 90 36 58
-1 M 47 N/A N/A 102 86 34 62 -
-2 F 45 41 Paroxysmal 98 92 32 58 +
II1-3 F 41 32 Permanent N/A 96 31 55 +
11-4 M 37 35 Paroxysmal 90 84 36 60 +
11-8 F 40 N/A N/A 86 98 33 58 -
11-9 M 38 38 Paroxysmal 84 90 38 64 +
1I-13 M 36 N/A N/A 80 86 32 56 -
11-14 F 33 N/A N/A 88 82 30 60 -

AF, atrial fibrillation; F, female; M, male; N/A, not available or not applicable; LAD, left atrial dimension; LVEF, left ventricular ejection fraction.

(+) Indicates present and (-) denotes absence. “Age at time of death.
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gical role of the NMD pathway is to limit the
synthesis of C-terminally truncated polypeptides, protecting
the cell from its deleterious dominant-negative or gain-of-
function effects (40). According to the ‘50-55 nt boundary
rule’, NMD is triggered when the premature translation
termination codon locates >50-55 nucleotides upstream of
the last exon-exon junction (41). However, if a nonsense
mutation is sufficiently AUG-proximal, it does not follow the
proposed rule and escapes from NMD (39). Hence, the
p-Q49X mutation of connexin40 identified in this study, in
patients with familial AF, possibly avoided NMD, yielding
curtailed loss-of-function polypeptides.

Our results are supported by other studies on the
connexin40 loss-of function mutations or polymorphisms
predisposing to idiopathic AF by impairing or reducing gap-
junction assembly. Similar to our findings, Gollob et al
identified 4 novel heterozygous missense mutations of
connexin40 in 4 of the 15 patients with lone AF, of which 3
mutations (p.G38D, p.P88S and p.M163V) were found in the
cardiac-tissue specimens but not in the peripheral lympho-
cytes, and 1 mutation (p.A96S) was detected in both the
cardiac tissue and lymphocytes. The p.A96S variant was
absent in the patient's 3 siblings and spouse but was present
in his 2 sons without a history of AF, and in 1 out of the 120
controls. Functional analysis of the mutant connexin40
proteins revealed an impaired intracellular transport or reduced
intercellular electrical coupling (23). By the sequencing of
the 5' untranslated exon and the proximal promoter region of
the connexin40 gene (GenBank accession no. AF246295) in
patients with familial atrial standstill, Groenewegen et al
found 2 closely linked polymorphisms, of which 1 was a G to
A transition at 44 nucleotides upstream of the transcription
start site (-44G>A), and the other was a substitution of G for
A in exon 1 at 71 nucleotides downstream of the transcription
start site (+71A>QG). Luciferase reporter gene assays of the
minor connexin40 haplotype (-44A, +71G) in connexin40-
expressing rat arterial smooth muscular cells showed a >2-
fold decrease in promoter activity compared to the more
common haplotype (-44G, +71A). The reduced connexin4(0
expression could lead to a reduction in the total amount of
connexin40 protein in vivo, providing an atrial electrophysio-
logical substrate favoring arrhythmia susceptibility (33).
Furthermore, the connexin40 polymorphisms were strongly
associated with the increased spatial dispersion of refractor-
iness as a marker for enhanced atrial vulnerability and
carriers of the -44AA genotype had a significantly higher risk
of AF compared to those carrying the -44GG genotype (34).
In a larger case-control study, the rare haplotype frequency
of connexin40 (-44A, +71G) was statistically higher in the
AF than in the control group. Also, functional studies using
luciferase as the reporter have demonstrated that connexin40
(-44A, +71G) had a significantly lower promoter activity
than connexin40 (-44G, +71A) in atrial myocytes from mice
(35).

The association of reduced connexin40 with the increased
predisposition to arrhythmias has been reported in animal
models. The targeted gene deletion of connexin40 in mice
produced multiple abnormalities including increased
sinoatrial node recovery time, decreased conduction velocity
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of the atria, atrioventricular node and bundle branch, and
impaired sinoatrial propagation with atrial ectopic pacemakers,
which developed arrhythmogenic substrate liable to AF
(42,43). In a canine sterile pericarditis model, the gap junction
conduction-enhancing anti-arrhythmic peptide, Gap-134,
improved conduction and reduced AF (44). Similarly, in a
canine model of AF due to myocardial ischemia, the
administration of ZP123, a gap junction conductance-
improving modifier, prevented ischemia-induced slow
conduction, thus lessening AF occurrence and reducing AF
duration (45).

It is well known that AF is a complex arrhythmia involved
in multiple possible mechanisms. Despite the presence of an
inherited defect (a favorable substrate for AF), within the
myocardial tissue of affected patients from birth, the onset of
genetically based AF often requires a trigger for initiation,
presumably by exacerbating the already anomalous cardiac
cellular electrophysiology in the existence of mutant protein.
One of the most common triggers is the enhanced vagal tone
mediated by muscarinic receptors, causing the uneven
shortening of refractoriness in the atria and, hence, electro-
physiological heterogeneity (46). The stimulation of musca-
rinic receptors has been shown to impair the cell-cell coupling
mediated by gap junctions (47). Together with the data
mentioned above, this experimental study suggests a potential
pathogenic link between the increased cardiac parasympa-
thetic nerve activity, the impaired myocardial intercellular
electrical coupling, and the occurrence of AF.

Notably, connexin40 is an important determinant of
impulse propagation in the atria as well as the specialized
conduction system, and the aberrant expression of connexin40
is responsible for AF. However, functional changes in
connexin40 alone could not be sufficient for the significantly
prolonged P-wave duration, PQ interval, QRS duration, and
QTec duration in the surface ECG, as was observed in a certain
family, as well as in other patients (23,33-35). In addition, in
connexin40 knockout mice, the full deficiency in connexin40
was associated with altered ECG parameters, but in contrast,
the haploinsufficiency for connexin40 was not (42). These
findings imply that other factors combined with reduced
coupling contribute to AF.

In conclusion, the present study links a nonsense mutation
in the connexin40 protein to familial AF and provides novel
insight into the molecular mechanisms implicated in arrhyth-
mogenesis.
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