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Atrial fibrillation is a rhythm disorder characterized by chaotic electrical activity of cardiac atria. Predisposing
to stroke and heart failure, this common condition is increasingly recognized as a heritable disorder. To
identify genetic defects conferring disease susceptibility, patients with idiopathic atrial fibrillation, lacking
traditional risk factors, were evaluated. Genomic DNA scanning revealed a nonsense mutation in KCNA5
that encodes Kv1.5, a voltage-gated potassium channel expressed in human atria. The heterozygous
E375X mutation, present in a familial case of atrial fibrillation and absent in 540 unrelated control individuals,
introduced a premature stop codon disrupting the Kv1.5 channel protein. The truncation eliminated the S4–
S6 voltage sensor, pore region and C-terminus, preserving the N-terminus and S1–S3 transmembrane
domains that secure tetrameric subunit assembly. Heterologously expressed recombinant E375X mutant
failed to generate the ultrarapid delayed rectifier current IKur vital for atrial repolarization and exerted a
dominant-negative effect on wild-type current. Loss of channel function translated into action potential pro-
longation and early after-depolarization in human atrial myocytes, increasing vulnerability to stress-provoked
triggered activity. The pathogenic link between compromised Kv1.5 function and susceptibility to atrial fibril-
lation was verified, at the organism level, in a murine model. Rescue of the genetic defect was achieved by
aminoglycoside-induced translational read-through of the E375X premature stop codon, restoring channel
function. This first report of Kv1.5 loss-of-function channelopathy establishes KCNA5 mutation as a novel
risk factor for repolarization deficiency and atrial fibrillation.

INTRODUCTION

Synchronized activation of atria underlies proper heart func-
tion, with normal excitation–contraction coupling reliant
upon a balance of depolarizing and repolarizing ionic
currents. During lifetime, there is a 25% risk for the develop-
ment of atrial fibrillation, a condition of electrical chaos within
the cardiac atria and a growing public health epidemic (1–3).
This rhythm disorder increases stroke risk 5-fold, exacerbates
heart failure and doubles mortality (4). Prevalent in the aging
population, atrial fibrillation is typically viewed as an acquired

disorder attributable to structural heart disease in patients with
co-morbidities including coronary artery and mitral valve
diseases, hypertension, or thyroid dysfunction (4). However,
recent recognition of familial aggregation has increasingly
implicated a heritable basis for atrial fibrillation (5–13). A
primary genetic defect for this disorder is particularly likely
in familial cases of early-onset lone atrial fibrillation. These
patients with apparently normal hearts and without traditional
risk factors (14–16) provide an opportunity to define mole-
cular mechanisms for disease in the absence of confounding
variables.
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The prevailing conceptual model for atrial fibrillation
describes reduced electrical refractoriness as a substrate for
re-entrant arrhythmia (17). This paradigm is supported by
reports of gain-of-function mutations in genes encoding
cardiac IKs (KCNQ1/KCNE2) and IK1 (KCNJ2) channels
predicted to decrease action potential duration (10–12).
Such understanding provides a therapeutic rationale for
prolonging the atrial refractory period; yet this approach is
not universally effective and can lead to pro-arrhythmia in
patients with atrial fibrillation (2,4,17). Atrial fibrillation
may in fact occur without action potential shortening, impli-
cating alternative pathogenic etiologies and treatment strat-
egies (18,19).

Here, we report a previously unrecognized genetic risk
factor for disease in a case of early-onset lone atrial fibrilla-
tion refractory to conventional therapy. The mutation was
identified in KCNA5, a conserved gene that encodes the
voltage-gated Kv1.5 potassium channel (20–22). The ration-
ale for targeting KCNA5 as a candidate gene was based on
its tissue-specific functional expression in human atrium,
where Kv1.5 underlies the ultrarapid delayed rectifier IKur

current vital for atrial repolarization (23). Moreover, Kv1.5
contributes to electrical homeostasis under adrenergic stress
and is down-regulated in atrial fibrillation (24,25). The
KCNA5 mutation identified herein disrupted the structure
and function of Kv1.5 conferring susceptibility to atrial
action potential prolongation and early after-depolarizations,
defining thereby a novel molecular mechanism for human
atrial fibrillation.

RESULTS

KCNA5 mutation in lone atrial fibrillation

In a cohort of individuals with idiopathic atrial fibrillation,
scans for KCNA5 mutations in genomic DNA identified a
unique sequence variant in a familial case. The proband devel-
oped symptoms of recurrent palpitation in childhood and was
diagnosed with lone atrial fibrillation at age 35 (Fig. 1A). Par-
oxysms of atrial fibrillation worsened over time, increasing in
frequency to multiple daily occurrences. Rhythm control was
refractory to the conventional anti-arrhythmics, flecainide,
sotalol and atenolol with sodium channel, potassium channel
and beta-adrenoceptor blocking properties. Optimal medi-
cation dosing was limited by bradycardia, necessitating pace-
maker implantation. Breakthrough episodes of atrial
fibrillation occurred despite further treatment with amiodar-
one, prompting radiofrequency ablation to eliminate arrhyth-
mogenic triggers. However, symptomatic paroxysmal atrial
fibrillation recurred shortly after the procedure and remained
refractory to pharmacotherapy including addition of dofetilide,
a new generation potassium channel blocker. Family history
was positive for early-onset atrial fibrillation (Fig. 1B).
Sequencing of the genetic variant identified in the proband
(Fig. 1C) revealed a heterozygous nonsense mutation
(1123G ! T) in exon 4 of KCNA5, causing a premature
stop codon at residue 375 (E375X) (Fig. 1D). The E375X
mutation was inherited by each of the proband’s siblings
who provided a sample for genetic analysis, one with docu-
mented atrial fibrillation and the other with paroxysms of

rapid palpitations consistent with the paroxysmal nature of
the disease (Fig. 1B). The E375X mutation was not found in
540 unrelated control DNA samples, comprising 1080
chromosomes from a cross-section of the population.

E375X disrupts Kv1.5 channel structure and function

The E375X mutation truncated the KCNA5-encoded Kv1.5
channel protein, retaining the N-terminus and S1–S3 trans-
membrane domains that secure the specificity and stability
of interaction between channel subunits (26), but eliminating
the S4–S6 voltage sensor and pore regions as well as the
C-terminus (Fig. 1E). Heterologous expression of wild-type
(WT) KCNA5 yielded a full-length protein, with mutant con-
struct generating a truncated form, both detected with the
N-terminal Kv1.5 antibody (Fig. 1F). WT Kv1.5 channels,
reconstituted in human HEK293 cells, displayed vigorous
and instantaneous generation of outward Kþ-driven current,
with a tail typical of the ultrarapid delayed rectifier IKur

current (Fig. 2A). Recombinant E375X mutant, despite
active biogenesis and membrane trafficking (Fig. 1F), failed
to generate current (Fig. 2A). At þ60 mV of membrane poten-
tial, 0.26 + 0.09 nA/pF was recorded from cells expressing
WT Kv1.5 (0.4 mg/ml, n ¼ 8), in contrast to
0.03 + 0.01 nA/pF in E375X-expressing cells (0.4 mg/ml,
n ¼ 9; P , 0.01) indistinguishable from current density of
untransfected cells (0.02 + 0.01 nA/pF, n ¼ 5; P ¼ NS).
Thus, the expression of the identified nonsense KCNA5
mutation translated into Kv1.5 loss-of-function.

E375X exerts a dominant-negative effect on Kv1.5 current

Functional Kv1.5 channels are formed by the tetramerization
of individual subunits (26), a requirement for the quaternary
pore structure as modeled (Fig. 2B) on the crystal structure
of the prototypic voltage-gated KvAP channel (27). Within
the multimeric complex, the E375X mutation disrupted the
conduit and regulator of ion permeation, yet preserved S1–
S3 transmembrane domains sufficient for subunit assembly
(26). Indeed, the co-expression (n ¼ 9) of mutant E375X
(0.4 mg/ml) with WT Kv1.5 (0.4 mg/ml) significantly
reduced current density at each positive voltage, leading to
an overall 62% reduction in net outward current when com-
pared with the equivalent expression of WT alone (0.4 mg/
ml) (Fig. 2C). These data indicate that the mutant protein
would co-assemble with WT subunits, exerting a dominant-
negative effect on Kv1.5 current in the heterozygous state.

Kv1.5 deficit predisposes to atrial fibrillation

Deficit in Kv1.5 was simulated by channel blockade with
4-aminopyridine (Fig. 3A), which at 50 mM concentration is
a selective probe of native IKur current (21). Human atrial
myocytes, serving as their own controls, responded with
prolongation of action potential duration. Measured at 60%
repolarization, action potential duration significantly increased
from 44 + 9 to 79 + 15 ms (P , 0.01, n ¼ 6) (Fig. 3B). The
observed action potential prolongation was associated with a
propensity for early after-depolarizations, episodic oscillations
in membrane potential that disrupted normal repolarization
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(Fig. 3B and C). Under adrenergic challenge to stress electri-
cal stability, Kv1.5 current deficit rendered human atrial
myocytes further susceptible to pathological excitability,
resulting in an 80% incidence of after-depolarizations and a
50% frequency of abnormally generated action potentials,
i.e. triggered activity (Fig. 3B and C), absent in atrial cells
with operational Kv1.5 channels (Fig. 3C). The pathogenic
link between compromised Kv1.5 function and susceptibility
to atrial fibrillation was verified at the whole organism level,
in a murine model. Disrupting normal baseline sinus rhythm,
4-aminopyridine provoked premature atrial complexes, pro-
viding a substrate for atrial fibrillation following isoproterenol
challenge (Fig. 3D), a pro-arrhythmic outcome not observed in
the absence of Kv1.5 blockade (data not shown). These exper-
imental findings validate the vulnerability to adrenergic stress
observed in the E375X mutation-carrying patient, in whom
isoproterenol infusion induced irregular atrial discharges
degenerating into overt atrial fibrillation (Fig. 3E). Defective
Kv1.5 channels thus render atria prone to electrical instability
and arrhythmogenesis both in vitro and in vivo.

E375X rescue restores Kv1.5 current

The E375X mutation prevented the translation of the full-
length Kv1.5 protein by a premature stop codon interrupting

the reading frame of KCNA5. Rejection of functional pairing
of the stop codon with a near-cognate anticodon can
however be overridden by the aminoglycoside antibiotic-
mediated alteration of the proofreading process, allowing
translational read-through (28) (Fig. 4A). In HEK293 cells
expressing E375X, the prototype aminoglycoside gentamicin
induced a protein with a molecular mass identical to WT
Kv1.5, detected by the immunoprobing of purified plasma
membranes with a C-terminal Kv1.5 antibody incapable of
recognizing the truncated form (Fig. 4B). Conversion of the
E375X Kv1.5 mutant into a full-length protein, following gen-
tamicin treatment, generated an increased density of current
with properties similar to those of the WT (Fig. 4B), rescuing
the underlying defect.

DISCUSSION

Diseases resulting from impaired ion channel function, chan-
nelopathies, are increasingly recognized in human pathology
and cardiovascular medicine (29). Here, we identified Kv1.5
channelopathy as a novel genetic basis for idiopathic atrial
fibrillation. The demonstrated KCNA5 nonsense mutation dis-
rupted the atrial-specific Kv1.5 channel providing a novel
molecular substrate for electrical instability and susceptibility
to atrial fibrillation.

Figure 1. KCNA5 mutation identified in human atrial fibrillation truncates the Kv1.5 channel protein. (A) Electrocardiographic tracing from the proband
showed irregular heart rhythm with rapid low-amplitude oscillations between ventricular beats reflecting chaotic atrial electrical activity. (B) Family history
suggested a hereditary basis for arrhythmia. Besides the proband (arrowhead), lone atrial fibrillation was also diagnosed in the older brother (full-shading)
and, by history, in a younger brother and the oldest niece (half-shading). Palpitations consistent with paroxysmal disease were present in two younger
siblings, all three children and the youngest niece (quarter-shading). Current ages are shown, with the age at diagnosis in parentheses. Heterozygosity
for the E375X mutation (þ/2) was identified in the three family members who provided a DNA sample. Other family members did not provide
DNA. (C) Mutation scans of KCNA5 by heteroduplex analysis revealed an anomalous chromatographic tracing in the proband indicative of an abnormal
allele. (D) DNA sequencing in the proband and her two siblings identified a heterozygous nonsense mutation (1123G ! T) causing a premature stop codon
at residue 375 (E375X). (E) E375X (red X) mapped to the S3 transmembrane domain of Kv1.5. The voltage sensor (S4), S5, pore and S6 domains
(semi-transparent) remained untranslated. (F) Western blot of membranes purified from HEK293 cells transfected with WT or mutant (E375X) Kv1.5
cDNA, alone or in combination (WT þ E375X), showed the full-length (�72 kDa) and truncated (�48 kDa) protein distinguished by an N-terminal
antibody.
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The KCNA5 mutation was absent in 540 unrelated control
individuals, in line with the reported limited variability in
the coding region of this gene (22) and ruling out this
nonsense mutation as a common polymorphism in the
population at large. Association with disease susceptibility
was underscored in vitro and in vivo. First, the E375X
truncation mutation disrupted Kv1.5 structure, cleaving the
S4–S6 pore-forming domains from the protein. Secondly,
functional hemizygosity, a potentially silent condition, was
excluded by demonstrating active membrane trafficking and
a dominant-negative effect of the mutant protein. Thirdly,
deficit in Kv1.5, underlying the atrial repolarizing IKur

current (23), increased susceptibility to arrhythmogenic
after-depolarization and stress-provoked triggered activity.
Finally, the electrophysiological substrate for atrial fibril-
lation in carriers of the E375X mutation was recapitulated
at the cellular and whole organism levels by pharmacological
channel blockade simulating the Kv1.5 loss-of-function,
underscoring thereby the requirement of operational Kv1.5
channels for adequate repolarization reserve. Moreover, the
molecular defect was corrected by aminoglycoside-induced
translational read-through suppressing the dominant-negative
effect of the mutant protein on channel function, a therapeutic
approach recently translated into targeted treatment of disease
conditions caused by nonsense mutations (30).

To date, atrial fibrillation has been linked to
gain-of-function ion channel mutations favoring excessive
potassium current generation and action potential shortening
(10–12), albeit mechanistic heterogeneity has been proposed
(18,19). The Kv1.5 loss-of-function mutation discovered
herein identifies atrial action potential prolongation as a pre-
disposing factor for disease. Analogous to the long QT syndrome
substrate for chaotic polymorphic ventricular tachyarrhythmia,
torsades de pointes (29,31), the Kv1.5 channelopathy resulted
in atrial repolarization deficit and after-depolarizations
triggering ‘atrial torsades’, a novel mechanism for atrial fibril-

lation. The recent identification of non-synonymous genetic
variants in KCNA5 in the population (22,32), in fact, raises
the possibility of a broader role for Kv1.5 in arrhythmia
susceptibility.

MATERIALS AND METHODS

Mutational analysis

With approval from the Mayo Clinic Institutional Review
Board and following informed consent, a cohort of 154 unre-
lated individuals predominantly of European descent with
idiopathic atrial fibrillation, including the proband, and a
population-based cohort of 540 control individuals were
scanned for mutations in KCNA5. Primers for PCR amplifica-
tion were designed using the OLIGO v6.51 Primer Analysis
Software (National Biosciences) and the WAVEMAKER
4.0.32 Software (Transgenomic) (13,33). Sequence variants
in PCR-amplified DNA fragments were identified by denatur-
ing high-performance liquid chromatography heteroduplex
analysis (WAVE DNA Fragment Analysis System, Trans-
genomic). Fragments that formed heteroduplexes were
amplified by PCR and sequenced.

Structural modeling

The crystal structure of the voltage-gated potassium channel,
KvAP (PDB code 1ORQ) (27) served as a template to con-
struct an atomic model of Kv1.5 as a monomer using the hom-
ology modeling program Swiss Model (www.expasy.org).
Assembled as a tetramer, the 3D Kv1.5 model was refined
using the DAS transmembrane prediction server (www.sbc.
su.se/~miklos/DAS/maindas.html) to accommodate a cyto-
solic a-helix domain between the S1 and S2 transmembrane
domains.

Figure 2. Loss-of-function E375X mutation exerts a dominant-negative effect on Kv1.5 function. (A) WT but not mutant E375X Kv1.5 demonstrated
outward-rectifying potassium current at multiple membrane potentials upon expression in HEK293 cells. Clamped at 280 mV, cells were stimulated with a
rectangular stepwise protocol (top) from 2100 to þ60 mV to induce voltage-dependent current and back to 240 mV to elicit current inactivation. (B)
Atomic model of the Kv1.5 tetramer shows in gray the S4–S6 transmembrane/C-terminal domains eliminated by E375X. S3b–S4, voltage-sensor paddle
unit; P, pore; C/N, carboxy/amino-terminus. (C) Voltage–current relationship demonstrated that co-expression of E375X with WT significantly reduced the
Kv1.5-mediated outward current density when compared with WT alone. WT and E375X cDNA, alone or in combination, were transfected at 0.4 mg/ml of
culture media.
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Channel reconstitution

Human HEK293 cells, cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum plus 2 mM gluta-
mine, were transfected with WT or mutant human KCNA5
cDNA subcloned into the expression vector pCDNA3.1/Zeo
(Invitrogen). Plasmid DNA was applied at 0.4 mg/ml, using
Fugene (Roche; 5.2 ml/ml), along with 0.2 mg/ml of the repor-
ter green fluorescent protein.

Immunoprobing

Transfected cells were harvested in PBS containing a protease
inhibitor cocktail (Complete, Roche). The pellet, obtained on
centrifugation, was lysed in a hypotonic buffer (in mM) 1
MgCl2, 0.5 EGTA, 4 DTT, 10 Tris–HCl; pH 7.5), homogenized,

supplemented with (in mM) 4 DTT, 500 sucrose, 300 KCl, 10
Tris–HCl (pH 7.5) and re-homogenized. The lysate was
re-centrifuged and the supernatant ultracentrifuged with the
pellet resuspended and homogenized in (in mM) 10 Tris–
HCl, 2 DTT, 250 sucrose, 150 KCl and 0.02 CaCl2. The iso-
lated membrane fraction was separated on 10% SDS–PAGE
and proteins transferred by electrophoresis onto the nitrocellu-
lose membrane. The N-terminal (Santa Cruz Biotechnology)
Kv1.5 antibody was used for western blotting.

Patch-clamp recording

Recombinant Kv1.5 channel activity in transfected HEK293
cells was recorded using the whole-cell configuration of the
patch-clamp technique in the voltage-clamp mode. Patch elec-
trodes, with 5–7 MV resistance, were filled with (in mM) 120

Figure 3. Compromised Kv1.5 function predisposes to repolarization deficit and atrial fibrillation. (A) Kv1.5 current was reversibly inhibited by 4-aminopyridine
(4-AP, 50 mM) in voltage-clamped HEK293 cells. (B) Under current-clamp, in response to a 30 mV/10 ms pulse, 4-AP (50 mM) prolonged action potential dur-
ation in human atrial myocytes precipitating early after-depolarization (EAD) and triggered activity upon isoproterenol (Iso; 1 mM) challenge. (C) 4-AP (50 mM)
and/or isoproterenol (1 mM) effect on EAD and triggered activity (n ¼ 9). (D) Normal sinus rhythm with a 1:1 ratio between P waves (P) and QRS complexes,
recorded by telemetry in ambulatory mice (n ¼ 3), was interrupted by premature atrial complexes (PAC) following intraperitoneal (IP) administration of 4-AP
(18 mg). Upon isoproterenol challenge (4 mg IP), rhythm degenerated into atrial fibrillation characterized by rapid and irregular atrial discharges (f) with loss of
atrio-ventricular synchrony and variable ventricular rates. (E) Electrophysiological evaluation of the proband harboring the E375X mutation demonstrated
isoproterenol-induced atrial tachycardia degenerating into atrial fibrillation. Sinus rhythm was lost with disruption of the normal 1:1 relationship between
atrial and ventricular beats. II, V1, aVF, surface electrocardiographic recordings; HRA/RVA, intra-atrial/intra-ventricular recordings.
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KCl, 1 MgCl2, 5 EGTA and 10 HEPES supplemented with
5 mM of ATP (pH 7.3), and cells were superfused with (in
mM) 136.5 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2 and 5.5
HEPES plus glucose 1 g/l (pH 7.3). Current density was
obtained by normalizing whole-cell currents based on individ-
ual cell capacitance. Cell capacitance (Cm) was derived as
Cm ¼ tIo

2/E/(Io 2 Iss), where Io is the maximal current measured
at the onset of the membrane depolarization step from 280 mV
(E ¼ 30 mV), Iss the steady state current at the end of the 10–
20 ms depolarization pulse and t the characteristic time of cel-
lular capacitance recharging derived from fitting the capaci-
tance current decay time-course with the exponential function
I ¼ (Io 2 Iss)(exp(2t/t) þ Iss. Cells exhibiting multiexponential
capacitance current were excluded from the analysis. Command
pulses were specified by the Bioquest software (34). Exper-
iments were performed at 33 + 18C.

Human atrial myocyte electrophysiology

Specimens of human right atrial appendage were obtained
from patients who underwent cardiac surgery and who pro-
vided informed consent under a protocol approved by the
Mayo Clinic Institutional Review Board. Patients with a
history of atrial arrhythmia were excluded. Harvested
samples were immersed in nominally Ca2þ-free solution (in
mM: 136 NaCl, 5.4 KCl, 1 MgCl2, 0.33 NaH2PO4, 10 dextrose,
10 HEPES; pH 7.4, 100% O2, 378C), cut into cubic pieces, and
atrial cardiomyocytes were enzymatically dissociated using
200 U/ml collagenase (CLS II; Worthington Biochemicals)
and 4 U/ml protease (type XXIV; Sigma). Atrial myocytes
were incubated in (in mM) 130 NaCl, 4 KCl, 1.8 CaCl2, 1
MgCl2, 10 HEPES and 10 glucose (pH 7.35) and attached to
coverslips pre-coated with laminin. Action potential profiles
were recorded in the current-clamp mode of the whole-cell
patch-clamp technique using pipettes filled with (in mM)

100 KCl, 10 HEPES, 5 K4BAPTA, 5 K2ATP and 1 MgCl2
(pH 7.2). Experiments were performed at 34 + 18C.

Telemetry

With approval of the Mayo Clinic Institutional Animal Care and
Use Committee, continuous heart rate and electrocardiographic
monitoring was carried out in conscious 8- to 12-week-old
C57BL/6 mice implanted with telemetry devices (Data
Sciences International) and leads tunneled subcutaneously
under isoflurane anesthesia (35). Following a 2-week recovery
from surgery, serial signals were acquired at 2 kHz.

Clinical electrophysiology

Light sedation was administered in the fasting state to the
proband. Following heparinization, femoral and internal
jugular venous sheaths were introduced for the placement of
intra-cardiac monitoring catheters, positioned in the atria, coron-
ary sinus and right ventricle. Electrical activation was recorded
from intracardiac and surface leads, both at baseline and under
stress provocation. Adrenergic stimulation was carried out by
intravenous infusion of isoproterenol at 2 mg/min.

Kv1.5 rescue

HEK293 cells transfected with mutant KCNA5 cDNA were
treated with gentamicin (1 mg/ml), maintaining a constant ami-
noglycoside concentration for 48–72 h. Rescue of the full-
length protein expression was detected by a C-terminal (Chemi-
con) Kv1.5 antibody using western blotting. Restoration of
current density was measured by patch-clamp electrophysiology.

Figure 4. E375X repair achieved by translational read-through of the premature stop codon. (A) Mismatch between tRNA carrying glutamic acid (E), normally
present at position 375, and mutant KCNA5 mRNA is introduced by the stop codon, prematurely terminating the translation of Kv1.5. Aminoglycosides bind
to rRNA, where they override the high-fidelity proofreading process allowing translational read-through. (B) Gentamicin treatment (1 mg/ml) induced full-length
Kv1.5 demonstrated by western blot of membranes purified from transfected HEK293 cells using a C-terminal antibody. Whole-cell patch-clamp currents,
obtained from the holding potential of 280 mV by depolarizing pulses to þ60 mV and back to 240 mV, in cells expressing E375X and E375X plus WT
Kv1.5 in the absence (n ¼ 9 and 9, respectively) and presence (n ¼ 8 and 6, respectively) of gentamicin. Currents were recorded 48 h following transfection
in the continuous presence of 1 mg/ml gentamicin. Aminoglycoside treatment partially restored current density in E375X or E375X plus WT Kv1.5. Stars indi-
cate significant current increase in gentamicin-treated versus untreated cells. Gentamicin had no effect on WT current (data not shown).

2190 Human Molecular Genetics, 2006, Vol. 15, No. 14

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/15/14/2185/2355893 by U
.S. D

epartm
ent of Justice user on 16 August 2022



ACKNOWLEDGEMENTS

A.E.A. is permanently affiliated with the Institute of Theoretical
and Experimental Biophysics, Russian Academy of Sciences,
Puschino, Russia. This study is supported by grants from the
National Institutes of Health, Marriott Heart Disease Research
Program, Marriott Foundation and Mayo Clinic.

Conflict of Interest statement. None declared.

REFERENCES

1. Braunwald, E. (1997) Cardiovascular medicine at the turn of the
millennium—triumphs, concerns, and opportunities. N. Engl. J. Med.,
337, 1360–1369.

2. Fuster, V. (2005) Atrial fibrillation: an epidemiologic, scientific and
clinical challenge. Nat. Clin. Pract. Cardiovasc. Med., 2, 225.

3. Lloyd-Jones, D.M., Wang, T.J., Leip, E.P., Larson, M.G., Levy, D.,
Vasan, R.S., D’Agostino, R.B., Massaro, J.M., Beiser, A., Wolf, P.A.
et al. (2004) Lifetime risk for development of atrial fibrillation: the
Framingham Heart Study. Circulation, 110, 1042–1046.

4. Falk, R.H. (2001) Atrial fibrillation. N. Engl. J. Med., 344, 1067–1078.
5. Brugada, R., Tapscott, T., Czernuszewicz, G.Z., Marian, A.J., Iglesias, A.,

Mont, L., Brugada, J., Girona, J., Domingo, A., Bachinski, L.L. et al.
(1997) Identification of a genetic locus for familial atrial fibrillation.
N. Engl. J. Med., 336, 905–911.

6. Darbar, D., Herron, K.J., Ballew, J.D., Jahangir, A., Gersh, B.J.,
Shen, W.K., Hammill, S.C., Packer, D.L. and Olson, T.M. (2003) Familial
atrial fibrillation is a genetically heterogeneous disorder. J. Am. Coll.
Cardiol., 41, 2185–2192.

7. Fox, C.S., Parise, H., D’Agostino, R.B., Lloyd-Jones, D.M., Vasan, R.S.,
Wang, T.J., Levy, D., Wolf, P.A. and Benjamin, E.J. (2004) Parental atrial
fibrillation as a risk factor for atrial fibrillation in offspring. JAMA, 291,
2851–2855.

8. Arnar, D.O., Thorvaldsson, S., Manolio, T.A., Thorgeirsson, G.,
Kristjansson, K., Hakonarson, H. and Stefansson, K. (2006)
Familial aggregation of atrial fibrillation in Iceland. Eur. Heart. J.,
27, 708–712.

9. Fatkin, D., MacRae, C., Sasaki, T., Wolff, M.R., Porcu, M., Frenneaux, M.,
Atherton, J., Vidaillet, H.J., Spudich, S., De Girolami, U. et al. (1999)
Missense mutations in the rod domain of the lamin A/C gene as causes of
dilated cardiomyopathy and conduction-system disease. N. Engl. J. Med.,
341, 1715–1724.

10. Chen, Y.H., Xu, S.J., Bendahhou, S., Wang, X.L., Wang, Y., Xu, W.Y.,
Jin, H.W., Sun, H., Su, X.Y., Zhuang, Q.N. et al. (2003) KCNQ1
gain-of-function mutation in familial atrial fibrillation. Science, 299,
251–254.

11. Yang, Y., Xia, M., Jin, Q., Bendahhou, S., Shi, J., Chen, Y., Liang, B.,
Lin, J., Liu, Y., Liu, B. et al. (2004) Identification of a KCNE2
gain-of-function mutation in patients with familial atrial fibrillation.
Am. J. Hum. Genet., 75, 899–905.

12. Xia, M., Jin, Q., Bendahhou, S., He, Y., Larroque, M.M., Chen, Y.,
Zhou, Q., Yang, Y., Liu, Y., Liu, B. et al. (2005) A Kir2.1
gain-of-function mutation underlies familial atrial fibrillation. Biochem.
Biophys. Res. Commun., 332, 1012–1019.

13. Olson, T.M., Michels, V.V., Ballew, J.D., Reyna, S.P., Karst, M.L.,
Herron, K.J., Horton, S.C., Rodeheffer, R.J. and Anderson, J.L. (2005)
Sodium channel mutations and susceptibility to heart failure and atrial
fibrillation. JAMA, 293, 447–454.

14. Brand, F.N., Abbott, R.D., Kannel, W.B. and Wolf, P.A. (1985)
Characteristics and prognosis of lone atrial fibrillation. 30-year follow-up
in the Framingham Study. JAMA, 254, 3449–3453.

15. Kopecky, S.L., Gersh, B.J., McGoon, M.D., Whisnant, J.P., Holmes, D.R.,
Ilstrup, D.M. and Frye, R.L. (1987) The natural history of lone atrial
fibrillation. A population-based study over three decades. N. Engl. J. Med.,
317, 669–674.

16. Chugh, S.S., Blackshear, J.L., Shen, W.K., Hammill, S.C. and Gersh, B.J.
(2001) Epidemiology and natural history of atrial fibrillation. J. Am. Coll.
Cardiol., 37, 371–378.

17. Nattel, S. (2002) New ideas about atrial fibrillation 50 years on. Nature,
415, 219–226.

18. Satoh, T. and Zipes, D.P. (1998) Cesium-induced atrial tachycardia
degenerating into atrial fibrillation in dogs: Atrial torsades de pointes?
J. Cardiovasc. Electrophysiol., 9, 970–975.

19. Ehrlich, J.R., Zicha, S., Coutu, P., Hebert, T.E. and Nattel, S. (2005) Atrial
fibrillation-associated minK38G/S polymorphism modulates delayed
rectifier current and membrane localization. Cardiovasc. Res., 67,
520–528.

20. Tamkun, M.M., Knoth, K.M., Walbridge, J.A., Kroemer, H., Roden, D.M.
and Glover, D.M. (1991) Molecular cloning and characterization of two
voltage-gated Kþ channel cDNAs from human ventricle. FASEB J., 5,
331–337.

21. Wang, Z., Fermini, B. and Nattel, S. (1993) Sustained
depolarization-induced outward current in human atrial myocytes.
Evidence for a novel delayed rectifier Kþ current similar to Kv1.5 cloned
channel currents. Circ. Res., 73, 1061–1076.

22. Simard, C., Drolet, B., Yang, P., Kim, R.B. and Roden, D.M. (2005)
Polymorphism screening in the cardiac Kþ channel gene KCNA5. Clin.
Pharmacol. Ther., 77, 138–144.

23. Feng, J., Wible, B., Li, G., Wang, Z. and Nattel, S. (1997) Antisense
oligodeoxynucleotides directed against Kv1.5 mRNA specifically inhibit
ultrarapid delayed rectifier Kþ current in cultured adult human atrial
myocytes. Circ. Res., 80, 572–579.

24. Li, G.R., Feng, J., Wang, Z., Fermini, B. and Nattel, S. (1996) Adrenergic
modulation of ultrarapid delayed rectifier Kþ current in human atrial
myocytes. Circ. Res., 78, 903–915.

25. Van Wagoner, D.R., Pond, A.L., McCarthy, P.M., Trimmer, J.S. and
Nerbonne, J.M. (1997) Outward Kþ current densities and Kv1.5
expression are reduced in chronic human atrial fibrillation. Circ. Res.,
80, 772–781.

26. Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B.T. and
MacKinnon, R. (2003) X-ray structure of a voltage-dependent Kþ

channel. Nature, 423, 33–41.
27. Babila, T., Moscucci, A., Wang, H., Weaver, F.E. and Koren, G. (1994)

Assembly of mammalian voltage-gated potassium channels: Evidence for
an important role of the first transmembrane segment. Neuron, 12,
615–626.

28. Howard, M., Frizzell, R.A. and Bedwell, D.M. (1996) Aminoglycoside
antibiotics restore CFTR function by overcoming premature stop
mutations. Nat. Med., 2, 467–469.

29. Ashcroft, F.M. (2006) From molecule to malady. Nature, 440, 440–447.
30. Wilschanski, M., Yahav, Y., Yaacov, Y., Blau, H., Bentur, L., Rivlin, J.,

Aviram, M., Bdolah-Abram, T., Bebok, Z., Shushi, L. et al. (2003)
Gentamicin-induced correction of CFTR function in patients with
cystic fibrosis and CFTR stop mutations. N. Engl. J. Med., 349,
1433–1441.

31. Keating, M.T. and Sanguinetti, M.C. (2001) Molecular and cellular
mechanisms of cardiac arrhythmias. Cell, 104, 569–580.

32. Drolet, B., Simard, C., Mizoue, L. and Roden, D.M. (2005) Human
cardiac potassium channel DNA polymorphism modulates access to
drug-binding site and causes drug resistance. J. Clin. Invest., 115,
2209–2213.

33. Bienengraeber, M., Olson, T.M., Selivanov, V.A., Kathmann, E.C.,
O’Cochlain, F., Gao, F., Karger, A.B., Ballew, J.D., Hodgson, D.M.,
Zingman, L.V. et al. (2004) ABCC9 mutations identified in human dilated
cardiomyopathy disrupt catalytic KATP channel gating. Nat. Genet.,
36, 382–387.

34. Pitari, G.M., Zingman, L.V., Hodgson, D.M., Alekseev, A.E.,
Kazerounian, S., Bienengraeber, M., Hajnóczky, G., Terzic, A. and
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