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Background-—Ventricular tachycardia (VT) is a common manifestation of advanced cardiomyopathies. In a subset of patients with
dilated cardiomyopathy, VT is the initial and the cardinal manifestation of the disease. The molecular genetic basis of this subset of
dilated cardiomyopathy is largely unknown.

Methods and Results-—We identified 10 patients with dilated cardiomyopathy who presented with VT and sequenced 14 common
causal genes for cardiomyopathies and arrhythmias. Functional studies included cellular patch clamp, confocal microscopy, and
immunoblotting. We identified nonsynonymous variants in 4 patients, including a rare missense p.R397Q mutation in the KCNQ1
gene in a 60-year-old man who presented with incessant VT and had mild cardiac dysfunction. The p.R397Q mutation was absent
in an ethnically matched control group, affected a conserved amino acid, and was predicted by multiple algorithms to be
pathogenic. Co-expression of the mutant KCNQ1 with its partner unit KCNE1 was associated with reduced tail current density of
slowly activating delayed rectifier K+ current (IKs). The mutation reduced membrane localization of the protein.

Conclusions-—Dilated cardiomyopathy with an initial presentation of VT may be a forme fruste of arrhythmogenic cardiomyopathy
caused by mutations in genes encoding the ion channels. The findings implicate KCNQ1 as a possible causal gene for
arrhythmogenic cardiomyopathy. ( J Am Heart Assoc. 2015;4:e001526 doi: 10.1161/JAHA.114.001526)
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H ereditary cardiomyopathies are primary myocardial
diseases that typically manifest with ventricular dilata-

tion, hypertrophy, and dysfunction.1 Hereditary cardiomyop-
athies exhibit considerable phenotypic variability and diverse
clinical manifestations.1 In a subset of patients with hered-
itary cardiomyopathies, the cardinal features are early man-
ifestations of ventricular arrhythmia and sudden cardiac
death, typically in the context of normal cardiac structure

and function or disproportionate to structural and functional
abnormalities. In this subset of dilated cardiomyopathy
(DCM), ventricular dilation and dysfunction become apparent
as the disease progresses, and clinical heart failure often
manifests late in the course of the disease. This subset of
DCM may be a forme fruste of arrhythmogenic cardiomyop-
athy (AC) as the phenotype contrasts with that of classic
DCM, in which heart failure is the primary manifestation and
arrhythmia occurs in the setting of advanced ventricular
dysfunction. This subset of AC also differs from the classic
arrhythmogenic right ventricular cardiomyopathy, which is
characterized by fibrofatty infiltration of the myocardium with
a predilection toward involvement of the right ventricle.2

Considering the above, AC might be used to define a broader
spectrum of hereditary cardiomyopathies, including the
classic arrhythmogenic right ventricular cardiomyopathy,
whereby a key characteristic feature is a propensity to
ventricular arrhythmia out of proportion to the extent of
ventricular dysfunction.

The molecular genetic basis of this subset of AC remains
partly unknown. We report identification and functional
characterization a rare nonsynonymous loss-of-function var-
iant in the KCNQ1 gene in a patient with this subset of AC,
which points to the presence of a phenotypic and genetic
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overlaps between the hereditary arrhythmia syndromes and
cardiomyopathies.

Methods
The institutional review board of the Second Affiliated
Hospital of Nanchang University approved the study. All
subjects gave a written informed consent to participate in the
study.

Study Population
We identified 10 patients with DCM, whose first clinical
manifestation was ventricular tachycardia (VT) occurring prior
to or disproportionate to left ventricular dysfunction. Two
hundred healthy individuals with no apparent cardiovascular
disease that had the same ethnic background as the cases
were included as controls.

DNA Sequencing
DNA was extracted from the peripheral blood samples and all
exons and exon–intron boundaries of candidate genes
responsible for hereditary cardiac arrhythmias (namely,
SCN5A, KCNQ1, KCNE1, KCNE2) and KCNH2 and hereditary
cardiomyopathies (namely, PKP2, DSP, DSG2, DSC2, LMNA,
MYH7, MYBPC3, TNNT2, TNNI3) were amplified by polymerase
chain reaction and sequenced by the Sanger method in
forward and reverse directions using the Big Dye Terminator
version 3.1 (Applied Biosystems, Carlsbad, CA).

Site-Directed Mutagenesis
Site-directed mutagenesis was used to introduce a G>A
substitution at coding position 1190 in the KCNQ1 cDNA,
corresponding to p.R397Q amino acid change. The clone was
sequenced to verify introduction of the intended variant and
exclude potential erroneous mutagenesis.

Cellular Electrophysiology
Full-length wild-type (WT) KCNQ1 cDNA (a gift from Dr Yihan
Chen at Tongji University, Shanghai, China) and the KCNQ1
cDNA carrying the p.R397Q mutation were subcloned into a
pDouble-EGFP expression vector. Likewise, full-length KCNE1
cDNA encoding human KCNE1 protein subcloned into the
pDSRed-Monomer-N1 expression vector. KCNQ1 and KCNE1
plasmids were transiently co-transfected (2:1 molar ratio) into
HEK293T cells using Lipofectamine 2000 transfection reagent
(Invitrogen Life Technologies, Carlsbad, CA). Patch-clamp
experiments were performed in the Green Florescence Protein
(GFP)-positive transfected cells 48 hours after the transfection.

Whole-cell patch clamps were recorded with an EPC-10
patch clamp amplifier (HEKA Electronik, Lambrecht, Ger-
many). The pipette solution contained (in mmol/L) 100 K-
aspartate, 45 KCl, 1 CaCl2, 5 EGTA, 5 HEPES, 5 ATP-Mg, and 5
phosphocreatine-disodium (pH adjusted to 7.2 with KOH). The
extracellular solution contained (in mmol/L) 140 NaCl, 5.4
KCl, 1.8 CaCl2, 0.5 MgCl2, 0.33 NaH2PO4, 5.5 glucose, and
5.0 HEPES (pH adjusted to 7.4 with NaOH). Pipette resistance
ranged from 3 to 5 MΩ. Slow Potassium (IKs) currents were
obtained by depolarizing voltage steps from a holding
potential of �80 mV to various test potentials. The activating
current was elicited from �60 mV to +50 mV at 10-mV
increments for 5 second, and the tail current was recorded on
return to �30 mV for 5 second. Pulses were delivered every
15 second. The current density at +60 mV and the peak
deactivation tail current at �30 mV were measured.

Fitmaster was used to collect data. The current–voltage (I–
V) relation was fit by the Boltzmann equation: I=(IMIN�IMAX)/
(1+e (V�V1/2)/k)+IMAX, where IMIN=minimally activated cur-
rent, IMAX=maximally activated current, V1/2=the membrane
potential at which 50% of the channels are activated, and
k=slope factor. Origin (8.0; Microcal, Northhampton, MA) was
used for performing Boltzmann curve fitting and for generating
graphs.

Immunofluorescence
HEK-293 cells were transiently transfected with either WT or
mutant KCNQ1 clones using Lipofectamine 2000. Forty-eight
hours after the transfection, cells were fixed in 4% formalde-
hyde in phosphate-buffered saline and incubated overnight
with a rabbit anti-KCNQ1 antibody (1:50 dilution; Merck
Millipore). The secondary antibody was TRITC-conjugated
donkey anti-rabbit secondary antibody (1:1000 dilution;
Molecular Probes, Invitrogen). Images were collected with a
Leica TCS confocal microscope (Leica Microsystems).

Cell Protein Fractionation and Western Blotting
Triton X-114 temperature-induced phase separation method
was used to isolate membrane fraction per a published
protocol.3 Aliquots of 100-lg protein extracts were electro-
phoresed, transferred to a polyvinylidene difluoride membrane
and probed with antibodies against KCNQ1 (1:1000 dilution;
Merck Millipore), Na+/K+ ATPase (1:800 dilution; Proteintech),
and GAPDH (1:1000 dilution; Santa Cruz).

Statistics
Values are expressed as means�standard errors of the mean.
Equality of variances was tested by Levene’s test. Variables
with equal variances between 2 groups were compared by
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t test and by the nonparametric Mann–Whitney test. Interac-
tions between the experimental groups (HEK293 cells
expressing WT and mutant KCNQ1) and responses of the
currents to changes in voltage were analyzed by MANOVA
(Stata64 for Mac, 10.1).

Results

Characteristics of the Study Population
Clinical characteristics of the study population are shown
in Table.

Genetic Variants
Synonymous variants, variants in the introns, common
variants (minor allele frequency >0.01), listed in the NHLBI
GO Exome Sequencing Project database (http://evs.gs.wash-
ington.edu/EVS/) and the “1000 Genomes—A Deep Catalog
of Human Genetic Variation” (http://browser.1000ge-
nomes.org/) were excluded from detailed analysis. Three
rare or novel nonsynonymous variants (namely, p.R397Q in
KCNQ1, p.R824G in DSG2, and p.V1604M in SCN5A
[c.4810G>A, rs199473280]), and 1 common variant
p.R773K in DSG2 (rs2278792, MAF�0.27) were identified
in 4 patients with AC (Table). The novel and rare variants were
analyzed by PolyPhen 2 (http://genetics.bwh.harvard.edu/
pph2/), SNPs&GO (http://snps-and-go.biocomp.unibo.it),
and MutPred (http://mutpred.mutdb.org) to predict their

pathogenicity.4 The p.R824G variant in DSG2 was predicted to
be benign by all 3 programs, and the p.V1604M in SCN5A was
either annotated as possibly damaging or with a modest
pathogenicity index. Therefore, these variants were not
analyzed further.4 In contrast, the p.R397Q, which results
from a c.1190 G>A transversion in the KCNQ1 gene
(Figure 1A), was predicted to be probably damaging or
disease-related and therefore, was selected for further
analysis. The p.R397Q variant resides at the C-terminal
domain of KCNQ1 protein (Figure 1B) and affects a conserved
amino acid across species (http://www.ebi.ac.uk/Tools/
msa/clustalo/) (Figure 1C). The p.R397Q variant was absent
in 200 unrelated control individuals with the same ethnic
background as well as in the “1000 Genomes,” “EVS,” and
“ExAC” databases. No other potentially pathogenic variant in
any of the genes screened including those encoding the
desmosome and sarcomere/cytoskeletal proteins were iden-
tified in the index patient with the p.R397Q variant. No family
member was available for genetic analysis.

Clinical Phenotype of the p.R397Q Carrier
The index case was a 60-year-old man, who initially presented
with episodes of palpitation and was found to have recurrent VT
with left bundle-branch block morphology on a 12-lead ECG
(Figure 2A). He had frequent ventricular ectopies and runs of
nonsustained VT on 24-hour Holter monitoring during the initial
evaluation. He had no family history of sudden cardiac death,
cardiac arrhythmias, or heart failure. None of his living family

Table. Clinical Characteristics of the Study Population and Nonsynonymous Genetic Variants in the Candidate Genes

ID Age, y Sex
ECG
Abnormality

24-Holter:
PVC/%

Echocardiographic Findings Genetic Variants

ST
(mm)

PWT
(mm)

LVEDD
(mm)

LVESD
(mm)

RVEDD
(mm)

LAD
(mm)

RAD
(mm)

LVEF
(%) Gene

Nonsyn
SNVs

1 60 M RBBB 3219/4.2 11 9 66 49 24 41 40 45 KCNQ1 p.R397Q

2 59 F LBBB 9 9 68 58 18 37 34 31 DSG2 p.R773K

3 65 M 10 8 DSG2 p.R824G

4 53 F LVH 170/02 10 9 57 48 20 28 33

5 52 M 11 6 58 46 28 39 42

6 77 M 391/0/0.4 11 8 75 67 22 39 44 22

7 16 M T-wave
inversion

9 8 60 46 19 33 32 43

8 29 F Sinus
Bradycardia

4264/5.3 7 8 53 40 25 29 41

9 57 M AF, RBBB 13838/10.9 11 9 73 62 20 53 49 33 SCN5A p.V1604M

10 19 M Sinus
tachycardia

671/0.5 7 11 72 63 23 51 34 26

AF indicates atrial fibrillation; ECG, electrocardiogram; LAD, left atrial dimension; LBBB, left bundle-branch block; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end-systolic dimension; LVH, left ventricular hypertrophy; Nonsyn SNVs, nonsynonymous single nucleotide variants; PVC, premature ventricular
complex; PWT, posterior wall thickness; RAD, right atrial dimension; RBBB, right bundle-branch block; RVD, right ventricular dimension; ST, septal thickness.
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members were available for clinical or genetic studies. His 12-
lead ECG at the baseline showed sinus rhythm with severe
intraventricular conduction defect with right bundle-branch
block morphology, a QTc of 480 ms, and repolarization
abnormalities (Figure 2B). An echocardiogram showed an
enlarged left ventricle and a mildly depressed left ventricular
ejection fraction of 45% (Table). He had no obstructive coronary
lesion on coronary angiography. He underwent radiofrequency
catheter ablation of VT and ICD implantation and was treated
with a b-blocker. He has remained free of cardiac symptoms
and has had no recurrence of VT for 3 years since his initial
treatment and no clinical evidence of heart failure. Follow-up
echocardiograms showed persistent left ventricular dilatation
and systolic dysfunction with a left ventricular end-diastolic
diameter of 62 mm and an left ventricular ejection fraction of
42% 3 years after radiofrequency ablation of VT (last follow-up).

Cellular Electrophysiology
KCNQ1 is an essential component of a voltage-gated
potassium channel involved in the slow repolarization phase
of the action potentials (IKs) in cardiac myocytes. To

functionally characterize the p.R397Q variant, HEK293 cells
were cotransfected with full-length WT or variant (p.R397Q)
KCNQ1 construct along with the full-length KCNE1 clone.
The transfected cells were identified by GFP expression,
and currents were recorded by the patch-clamping
technique. Expression of the mutant KCNQ1 did not
significantly change current density of activation and the
current density at +70 mV (Figure 3). However, tail current
density and peak tail current density at +70 mV were
significantly reduced in GFP+ cells expressing the mutant
protein (Figure 3).

Membrane Trafficking
To examine whether the p.R397Q mutation affected traffick-
ing and localization of KCNQ1 to the cell membrane, HEK-293
cells transfected with either the WT or the mutant KCNQ1
constructs. The transfected cells were analyzed by confocal
fluorescence microscopy. As shown in Figure 4A, localization
of the mutant KCNQ1-R397Q protein to cell membrane was
reduced as compared with the KCNQ1-WT protein. Western
blot analysis of cell protein fractions also showed reduced

Felis Catus gi|587003886|ref|XP_006937721.1| TAWRCYAAENPESSTWNIYVRKPTRSHTLLSPSPKPKKSVMVKK
Xenopus laevis gi|171460990|ref|NP_001116347.1|    TAWRCYAAENPDSATWKIYIRKQSRNHHLMSPSPKPKKSAMVKK
Gallus Gallus   gi|363734282|ref|XP_421022.3|          TAWRCYAAENPDSSTWKIYIRRPARNYHLLSPSPKPKKSVMVKK
Bos Taurus   gi|329664260|ref|NP_001192370.1|    TAWRCYAAENPDSSTWKIYVRKPSRNHALLSPSPKPKKSAMVKK
Mus musculus  gi|70887795|ref|NP_032460.2|  TAWRCYAAENPDSATWKIYVRKPARSHTLLSPSPKPKKSVMVKK
Rattus norvegicus  gi|14091762|ref|NP_114462.1| TAWRCYAAENPDSSTWKIYVRKPARSHTLLSPSPKPKKSVMVKK
Cavia porcellus gi|290543488|ref|NP_001166292.1|  TAWRCYAAENPDSSTWKIYVRKPARSHTLLSPSPKPKKSAMVRK
Homo sapiens  gi|32479527|ref|NP_000209.2|            TAWRCYAAENPDSSTWKIYIRKAPRSHTLLSPSPKPKKSVVVKKK
Gorilla Gorilla gi|426366926|ref|XP_004050493.1| TAWRCYAAENPDSSTWKIYIRKPPRSHTLLSPSPKPKKSVVVKKK

A

C

B

Figure 1. Detection of the p.R397Q variant in KCNQ1 gene. A, Electrophoregram showing a heterozygous G>A transversion corresponding
to change from amino acid arginine to glutamine at position 397. B, Schematic illustration of position of the p.R397Q variant in the KCNQ1
protein. The red asterisk marks the position of the variant amino acid at the C-terminal domain. C, Sequence alignment of the mutation location
across multiple species (using Clustal Omega). The p.R397Q (highlighted) affects a highly conserved amino acid.
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levels of the mutant KCNQ1 protein in the membrane protein
subfraction (Figure 4B and 4C).

Discussion
Hereditary cardiomyopathies and arrhythmic syndromes are
conventionally considered distinct groups of genetic disor-
ders, commonly caused by mutations in genes encoding the
structural/contractile proteins and ion channels, respec-
tively.1,5 There is, however, a considerable phenotypic overlap

between these 2 apparently distinct phenotypes. In accord
with this notion, mutations in the SCN5A gene, which are
classically responsible for the Brugada syndrome and con-
duction defects, are also associated with DCM, often in
conjunction with atrioventricular block.6,7 Likewise, mutations
in ABCC9, which encode the SUR2A regulatory subunit of the
cardiac K(ATP) channel, have been associated with DCM,
Cantu syndrome, and cardiac arrhythmias.8–10 The phenotype
in the index patient with the p.R397Q mutation in the KCNQ1
gene is consistent with a forme fruste of AC, as the primary

A

B

Figure 2. Twelve-lead electrocardiograms (ECG) of the index case with the p.R397Q mutation. A, Twelve-lead ECG of the index case during an
episode of ventricular tachycardia at a heart rate of 167 bpm with left bundle-branch block morphology. Precordial leads V2, V3, V4, and V5 are
shown in half voltage. B, Twelve-lead ECG of the index case at the baseline showing normal sinus rhythm at the rate of 65 bpm, indeterminate
frontal QRS axis, intraventricular conduction delay with right bundle-branch block morphology and repolarization abnormalities.
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and initial manifestation was ventricular arrhythmias in the
presence of mild cardiac systolic dysfunction and no clinical
heart failure. Identification of a rare loss-of-function variant in
the KCNQ1 gene in the index case suggests broadening the
spectrum of AC to encompass not only the classic arrhythm-
ogenic right ventricular cardiomyopathy and left ventricular–
dominant arrhythmogenic cardiomyopathy, but also a subset
of cardiomyopathies, whose primary manifestation is ventric-

ular tachyarrhythmias occurring initially in the absence of
a discernible left ventricular dysfunction or disproportionate
to it.

While cellular electrophysiological findings in the index
case are in accord with the known function of the IKs
channels and support the pathogenic role of the p.R397Q in
arrhythmogenesis, the underlying mechanism of ventricular
dilatation and dysfunction remains unclear. Alterations in

A

B

D E F

C

Figure 3. Cellular electrophysiological properties of variant channel. A, Representative traces of whole-cell IKs (slowly activating delayed
rectifier K+ current) measured from HEK-293 Green Florescence Protein+ (GFP) (transfected) cells expressing either a wild-type (WT) or mutant
KCNQ1 protein along with the WT KCNE1 protein (labeled as WT-E1 and R397Q-E1, respectively). B, The mean peak step IKs-V relations are
plotted for cells expressing either WT-E1 (n=26 cells) or the R397Q-E1 variant (n=20 cells), df=2, F=168, P<0.0001. C, Tail current densities are
plotted as a function of test potentials and tail current–voltage relationships are shown for WT-E1 (N=26 cells) and R397Q-E1 (N=20 cells). D,
Peak step current density (IKs) recorded at the voltage of +70 mV (N=26 cells for WT-E1 and 20 cells for R397Q-E1). E, Peak tail current density
recorded at the voltage of �30 mV (N=26 cells for WT-E1 and 20 cells for R397Q-E1). F, Half-maximum activation voltage (V1/2) of IKs
activation (N=26 cells for WT-E1 and 20 cells for R397Q-E1). *P<0.01 vs WT-E1.
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expression and function of various cardiac myocytes ion
channels in heart failure, including IKs, is well demon-
strated.11 However, the pathogenic role of such changes in
regulating cardiac mechanical functions, beyond predisposi-
tion to cardiac arrhythmias and potentially left ventricular
dysfunction resulting from incessant and recurrent arrhyth-
mias, remains largely uncertain. Likewise, the molecular
mechanism(s) by which mutations in KCNQ1 might cause
cardiac dysfunction remains to be determined but not
implausible. KCNQ1 in conjunction with KCNE1 form the
major repolarization channels in cardiac myocytes, which are
responsible for the IKs in the heart. Functionally, IKs is
regulated by a number of interacting proteins and post-
translational modifications.12–16 The IKs currents and the
channel subunits KCNQ1 and KCNE1 proteins are regulated
by the b-adrenergic-mediated protein kinase A– dependent
phosphorylation, a process that might be pathogenic in heart
failure.14,17–20 Likewise, IKs are calcium-responsive currents,
partly because of interaction of the KCNQ1 with calmodulin,
which is a constitutive component of the K+ channels.16 One
might speculate that altered interactions of KCNQ1 and

calmodulin, in the presence of KCNQ1 mutations, could
perturb intracellular calcium homeostasis and affect the
contractile performance of cardiac myocytes. In conjunction
with this notion, KCNQ1 is known to regulate muscle
contractility, albeit in the vascular bed, but it is not known
to regulate cardiac myocyte contractility.21 Furthermore,
intracellular ATP also regulates the IKs currents, and variants
that are known to affect sensitivity of the IKs to ATP have
been shown to be pathogenic.22 Moreover, nonsynchronous
regional ventricular contraction resulting from intraventricular
conduction delay consequent to the KCNQ1 mutation might
offer a mechanical explanation for cardiac dysfunction.23,24

Finally, it is also possible that ventricular dilatation and
dysfunction resulted from sustained and incessant ventricular
arrhythmias (tachycardia-induced cardiomyopathy) and per-
sisted for 3 years (the last follow-up) even after cessation of
tachyarrhythmias upon ablation. Thus, despite a dearth of
direct mechanistic data on the role of KCNQ1 in regulating
myocardial structure and function, complex biological func-
tions of the KCNQ1 in modulating the biology of myocytes
offer plausible explanations for the putative mechanism(s).

B C

A

Figure 4. Membrane localization of variant KCNQ1. A, Confocal fluorescence microscopic
picture of HEK-293 cells transfected with either KCNQ1-WT or KCNQ1-p.R397Q. Scale
bar=20 lm. B, Membrane and cytoplasm protein fractions isolated from of HEK-293 cells
transiently transfected with empty vectors (control), wild-type KCNQ1 (WT), or mutant
KCNQ1 (R397Q). Na+/K+ ATPase and GAPDH are used as positive controls for cell
membrane and cytoplasmic protein fractions, respectively. C, Densitometric analysis of the
relative levels of the WT and mutant KCNQ1 proteins in the cell membrane, as compared to
Na+/K+ ATPase protein levels. N=3 independent Western blots, *P<0.001 by t test and
P<0.01 by nonparametric Mann–Whitney test.
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The findings, while establishing the functionality of the
p.R397Q variant, are not sufficient to establish a causal role in
AC, particularly given the absence of the family data. In view
of the presence of a large number of nonsynonymous variants
in each genome, family data, by offering the opportunity to
assess cosegregation of the candidate variant with inheri-
tance of the phenotype, are essential in supporting the
causality. None of the proband’s family members had a
history of sudden cardiac death, cardiac arrhythmias, or
clinical heart failure. However, they were not available for
phenotypic characterization and genetic analysis. We
screened over a dozen known genes responsible for hered-
itary cardiomyopathies and arrhythmic syndromes, and no
other potentially pathogenic variant was identified in the index
case. Nevertheless, the known genes account for approxi-
mately two thirds of the cases of hereditary cardiomyopathies
and arrhythmias. Therefore, the possibility of a concomitant
presence of another pathogenic variant(s) that contributes to
cardiac dilatation, dysfunction, and even arrhythmias in the
index case cannot be excluded. Nevertheless, the complex
genetic etiology of hereditary disorders and presence of
multiple pathogenic variants is becoming increasingly recog-
nized. Given the relative abundance of putatively functional
variants in each genome, the clinical phenotype likely results
from interactions of multiple variants, exerting a gradient of
effect sizes.2,25–27 The p.R397Q, which is a rare functional
variant with a relatively large functional effect size, in
conjunction with yet-to-be identified functional variant(s),
might be responsible for the clinical phenotype of AC in the
index case.

Loss-of-function mutations in the KCNQ1 gene are known
to cause long QT syndrome type 1, whereas gain-of-function
mutation causes sinus bradycardia, familial atrial fibrillation,
short QT syndrome, and sudden infant death syndrome.28–32

A 12-lead ECG in the index case with the p.R397Q mutation in
the KCNQ1 gene showed a QTc interval of 480 ms in the
presence of severe intraventricular conduction defect. The
clinical phenotype, which is distinct from the classic long QT
syndrome type 1, is consistent with the loss-of-function effect
of the p.R397Q variant on trafficking of the KCNQ1 protein to
the membrane and decreased IKs tail current density. The
p.R397Q variant is located in the C-terminal domain of the a
subunit of functional KCNQ1 channel complex, which is
considered an interacting domain necessary for the assembly
of the channels at the membrane.33

Phenotypic spectrum of the KCNQ1 mutations seems to
expand beyond the conventional arrhythmic syndromes, such
as the long QT1 syndrome, and atrial fibrillation.34 Recent
reports have also implicated KCNQ1 variants in myocardial
pathology, including left ventricular noncompaction syndrome,
cardiac hypertrophy, and myocardial fibrosis.35–37 Notably,
the p.R378Q variant in the KCNQ1 gene was identified in a

21-year-old female victim of sudden cardiac death who on
cardiac autopsy exhibited myocytes hypertrophy, disarray,
fibrosis, and fatty replacement, a phenotype reminiscence of
AC.35 Nevertheless, the data are scant and insufficient to
consider KCNQ1 as a causal gene for hereditary cardiomy-
opathies.

In conclusion, the findings of the present study advocate
for the broader phenotypic spectrum of AC encompassing
cardiomyopathies whose cardinal clinical manifestation is
ventricular arrhythmia occurring disproportionate to the
underlying ventricular dysfunction, and implicate KCNQ1 as
a possible genetic etiology.

Sources of Funding
The authors wish to acknowledge supports from the Ministry
of Chinese Education Innovation Team Development Plan
(IRT1141, HK), the National Natural Science Foundation of
China (81070148, 81160023, 81370288, HK), National
Basic Research Program of China (973 Program:
2013CB531103), and a grant from Ministry of Chinese
Education (20113601110002, HK). Marian was supported in
part by grants from NIH, National Heart, Lung and Blood
Institute (NHLBI, R01 HL088498 and R34 HL105563),
Leducq Foundation, Roderick MacDonald Foundation
(13RDM005), TexGen Fund from Greater Houston Commu-
nity Foundation, and George and Mary Josephine Hamman
Foundation.

Disclosures
None.

References
1. Cahill TJ, Ashrafian H, Watkins H. Genetic cardiomyopathies causing heart

failure. Circ Res. 2013;113:660–675.

2. Delmar M, McKenna WJ. The cardiac desmosome and arrhythmogenic
cardiomyopathies: from gene to disease. Circ Res. 2010;107:700–714.

3. Pryde JG, Phillips JH. Fractionation of membrane proteins by temperature-
induced phase separation in Triton X-114. Application to subcellular fractions
of the adrenal medulla. Biochem J. 1986;233:525–533.

4. Thusberg J, Olatubosun A, Vihinen M. Performance of mutation pathoge-
nicity prediction methods on missense variants. Hum Mutat. 2011;32:358–
368.

5. Marsman RF, Tan HL, Bezzina CR. Genetics of sudden cardiac death caused by
ventricular arrhythmias. Nat Rev Cardiol. 2014;11:96–111.

6. McNair WP, Sinagra G, Taylor MR, Di Lenarda A, Ferguson DA, Salcedo EE,
Slavov D, Zhu X, Caldwell JH, Mestroni L. SCN5A mutations associate with
arrhythmic dilated cardiomyopathy and commonly localize to the voltage-
sensing mechanism. J Am Coll Cardiol. 2011;57:2160–2168.

7. McNair WP, Ku L, Taylor MR, Fain PR, Dao D, Wolfel E, Mestroni L. SCN5A
mutation associated with dilated cardiomyopathy, conduction disorder, and
arrhythmia. Circulation. 2004;110:2163–2167.

8. Bienengraeber M, Olson TM, Selivanov VA, Kathmann EC, O’Cochlain F, Gao F,
Karger AB, Ballew JD, Hodgson DM, Zingman LV, Pang YP, Alekseev AE, Terzic
A. ABCC9 mutations identified in human dilated cardiomyopathy disrupt
catalytic KATP channel gating. Nat Genet. 2004;36:382–387.

DOI: 10.1161/JAHA.114.001526 Journal of the American Heart Association 8

Arrhythmogenic Cardiomyopathy and KCNQ1 Mutation Xiong et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



9. Harakalova M, van Harssel JJ, Terhal PA, van Lieshout S, Duran K, Renkens I,
Amor DJ, Wilson LC, Kirk EP, Turner CL, Shears D, Garcia-Minaur S, Lees MM,
Ross A, Venselaar H, Vriend G, Takanari H, Rook MB, van der Heyden MA,
Asselbergs FW, Breur HM, Swinkels ME, Scurr IJ, Smithson SF, Knoers NV, van
der Smagt JJ, Nijman IJ, Kloosterman WP, van Haelst MM, van Haaften G,
Cuppen E. Dominant missense mutations in ABCC9 cause Cantu syndrome.
Nat Genet. 2012;44:793–796.

10. Barajas-Martinez H, Hu D, Ferrer T, Onetti CG, Wu Y, Burashnikov E, Boyle M,
Surman T, Urrutia J, Veltmann C, Schimpf R, Borggrefe M, Wolpert C, Ibrahim
BB, Sanchez-Chapula JA, Winters S, Haissaguerre M, Antzelevitch C. Molecular
genetic and functional association of Brugada and early repolarization
syndromes with S422L missense mutation in KCNJ8. Heart Rhythm.
2012;9:548–555.

11. Janse MJ. Electrophysiological changes in heart failure and their relationship to
arrhythmogenesis. Cardiovasc Res. 2004;61:208–217.

12. Dvir M, Strulovich R, Sachyani D, Ben-Tal Cohen I, Haitin Y, Dessauer C, Pongs
O, Kass R, Hirsch JA, Attali B. Long QT mutations at the interface between
KCNQ1 helix C and KCNE1 disrupt I(KS) regulation by PKA and PIP(2). J Cell
Sci. 2014;127:3943–3955.

13. Bartos DC, Giudicessi JR, Tester DJ, Ackerman MJ, Ohno S, Horie M, Gollob
MH, Burgess DE, Delisle BP. A KCNQ1 mutation contributes to the concealed
type 1 long QT phenotype by limiting the Kv7.1 channel conformational
changes associated with protein kinase A phosphorylation. Heart Rhythm.
2014;11:459–468.

14. Dilly KW, Kurokawa J, Terrenoire C, Reiken S, Lederer WJ, Marks AR, Kass RS.
Overexpression of beta2-adrenergic receptors cAMP-dependent protein kinase
phosphorylates and modulates slow delayed rectifier potassium channels
expressed in murine heart: evidence for receptor/channel co-localization. J
Biol Chem. 2004;279:40778–40787.

15. Osteen JD, Sampson KJ, Kass RS. The cardiac IKs channel, complex indeed.
Proc Natl Acad Sci USA. 2010;107:18751–18752.

16. Ghosh S, Nunziato DA, Pitt GS. KCNQ1 assembly and function is blocked by
long-QT syndrome mutations that disrupt interaction with calmodulin. Circ
Res. 2006;98:1048–1054.

17. Aflaki M, Qi XY, Xiao L, Ordog B, Tadevosyan A, Luo X, Maguy A, Shi Y, Tardif
JC, Nattel S. Exchange protein directly activated by cAMP mediates slow
delayed-rectifier current remodeling by sustained beta-adrenergic activation in
guinea pig hearts. Circ Res. 2014;114:993–1003.

18. Nissen JD, Thomsen MB, Bentzen BH, Diness JG, Diness TG, Jespersen T,
Grunnet M. Attenuated ventricular beta-adrenergic response and reduced
repolarization reserve in a rabbit model of chronic heart failure. J Cardiovasc
Pharmacol. 2012;59:142–150.

19. Hatada K, Washizuka T, Horie M, Watanabe H, Yamashita F, Chinushi M,
Aizawa Y. Tumor necrosis factor-alpha inhibits the cardiac delayed rectifier K
current via the asphingomyelin pathway. Biochem Biophys Res Commun.
2006;344:189–193.

20. Heijman J, Spatjens RL, Seyen SR, Lentink V, Kuijpers HJ, Boulet IR, de Windt
LJ, David M, Volders PG. Dominant-negative control of cAMP-dependent IKs
upregulation in human long-QT syndrome type 1. Circ Res. 2012;110:211–
219.

21. Yeung SY, Pucovsky V, Moffatt JD, Saldanha L, Schwake M, Ohya S,
Greenwood IA. Molecular expression and pharmacological identification of a
role for K(v)7 channels in murine vascular reactivity. Br J Pharmacol.
2007;151:758–770.

22. Li Y, Gao J, Lu Z, McFarland K, Shi J, Bock K, Cohen IS, Cui J. Intracellular ATP
binding is required to activate the slowly activating K+ channel I(Ks). Proc Natl
Acad Sci USA. 2013;110:18922–18927.

23. Kuijpers NH, Hermeling E, Lumens J, ten Eikelder HM, Delhaas T, Prinzen FW.
Mechano-electrical coupling as framework for understanding functional
remodeling during LBBB and CRT. Am J Physiol Heart Circ Physiol.
2014;306:H1644–H1659.

24. Kirk JA, Kass DA. Electromechanical dyssynchrony and resynchronization of
the failing heart. Circ Res. 2013;113:765–776.

25. Hershberger RE, Hedges DJ, Morales A. Dilated cardiomyopathy: the
complexity of a diverse genetic architecture. Nat Rev Cardiol. 2013;10:531–
547.

26. Rigato I, Bauce B, Rampazzo A, Zorzi A, Pilichou K, Mazzotti E, Migliore F,
Marra MP, Lorenzon A, De Bortoli M, Calore M, Nava A, Daliento L, Gregori D,
Iliceto S, Thiene G, Basso C, Corrado D. Compound and digenic heterozygosity
predicts lifetime arrhythmic outcome and sudden cardiac death in desmo-
somal gene-related arrhythmogenic right ventricular cardiomyopathy. Circ
Cardiovasc Genet. 2013;6:533–542.

27. Marian AJ. Nature’s genetic gradients and the clinical phenotype. Circ
Cardiovasc Genet. 2009;2:537–539.

28. Chen YH, Xu SJ, Bendahhou S, Wang XL, Wang Y, Xu WY, Jin HW, Sun H, Su XY,
Zhuang QN, Yang YQ, Li YB, Liu Y, Xu HJ, Li XF, Ma N, Mou CP, Chen Z,
Barhanin J, Huang W. KCNQ1 gain-of-function mutation in familial atrial
fibrillation. Science. 2003;299:251–254.

29. Barhanin J, Lesage F, Guillemare E, Fink M, Lazdunski M, Romey G. K(V)LQT1
and lsK (minK) proteins associate to form the I(Ks) cardiac potassium current.
Nature. 1996;384:78–80.

30. Bellocq C, van Ginneken AC, Bezzina CR, Alders M, Escande D, Mannens MM,
Baro I, Wilde AA. Mutation in the KCNQ1 gene leading to the short QT-interval
syndrome. Circulation. 2004;109:2394–2397.

31. Bartos DC, Anderson JB, Bastiaenen R, Johnson JN, Gollob MH, Tester DJ,
Burgess DE, Homfray T, Behr ER, Ackerman MJ, Guicheney P, Delisle BP. A
KCNQ1 mutation causes a high penetrance for familial atrial fibrillation. J
Cardiovasc Electrophysiol. 2013;24:562–569.

32. Das S, Makino S, Melman YF, Shea MA, Goyal SB, Rosenzweig A, Macrae CA,
Ellinor PT. Mutation in the S3 segment of KCNQ1 results in familial lone atrial
fibrillation. Heart Rhythm. 2009;6:1146–1153.

33. Schmitt N, Schwarz M, Peretz A, Abitbol I, Attali B, Pongs O. A recessive C-
terminal Jervell and Lange-Nielsen mutation of the KCNQ1 channel impairs
subunit assembly. EMBO J. 2000;19:332–340.

34. Dvir M, Peretz A, Haitin Y, Attali B. Recent molecular insights from mutated IKS
channels in cardiac arrhythmia. Curr Opin Pharmacol. 2014;15:74–82.

35. Bagnall RD, Das KJ, Duflou J, Semsarian C. Exome analysis-based molecular
autopsy in cases of sudden unexplained death in the young. Heart Rhythm.
2014;11:655–662.

36. Nakashima K, Kusakawa I, Yamamoto T, Hirabayashi S, Hosoya R, Shimizu W,
Sumitomo N. A left ventricular noncompaction in a patient with long QT
syndrome caused by a KCNQ1 mutation: a case report. Heart Vessels.
2013;28:126–129.

37. D’Argenio V, Frisso G, Precone V, Boccia A, Fienga A, Pacileo G, Limongelli G,
Paolella G, Calabro R, Salvatore F. DNA sequence capture and next-generation
sequencing for the molecular diagnosis of genetic cardiomyopathies. J Mol
Diagn. 2014;16:32–44.

DOI: 10.1161/JAHA.114.001526 Journal of the American Heart Association 9

Arrhythmogenic Cardiomyopathy and KCNQ1 Mutation Xiong et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H


