
Lan-Hsiang Wang and Andrew R. Marks
Towbin,Arthur Moss, Jeanne M. Nerbonne, Timothy M. Olson, Dennis A. Przywara, Jeffrey A. 

January, David A. Lathrop, W. Jonathan Lederer, Jonathan C. Makielski, Peter J. Mohler,
Clancy, J. Kevin Donahue, Alfred L. George, Jr, Augustus O. Grant, Stephen C. Groft, Craig T. 
Stephan E. Lehnart, Michael J. Ackerman, D. Woodrow Benson, Jr, Ramon Brugada, Colleen E.

Mutations Affecting Ion Channel Function
Mechanisms, and Therapeutic Approaches for Primary Cardiomyopathies of Gene

Diseases Workshop Consensus Report About the Diagnosis, Phenotyping, Molecular 
Inherited Arrhythmias: A National Heart, Lung, and Blood Institute and Office of Rare

Print ISSN: 0009-7322. Online ISSN: 1524-4539 
Copyright © 2007 American Heart Association, Inc. All rights reserved.

is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation 

doi: 10.1161/CIRCULATIONAHA.107.711689
2007;116:2325-2345Circulation. 

 http://circ.ahajournals.org/content/116/20/2325

World Wide Web at: 
The online version of this article, along with updated information and services, is located on the

  
 http://circ.ahajournals.org//subscriptions/

is online at: Circulation  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer this process is available in the

click Request Permissions in the middle column of the Web page under Services. Further information about
Office. Once the online version of the published article for which permission is being requested is located, 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not the EditorialCirculationin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



Inherited Arrhythmias
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Abstract—The National Heart, Lung, and Blood Institute and Office of Rare Diseases at the National Institutes of Health

organized a workshop (September 14 to 15, 2006, in Bethesda, Md) to advise on new research directions needed for

improved identification and treatment of rare inherited arrhythmias. These included the following: (1) Na� channelopa-

thies; (2) arrhythmias due to K� channel mutations; and (3) arrhythmias due to other inherited arrhythmogenic

mechanisms. Another major goal was to provide recommendations to support, enable, or facilitate research to improve

future diagnosis and management of inherited arrhythmias. Classifications of electric heart diseases have proved to be

exceedingly complex and in many respects contradictory. A new contemporary and rigorous classification of

arrhythmogenic cardiomyopathies is proposed. This consensus report provides an important framework and overview

to this increasingly heterogeneous group of primary cardiac membrane channel diseases. Of particular note, the present

classification scheme recognizes the rapid evolution of molecular biology and novel therapeutic approaches in

cardiology, as well as the introduction of many recently described diseases, and is unique in that it incorporates ion

channelopathies as a primary cardiomyopathy in consensus with a recent American Heart Association Scientific

Statement. (Circulation. 2007;116:2325-2345.)

Key Words: arrhythmia � cardiomyopathies � death, sudden � electrophysiology � genetics � ion channels

� long-QT syndrome

The National Heart, Lung, and Blood Institute and Office

of Rare Diseases at the National Institutes of Health

organized a workshop to advise on new research directions

needed for improved identification and treatment of rare

inherited arrhythmias. During the workshop, current levels of

understanding and gaps in knowledge of “rare inherited

arrhythmias” were presented in 3 areas: (1) inherited chan-

nelopathies; (2) other inherited arrhythmias; and (3) implica-
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tions for the future diagnosis and management of inherited

arrhythmias. Elucidation of the basis of genetic diseases

provides unique insights into the mechanisms responsible for

more prevalent arrhythmias and sudden cardiac arrest (SCA)

while also permitting the identification of therapeutic oppor-

tunities for treatment and prevention. From screening of

larger patient cohorts, it has become clear that environmental

and genetic modifiers play important roles for arrhythmia

susceptibility and severity. Study of distinct forms of inher-

ited arrhythmias requires evaluation in specific models to

make accurate predictions of human pathophysiology. Ap-

propriate in vivo arrhythmia models may vary from geneti-

cally engineered mouse or rabbit models to larger-animal

models that more closely mimic human electrophysiological

substrates. Workshop participants recommended multilevel

translational approaches to identify and validate gene varia-

tions associated with arrhythmogenesis. Such approaches

should span development of molecular and biophysical

structure-function relationships and cellular mechanisms to

examinations of organ and in vivo models. Integrated analysis

by modeling approaches may aid in elucidation of arrhythmia

mechanisms.

Opportunities to develop novel therapeutic approaches

require comprehensive studies that characterize ion channel

function and expression, regulation by intracellular signaling

complexes, alterations in and cross talk of intracellular Ca2�

signals, and therapeutic interventions aimed at specific mo-

lecular defects. Future therapeutic and diagnostic approaches

should include identification of novel surrogate clinical mark-

ers. It is also vital that training mechanisms be supported for

young investigators in an integrated range of disciplines

(including biology, medicine, computer modeling, bioengi-

neering, information sciences) while providing scientific

career opportunities.

Specific recommendations to the National Heart, Lung,

and Blood Institute and Office of Rare Diseases to support,

enable, or facilitate research in areas of key importance for

the future understanding and treatment of inherited arrhyth-

mic syndromes were as follows:

● Establish biological and computational models that appro-

priately reflect the molecular environment of the human

heart and permit study of the functional effects of arrhyth-

mogenic mutations. Biological models, including human

stem cell–derived cardiomyocytes and genetically altered

model organisms, should enhance the study of normal and

mutant ion channel biosynthesis, assembly, macromolecu-

lar complexes, posttranslational regulation, trafficking, tar-

geting (functional proteomics), and human arrhythmia

mechanisms.

● Elucidate the molecular and physiological basis of arrhyth-

mia triggers and substrates with the use of integrative

animal, cell, and computational models.

● Identify new human arrhythmia-susceptibility genes, mod-

ifiers, and the mechanisms of their effects. Design and

utilize more efficient (higher throughput) molecular, cellu-

lar, and integrative approaches to advance our understand-

ing of genotype–phenotype interactions.

● Develop, test, and implement new therapeutic approaches

to identify, treat, and prevent inherited arrhythmias based

on genetic, molecular, and cellular mechanisms.
● Establish methods (including bioinformatics) to evaluate,

integrate, and share structure-function genotype–phenotype

relationships at the gene, protein, signaling complex, cell,

organ, and in vivo levels to allow better prediction of the

significance of specific genetic variants for arrhythmogen-

esis and to focus research efforts and therapy toward

patient and family needs.

Cardiac Na� Channelopathies
Mutations in SCN5A, the gene encoding the Na� channel

�-subunit expressed in the human heart, cause inherited

susceptibility to ventricular arrhythmias (congenital long-QT

syndrome [LQTS] including prolongation of ventricular ac-

tion potentials, dispersion of repolarization, QT-interval and

T-wave abnormalities in surface ECG recordings [LQTS3];

idiopathic ventricular fibrillation [VF]),1–3 cardiac conduction

disease (CoD),4–6 and dilated cardiomyopathy (DCM) with

atrial arrhythmia (Genetic arrhythmia syndromes are num-

bered sequentially to identify and discriminate specific geno-

type–phenotype relationships; refer to Tables 1 through 3).7,8

Mutations in SCN5A may also present with more complex

phenotypes representing combinations of LQTS, CoD, and

Brugada syndrome (BrS1). Examples of LQTS3 combined

with either BrS19 or congenital heart block,10,11 cases of BrS1

with impaired conduction,12 or combinations of all 3 pheno-

types have been documented.13 Moreover, certain mutations

may manifest different phenotypes in different individuals

and families.

Novel Clinical and Genetic Aspects of SCN5A
Phenotypes
The voltage-gated Na� channel (Nav1.5 encoded by

SCN5A), responsible for the initial upstroke of the action

potential, represents an important drug target for antiar-

rhythmic class Ia blockers. SCN5A was mapped to chro-

mosome 3p21, identifying it as a candidate gene for

LQTS3.27 Subsequently, a mutation in SCN5A was found

in families with 3p21-linked LQTS3 (Table 3).28 After

linkage of SCN5A to LQTS3 and abnormal cardiac repo-

larization, distinct disease phenotypes, including conduc-

tion slowing, have been linked to SCN5A mutations. A

subgroup of idiopathic VF patients with a distinctive ECG

pattern characterized by apparent right bundle-branch

block, ST-segment elevation, and sudden death was de-

scribed as a new clinical entity referred to as Brugada

syndrome (BrS1) (Table 1).14 Pharmacological Na� chan-

nel block elicits or worsens the ECG features associated

with BrS1.29 Screening of families with BrS1 has revealed

distinct mutations in the SCN5A gene.3 In a large Dutch

family with a history of sudden death, mostly occurring at

night, living members demonstrated ECG features compat-

ible with BrS1 and LQTS3 corresponding to a novel

mutation in the C-terminus of SCN5A (1795insD).19 Sub-

sequently, a Y1795H mutation in a patient with BrS1 and

a Y1795C mutation in a patient with LQTS3 were identi-

fied, providing evidence of the close interrelationship
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between BrS1 and LQTS3.20 The effect of the 1795insD-

SCN5A mutation during sinoatrial node pacemaking de-

creased the sinus rate by decreasing the diastolic depolar-

ization rate, which may account for the bradycardia seen in

LQTS3 patients, whereas sinoatrial node pauses or arrest

may result from failure of sinoatrial nodal cells to repo-

larize.30 In a large family with a Brugada-like phenotype,

SCN5A could be excluded as a candidate gene indicating a

distinct locus,15 and BrS2 was subsequently linked to

GPD1L, the glycerol-3-phosphate dehydrogenase 1–like

gene.25 Mutations in GPD1L have also been implicated in

sudden infant death syndrome (SIDS).26 Sudden unex-

plained nocturnal death syndrome, described in southeast

Asia, resembles BrS1 and has been linked to mutations in

the SCN5A gene.31 It has also been suggested that BrS1

accounts for up to 60% of VF cases previously classified as

idiopathic.32 This seems to be particularly prevalent in

Southeast Asia and Japan, with mortality rates as high as

38 per 100 000,17 indicating that these arrhythmic syn-

dromes may be much more common than previously

thought.

Identification of SCN5A mutations in association with

conduction system abnormalities has provided a major ad-

vance in our understanding of these disorders. Na� channel

mutations have also been identified in patients with atrioven-

tricular block and sick sinus syndrome (SSS). In a kindred

with progressive conduction system disease (Lenègre-Lev

disease), heterozygous SCN5A mutations were identified,4

and additional SCN5A mutations have been associated with

SSS (Table 2).5,33

Newly Recognized Phenotypes Associated With SCN5A

Mutations
Genome-wide linkage analyses led to identification of an

SCN5A missense mutation (D1275N) that cosegregated

among 22 family members with a “novel” phenotype of

DCM and atrial fibrillation (AF) (Table 1).7,8,23,53 Variably

expressed phenotypic traits included defects in impulse

generation (SSS) and conduction (atrioventricular node

and bundle-branch block), previously linked to loss-of-

function mutations in SCN5A. Electric dysfunction (sinus

bradycardia and SSS) typically preceded clinically appar-

ent myocardial disease, and relatively slow ventricular

rates in mutation carriers with AF ruled out

tachycardia-induced cardiomyopathy. Subsequent muta-

tion scanning in 156 probands with idiopathic DCM

identified additional heterozygous missense (T220I,

R814W, D1595H) and truncation (2550 –2551insTG)

SCN5A mutations, segregating with cardiac disease or

arising de novo in 2.2% of the DCM cohort.7 Among

probands and their relatives with an SCN5A mutation, 27%

had early features of DCM (mean age at diagnosis, 20.3

years), 38% had DCM (47.9 years), and 43% had AF (27.8

years). The same T220I and D1275N substitutions were

previously reported as recessive loss-of-function alleles in

SSS and familial atrial standstill, respectively.5,33 The link

between cardiac Na� channel loss of function and struc-

tural heart disease is supported by fibrosis and cardiac

myocyte degeneration occurring both in aging heterozy-

gous SCN5A�/� mice and in patients with BrS1.54,55 These

Table 1. Brugada and Related Arrhythmia Syndromes

Brugada Syndrome (BrS), Conduction Disease (CoD), Atrial Arrhythmia (AA) 

Gene Locus Syndrome Protein & 

subunit

Function & 

abnormality 

Occurs  

In
¶

Ref. 

SCN5A 3p21 BrS1, CoD NaV1.5 α INa ↓ 20-30% 
3,14

GPD1L
+

3p24 BrS2, SIDS 
&
 G3PD1L  INa ↓ < 1% 

15,16,25,26 

SCN5A 3p21 SUND 
*

NaV1.5 α INa ↓ common 
17

SCN5A 3p21 Progressive CoD 
#

NaV1.5 α INa ↓ common 
4

SCN5A 3p21 BrS1, CoD, AA NaV1.5 α INa ↓ ? 
18

SCN5A 3p21 BrS1, LQTS3 NaV1.5 α INa ↓ ? 
9,19,20 

SCN5A 3p21 BrS1, LQTS3, CoD NaV1.5 α INa ↓ ? 
21

SCN5A 3p21 iVF 
$
, CoD NaV1.5 α INa ↓ ? 

22

SCN5A 3p21 DCM, CoD, AA (AF) NaV1.5 α INa ↓ common 
7,8,23 

SCN5A 3p21 BrS1, SIDS 
&

NaV1.5 α INa ↓ ? 
24

SCN5A 3p21 BrS1, CoD, SIDS 
&

NaV1.5 α INa ↓ common 
11

For a review of inherited conduction system abnormalities including mutations of genes not related to ion membrane transport, please see Wolf & Berul.183 Genes

contributing to distinct phenotypes are marked similarly for ease of comparison within and between tables 1 through 5. 2 indicates loss of function; ?, unknown.
¶Relative syndromic occurrence for a given genetic syndrome (in %).
�Glycerol-3-phosphate dehydrogenase 1–like gene.
&Sudden infant death syndrome: An estimated 10 to 15% of SIDS stems from LQTS-, BrS-, and CPVT-causing mutations. Approximately 50% of ion channel–related

SIDS involves defects in SCN5A or other components of the Na� channel macromolecular complex.

*Sudden unexpected nocturnal death syndrome: estimated mortality rate 26 to 38/100 000 in young Thai men.
#Lenègre-Lev disease (fibrofatty atrophy of the His-Purkinje system).
$Idiopathic ventricular fibrillation without ECG signs of BrS1.
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observations implicate SCN5A in the pathogenesis of

both electric and myopathic heart disease and support a

recent American Heart Association Scientific Statement

that classifies ion channelopathies as a primary

cardiomyopathy.56

Unexplained Aspects: Variable Expressivity and
Penetrance
Although mutations in Na� channels may lead to DCM and

arrhythmias, many unanswered questions remain. For in-

stance, is SCN5A also a disease gene for isolated DCM?

Earlier studies in European BrS1 patients have excluded

mutation carriers with cardiomyopathy. Histology analysis of

cardiac tissue from human mutation carriers or heterozygous

SCN5A�/� knockout mice has demonstrated age-dependent

fibrosis in conjunction with CoD.54,57 What are the mecha-

nisms for development of DCM and myocardial fibrosis, and

do other proteins that interact with the Na� channel complex

modulate phenotypic expression? Factors that underlie the

chamber-specific manifestation of Na� channel mutations

may include interacting proteins. For instance, the dystrophin

complex has been implicated in Na� channel interaction and

plays a key role in preserving integrity of the myocellular

membrane.58 Moreover, common polymorphisms like H558R

can (1) modify the phenotype of an existing SCN5A mutation

and (2) produce a decrease in depolarization reserve through

the differential function seen in the 2 ubiquitous alternatively

spliced transcripts present in all humans. Thus, although not

sufficient to cause BrS1 by itself, a quantitatively smaller

loss-of-function defect associated with positive H558R status

has been shown to confer susceptibility for AF.59–61 Future

studies will need to characterize the relationship between the

SCN5A genotype, polymorphisms, and the cardiac

phenotype.

Biophysical Mechanisms of SCN5A Arrhythmias
Mechanisms contributing to arrhythmias include loss of

function by synthesis of nonfunctional Na� channels and

mutations in functionally expressed Na� channels that either

increase or decrease Na� current. One existing challenge is to

understand the structure-function relationship of Na� chan-

nels under physiological conditions and in appropriate dis-

ease models. An important property of Na� channels is

intrinsic modal gating, defined by the probability of a single

channel residing in and switching between multiple and

distinct modes. Cardiac Na� channels regularly exhibit 2

modes of gating, distinguished by short and long channel

open times. Whereas fast modes account for 99% of Na�

channel gating, heart rate–dependent slow gating components

are important in pathological states.62 Models predict that

maintained depolarization results in the passage of the chan-

nel into a series of inactivated states. In 1 in every 500 to

1000 depolarizations, inactivation fails, and channels open

and shut by deactivation for several seconds. These opening

bursts can contribute substantial inward current during the

action potential plateau. Na� channel mutations may result in

incomplete inactivation during maintained depolarization,28,63

Table 2. Atrial Arrhythmia Syndromes

Atrial Fibrillation (AF), Atrial Tachycardia (AT), and Sick Sinus Syndrome (SSS) 

Gene Locus Syndrome Protein & 
subunit

Functional 
abnormality 

Occurs  
In

¶
Ref. 

KCNQ1 11p15.5 AF1 KV7.1 α IKs ↑ KvLQT1 ? 
34,35

KCNE2 21q22.1 AF2 MiRP1 β IKs ↑ ? 
36

KCNJ2 17q23 AF3 Kir2.1 α IK1 ↑ ? 
37

GJA5 1q21.1 AF4 Connexin Cell coupling ? 
38,39

KCNE1 21q22.1 AF5 minK β IKs ↓  ? 
40,41

KCNA5 12p13 AF6 KV1.5 α IKur ↓ ? 
42

ANK2 4q25 AF7, Bradycardia, LQTS4 Ankyrin-B INa,K ↓ INCX ↓ ? 
43-45 

KCNH2 7q35 AF8, SQTS2 KV11.1 α IKr ↑ HERG ? 
46

ABCC9 12p12.1 AF9 SUR2A β Ca
2+

?
47

SCN5A 3p21 AF10 Nav1.5 α INa ↑
Ω

?

HCN4 15q24 SSS, AF, Bradycardia HCN4 α If ↓ ? 
48-50 

SCN5A 3p21 SSS, congenital NaV1.5 α INa ↓ ? 
5

SCN5A

GJA5

3p21 

1q21.1 

SSS, atrial standstill 

(coinheritance) 

NaV1.5 α

Connexin 

40

INa ↓

Coupling ↓

?
33

RyR2 1q42 AT, CPVT1 RyR2 α SR Ca
2+

 leak ? 
51,52

Genes are highlighted by functional association and consistently throughout tables 1–5. AT indicates atrial tachycardia; 1, gain-of-function; 2,

loss-of-function; and ?, unknown.
¶Relative syndromic occurrence has not been determined.
�Not determined for novel SCN5A variants.
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a decrease in the level of channel expression, or acceleration

of inactivation.63 The resulting clinical phenotypes include

LQTS3, BrS1, and heart block. LQTS3-associated Na� chan-

nel mutations enhance slow gating components and increase

late persistent inward current as the basis for early afterde-

polarizations as triggers of ventricular tachycardia (VT)/VF,

especially at slow heart rates. A delK1500 mutation in the

Na� channel III-IV interdomain linker identified in a family

with LQTS3, BrS1, and CoD resulted in reduction of inacti-

vation and an increased late current component.21 Deletion of

amino acid residues 1505 to 1507 (�KPQ) in the cardiac Na�

channel cause autosomal dominant LQTS3 and excessive

prolongation of the action potential at low heart rates that

predispose to development of fatal arrhythmias, typically at

rest or during sleep. Mice heterozygous for a knockin �KPQ

deletion resemble the LQTS3 phenotype and show an in-

creased late Na� current during the plateau phase of the action

potential.64 SSS was identified as the first recessive disorder

of SCN5A, and biophysical characterization of the Na�

channel mutants demonstrated loss of function or significant

impairments in channel gating (inactivation) that predict

reduced myocardial excitability.5

Complex Biophysical Phenotypes

Examples of LQTS3 combined with either BrS119 or congen-

ital heart block65,66 and cases of BrS1 with impaired conduc-

tion have been documented.67 In 1 unique family, all 3

clinical phenotypes occur together.21 The increase in the late

Na� current component shifts the current-voltage relation

during repolarization such that reactivation of Cav1.2 and

early afterdepolarizations occur. The subgroup of patients

with BrS1 Na� channel mutations has a conduction distur-

bance: Slow conduction delays endocardial-to-epicardial ac-

tivation, resulting in paradoxical endocardial-to-epicardial

repolarization (normal repolarization occurs in the epicardial-

to-endocardial direction) and ST-segment and T-wave

changes. This subgroup of patients also has HV-interval

prolongation during electrophysiological study, confirming

the presence of conduction slowing. In 2007, we do not fully

understand the reasons for interfamily and interindividual

clinical variability association with SCN5A mutations. For

some of the mixed arrhythmia phenotypes, the pattern of Na�

channel dysfunction suggests plausible mechanisms respon-

sible for multiple manifestations. However, for most of these

mixed disorders, we cannot exclude a role for other genetic or

Table 3. Long QT and Related Arrhythmia Syndromes

Long QT Syndrome (LQTS)* including Sudden Infant Death Syndrome (SIDS) 
₤ 

Gene Locus Syndrome Protein &  

subunit 

Function &  

abnormality 

Occurs   

In 
¶ 

Ref.  

KCNQ1 11p15.5 LQTS1, SIDS 
₤ 

KV 7.1 αα I Ks ↓  KvLQT1 30-35%  
74,77,165  

KCNH2  7q35 LQTS2, SIDS 
₤ 

K V 11.1 α α I Kr ↓  HERG 25-30%  
75 

SCN5A 3p21 LQTS3, SIDS 
₤ 

Na V 1.5 α α I Na ↑  5-10%  
1,12,28,150  

ANK2 4q25 LQTS4, ABS  
$ 
 Ankyrin-B  I Na,K ↓ I NCX ↓  1-2%  

43-45  

KCNE1 21q22.1 LQTS5  minK β β I Ks ↓   1%  
76,78 

KCNE2 21q22.1 LQTS6, SIDS 
₤ 

MiRP1 β β I Kr ↓  rare  
79 

KCNJ2  17q23 LQTS7, ATS  
# 

Kir2.1 α α I K1 ↓  rare  
80,81 

CACNA1C  12p13.3 LQTS8, TS  
& 

Ca V 1.2 α α 1c I Ca,L ↑  rare  
82,83 

CAV3 3p25 LQTS9, SIDS 
₤ 
 Caveolin-3  I Na ↑  rare  

84,85 

SCN4B 11q23 LQTS10  Na V 1.5 β β 4 I Na ↑ rare 
86 

AKAP9 7q21 LQTS11 
Ω Ω
 Yotiao   I Ks ↓  KvLQT1 rare 

159a 

KCNQ1 11p15.5 JLNS1  
+ 

KV 7.1 αα I Ks ↓  KvLQT1 rare  
87,88 

KCNE1 21q22.1 JLNS2  
++ 

minK β β I Ks ↓   rare  
78 

Genes contributing to the same membrane currents and/or distinct phenotypes are marked similarly for ease of comparison within and between Tables

1 through 5. 1 indicates gain of function; 2, loss of function.

*LQTS indicates Romano-Ward (RW) syndrome resulting from autosomal-dominant heterozygous mutations, nomenclature is considered historical

because of low average QTc penetrance of �60%;148 mechanism-based classification by protein dysfunction is preferable.
£LQTS- and CPVT1-causing mutations probably account for �10% to �15% of SIDS.10, 184, 185

$Ankyrin-B syndrome (ABS) including sinus bradycardia, paroxysmal AF, VF, polyphasic T waves; see also Tables 2 and 5.
#Andersen Tawil syndrome (ATS): �50% to �60% are KCNJ2 mutation carriers including periodic muscle paralysis and developmental abnormalities.
&See also Table 5.
�The A kinase anchoring protein (AKAP9) yotiao binds to a leucine zipper motif in the KCNQ1 C-terminus and to protein kinase A (PKA) and protein

phosphatase-1, which mediate cAMP-dependent channel modulation by the sympathetic nervous system.159a

�Jervelle and Lange-Nielsen syndrome type 1 (JLNS1) with autosomal-recessive inheritance resulting in homozygous loss-of-function mutations,

congenital deafness, QTc prolongation, and ventricular tachyarrhythmias.
��Jervelle and Lange-Nielsen syndrome type 2 (JLNS2) with compound heterozygous mutations; asymmetric T waves with rapid terminal configuration.
¶Relative syndromic occurrence for a given genetic syndrome (in %).
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environmental factors in determining the type of clinical

disease associated with particular mutations.

Predicting Effects of Specific Na� Channel Kinetic
Perturbations on Myocardial Dynamics
Common single-scale approaches often fail to reveal the most

sought after information: how disruptions in proteins due to

mutations and consequently through complex interactions

(behaviors of cells) lead to triggers that result in recurrent

disorganized cardiac excitation, an arrhythmia hallmark.

Computational approaches permit utilization and integration

of experimentally and clinically obtained information gath-

ered at individual system scales to understand arrhythmogen-

esis. Simulations can be undertaken to relate the integrated

electrophysiological behavior of the cell to state-specific

single-channel events. Such approaches may allow prediction

of the effect of a mutation that alters a single voltage-

dependent transition or, even more complex, multiple discrete

transitions on the whole-cell behavior due to multiple non-

linear interactions within the cellular environment and cell-

to-cell coupling in cardiac tissue.

An absolute requirement for using computational methods

to make connections between Na� channel defects and

disease is the development of sufficiently detailed models

that accurately recapitulate all the basic features of Na�

channel gating. Numerous experimental studies have shown

that arrhythmia-linked mutations tend to affect single or

specific multiple discrete transitions. Virtual transgenic car-

diomyocytes have been used to demonstrate how specific

defects disrupt channel-gating kinetics and underlie likely

cellular arrhythmogenic mechanisms. Several investigations

showed how modal gating of the Na� channel contributes to

LQTS3.68,69 Modeling approaches have also been used to

investigate dynamics of channel gating under conditions of

changing voltage, so-called nonequilibrium gating, to identify

the mechanism of rate dependence of slow-gating, noninac-

tivating current and to reveal a possible mechanism of

conduction slowing.70–72 Modeling studies have helped to

explain the propensity to drug-induced arrhythmia in blacks

who carry a common SCN5A-S1103Y polymorphism.12

Unanswered Questions and Opportunities for
Future Research
In addition to its role in impulse transmission in the special-

ized conduction system, atria, and ventricles, Na� channel

function contributes to maintenance of the action potential

plateau and excitation-contraction coupling. As a result of the

complex physiological roles, Na� channelopathies may result

in multiple distinct or overlapping phenotypes, including

mixed arrhythmic phenotypes, primary CoD, and DCM.

SCN5A mutations in CoD are characterized by depolariza-

tion/repolarization abnormalities and the extent and site of

conduction block. The most profound phenotype is atrial

standstill, with loss of atrial excitability and prolonged

ventricular depolarization. Heterozygous mutation carriers

exhibit mild conduction abnormalities and no evidence of

sudden death or Brugada-like symptoms. In congenital SSS,

compound heterozygous pairing of SCN5A mutations and

biophysical characterization showed defects consistent with

impaired inactivation and slowed recovery from inactivation

but no persistent late currents. The combination of SCN5A-

D1275N with a Cx40 promoter polymorphism was associated

with late-onset SSS (Table 2). The challenge of low-

penetrance alleles is to identify silent carriers with loss-of-

function SCN5A mutations that develop a phenotype later in

life and to explain mechanisms that rescue heart rhythm in

early childhood. It is important that future studies investigate

associated fibrosis mechanisms in patient tissues and develop

a rationale for SSS treatment in the elderly.

Factors Accounting for Chamber-Specific Phenotype
Expression
Na� channels interact with multiple proteins, are targeted to

specific membrane locations, and are regulated by a multitude

of mechanisms. Therefore, genetic, functional, and modula-

tory mechanisms may all contribute to chamber-specific

phenotype expression.43,73 Mutations that affect any of these

associated mechanisms may cause alterations in Na� channel

expression within the atria, ventricles, or conduction system.

An important future research question will be to identify

factors that underlie chamber-specific manifestation of Na�

channel mutations and their interaction with modulatory

molecules.

An additional challenge is to understand the variable

phenotype expression associated with the same or similar

SCN5A mutations, the identification of Na� channel interac-

tions with other molecular and cellular proteins, and genetic

modifiers. For instance, the functional consequences of phos-

phorylation by protein kinases A and C are controversial. The

controls of trafficking and channel expression localization are

unresolved questions. Few high-resolution data are available

to support structure-function correlations. Nuclear magnetic

resonance and circular dichroism studies have been per-

formed on small segments of the protein. The high structural

resolution afforded by x-ray crystallography has not been

applied to the Na� channel, and structural data from K�

channels suggest that the motifs inferred from sequence data

are simplistic.

The understanding of channel modulation by age-related

factors and by sex hormones is limited, which may explain

why some arrhythmia triggers are gender mediated. There-

fore, it seems important to develop models of age- and

environment-dependent factors to understand arrhythmia syn-

dromes. Although Na� channel behavior appears to be con-

sistent throughout species, the common mouse models show

important phenotypic differences from human disease. Ide-

ally, animal or computational models need to replicate all

electrophysiological abnormalities seen in the human heart.

Understanding how SCN5A mutations confer arrhythmia

susceptibility and other phenotypes should proceed to appro-

priate animal models. Such studies will be guided by predic-

tions made with the use of computational modeling ap-

proaches and in vitro studies with recombinant Na� channels

expressed in their native environment. Studies in transgenic

models provide additional insights not readily predictable

from heterologous expression. The LQTS3-associated Na�

channel mutations enhance the slow components of gating

observed in the normal phenotype. The resulting increase in
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the late current shifts the current-voltage trajectory in the

inward direction and causes membrane oscillations that are

the basis for early afterdepolarizations. The challenge will

reside in developing novel therapeutic approaches that are

tailored to precise genotypes or are capable of correcting

specific Na� channel dysfunctions.

Cardiac K� Channelopathies

Normal Cardiac K� Channel Function
Multiple K� channels, with distinct physiological roles, have

been identified in the heart. Myocardial K� channels function,

for example, to control resting membrane potentials, action

potential plateau potentials, and both the initiation and the

duration of membrane repolarization. Available evidence

suggests that cardiac K� channels reflect the homomeric or

heteromeric assembly of 4 voltage-gated (Kv) or inward

rectifier (Kir) pore-forming �-subunits, together with acces-

sory subunits and regulatory proteins. Heterologous expres-

sion of KCNQ1 (KvLQT1) alone yields rapidly activating Kv

currents, whereas coexpression with KCNE1 (minK) pro-

duces slowly activating currents that resemble the slow

component of cardiac delayed rectification, IKs, suggesting

that cardiac IKs channels reflect the coassembly of the

KCNQ1 and minK proteins. Although expression of KCNH2

(HERG) reveals currents that are similar to the rapid cardiac

delayed rectifier, IKr, both KCNE1 (minK) and KCNE2

(MiRP1) have been suggested to function in the generation of

cardiac IKr channels (Table 3).

Dysfunction in K� Channel–Based Cellular Pathways and
LQTS
LQTS is associated with increased risk of syncope and

sudden death from ventricular tachyarrhythmias, including

torsades des pointes and VF. Several LQTS genes have been

identified, and most encode the subunits of repolarizing

voltage-gated Kv channels. LQTS-linked mutations in the K�

channel pore-forming �-subunit genes KCNQ1 (LQTS1) and

KCNH2 (LQTS2) account for the majority of inherited cases

(multigenetic arrhythmia syndromes are numbered sequen-

tially to identify and discriminate specific genotype–pheno-

type relationships; refer to Table 3). Mutations in K� channel

accessory subunits KCNE1 (LQTS5) and KCNE2 (LQTS6)

occur in �1%. Mutations in KCNJ2, encoding the inward

rectifier K� channel �-subunit Kir2.1, a component of cardiac

IK1, have been linked to LQTS7 or Andersen Tawil syndrome.

In �25% of LQTS families, the genetic link remains to be

established.

Heterozygous mutations in KCNQ1 and KCNH2 were first

linked to the autosomal dominant inherited LQTS (Romano-

Ward). Numerous KCNQ1 (LQTS1) and KCNH2 (LQTS2)

mutations have been identified throughout the (KvLQT1 and

HERG) protein sequences, and expression studies have sug-

gested that all are loss-of-function mutations due to haploin-

sufficiency or to the generation of dominant negative sub-

units, which result in reduction in functional cell surface

expression of IKs or IKr channels. In addition, many KCNH2

mutations affect the processing of the channel proteins and

the trafficking of assembled K� channels to the cell surface.

LQTS7 mutations in KCNJ2 are also loss-of-function muta-

tions that result in reduced IK1 density. Computer simulations

confirm that reduced IKs, IKr, or IK1 densities will result in

prolongation of ventricular action potentials. Given the in-

trinsic heterogeneities in channel densities and action poten-

tial waveforms in the ventricular myocardium, KCNQ1,

KCNH2, KCNE1, KCNE2, and KCNJ2 mutations result in

heterogeneous dispersion of repolarization. Patients with

autosomal recessive (Jervelle and Lange-Nielsen) LQTS are

homozygous for loss-of-function mutations in either KCNQ1

or KCNE1 (Table 3). These patients have a more severe

cardiac phenotype and complete loss of IKs in the hair cells

and endolymph of the inner ear, resulting in congenital

deafness.

Dysfunction in K� Channel–Based Cellular Pathways and
Short-QT Syndrome
Short-QT syndrome (SQTS) is a more recently described

syndrome characterized by ECG shortening of the QT inter-

val and episodes of syncope, paroxysmal AF, and life-

threatening cardiac arrhythmias. SQTS usually affects young

and otherwise healthy individuals with no structural heart

disease; it may be expressed as sporadic cases as well as in

families. SQTS was originally identified in a family with

short QT and AF, including a member who suffered SCA.89

Families with a high incidence of SCA90 and missense

mutations in KCNH2 were linked to SQTS1 (Table 4).46,91–94

The biophysical analysis showed a gain-of-function defect

in KCNH2 (HERG). Shortly thereafter, a mutation in KCNQ1

responsible for SQTS2 was identified in a 70-year-old indi-

vidual who suffered VF and had a QTc interval of 302 ms

after resuscitation.93 Similar to SQTS1, biophysical analysis

showed a gain-of-function defect in KCNQ1 (KvLQT1). A

Table 4. Short-QT Syndromes

Short QT Syndrome (SQTS) 

Gene Locus Syndrome Protein & 
subunit

Functional 
abnormality 

Occurs  
In

¶
Ref. 

KCNH2 7q35 SQTS1 KV11.1 α IKr ↑ HERG ? 
46,91,92 

KCNQ1 11p15.5 SQTS2 KV7.1 α IKs ↑ KvLQT1 ? 
35,93

KCNJ2 17q23 SQTS3 Kir2.1 α IK1 ↑ ? 
94

1 indicates gain of function; ?, unknown.
¶Relative syndromic occurrence for a given syndrome has not been determined.
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second gain-of-function mutation in KCNQ1 has been asso-

ciated with SQTS2 and AF in a newborn patient.35 An

additional form, SQTS3, has been linked to mutations in

KCNJ2 underlying IK1.94 When expressed in CHO cells, the

mutant Kir2.1 subunits generated IK1-like channels that did

not rectify as much as the wild-type channels, resulting in

larger outward K� currents in the physiological range of

membrane potentials. Gain-of-function defects in 3 different

K� channel genes have therefore now been identified in

SQTS; there will likely be more. Clinical and biophysical

research efforts have enabled the investigation of possible

therapeutic interventions, such as quinidine, which was found

to improve (prolong) the QT interval in mutation carriers and

which is presently recommended in patients who cannot

receive a defibrillator or who have received multiple implant-

able cardioverter-defibrillator (ICD) shocks.90,95

Metabolism-Sensing ATP-Sensitive K� Channel Variants
Heart failure (HF) is a disease with a high prevalence of SCA

and arrhythmias. The significance of the sarcolemmal ATP-

sensitive K� (KATP) channel for cardiac protection from HF is

indicated by mutations that produce abnormal channel phe-

notypes with compromised metabolic signaling in patients

with inherited cardiomyopathy.96 A causal relationship be-

tween KATP channel dysfunction and the development of HF

has been shown in models of experimental hypertension in

which knockout of the KCNJ11 gene, encoding the Kir6.2

pore-forming subunit of the KATP channel, predisposed to HF

and sudden death.97 In the heart, KATP channel activity has

been linked to homeostatic shortening of the action potential

under stress and a deficit in repolarization reserve, as dem-

onstrated in Kir6.2-knockout hearts with an increased risk for

triggered activity and ventricular arrhythmia.98 Defects in

hypertension-induced metabolic distress signals via the KATP

channel may cause pathological Ca2� overload, aggravated

cardiac remodeling, and arrhythmias that could potentially be

targeted by novel pharmacological approaches.

The significance of KATP channels in human disease is

further underscored by an ABCC9 missense mutation

(T1547I) in the SUR2A nucleotide sensing channel subunit

conferring risk for adrenergic-mediated AF originating from

the vein of Marshall, a recognized source for adrenergic AF

(Table 2).47 Targeted knockout of the KATP channel verified

the pathogenic link between channel dysfunction and predis-

position to adrenergic AF. ABCC9 mutation–induced AF

susceptibility was cured by radiofrequency ablation disrupt-

ing the substrate for arrhythmia conferred by KATP

channelopathy.47

Current Challenges and Important Issues for Future
Studies
Since identification of the LQTS-causing genes KCNQ1 and

KCNH2, considerable progress has been made in the charac-

terization of specific gene mutations in affected families, the

discovery of additional LQTS genes, and linkage of novel

phenotypes such as SIDS (Table 3). Refined clinical pheno-

typing of LQTS families has led to improved, disease-

specific, therapeutic paradigms. Nevertheless, important

problems remain such as the identification of the genetic and

environmental factors that affect the well-documented indi-

vidual variations in disease susceptibility, induction (onset),

presentation, and severity. Studies focused on the identifica-

tion and characterization of gene modifiers and proteins will

provide new insights into cellular and systemic disease

mechanisms while facilitating the development of improved

paradigms for risk assessment and therapeutic intervention.

Although AF is the most common arrhythmia, genetic defects

responsible for AF and their molecular mechanisms remain

incompletely understood (Table 2).

Phenotypic characterization of SQTS is in its early stages

(Table 4), although it is now well accepted that a QT interval

�320 ms indicates increased SCA risk. It also appears that a

gradient of phenotypic severity likely exists according to QT-

interval length similar to LQTS.99 From a therapeutic point of

view, the first line of therapy in individuals recovered from

SCA or with a history of syncope is the implantation of an

ICD.90 Although some of the class III antiarrhythmic agents

appear suitable for SQTS1,91,95,100 no specific pharmacolog-

ical treatment for SQTS2 and SQTS3 is yet known. Similar to

LQTS, SQTS is a polygenetic disease highlighting the need to

characterize each individual form to specifically direct ther-

apeutic approaches.

Apart from the identification of novel LQTS genes, muta-

tions, modifier genes, and proteins, delineation of protein

trafficking mechanisms and regulatory pathways has emerged

as an important area. Proteomics of ion channel macromo-

lecular complexes is increasingly recognized as important.

Genetically engineered large-animal models of LQTS will be

necessary to help to translate basic sciences into the human

context. An improved transitioning process into clinical

medicine will be necessary to translate complex genotype–

phenotype relations from the basic sciences. Renaming and

realignment of disease entities based on improved genotype–

phenotype characterization according to channel and modifier

dysfunction are important to facilitate comprehensive char-

acterization beyond preliminary or early phenotype descrip-

tion. Current recommendations suggest that “inclusive” phe-

notype classification systems such as “cardiomyopathy” are

preferable to more exclusive ones such as “electric heart

disease,” which tend to underestimate phenotype expres-

sion.56 Finally, continuous improvement of risk assessment

and stratification in mutation carriers together with develop-

ment of targeted, gene, or mutation-specific therapies is

necessary to provide more effective and specific therapeutic

options.

Arrhythmias Linked to Ca2� Transport
Mechanisms

Dynamic Roles of Ca2� in Arrhythmogenesis
Changes in intracellular Ca2� cycling within macroscopic car-

diac regions contribute to an unstable conduction substrate and

the development of ectopic electric activity.101,102 Underlying

this change in electric activity are characteristic changes in

intracellular Ca2� signals and Ca2� storage organelle (sarcoplas-

mic reticulum [SR]) content occurring in subcellular compart-

ments in a tissue-specific manner.103–105 The primary feature of

Ca2�-dependent arrhythmias is an unstable state of SR Ca2�

storage, which may be rate dependent and sensitive to hormonal

and pharmacological modulation. Thus, cellular and molecular
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studies have linked inherited arrhythmias (eg, LQTS4 or

CPVT1) to arrhythmogenic mechanisms that are similar to those

seen in more common disease forms such as HF.43,105–109

Changes in the subcellular spatial organization of heart cells may

further contribute to abnormal Ca2� signaling.109–111 Addition-

ally, changes in the Ca2� sensitivity of excitation-contraction

coupling and Ca2� cycling proteins can directly contribute to

arrhythmogenesis.107,112,113

Under resting, diastolic conditions, spontaneous elemen-

tary Ca2� release events (sparks) occur at a rate of �100 s�1

per cardiomyocyte, each representing the activity of a single

functional SR Ca2� release complex containing tens to hun-

dreds of cardiac RyR2 channels. Each Ca2� spark produces a

local SR Ca2� depletion within the SR lumen visualized as

Ca2� “blinks.”114 SR Ca2� overload produces higher spark

rates that may form abnormal intracellular Ca2� waves that

alter the electric properties of cardiomyocytes. In HF,

T-tubule remodeling results in signaling changes affecting SR

Ca2� release structures. The consequence of T-tubule remod-

eling is dyssynchronous SR Ca2� release that may disrupt

CaV1.2-RyR2 signaling and contribute to arrhythmogenesis.

Timothy Syndrome and CaV1.2 Mutations
Timothy syndrome (TS) is a multisystem disorder character-

ized by congenital heart disease including LQTS8 (Tables 3

and 5) and cardiac arrhythmias including bradycardia, atrio-

ventricular block, torsades de pointes, VT, and VF contrib-

uting to early mortality.82

Common features include syndactyly, dysmorphic facial

features, myopia, immunodeficiency with recurrent infec-

tions, intermittent hypoglycemia, and hypothermia. Children

with TS show developmental delay, autism, and generalized

cognitive impairment. TS results from a de novo, gain-of-

function missense mutation in splice exon 8A of CACNA1C

that encodes the pore-forming �-subunit (CaV1.2) of the

cardiac L-type Ca2� channel, a key protein in excitation-

contraction coupling in the heart that is also expressed in the

brain, smooth muscle, immune system, teeth, and testes.125

Heterologous expression of mutant and wild-type channels

Table 5. Ca2�-Dependent Arrhythmia Syndromes

Timothy Syndrome (TS) and Autism Spectrum Disorder (ASD)  

Gene Locus Syndrome Protein &  
subunit 

Functional  
abnormality  

Occurs   
In 

¶ 
Ref.  

CACNA1CA 12p13.3 TS1, ASD 
 * 

Ca V 1.2 αα 1C I Ca,L ↑  ?  
82 

CACNA1C  12p13.3 TS1, ASD 
 * 

Ca V 1.2 α α 1C I Ca,L ↑  ?  
83 

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) 

Gene Locus Syndrome Protein & 
subunit

Functional 
abnormality 

Occurs  
In

¶
Ref. 

RyR2 1q42 CPVT1, SIDS 
₤

RyR2 α SR Ca
2+

 leak ↑ 50-60% 
115-117 

RyR2 1q42         CPVT1, LQTS 
#

RyR2 α SR Ca
2+

 leak ↑ ? 
51,118 

RyR2 1q42         CPVT1, ARVC2 RyR2 α SR Ca
2+

 leak ↑ ? 
119

CASQ2 1p13.3 CPVT2 Calsequestrin SR Ca
2+

 leak ↑ < 5% 
120,121 

KCNJ2 17q23 CPVT ? 
Ω

Kir2.1 α IK1 ↓ ? 
80,123,156 

ANK2 4q25 CPVT ? 
†
 Ankyrin-B SR Ca

2+
 leak ↑ ? 

43,44,45,122 

Dilated Cardiomyopathy (DCM) 

Gene Locus Syndrome Protein & 
subunit

Functional 
abnormality 

Occurs  
In

¶
Ref. 

ABCC9 12p12.1 DCM, VT SUR2A β Ca
2+

 overload ↑ ?
47,96

PLN 6q22.1 DCM, HF, LVH PLN β Ca
2+

 overload ↑ ? 
124,132 

AT indicates atrial tachycardia; LVH, left ventricular hypertrophy; black boxes, genes directly involved in Ca2� transport function;1, gain of function;

2, loss of function; ARVC2, Arrhythmogenic Right Ventricular Cardiomyopathy type 2 (atypical form of ARVC); and ATS, Andersen Tawil syndrome.
¶Estimated occurrence within a given syndrome.

*Timothy syndrome (TS): multisystem disorder including congenital heart disease, AF, VT, autism, syndactyly in 100%, musculoskeletal disease,

immune dysfunction; CACNA1C has been associated with more severe arrhythmia risk, absence of syndactyly, and nemaline rod myopathy.
£LQTS- and CPVT1-causing mutations may account for �10% to �15% of SIDS.
#QTc intervals of select groups of RYR2 mutation carriers were reported as slightly but significantly longer (for comparison to LTQS, see Tester et al186).
�Some KCNJ2 mutation carriers exhibit CPVT-like symptoms including bidirectional VT and/or normal QT intervals.
†Some ANK2 mutation carriers exhibit CPVT-like symptoms, including stress-induced VT, syncope, sudden cardiac arrest, and/or normal-to-borderline

QT intervals.
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demonstrated that the causative mutation, G406R, results in

loss of voltage-dependent channel inactivation likely to in-

duce intracellular Ca2� overload in multiple cell types. In an

atypical case of TS with severe QT-interval prolongation,

skeletal nemaline myopathy, but no syndactyly, a de novo

missense mutation was found that was affecting the dominant

cardiac splice exon 8. One analogous TS-associated mutation,

G406R, and another, G402S, both cause loss of voltage-

dependent channel inactivation, leading to maintained inward

Ca2� currents possibly by affecting a gating hinge mecha-

nism.83 CACNA1C mutations in TS include cardiac and

autism spectrum phenotypes, indicating the importance of

including the central nervous system in the disease charac-

terization (Table 5).

Catecholaminergic Polymorphic VT Resulting From
RYR2 and CASQ2 Mutations
Catecholaminergic polymorphic VT (CPVT) is a familial

cardiomyopathy characterized by stress-induced ventricular

arrhythmias that result in syncope and sudden death in

children or young adults. Two major genetic variants have

been identified: The majority of cases have been linked to

missense mutations in the RYR2 gene encoding the ryanodine

receptor, the principal intracellular Ca2� release channel of

the heart (CPVT1)115,116; additionally, unrelated cases have

been linked to a recessive form caused by homozygous

mutations in the CASQ2 gene encoding calsequestrin2

(CPVT2), a low-affinity, high-capacity Ca2� buffering pro-

tein of the SR Ca2� storage organelle.120,126 Recently, muta-

tions in RYR2 associated with a CPVT1-like phenotype were

discovered as an uncommon cause of SIDS.117

Different RYR2 missense mutations resulted in a gain-of-

function defect characterized by high channel open probabil-

ity during sympathetic stimulation consistent with a “leaky”

channel phenotype.107,112 The inability of CPVT-mutant

RyR2 to achieve stable channel closure is amplified by

protein kinase A phosphorylation of RyR2-Serine-2808

(S2808) and was associated with abnormally decreased cal-

stabin2 (FKBP12.6) binding compared with wild-type RyR2

channels.107,112 Accordingly, RyR2-S2808A knockin pre-

vented VT and sudden death, indicating that protein kinase A

phosphorylation of Ser2808 is a key mediator of RyR2

dysfunction during catecholaminergic VT.127 The mechanism

of stress-induced arrhythmias in the calstabin2-deficient

background appears to be triggered activity, as evidenced by

intracellular Ca2� leak causing a transient inward current (Iti)

and delayed afterdepolarizations.107,108 Intracellular Ca2� leak

and delayed afterdepolarizations have been confirmed in

HL-1 cells expressing mutant RyR2 and in a CPVT1 knockin

mouse model.128,129 Neutralizing a charge in a mutant

calstabin2-D37S increases binding to and rescues mutant

RyR2 channel function and prevents SR Ca2� leak in vitro

and in vivo.107,130 JTV519, a 1,4-benzothiazepine derivative,

normalized mutant RyR2 channel function.112 Because all

CPVT mutant RyR2 channels showed a reduced calstabin2

binding affinity, the arrhythmogenic consequences of calsta-

bin2 deficiency were investigated in a knockout mouse.

Stress testing by treadmill exercise followed by epinephrine

injection resulted in polymorphic sustained VT in

calstabin2�/�-deficient mice, which could not be prevented

by JTV519 treatment.107,131 However, JTV519 prevented

sustained VT in haploinsufficient calstabin2�/� mice, consis-

tent with in vivo rebinding of calstabin2 to RyR2 and

normalization of single-channel function.131

Phospholamban Mutations
Heart muscle relaxation occurs from SR Ca2� reuptake

mediated by SERCA2a Ca2� pumps. Phospholamban (PLN),

a 52–amino acid transmembrane SR protein, inhibits

SERCA2a in its dephosphorylated state. SERCA2a activity is

decreased in human HF, potentially contributing to intracel-

lular Ca2� overload and arrhythmias. A PLN-R9C mutation in

the cytosolic PLN domain occurs in inherited, rapidly pro-

gressive DCM (Table 5), and transgenic mice expressing the

mutant PLNR9C protein resemble the human phenotype.132

PLNR9C traps protein kinase A, preventing PLN phosphory-

lation and resulting in chronic SERCA2a inhibition. A

homozygous PLN mutation (L39stop) results in PLN defi-

ciency and progressive DCM, indicating that lack of PLN

expression is detrimental to humans.124 The PLN-Arg14del

mutation in the human PLN gene results in superinhibition of

SERCA2a activity, indicating that a gain of inhibitory PLN

function predisposes to DCM and potentially early death

from arrhythmias.133 Whether PLN mutations and SERCA2a

dysregulation directly cause cardiac arrhythmias needs to be

addressed by future research.

Arrhythmias Linked to Accessory, Regulatory, and
Scaffolding Proteins

Dysfunction in Ankyrin-B
How do defects in proteins not comprising membrane ion

transporters result in arrhythmias? Ion channels and trans-

porters in higher vertebrates function within specialized

cellular microdomains (compartments) and depend on local

regulation by protein complexes. Ankyrins are membrane-

adaptor proteins that link structurally unrelated ion channels,

transporters, and cell adhesion molecules with the spectrin-

and actin-based cytoskeleton134 in many cell types.135 Two

unique ankyrin gene products, ankyrin-B (ANK2) and

ankyrin-G (ANK3), target ion channels and transporters to

distinct cardiomyocyte membranes. Human ANK2 variants

resulting in ankyrin-B loss of function cause the “ankyrin-B

syndrome” (including LQTS4) originally identified in

E1425G carriers (prolonged QTc not common in all variant

carriers), including bradycardia, AF, CoD, and increased risk

for catecholaminergic sudden death (Tables 3 and 5).43,122

Heterozygous mice with reduced ankyrin-B expression re-

semble the LQTS4 phenotype and implicate aberrant intra-

cellular Ca2� homeostasis in the generation of stress-induced

arrhythmias.43 Loss-of-function ankyrin-B mutations result in

loss of cellular targeting and expression of the ankyrin-

binding proteins Na�/K� ATPase, IP3 receptor, and Na�/Ca2�

exchanger to their appropriate membrane microdomains.43,136

With the use of a combined neonatal cardiomyocyte overex-

pression and rescue strategy, distinct functional classes of

ANK2 loss-of-function variants have been identified that

correspond with the severity of arrhythmia expression in the

respective mutation carriers.45 Importantly, variants with less
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severe in vitro phenotypes (eg, L1622I) appear to be present

in a small percentage of the population.44,45 The principal

voltage-gated Na� channel in the heart, Nav1.5, is directly

associated with ankyrin-G (encoded by ANK3) required for

correct Nav1.5 targeting and expression.137 Human variants in

SCN5A that disrupt interaction between ankyrin-G and Nav1.5

result in decreased Nav1.5 expression at the cardiomyocyte

intercalated disc and cause BrS1.137 Dysfunction in ankyrin-

based pathways in human arrhythmias clearly demonstrates

the importance of precise ion channel and transporter target-

ing and localization pathways.

Caveolin-3 Mutations Cause LQTS9
Caveolin-3 (Cav-3) is a muscle-specific isoform and principal

protein component of caveolae, 50 to 100 nm invaginations

that represent subcompartments of the plasma membrane.

Cav-3 contains a 20–amino acid scaffolding domain (resi-

dues 54 to 73) that is critical for interaction with associated

signaling molecules. Cav-3 copurifies with dystrophin and

dysferlin, and mutations in these 3 proteins have been linked

to inherited muscular dystrophies. In Japanese brothers with

hypertrophic cardiomyopathy whose father with hypertrophic

cardiomyopathy had died suddenly, a T63S substitution in

CAV3 was identified.138 Four novel mutations in CAV3 were

found recently that result in increased late Na� current and

LQTS9 arrhythmias84 similar to LQTS3-associated SCN5A

mutations (Table 3). Cav-3 and NaV1.5 colocalize to caveolae

in human myocardium. More recently, missense mutations in

Cav-3 were discovered in a small subset of black infants

dying from apparent SIDS. Similar to the patients with

LQTS, the SIDS-associated Cav-3 mutations accentuated the

late Na� current attributed to the otherwise intact Na� channel

�-subunit.85 Future studies are needed to address the molec-

ular mechanisms that result in the gain-of-function defects

associated with these mutations.

SCN4B Mutations Cause LQTS10
Akin to the K� channel �-subunits responsible for LQTS5

and LQTS6, the Na� channel �4 subunit encoded by SCN4B

has been established as a novel, albeit rare, LQTS-

susceptibility gene (LQTS10; Table 3). Identified in a mul-

tigenerational Mexican-mestizo family, the missense muta-

tion conferred a secondary gain of function on the Na�

channel such that the accentuated late Na� current mimicked

that of classic LQTS3-associated mutations in SCN5A.86

Intracellular Targeting and Signaling Defects Indicate

Common Mechanisms
Overlap between genetic defects responsible for cardiomyop-

athies and arrhythmias is important in the understanding of

complex disease phenotypes.56 Interactions between ion

channels and structural proteins of the cardiomyocyte cy-

toskeleton and sarcomere, as well as nuclear proteins, need to

be evaluated. For instance, DCM may occur because of

disruption of the link between the sarcolemma and sarcomere,

and young male dystrophin mutation carriers and their moth-

ers develop both cardiomyopathy and arrhythmias. Interac-

tions between cytoskeletal proteins, such as dystrophin, with

Na� (and other ion) channels may provide an explanation for

how structural defects translate into arrhythmic mechanisms.

Interactions with the dystrophin-sarcoglycan complex indi-

cate that a monogenetic disruption may cause a multitude of

distinct defects.139 In arrhythmogenic right ventricular car-

diomyopathy, desmosome function is disturbed, leading to

disruption of intercalated discs and fibrofatty replacement of

the myocardium. Arrhythmias may result after disruption of

membrane-bound channels from the desmosome apparatus.

At least 6 of the LQTS-susceptibility genes (ANK2, KCNE1,

KCNE2, CAV3, SCN4B, and AKAP9) do not encode pore-

forming ion channel �-subunits, and these findings strongly

support the notion that defective protein-protein interactions

or targeting mechanisms contribute to arrhythmogenesis (Ta-

ble 3). Specific animal models are required along with

cellular studies to elucidate mechanisms and dissect protein-

protein interactions and their specific regulation.

Summary and Future Directions
Arrhythmia mechanisms caused by defective targeting and

expression of ion transporters (eg, ankyrin mutations) may

depend critically on the native cardiac cellular environment,

which differs from heterologous expression systems because

of proteome- and cell type–specific expression characteris-

tics. Moreover, specific genetic defects in ion transporters

may cause structural pathology (eg, fibrosis), implicating an

important role of fibroblasts or other cell types that may

directly contribute to the arrhythmogenic substrate. Important

unresolved questions include the following: How does spatial

remodeling influence Ca2�-dependent arrhythmogenesis?

How does microdomain signaling influence cellwide func-

tion? How do ion channels and transporters interact with

cytoskeletal, regulatory, and other effector proteins? How do

changes in the spatial organization of heart cells influence the

ability of the conductive medium to generate and support

altered signal propagation? In addition, how does this cellular

architecture differ among the various types of electrically

excitable cell types, as well as with the nonexcitable cells of

the heart?

Arrhythmias are a common cause of death and morbidity in

cardiomyopathies associated with HF and abnormalities of

the conduction system. Intracellular Ca2� leak from protein

kinase A hyperphosphorylated RyR2 channels may represent

an important defect contributing to arrhythmias and disease

progression.140,141 Current evidence supports stress-induced

intracellular Ca2� leak as the trigger mechanism of

CPVT.107,108,142 In CPVT1, mortality in RYR2 mutation car-

riers at 35 years of age reaches 35% to 50%,112,115 indicating

that stress-induced RyR2 Ca2� leak represents a very aggres-

sive arrhythmia mechanism. Molecular determinants of the

RyR2 channel closed state instability include RyR2 protein

kinase A phosphorylation, calstabin2 depletion, and de-

creased sensitivity to Mg2� inhibition.107,112 Future studies are

needed to characterize the mechanisms of RyR2 channel leak

and cytoplasmic regulation at the structural level. Intracellu-

lar Ca2� leak has been recognized as a pathogenic mechanism

that activates a Ca2�-dependent transient inward current (Iti)

and delayed afterdepolarizations, leading to triggered activi-

ty.108,143,144 Overlap between intracellular Ca2� changes and

altered plasma membrane ion currents occurs also in other

genetic forms of arrhythmias. Thus, characterization of Ca2�-
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dependent mechanisms contributing to arrhythmogenic mem-

brane instabilities will aid in conceptualizing arrhythmia

triggers versus substrates, as well as in developing rational

therapeutic interventions.

Implications for Diagnosis and Management of
Inherited Arrhythmias
More than 400 different mutations have been reported among

the 11 LQTS-susceptibility genes, yet only a small amount of

patient-related data exists on the relationship of specific ion

channel mutations, their coding characteristics, and the influ-

ence of the biophysical dysfunction on patients’ clinical

course.145

State of Genetic Testing for Cardiac Channelopathies

Arrhythmia Susceptibility Genes
LQTS is a potentially lethal, heritable arrhythmia syndrome

affecting �1 in 2500 people. To date, 11 LQTS-susceptibility

genes have been identified (Table 3); 5 of these genes encode

critical ion channel pore-forming �-subunits, and 3 of them

encode �-subunits. The other 3 genes encode the adapter

proteins ankyrin-B, caveolin-3, and AKAP9 (yotiao). Muta-

tions in the genes responsible for LQTS1–3 account for

�75%, and the rest of the known susceptibility genes

collectively account for �3% of LQTS. The concept that

inherited arrhythmia syndromes like LQTS may originate

from defects in scaffolding or adaptor proteins points to a new

class of candidate genes possibly responsible for the �20% to

25% of unexplained LQTS cases. Tables 1 to 5 summarize

genetic arrhythmia syndromes, susceptibility genes, and their

relative frequency within a syndrome and provide an over-

view of concealed versus overlapping or complex

phenotypes.

Identification of mutations in the KCNQ1-, KCNH2-, and

SCN5A-encoded K� and Na� channel �-subunits as the cause

of LQTS1–3, respectively (Table 3), in concert with a

growing body of evidence implicating ion channels in epi-

sodic syndromes of excitable tissues, defined a new class of

diseases, channelopathies.146 Genetic testing has indicated

that LQTS is a common risk factor in arrhythmogenesis. Over

the past decade, LQTS genetic testing was performed in

research laboratories while genotype–phenotype relationships

were being determined.147 Today, genetic testing is commer-

cially available, and clinical diagnostic screening consists of

comprehensive open reading frame sequence analysis (60

translated exons) of 5 LQTS-susceptibility genes: KCNQ1

(LQTS1), KCNH2 (LQTS2), SCN5A (LQTS3), KCNE1

(LQTS5), and KCNE2 (LQTS6).148 Hundreds of mutations

have been reported within these 5 genes, with the vast

majority yielding LQTS1–3 (Table 3).149,150 Among patients

with definitive clinical evidence of LQTS, the yield of genetic

testing is �75%: LQTS1 (30% to 35%), LQTS2 (25% to

30%), LQTS3 (5% to 10%), LQTS5 (1%), and LQTS6

(1%).151,152 The majority of known mutations are missense

mutations, and approximately half are unique, novel muta-

tions. Thus, conversion from a sequencing-based genetic test

to a chip-based genetic test containing prespecified mutations

is not yet possible. Besides these 5 LQTS genes, there are

now 6 additional susceptibility genes for LQTS-related syn-

dromes, including the following: ANK2 (LQTS4, �1%),

KCNJ2 (LQTS7, �1% and 50% to 65% of Andersen Tawil

syndrome), CACNA1C (LQTS8 or TS1 �1%), CAV3

(LQTS9, �1%), SCN4B (LQTS10, �1%), and AKAP9

(LQTS11, �1%). Clinical genetic testing for the rare sub-

types of LQTS is not yet available. Still, the pathogenesis for

20% to 25% of LQTS remains unexplained. Possible reasons

for this include (1) missed regions and false-negative results

within the currently explored gene regions of interest, (2)

disease-causing mutations in noncoding sequence (eg, pro-

moters, introns) of the known LQTS-susceptibility genes, and

(3) novel or unknown LQTS genes. “Allelic dropout” is a

mechanism responsible for some previous false-negative

genetic test results,153 and the new discovery of CAV3-

LQTS9, SCN4B-LQTS10, and AKAP9-LQTS11 indicates

that all 3 reasons are likely.

Genetic testing has to be combined with clinical evaluation

and management of patients and is now most available for

LQTS. In contrast to LQTS loss-of-function K� channel

mutations, gain-of-function mutations in KCNH2, KCNQ1,

and KCNJ2 confer susceptibility for SQTS (Table 4). It is

unclear what percentage of SQTS is explained by mutations

in these 3 genes because a specific genetic test is not currently

available. In contrast to gain-of-function, LQTS3-causing

Na� channel mutations, loss-of-function mutations in SCN5A

cause BrS1 (Table 1). A SCN5A-only gene test is available

clinically.154 However, mutations in SCN5A account for only

20% to 30% of BrS1. Recently, a mutation in GPD1L-

encoded glycerol-3-phosphate dehydrogenase 1-like gene has

been implicated as a novel cause of BrS2 and SIDS (Table

1).25,26 Finally, mutations in RYR2 and CASQ2 cause �50%

to 60% of CPVT (Table 5). A targeted examination of 38 of

the 105 RYR2 translated exons has been released recently as

a commercially available clinical genetic test for CPVT.

Genotype–Phenotype Relationships
Understanding the pathogenetic link between genotype and

clinical phenotype is vital to the diagnosis and treatment of

inherited arrhythmias. This includes the biophysical pheno-

type of abnormal protein function (eg, effects on currents),

the cellular phenotype caused by this abnormal function (eg,

effects on action potential, Ca2� loading), and the tissue and

organ phenotype (eg, ECG change, type of arrhythmia) that

characterizes the clinical phenotype (eg, syncope, sudden

death) (Figure). At each phenotype level, environmental

factors (eg, acidosis, autonomic nerve activity, ion concen-

trations) and other genetic factors (genetic background and

modifier genes) may affect the phenotypes.155 Better under-

standing of these complex interrelations is especially impor-

tant for inherited arrhythmia syndromes and has immediate

implications for the discovery of new mutations and for

cost-effective screening. Most importantly, insights into these

relationships may point the way to improved treatment.

In inherited arrhythmia, the relationship between a geno-

type and a clinical phenotype is not necessarily linear. As an

example, mutations in the cardiac Na� channel gene SCN5A

may lead to different arrhythmia syndromes, including BrS1

and/or LQTS3 (Tables 1 and 3). Even if one restricts

consideration to loss-of-function mutations for SCN5A, mul-
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tiple clinical phenotypes such as BrS1, idiopathic VF without

BrS1, AF, SSS, and CoD can result (Table 2). Finally, even

single SCN5A mutations can exhibit multiple phenotypes.5,21

Incomplete penetrance and variability of the clinical pheno-

type present additional challenges, as seen commonly with

Andersen Tawil syndrome mutations in KCNJ2.156 Con-

versely, an apparently single clinical phenotype can result

from �1 genotype. For example, CPVT may result from

mutations in the different Ca2�-handling genes including

RYR2116,157,158 or CASQ2,120 and perhaps ANK243 or

KCNJ2.80,123

Several approaches are used to study the link between

genotype and clinical phenotype (Figure). The first is the

careful definition of the clinical syndrome and classic genetic

linkage study. This makes the connection but does not fill in

the pathogenetic gaps of the biophysical phenotype, cellular

phenotype, and tissue phenotype. In addition, the large

families required for linkage analysis are not always avail-

able. Cohort analyses depend more heavily on defining the

biophysical phenotype of mutations to make the pathogenetic

claim. When the specific gene and mutation are located, a

second model and standard way to study an arrhythmia

mutation is to take the gene of interest and express it in

heterologous systems for functional characterization. This

technique has yielded important insights into genotype–phe-

notype pathogenesis. However, the characterization is inher-

ently limited to the molecular level (eg, currents, trafficking).

In addition, these systems lack constituents of cardiac ion

channel macromolecular complexes that might be required to

accurately show the molecular “cardiac-specific” phenotype

of the mutation.159 This is important because mutations

causing inherited arrhythmia syndromes may occur in genes

encoding non–pore-forming channel subunits such as SCN4B

as well as in genes encoding more general structural proteins

such as ANK2,43 CAV3,84,85 and AKAP9.159a

A third model is overexpression of the mutation of interest

in vivo (Figure), for example, in the transgenic mouse as

successfully used for the LQTS3 �KPQ mutation.64 Express-

ing the mutation in a transgenic mouse has the major

advantage of allowing studies at all phenotypic levels. Nev-

ertheless, in noninducible transgenic systems the gene of

interest is overexpressed throughout organ development, and

phenotypic distinction between overexpression effects on

heart development and specific defects causing arrhythmias

in the mature heart can be difficult. Mouse models are also

costly and time consuming and are not practical for high-

throughput screening of rare inherited arrhythmia mutations.

Furthermore, the mouse may be of limited usefulness for the

development of arrhythmia models for mechanistic studies

given the short-duration action potentials and the high resting

heart rates. A fourth approach is computer simulations that

can help to integrate, predict, and project to the cellular and

tissue level on the basis of biophysical data (Figure). Such

simulations may be valuable heuristic, integrative, and pre-

dictive devices but are not a substitute for experimental data

and need to be confirmed, validated, and informed by

experimental data. Moreover, the LQTS phenotype in older

patients may be influenced by variable expression rather than

by genotype, indicating that nongenetic variables may play

important roles.

A fifth approach, overexpression of mutations in native

cardiomyocytes, allows for the investigation of a cellular

phenotype in an environment in which the components of the

full macromolecular complex are present and in which

interventions such as adrenergic stimulation may be evalu-

ated. No suitable immortalized ventricular cell culture lines

are available, and freshly isolated adult cells dedifferentiate

significantly during day-long culture. Neonatal cells are

easier to culture and transfect but differ significantly from

adult electrophysiology. Rodent cells are relatively inexpen-

sive but have a different electrophysiology, and ideally one

would use a human cell model. Human embryonic stem

cell–derived cardiomyocytes may provide suitable cells for

such studies if issues of differentiation and culturing condi-

tions are overcome.160

Therapy of Arrhythmias

Current Treatment Options and Limitations
�-Blockers represent the mainstay of current drug therapy for

most patients with either LQTS or CPVT. The rationale, to

inhibit catecholaminergic stimulation, seeks to inhibit ar-

rhythmia trigger mechanisms. However, although �-blocker

treatment is effective for syncope prevention,161 SCA preven-

tion with �-blockers is not universal or complete throughout

all LQTS genotypes or patient subpopulations.162 A recent

study found that risk reduction from �-blocker therapy may

be most successful in high-risk adolescent LQTS patients

who have experienced recent syncope.162 The limitations of

�-blocker treatment are due to nonspecific mechanisms, and

significant side effects may result in noncompliance. ICD

therapy is considered an effective primary and secondary

therapy in high-risk patients with a strong personal history of

syncope and marked QT prolongation. However, significant

ICD device–specific risks exist, and arrhythmia treatment

Figure. Integrative study of arrhythmic cardiomyopathies (refer
to Implications for the Diagnosis and Management of Inherited
Arrhythmias for conceptual discussion).
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may not be effective in some cases, eg, in CPVT1-mutation

carriers.163 Moreover, nonspecific resuscitation pharmaco-

therapy in SCA victims and ICD discharge causing patient

emotional distress may aggravate catecholamine-dependent

arrhythmias. Although ICD therapy in high-risk patients must

be considered, many LQTS patients are at relatively low risk

for sudden death and require careful risk stratification to

justify ICD treatment.164 Thus, it is highly desirable to

develop novel mechanism-based therapeutic strategies that do

not interfere with adrenergic regulation of the heart and avoid

the risks and limitations of ICD device therapy.

Future Mechanism- and Risk-Based Antiarrhythmic
Treatment Strategies: General Considerations
Genetic information contributes increasingly to the under-

standing of channelopathy, phenotype expression, and ar-

rhythmia severity. For example, a particular mutation may

result in a �50% reduction of ion channel function from a

trafficking defect (haploinsufficiency) or in a �50% reduc-

tion because of a dominant negative mechanism affecting the

function of a multimeric ion channel complex. Dominant

negative defects cause approximately a doubling of arrhyth-

mogenic risk, and mutations in transmembrane portions of

KCNQ1 constitute an additional, independent risk factor.165

A combined approach of genetic and biophysical electrophys-

iological characterization of ion-channel mutations for

channelopathy-related inherited disorders may greatly aid

therapy orientation for patients.166,167 It is important to

identify the patient and family members at high risk for

tachyarrhythmias resulting in syncope or SCA, particularly

when they are young. Although treating asymptomatic muta-

tion carriers is controversial, LQTS mutation carriers require

a primary or secondary prevention therapy based on a 10%

risk of a major cardiac event by age 40 years.168 On the other

hand, 40% of LQTS mutation carriers are not detected by

clinical testing, arguing strongly for the need of more com-

prehensive approaches including genotyping, risk assess-

ment, and evaluation of preventive therapeutic strategies.148

In other words, variable penetrance of the LQTS or CPVT

phenotype may result in false-negative diagnosis, and geno-

typing can add predictive information needed to implement

specific SCA prevention strategies.

Pharmacological Options for BrS1 and SQTS
The ECG manifestation of BrS1 may be transient or con-

cealed but can be unmasked with Na� channel blockers

(ajmaline, flecainide, procainamide), with vagotonic stimula-

tion, or during fever. For the high-risk patient with BrS1, the

current treatment of choice is ICD therapy. However, phar-

macotherapy with quinidine has been tried.169,170 Other phar-

macological approaches use ranolazine or derivatives that

selectively inhibit late INa, reduce [Na�]i-dependent intracel-

lular Ca2� overload, and attenuate the abnormalities of ven-

tricular repolarization and contractility that are associated

with ischemia/reperfusion injury and/or HF. Future studies

will have to determine whether inhibition of late INa reduces

proarrhythmogenic Ca2� overload.

SQTS1 was treated initially with the class III antiarrhyth-

mic sotalol or with sotalol and ibutilide, both of which were

ineffective at prolonging the QT interval in SQTS1 patients.

The class Ia antiarrhythmic drug quinidine normalized the QT

interval in SQTS1 and rendered arrhythmias noninducible. A

N588K mutation was later identified in KCNH2 that results in

decreased HERG channel blocking potency for quinidine in

SQTS1. At present, however, quinidine is the only drug

shown to have the potential to restore normal QT intervals in

SQTS1 patients, and disopyramide has been suggested as an

inhibitor of N588K-HERG channels. The challenge will be to

develop mechanism-based therapeutic options in the future.

Additionally, KCNA5 mutations have been linked to reduced

quinidine sensitivity in the IKur current,171 and therefore future

studies will need to address mechanisms of altered drug

sensitivity in other genetic forms of arrhythmic

cardiomyopathies.

Proteome-Based Therapy
For several of the inherited arrhythmia syndromes, the central

arrhythmogenic principle for arrhythmia generation is a loss

of the normal current. The mechanisms proposed for loss-of-

function phenotypes are (1) abnormalities in gene transcrip-

tion or protein translation, (2) abnormalities in protein mat-

uration and trafficking, (3) abnormalities in channel gating,

and (4) abnormalities in channel permeation. Thus, potential

therapeutic approaches may aim at normalizing any one or

combinations of these defects. In the last decade, abnormal-

ities in protein maturation/trafficking have been linked to

several diseases (cystic fibrosis, hereditary childhood emphy-

sema, type 2 diabetes mellitus, familial amyloidosis, LQTS,

BrS). These abnormalities can be classified broadly as mem-

brane protein trafficking diseases because a defect in protein

folding at some stage of the cell secretory pathway may result

in intracellular protein retention, causing a loss of activity or,

in some cases, protein aggregation. A key goal of future work

is to determine compartments and components of exocytic

and endocytic pathways that provide the chemical landscapes

in which protein function and folding are modulated in

eukaryotic cells as part of a “quality control system” that

prevents mutant ion channel expression.172,173

Transport of ion channel proteins through the secretory

pathway involves a selective mechanism in which cargo

molecules are concentrated into carrier vesicles. Adding

complexity to the importance of protein trafficking abnormal-

ities is the recognition that this can be corrected. An early

example was the observation that culturing cells expressing

the key trafficking-deficient cystic fibrosis mutation �F508 at

reduced temperature could restore the cellular processing of

the CFTR protein and Cl� transport. This has resulted in an

intense search for chemical chaperones that can act as ligands

to cause pharmacological correction of trafficking-deficient

CFTR mutations. It is estimated that as little as a 10% to 20%

improvement in protein trafficking would ameliorate most of

the clinical syndrome. Compared with a monogenetic defect

in cystic fibrosis (1:2000) that occurs at a frequency similar to

that in LQTS (1:2500), LQTS is a multigenetic syndrome

(�10 genes), each LQTS form has been associated with

multiple mutations (Table 3), and, probably because of the

complexity of mechanisms and defects, industry interest in

LQTS mechanism–specific drug development has been lim-

ited. However, recent studies have indicated that channel
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trafficking defects are common in LQTS2,173 and therefore

pharmacological or other trafficking rescue approaches are

promising therapeutic rationales.

Specific to LQTS2, most human mutations in KCNH2

(HERG) are single nucleotide changes that typically result in

single amino acid substitutions (missense mutations). These

KCNH2 mutations result in the generation of full-length

HERG protein subunits that can assemble with wild-type

subunits to form trafficking-deficient heteromeric channels

that are retained in the endoplasmic reticulum. Correction of

the trafficking defect is possible for many, but not all,

KCNH2 missense mutations.173 Several approaches to im-

proving trafficking have now been demonstrated, including

(1) cell culture at reduced temperature; (2) culture in drugs

that cause high-affinity block of the HERG channel pore

(E4031, astemizole, cisapride, quinidine); (3) culture with

drug metabolites that cause high-affinity block of HERG

(terfenadine carboxylate); (4) culture with drugs that alter

intracellular Ca2� (thapsigargin); and (5) introduction of a

second mutation into the drug-binding region (intragenic

suppression).173 These “rescued” channels increase HERG

current by exhibiting either normal or abnormal biophysical

function, and this has led to the concept that for most LQTS2

mutations the biogenic impact dominates biophysical changes

in channel function. Conversely, in SQTS1 a small number of

drugs have been identified that appear to reduce protein

trafficking of the gain-of-function HERG channel into the

cell membrane. A KCNA5 mutation has been successfully

corrected in culture with drugs that promote translational

read-through (aminoglycosides).42 Thus, the development of

drugs that modulate protein trafficking may have clinical

utility in LQTS, SQTS, and AF. However, pharmacological

rescue of channel trafficking defects by channel blockers in

SCN5A mutation carriers may result in drug-induced LQTS

and torsades de pointes VT.174 Thus, careful evaluation of the

consequences after correction of abnormal channel expres-

sion will be necessary.

Gene and Cell Therapies
Gene and cell-based therapies depend greatly on successful

delivery strategies and comprehensive knowledge of poten-

tially therapeutic cell or protein function. Delivery to myo-

cardial targets may employ local injection, coronary perfu-

sion, or epicardial painting methods. Gene expression can be

targeted (eg, to certain cell types). Gene therapy approaches

have been used in proof-of-principle experiments to suppress

atrioventricular nodal conduction,175,176 to enhance myocyte

automaticity,177 and to alter myocyte repolarization.178–180

Cell therapy approaches for altering automaticity and repo-

larization have been described.181,182 Certain therapeutic ap-

proaches (atrioventricular node modification, focal alterations

in repolarization, automaticity) are currently developed and

require preclinical evaluation of efficacy and toxicity.

Need for Novel Disease Gene and Modifier Discovery
The current challenges for genetic testing for cardiac chan-

nelopathies include discovery of novel disease susceptibility

genes, translation to a clinical diagnostic test, and distinguish-

ing disease-causing mutations from innocuous genetic vari-

ants. The difficulty in distinguishing pathogenic mutations

from rare background variants has thus far prevented the

incorporation of ANK2-LQTS4 into genetic tests. Currently,

�25% of LQTS, 35% of Andersen Tawil syndrome, 75% of

BrS, and 40% of CPVT elude genetic explanation. Approx-

imately 3% to 5% of healthy subjects have rare genetic

variants in the genes that underlie the 3 major subtypes

LQTS1–3. Consequently, some of the presumed LQTS/BrS-

causing mutations could be false-positive test results. This

argues for the need for ongoing functional analyses of “yet

another” mutation in a known LQTS-susceptibility gene. In

contrast, except for 1 common nonsynonymous single nucle-

otide polymorphism in RYR2, genetic variation in the gene

responsible for CPVT1 is extremely uncommon. As such, a

high probability exists that a rare genetic variant in RYR2

confers susceptibility for CPVT1. The size of RYR2 poses a

significant challenge, and efforts are needed to determine the

best targeted examination toward a clinical diagnostic test.

An important issue is to determine the influence of modifier

genes (polymorphic variants) on the biophysical electrophys-

iological dysfunction of specific ion-channel mutations. This

information should permit the development and/or direction

of more effective electrophysiologically targeted therapy. The

anticipated advances include (1) new fundamental insights

into arrhythmogenesis, (2) new insights into channel

structure-function domains, (3) new antiarrhythmic therapeu-

tic targets, (4) expanded genotype–phenotype relationships,

and (5) more comprehensive clinical genetic tests.

Need for New Therapeutic Approaches
In the field of symptomatic and life-threatening cardiac

arrhythmias, over the last 20 years, drug therapy has moved

from primary intervention to mainly an adjunctive role and

has been replaced by device therapy (ICD and pacemaker)

and procedural interventions (ablation). The recognition that

protein trafficking disorders may be common has led to

attempts in several diseases to develop novel therapies

utilizing correcting strategies, in addition to gene therapy

(either gene augmentation or replacement). Limitations in the

protein trafficking correction are evident: Not every disease-

causing mutation results in a trafficking defect, not all

trafficking-deficient mutations are correctable, and for some

mutations (eg, truncation near the channel pore), correction

would be predicted to result in a nonfunctional channel. The

extent of correction may be difficult to regulate, and over-

correction (to shorten the QT interval) could produce new

arrhythmias. Some “corrected” channels will still have bio-

physical abnormalities. Some diseases are likely to be better

candidates for these approaches than others. Finally, the

funding of new therapies for uncommon and/or very complex

inherited arrhythmias will be an added challenge. Nonethe-

less, in diseases in which gene mutation produces protein

trafficking abnormalities, the correction or improvement of

protein trafficking may offer an approach to novel human

therapies.

Summary: Need for Integration Back to Bedside for
Treatment and Management of Patients With Heritable
Arrhythmia Syndromes
Arrhythmias are responsible for the majority of deaths in

patients with heart disease. Alhtough we face an increasing
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number of genetic defects, the molecular mechanisms of

arrhythmia initiation and important modifiers of these events

are incompletely understood. Thus, the concept of a chan-

nelopathy leading to electric heart disease has been extended

to defective macromolecular signaling complex dysfunction

leading to a specific cardiomyopathy with a dominant ar-

rhythmogenic phenotype expression. We would like to em-

phasize that integrative and systematic approaches involving

several disciplines and experimental approaches will be

necessary to understand complex arrhythmogenic syndromes

(Figure). For instance, a monogenetic defect can be concep-

tualized into a multigenetic, cell-specific, and tissue-specific

context at an increasing number of investigative levels.

Although population studies try to identify genetic defects,

their occurrence, environmental modulators, and specific risk,

experimental studies aim to characterize biophysical defects,

arrhythmogenic mechanisms, and targeted therapeutic ap-

proaches. Thus, continuous integration, review, discussion,

and refinement of information through a collaborative ap-

proach focused on molecular pathophysiological mecha-

nisms, including careful mutation carrier phenotyping, is

needed (Figure). Modeling studies may integrate information

at all levels and predict and test specific mechanisms, which

may be verified by experiments and vice versa. The complex-

ity of inherited arrhythmic cardiomyopathies will continue to

be increasingly challenging at both the basic sciences and

clinical levels, and progress toward understanding and treat-

ment rationales will depend greatly on information exchange

within interdisciplinary networks and continuity of research

groups.

Acknowledgments
The participants of the workshop wish to thank the National Heart,
Lung, and Blood Institute and Office of Rare Diseases for the
opportunity to freely exchange ideas and interact at the workshop.
This article summarizes the views of the participants and does not
reflect National Heart, Lung, and Blood Institute perspectives.

Disclosures
Dr Ackerman is a consultant for PGxHealth with respect to its
FAMILION genetic test for cardiac channel mutations. Dr Donahue has
stock, a consulting agreement, and a board position in Excigen, Inc, a
start-up company that is developing gene therapy for clinical use in
arrhythmias. Dr January is a cofounder of Cellular Dynamics Interna-
tional, Inc, a start-up biotech company providing ion channel and human
embryonic stem cell cardiomyocyte toxicology screening services and
related products. Dr Marks is on the scientific advisory board of and
owns shares in ARMGO Pharma, Inc, a start-up company that is
developing RyR2-targeted drugs for clinical use in the treatment of HF
and sudden death. The other authors report no conflicts.

References
1. Wang Q, Shen J, Splawski I, Atkinson D, Li Z, Robinson JL, Moss AJ,

Towbin JA, Keating MT. SCN5A mutations associated with an inherited

cardiac arrhythmia, long QT syndrome. Cell. 1995;80:805–811.

2. Wang Q, Shen J, Li Z, Timothy K, Vincent GM, Priori SG, Schwartz PJ,

Keating MT. Cardiac sodium channel mutations in patients with long

QT syndrome, an inherited cardiac arrhythmia. Hum Mol Genet. 1995;

4:1603–1607.

3. Chen Q, Kirsch GE, Zhang D, Brugada R, Brugada J, Brugada P,

Potenza D, Moya A, Borggrefe M, Breithardt G, Ortiz-Lopez R, Wang

Z, Antzelevitch C, O’Brien RE, Schulze-Bahr E, Keating MT, Towbin

JA, Wang Q. Genetic basis and molecular mechanism for idiopathic

ventricular fibrillation. Nature. 1998;392:293–296.

4. Schott JJ, Alshinawi C, Kyndt F, Probst V, Hoorntje TM, Hulsbeek M,

Wilde AA, Escande D, Mannens MM, Le Marec H. Cardiac conduction

defects associate with mutations in SCN5A. Nat Genet. 1999;23:20–21.

5. Benson DW, Wang DW, Dyment M, Knilans TK, Fish FA, Strieper MJ,

Rhodes TH, George AL Jr. Congenital sick sinus syndrome caused by

recessive mutations in the cardiac sodium channel gene (SCN5A). J Clin

Invest. 2003;112:1019–1028.

6. Wang DW, Viswanathan PC, Balser JR, George AL Jr, Benson DW.

Clinical, genetic, and biophysical characterization of SCN5A mutations

associated with atrioventricular conduction block. Circulation. 2002;

105:341–346.

7. Olson TM, Michels VV, Ballew JD, Reyna SP, Karst ML, Herron KJ,

Horton SC, Rodeheffer RJ, Anderson JL. Sodium channel mutations and

susceptibility to heart failure and atrial fibrillation. JAMA. 2005;293:

447–454.

8. 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.

9. Makita N, Horie M, Nakamura T, Ai T, Sasaki K, Yokoi H, Sakurai M,

Sakuma I, Otani H, Sawa H, Kitabatake A. Drug-induced long-QT

syndrome associated with a subclinical SCN5A mutation. Circulation.

2002;106:1269–1274.

10. Schwartz PJ, Priori SG, Dumaine R, Napolitano C, Antzelevitch C,

Stramba-Badiale M, Richard TA, Berti MR, Bloise R. A molecular link

between the sudden infant death syndrome and the long-QT syndrome.

N Engl J Med. 2000;343:262–267.

11. Ackerman MJ, Siu BL, Sturner WQ, Tester DJ, Valdivia CR, Makielski

JC, Towbin JA. Postmortem molecular analysis of SCN5A defects in

sudden infant death syndrome. JAMA. 2001;286:2264–2269.

12. Splawski I, Timothy KW, Tateyama M, Clancy CE, Malhotra A, Beggs

AH, Cappuccio FP, Sagnella GA, Kass RS, Keating MT. Variant of

SCN5A sodium channel implicated in risk of cardiac arrhythmia.

Science. 2002;297:1333–1336.

13. Grant AO, Carboni MP, Neplioueva V, Starmer CF, Memmi M,

Napolitano C, Priori S. Long QT syndrome, Brugada syndrome, and

conduction system disease are linked to a single sodium channel

mutation. J Clin Invest. 2002;110:1201–1209.

14. Brugada P, Brugada J. Right bundle branch block, persistent ST segment

elevation and sudden cardiac death: a distinct clinical and electrocar-

diographic syndrome: a multicenter report. J Am Coll Cardiol. 1992;20:

1391–1396.

15. Weiss R, Barmada MM, Nguyen T, Seibel JS, Cavlovich D, Kornblit

CA, Angelilli A, Villanueva F, McNamara DM, London B. Clinical and

molecular heterogeneity in the Brugada syndrome: a novel gene locus on

chromosome 3. Circulation. 2002;105:707–713.

16. London B, Sanyal S, Michalec M, Pfahnl AE, Shang LL, Kerchner R,

Lagana S, Aleong RG, Mehdi H, Gutmann R, Weiss R, Dudley SC Jr.

A mutation in the glycerol-3-phosphate dehydrogenase 1-like gene

(GPD1L) causes Brugada syndrome. Heart Rhythm. 2006;3:S32.

17. Nademanee K, Veerakul G, Nimmannit S, Chaowakul V, Bhuripanyo K,

Likittanasombat K, Tunsanga K, Kuasirikul S, Malasit P, Tansupa-

sawadikul S, Tatsanavivat P. Arrhythmogenic marker for the sudden

unexplained death syndrome in Thai men. Circulation. 1997;96:

2595–2600.

18. Smits JP, Koopmann TT, Wilders R, Veldkamp MW, Opthof T,

Bhuiyan ZA, Mannens MM, Balser JR, Tan HL, Bezzina CR, Wilde

AA. A mutation in the human cardiac sodium channel (E161K) con-

tributes to sick sinus syndrome, conduction disease and Brugada

syndrome in two families. J Mol Cell Cardiol. 2005;38:969–981.

19. Bezzina C, Veldkamp MW, van Den Berg MP, Postma AV, Rook MB,

Viersma JW, van Langen IM, Tan-Sindhunata G, Bink-Boelkens MT,

van Der Hout AH, Mannens MM, Wilde AA. A single Na� channel

mutation causing both long-QT and Brugada syndromes. Circ Res.

1999;85:1206–1213.

20. Rivolta I, Abriel H, Tateyama M, Liu H, Memmi M, Vardas P,

Napolitano C, Priori SG, Kass RS. Inherited Brugada and long QT-3

syndrome mutations of a single residue of the cardiac sodium channel

confer distinct channel and clinical phenotypes. J Biol Chem. 2001;276:

30623–30630.

21. Grant AO, Carboni MP, Neplioueva V, Starmer CF, Memmi M,

Napolitano C, Priori S. Long QT syndrome, Brugada syndrome, and

conduction system disease are linked to a single sodium channel

mutation. J Clin Invest. 2002;110:1201–1209.

22. Akai J, Makita N, Sakurada H, Shirai N, Ueda K, Kitabatake A,

Nakazawa K, Kimura A, Hiraoka M. A novel SCN5A mutation asso-

2340 Circulation November 13, 2007

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



ciated with idiopathic ventricular fibrillation without typical ECG

findings of Brugada syndrome. FEBS Lett. 2000;479:29–34.

23. Olson TM, Keating MT. Mapping a cardiomyopathy locus to chro-

mosome 3p22-p25. J Clin Invest. 1996;97:528–532.

24. Priori SG, Napolitano C, Giordano U, Collisani G, Memmi M. Brugada

syndrome and sudden cardiac death in children. Lancet. 2000;355:

808–809.

25. London B, Michalec M, Mehdi H, Zhu X, Kerchner L, Sanyal S,

Viswanathan PC, Pfahnl AE, Shang LL, Madhusudanan M, Baty CJ,

Lagana S, Aleong R, Gutmann R, Ackerman MJ, McNamara DM, Weiss

R, Dudley SC Jr. Mutation in glycerol-3-phosphate dehydrogenase

1–like gene (GPD1-L) decreases cardiac Na� current and causes

inherited arrhythmias. Circulation. 2007;116:2260–2268.

26. Van Norstrand DW, Valdivia CR, Tester DJ, Ueda K, London B,

Makielski JC, Ackerman MJ. Molecular and functional characterization

of novel glycerol-3-phosphate dehydrogenase 1–like gene (GPD1-L)

mutations in sudden infant death syndrome. Circulation. 2007;116:

2253–2259.

27. George AL Jr, Varkony TA, Drabkin HA, Han J, Knops JF, Finley WH,

Brown GB, Ward DC, Haas M. Assignment of the human heart

tetrodotoxin-resistant voltage-gated Na� channel alpha-subunit gene

(SCN5A) to band 3p21. Cytogenet Cell Genet. 1995;68:67–70.

28. Bennett PB, Yazawa K, Makita N, George AL Jr. Molecular mechanism

for an inherited cardiac arrhythmia. Nature. 1995;376:683–685.

29. Rook MB, Bezzina Alshinawi C, Groenewegen WA, van Gelder IC, van

Ginneken AC, Jongsma HJ, Mannens MM, Wilde AA. Human SCN5A

gene mutations alter cardiac sodium channel kinetics and are associated

with the Brugada syndrome. Cardiovasc Res. 1999;44:507–517.

30. Veldkamp MW, Wilders R, Baartscheer A, Zegers JG, Bezzina CR,

Wilde AA. Contribution of sodium channel mutations to bradycardia

and sinus node dysfunction in LQT3 families. Circ Res. 2003;92:

976–983.

31. Vatta M, Dumaine R, Varghese G, Richard TA, Shimizu W, Aihara N,

Nademanee K, Brugada R, Brugada J, Veerakul G, Li H, Bowles NE,

Brugada P, Antzelevitch C, Towbin JA. Genetic and biophysical basis of

sudden unexplained nocturnal death syndrome (SUNDS), a disease

allelic to Brugada syndrome. Hum Mol Genet. 2002;11:337–345.

32. Alings M, Wilde A. “Brugada” syndrome: clinical data and suggested

pathophysiological mechanism. Circulation. 1999;99:666–673.

33. Groenewegen WA, Firouzi M, Bezzina CR, Vliex S, van Langen IM,

Sandkuijl L, Smits JP, Hulsbeek M, Rook MB, Jongsma HJ, Wilde AA.

A cardiac sodium channel mutation cosegregates with a rare connexin40

genotype in familial atrial standstill. Circ Res. 2003;92:14–22.

34. 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.

35. Hong K, Piper DR, Diaz-Valdecantos A, Brugada J, Oliva A,

Burashnikov E, Santos-de-Soto J, Grueso-Montero J, Diaz-Enfante E,

Brugada P, Sachse F, Sanguinetti MC, Brugada R. De novo KCNQ1

mutation responsible for atrial fibrillation and short QT syndrome in

utero. Cardiovasc Res. 2005;68:433–440.

36. Yang Y, Xia M, Jin Q, Bendahhou S, Shi J, Chen Y, Liang B, Lin J, Liu

Y, Liu B, Zhou Q, Zhang D, Wang R, Ma N, Su X, Niu K, Pei Y, Xu

W, Chen Z, Wan H, Cui J, Barhanin J, Chen Y. Identification of a

KCNE2 gain-of-function mutation in patients with familial atrial fibril-

lation. Am J Hum Genet. 2004;75:899–905.

37. Xia M, Jin Q, Bendahhou S, He Y, Larroque MM, Chen Y, Zhou Q,

Yang Y, Liu Y, Liu B, Zhu Q, Zhou Y, Lin J, Liang B, Li L, Dong X,

Pan Z, Wang R, Wan H, Qiu W, Xu W, Eurlings P, Barhanin J, Chen Y.

A Kir2.1 gain-of-function mutation underlies familial atrial fibrillation.

Biochem Biophys Res Commun. 2005;332:1012–1019.

38. Gollob MH, Jones DL, Krahn AD, Danis L, Gong XQ, Shao Q, Liu X,

Veinot JP, Tang AS, Stewart AF, Tesson F, Klein GJ, Yee R, Skanes

AC, Guiraudon GM, Ebihara L, Bai D. Somatic mutations in the

connexin 40 gene (GJA5) in atrial fibrillation. N Engl J Med. 2006;354:

2677–2688.

39. Juang JM, Chern YR, Tsai CT, Chiang FT, Lin JL, Hwang JJ, Hsu KL,

Tseng CD, Tseng YZ, Lai LP. The association of human connexin 40

genetic polymorphisms with atrial fibrillation. Int J Cardiol. 2007;116:

107–112.

40. Ehrlich JR, Zicha S, Coutu P, Hebert TE, Nattel S. Atrial fibrillation-

associated minK38G/S polymorphism modulates delayed rectifier

current and membrane localization. Cardiovasc Res. 2005;67:520–528.

41. Lai LP, Su MJ, Yeh HM, Lin JL, Chiang FT, Hwang JJ, Hsu KL, Tseng

CD, Lien WP, Tseng YZ, Huang SK. Association of the human minK

gene 38G allele with atrial fibrillation: evidence of possible genetic

control on the pathogenesis of atrial fibrillation. Am Heart J. 2002;144:

485–490.

42. Olson TM, Alekseev AE, Liu XK, Park S, Zingman LV, Bienengraeber

M, Sattiraju S, Ballew JD, Jahangir A, Terzic A. Kv1.5 channelopathy

due to KCNA5 loss-of-function mutation causes human atrial fibril-

lation. Hum Mol Genet. 2006;15:2185–2191.

43. Mohler PJ, Schott JJ, Gramolini AO, Dilly KW, Guatimosim S, duBell

WH, Song LS, Haurogne K, Kyndt F, Ali ME, Rogers TB, Lederer WJ,

Escande D, Le Marec H, Bennett V. Ankyrin-B mutation causes type 4

long-QT cardiac arrhythmia and sudden cardiac death. Nature. 2003;

421:634–639.

44. Sherman J, Tester DJ, Ackerman MJ. Targeted mutational analysis of

ankyrin-B in 541 consecutive, unrelated patients referred for long QT

syndrome genetic testing and 200 healthy subjects. Heart Rhythm. 2005;

2:1218–1223.

45. Mohler PJ, Le Scouarnec S, Denjoy I, Lowe JS, Guicheney P, Caron L,

Driskell IM, Schott JJ, Norris K, Leenhardt A, Kim RB, Escande D,

Roden DM. Defining the cellular phenotype of “ankyrin-B syndrome”

variants: human ANK2 variants associated with clinical phenotypes

display a spectrum of activities in cardiomyocytes. Circulation. 2007;

115:432–441.

46. Hong K, Bjerregaard P, Gussak I, Brugada R. Short QT syndrome and

atrial fibrillation caused by mutation in KCNH2. J Cardiovasc Electro-

physiol. 2005;16:394–396.

47. Olson TM, Alekseev AE, Moreau C, Liu XK, Zingman LV, Miki T,

Seino S, Asirvatham SJ, Jahangir A, Terzic A. KATP channel mutation

confers risk for vein of Marshall adrenergic atrial fibrillation. Nat Clin

Pract Cardiovasc Med. 2007;4:110–116.

48. Milanesi R, Baruscotti M, Gnecchi-Ruscone T, DiFrancesco D. Familial

sinus bradycardia associated with a mutation in the cardiac pacemaker

channel. N Engl J Med. 2006;354:151–157.

49. Schulze-Bahr E, Neu A, Friederich P, Kaupp UB, Breithardt G, Pongs

O, Isbrandt D. Pacemaker channel dysfunction in a patient with sinus

node disease. J Clin Invest. 2003;111:1537–1545.

50. Ueda K, Nakamura K, Hayashi T, Inagaki N, Takahashi M, Arimura T,

Morita H, Higashiuesato Y, Hirano Y, Yasunami M, Takishita S,

Yamashina A, Ohe T, Sunamori M, Hiraoka M, Kimura A. Functional

characterization of a trafficking-defective HCN4 mutation, D553N,

associated with cardiac arrhythmia. J Biol Chem.

2004;279:27194–27198.

51. Swan H, Piippo K, Viitasalo M, Heikkila P, Paavonen T, Kainulainen K,

Kere J, Keto P, Kontula K, Toivonen L. Arrhythmic disorder mapped to

chromosome 1q42-q43 causes malignant polymorphic ventricular

tachycardia in structurally normal hearts. J Am Coll Cardiol. 1999;34:

2035–2042.

52. Sumitomo N, Harada K, Nagashima M, Yasuda T, Nakamura Y,

Aragaki Y, Saito A, Kurosaki K, Jouo K, Koujiro M, Konishi S,

Matsuoka S, Oono T, Hayakawa S, Miura M, Ushinohama H, Shibata T,

Niimura I. Catecholaminergic polymorphic ventricular tachycardia:

electrocardiographic characteristics and optimal therapeutic strategies to

prevent sudden death. Heart. 2003;89:66–70.

53. Greenlee PR, Anderson JL, Lutz JR, Lindsay AE, Hagan AD. Familial

automaticity-conduction disorder with associated cardiomyopathy. West

J Med. 1986;144:33–41.

54. Royer A, van Veen TA, Le Bouter S, Marionneau C, Griol-Charhbili V,

Leoni AL, Steenman M, van Rijen HV, Demolombe S, Goddard CA,

Richer C, Escoubet B, Jarry-Guichard T, Colledge WH, Gros D, de

Bakker JM, Grace AA, Escande D, Charpentier F. Mouse model of

SCN5A-linked hereditary Lenegre’s disease: age-related conduction

slowing and myocardial fibrosis. Circulation. 2005;111:1738–1746.

55. Frustaci A, Priori SG, Pieroni M, Chimenti C, Napolitano C, Rivolta I,

Sanna T, Bellocci F, Russo MA. Cardiac histological substrate in

patients with clinical phenotype of Brugada syndrome. Circulation.

2005;112:3680–3687.

56. Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett D,

Moss AJ, Seidman CE, Young JB. Contemporary definitions and clas-

sification of the cardiomyopathies: an American Heart Association Sci-

entific Statement from the Council on Clinical Cardiology, Heart Failure

and Transplantation Committee; Quality of Care and Outcomes

Research and Functional Genomics and Translational Biology Interdis-

ciplinary Working Groups; and Council on Epidemiology and Pre-

vention. Circulation. 2006;113:1807–1816.

Lehnart et al Inherited Arrhythmias NHLBI-ORD Consensus Report 2341

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



57. Coronel R, Casini S, Koopmann TT, Wilms-Schopman FJ, Verkerk AO,

de Groot JR, Bhuiyan Z, Bezzina CR, Veldkamp MW, Linnenbank AC,

van der Wal AC, Tan HL, Brugada P, Wilde AA, de Bakker JM. Right

ventricular fibrosis and conduction delay in a patient with clinical signs

of Brugada syndrome: a combined electrophysiological, genetic, his-

topathologic, and computational study. Circulation. 2005;112:

2769–2777.

58. Gavillet B, Rougier JS, Domenighetti AA, Behar R, Boixel C, Ruchat P,

Lehr HA, Pedrazzini T, Abriel H. Cardiac sodium channel Nav1.5 is

regulated by a multiprotein complex composed of syntrophins and

dystrophin. Circ Res. 2006;99:407–414.

59. Ye B, Valdivia CR, Ackerman MJ, Makielski JC. A common human

SCN5A polymorphism modifies expression of an arrhythmia causing

mutation. Physiol Genom. 2003;12:187–193.

60. Makielski JC, Ye B, Valdivia CR, Pagel MD, Pu J, Tester DJ, Ackerman

MJ. A ubiquitous splice variant and a common polymorphism affect

heterologous expression of recombinant human SCN5A heart sodium

channels. Circ Res. 2003;93:821–828.

61. Chen LY, Ballew JD, Herron KJ, Rodeheffer RJ, Olson TM. A common

polymorphism in SCN5A is associated with lone atrial fibrilation. Clin

Pharmacol Ther. 2007;81:35–41.

62. Nagatomo T, January CT, Ye B, Abe H, Nakashima Y, Makielski JC.

Rate-dependent QT shortening mechanism for the LQT3 deltaKPQ

mutant. Cardiovasc Res. 2002;54:624–629.

63. Chandra R, Starmer CF, Grant AO. Multiple effects of KPQ deletion

mutation on gating of human cardiac Na� channels expressed in mam-

malian cells. Am J Physiol. 1998;274:H1643–H1654.

64. Nuyens D, Stengl M, Dugarmaa S, Rossenbacker T, Compernolle V,

Rudy Y, Smits JF, Flameng W, Clancy CE, Moons L, Vos MA, Dew-

erchin M, Benndorf K, Collen D, Carmeliet E, Carmeliet P. Abrupt rate

accelerations or premature beats cause life-threatening arrhythmias in

mice with long-QT3 syndrome. Nat Med. 2001;7:1021–1027.

65. Lupoglazoff JM, Cheav T, Baroudi G, Berthet M, Denjoy I, Cauchemez

B, Extramiana F, Chahine M, Guicheney P. Homozygous SCN5A

mutation in long-QT syndrome with functional two-to-one atrioventric-

ular block. Circ Res. 2001;89:E16–E21.

66. Chang CC, Acharfi S, Wu MH, Chiang FT, Wang JK, Sung TC,

Chahine M. A novel SCN5A mutation manifests as a malignant form of

long QT syndrome with perinatal onset of tachycardia/bradycardia.

Cardiovasc Res. 2004;64:268–278.

67. Kyndt F, Probst V, Potet F, Demolombe S, Chevallier JC, Baro I,

Moisan JP, Boisseau P, Schott JJ, Escande D, Le Marec H. Novel

SCN5A mutation leading either to isolated cardiac conduction defect or

Brugada syndrome in a large French family. Circulation. 2001;104:

3081–3086.

68. Clancy CE, Tateyama M, Liu H, Wehrens XHT, Kass RS. Non-

equilibrium gating in cardiac Na� channels: an original mechanism of

arrhythmia. Circulation. 2003;107:2233–2237.

69. Clancy CE, Rudy Y. Na(�) channel mutation that causes both Brugada

and long-QT syndrome phenotypes: a simulation study of mechanism.

Circulation. 2002;105:1208–1213.

70. Clancy CE, Tateyama M, Kass RS. Insights into the molecular mech-

anisms of bradycardia-triggered arrhythmias in long QT-3 syndrome.

J Clin Invest. 2002;110:1251–1262.

71. Clancy CE, Tateyama M, Liu H, Wehrens XH, Kass RS. Non-

equilibrium gating in cardiac Na� channels: an original mechanism of

arrhythmia. Circulation. 2003;107:2233–2237.

72. Tan HL, Bink-Boelkens MT, Bezzina CR, Viswanathan PC,

Beaufort-Krol GC, van Tintelen PJ, van den Berg MP, Wilde AA, Balser

JR. A sodium-channel mutation causes isolated cardiac conduction

disease. Nature. 2001;409:1043–1047.

73. Herfst LJ, Rook MB, Jongsma HJ. Trafficking and functional expression

of cardiac Na� channels. J Mol Cell Cardiol. 2004;36:185–193.

74. Wang Q, Curran ME, Splawski I, Burn TC, Millholland JM, VanRaay

TJ, Shen J, Timothy KW, Vincent GM, de Jager T, Schwartz PJ, Toubin

JA, Moss AJ, Atkinson DL, Landes GM, Connors TD, Keating MT.

Positional cloning of a novel potassium channel gene: KVLQT1

mutations cause cardiac arrhythmias. Nat Genet. 1996;12:17–23.

75. Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating

MT. A molecular basis for cardiac arrhythmia: HERG mutations cause

long QT syndrome. Cell. 1995;80:795–803.

76. Sanguinetti MC, Curran ME, Zou A, Shen J, Spector PS, Atkinson DL,

Keating MT. Coassembly of K(V)LQT1 and minK (IsK) proteins to

form cardiac I(Ks) potassium channel. Nature. 1996;384:80–83.

77. Shalaby FY, Levesque PC, Yang WP, Little WA, Conder ML,

Jenkins-West T, Blanar MA. Dominant-negative KvLQT1 mutations

underlie the LQT1 form of long QT syndrome. Circulation. 1997;96:

1733–1736.

78. Splawski I, Tristani-Firouzi M, Lehmann MH, Sanguinetti MC, Keating

MT. Mutations in the hminK gene cause long QT syndrome and

suppress IKs function. Nat Genet. 1997;17:338–340.

79. Abbott GW, Sesti F, Splawski I, Buck ME, Lehmann MH, Timothy

KW, Keating MT, Goldstein SA. MiRP1 forms IKr potassium channels

with HERG and is associated with cardiac arrhythmia. Cell. 1999;97:

175–187.

80. Plaster NM, Tawil R, Tristani-Firouzi M, Canun S, Bendahhou S,

Tsunoda A, Donaldson MR, Iannaccone ST, Brunt E, Barohn R, Clark

J, Deymeer F, George AL Jr, Fish FA, Hahn A, Nitu A, Ozdemir C,

Serdaroglu P, Subramony SH, Wolfe G, Fu YH, Ptacek LJ. Mutations in

Kir2.1 cause the developmental and episodic electrical phenotypes of

Andersen’s syndrome. Cell. 2001;105:511–519.

81. Garcia-Touchard A, Somers VK, Kara T, Nykodym J, Shamsuzzaman

A, Lanfranchi P, Ackerman MJ. Ventricular ectopy during REM sleep:

implications for nocturnal sudden cardiac death. Nat Clin Pract Car-

diovasc Med. 2007;4:284–288.

82. Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R,

Napolitano C, Schwartz PJ, Joseph RM, Condouris K, Tager-Flusberg

H, Priori SG, Sanguinetti MC, Keating MT. CaV1.2 calcium channel

dysfunction causes a multisystem disorder including arrhythmia and

autism. Cell. 2004;119:19–31.

83. Splawski I, Timothy KW, Decher N, Kumar P, Sachse FB, Beggs AH,

Sanguinetti MC, Keating MT. Severe arrhythmia disorder caused by

cardiac L-type calcium channel mutations. Proc Natl Acad Sci U S A.

2005;102:8089–8096; discussion 8086–8088.

84. Vatta M, Ackerman MJ, Ye B, Makielski JC, Ughanze EE, Taylor EW,

Tester DJ, Balijepalli RC, Foell JD, Li Z, Kamp TJ, Towbin JA. Mutant

caveolin-3 induces persistent late sodium current and is associated with

long-QT syndrome. Circulation. 2006;114:2104–2112.

85. Cronk LB, Ye B, Kaku T, Tester DJ, Vatta M, Makielski JC, Ackerman

MJ. Novel mechanism for sudden infant death syndrome: persistent late

sodium current secondary to mutations in caveolin-3. Heart Rhythm.

2007;4:161–166.

86. Medeiros-Domingo A, Kaku T, Tester DJ, Torres PI, Itty A, Ye B,

Valdivia C, Quintero A, Luna MT, Makielski JC, Ackerman MJ.

Sodium channel �4 subunit (SCN4�) mutation causes congenital long

QT syndrome. Circulation. 2007;116:2253–2259.

87. Splawski I, Timothy KW, Vincent GM, Atkinson DL, Keating MT.

Molecular basis of the long-QT syndrome associated with deafness.

N Engl J Med. 1997;336:1562–1567.

88. Neyroud N, Tesson F, Denjoy I, Leibovici M, Donger C, Barhanin J,

Faure S, Gary F, Coumel P, Petit C, Schwartz K, Guicheney P. A novel

mutation in the potassium channel gene KVLQT1 causes the Jervelle

and Lange-Nielsen cardioauditory syndrome. Nat Genet. 1997;15:

186–189.

89. Gussak I, Brugada P, Brugada J, Wright RS, Kopecky SL, Chaitman

BR, Bjerregaard P. Idiopathic short QT interval: a new clinical

syndrome? Cardiology. 2000;94:99–102.

90. Gaita F, Giustetto C, Bianchi F, Wolpert C, Schimpf R, Riccardi R,

Grossi S, Richiardi E, Borggrefe M. Short QT syndrome: a familial

cause of sudden death. Circulation. 2003;108:965–970.

91. Brugada R, Hong K, Dumaine R, Cordeiro J, Gaita F, Borggrefe M,

Menendez TM, Brugada J, Pollevick GD, Wolpert C, Burashnikov E,

Matsuo K, Wu YS, Guerchicoff A, Bianchi F, Giustetto C, Schimpf R,

Brugada P, Antzelevitch C. Sudden death associated with short-QT

syndrome linked to mutations in HERG. Circulation. 2004;109:30–35.

92. Giustetto C, Di Monte F, Wolpert C, Borggrefe M, Schimpf R, Sbragia

P, Leone G, Maury P, Anttonen O, Haissaguerre M, Gaita F. Short QT

syndrome: clinical findings and diagnostic-therapeutic implications. Eur

Heart J. 2006;27:2440–2447.

93. 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.

94. Priori SG, Pandit SV, Rivolta I, Berenfeld O, Ronchetti E, Dhamoon A,

Napolitano C, Anumonwo J, di Barletta MR, Gudapakkam S, Bosi G,

Stramba-Badiale M, Jalife J. A novel form of short QT syndrome

(SQT3) is caused by a mutation in the KCNJ2 gene. Circ Res. 2005;

96:800–807.

95. Wolpert C, Schimpf R, Giustetto C, Antzelevitch C, Cordeiro J,

Dumaine R, Brugada R, Hong K, Bauersfeld U, Gaita F, Borggrefe M.

2342 Circulation November 13, 2007

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



Further insights into the effect of quinidine in short QT syndrome caused

by a mutation in HERG. J Cardiovasc Electrophysiol. 2005;16:54–58.

96. 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.

97. Kane GC, Behfar A, Dyer RB, O’Cochlain DF, Liu XK, Hodgson DM,

Reyes S, Miki T, Seino S, Terzic A. KCNJ11 gene knockout of the

Kir6.2 KATP channel causes maladaptive remodeling and heart failure

in hypertension. Hum Mol Genet. 2006;15:2285–2297.

98. Liu XK, Yamada S, Kane GC, Alekseev AE, Hodgson DM, O’Cochlain

F, Jahangir A, Miki T, Seino S, Terzic A. Genetic disruption of Kir6.2,

the pore-forming subunit of ATP-sensitive K� channel, predisposes to

catecholamine-induced ventricular dysrhythmia. Diabetes. 2004;

53(suppl 3):S165–S168.

99. Maury P, Hollington L, Duparc A, Brugada R. Short QT syndrome:

should we push the frontier forward? Heart Rhythm. 2005;2:1135–1137.

100. Gaita F, Giustetto C, Bianchi F, Schimpf R, Haissaguerre M, Calo L,

Brugada R, Antzelevitch C, Borggrefe M, Wolpert C. Short QT syn-

drome: pharmacological treatment. J Am Coll Cardiol. 2004;43:

1494–1499.

101. Weiss JN, Qu Z, Chen PS, Lin SF, Karagueuzian HS, Hayashi H,

Garfinkel A, Karma A. The dynamics of cardiac fibrillation. Circu-

lation. 2005;112:1232–1240.

102. Goldhaber JI, Xie LH, Duong T, Motter C, Khuu K, Weiss JN. Action

potential duration restitution and alternans in rabbit ventricular myo-

cytes: the key role of intracellular calcium cycling. Circ Res. 2005;96:

459–466.

103. Gomez AM, Valdivia HH, Cheng H, Lederer MR, Santana LF, Cannell

MB, McCune SA, Altschuld RA, Lederer WJ. Defective excitation-

contraction coupling in experimental cardiac hypertrophy and heart

failure. Science. 1997;276:800–806.

104. Cheng H, Lederer WJ, Cannell MB. Calcium sparks: elementary events

underlying excitation-contraction coupling in heart muscle. Science.

1993;262:740–744.

105. Litwin SE, Zhang D, Bridge JH. Dyssynchronous Ca2� sparks in

myocytes from infarcted hearts. Circ Res. 2000;87:1040–1047.

106. Gomez AM, Guatimosim S, Dilly KW, Vassort G, Lederer WJ. Heart

failure after myocardial infarction: altered excitation-contraction

coupling. Circulation. 2001;104:688–693.

107. Wehrens XH, Lehnart SE, Huang F, Vest JA, Reiken SR, Mohler PJ,

Sun J, Guatimosim S, Song LS, Rosemblit N, D’Armiento JM,

Napolitano C, Memmi M, Priori SG, Lederer WJ, Marks AR. FKBP12.6

deficiency and defective calcium release channel (ryanodine receptor)

function linked to exercise-induced sudden cardiac death. Cell. 2003;

113:829–840.

108. Lehnart SE, Terrenoire C, Reiken S, Wehrens XH, Song LS, Tillman EJ,

Mancarella S, Coromilas J, Lederer WJ, Kass RS, Marks AR. Stabili-

zation of cardiac ryanodine receptor prevents intracellular calcium leak

and arrhythmias. Proc Natl Acad Sci U S A. 2006;103:7906–7910.

109. Song LS, Sobie EA, McCulle S, Lederer WJ, Balke CW, Cheng H.

Orphaned ryanodine receptors in the failing heart. Proc Natl Acad Sci

U S A. 2006;103:4305–4310.

110. Cannell MB, Crossman DJ, Soeller C. Effect of changes in action

potential spike configuration, junctional sarcoplasmic reticulum micro-

architecture and altered T-tubule structure in human heart failure.

J Muscle Res Cell Motil. 2006;27:297–306.

111. Balijepalli RC, Lokuta AJ, Maertz NA, Buck JM, Haworth RA, Valdivia

HH, Kamp TJ. Depletion of T-tubules and specific subcellular changes

in sarcolemmal proteins in tachycardia-induced heart failure. Car-

diovasc Res. 2003;59:67–77.

112. Lehnart SE, Wehrens XH, Laitinen PJ, Reiken SR, Deng SX, Cheng Z,

Landry DW, Kontula K, Swan H, Marks AR. Sudden death in familial

polymorphic ventricular tachycardia associated with calcium release

channel (ryanodine receptor) leak. Circulation. 2004;109:3208–3214.

113. Bers DM. Cardiac ryanodine receptor phosphorylation: target sites and

functional consequences. Biochem J. 2006;396:e1–3.

114. Brochet DX, Yang D, Di Maio A, Lederer WJ, Franzini-Armstrong C,

Cheng H. Ca2� blinks: rapid nanoscopic store calcium signaling. Proc

Natl Acad Sci U S A. 2005;102:3099–3104.

115. Priori SG, Napolitano C, Tiso N, Memmi M, Vignati G, Bloise R,

Sorrentino V, Danieli GA. Mutations in the cardiac ryanodine receptor

gene (hRyR2) underlie catecholaminergic polymorphic ventricular

tachycardia. Circulation. 2001;103:196–200.

116. Laitinen PJ, Brown KM, Piippo K, Swan H, Devaney JM, Brahmbhatt

B, Donarum EA, Marino M, Tiso N, Viitasalo M, Toivonen L, Stephan

DA, Kontula K. Mutations of the cardiac ryanodine receptor (RyR2)

gene in familial polymorphic ventricular tachycardia. Circulation. 2001;

103:485–490.

117. Tester DJ, Dura M, Carturan E, Reiken S, Wronska A, Marks AR,

Ackerman MJ. A mechanism for sudden infant death syndrome (SIDS):

stress-induced leak via ryanodine receptors. Heart Rhythm. 2007;4:

733–739.

118. Paavola J, Viitasalo M, Laitinen-Forsblom PJ, Pasternack M, Swan H,

Tikkanen I, Toivonen L, Kontula K, Laine M. Mutant ryanodine

receptors in catecholaminergic polymorphic ventricular tachycardia

generate delayed afterdepolarizations due to increased propensity to

Ca2� waves. Eur Heart J. 2007;28:1135–1142.

119. Tiso N, Stephan DA, Nava A, Bagattin A, Devaney JM, Stanchi F,

Larderet G, Brahmbhatt B, Brown K, Bauce B, Muriago M, Basso C,

Thiene G, Danieli GA, Rampazzo A. Identification of mutations in the

cardiac ryanodine receptor gene in families affected with arrhyth-

mogenic right ventricular cardiomyopathy type 2 (ARVD2). Hum Mol

Genet. 2001;10:189–194.

120. Lahat H, Pras E, Olender T, Avidan N, Ben-Asher E, Man O, Levy-

Nissenbaum E, Khoury A, Lorber A, Goldman B, Lancet D, Eldar M. A

missense mutation in a highly conserved region of CASQ2 is associated

with autosomal recessive catecholamine-induced polymorphic ventric-

ular tachycardia in Bedouin families from Israel. Am J Hum Genet.

2001;69:1378–1384.

121. Postma AV, Denjoy I, Hoorntje TM, Lupoglazoff JM, Da Costa A,

Sebillon P, Mannens MM, Wilde AA, Guicheney P. Absence of calse-

questrin 2 causes severe forms of catecholaminergic polymorphic ven-

tricular tachycardia. Circ Res. 2002;91:e21–e26.

122. Mohler PJ, Splawski I, Napolitano C, Bottelli G, Sharpe L, Timothy K,

Priori SG, Keating MT, Bennett V. A cardiac arrhythmia syndrome

caused by loss of ankyrin-B function. Proc Natl Acad Sci U S A. 2004;

101:9137–9142.

123. Tester DJ, Arya P, Will M, Haglund CM, Farley AL, Makielski JC,

Ackerman MJ. Genotypic heterogeneity and phenotypic mimicry among

unrelated patients referred for catecholaminergic polymorphic ventric-

ular tachycardia genetic testing. Heart Rhythm. 2006;3:800–805.

124. Haghighi K, Kolokathis F, Pater L, Lynch RA, Asahi M, Gramolini AO,

Fan GC, Tsiapras D, Hahn HS, Adamopoulos S, Liggett SB, Dorn GW

II, MacLennan DH, Kremastinos DT, Kranias EG. Human phospho-

lamban null results in lethal dilated cardiomyopathy revealing a critical

difference between mouse and human. J Clin Invest. 2003;111:

869–876.

125. Marks ML, Whisler SL, Clericuzio C, Keating M. A new form of long

QT syndrome associated with syndactyly. J Am Coll Cardiol. 1995;25:

59–64.

126. Lahat H, Pras E, Eldar M. RYR2 and CASQ2 mutations in patients

suffering from catecholaminergic polymorphic ventricular tachycardia.

Circulation. 2003;107:e29; author reply e29.

127. Lehnart SE, Wehrens XH, Reiken S, Warrier S, Belevych AE, Harvey

RD, Richter W, Jin SL, Conti M, Marks AR. Phosphodiesterase 4D

deficiency in the ryanodine-receptor complex promotes heart failure and

arrhythmias. Cell. 2005;123:25–35.

128. Liu N, Colombi B, Memmi M, Zissimopoulos S, Rizzi N, Negri S,

Imbriani M, Napolitano C, Lai FA, Priori SG. Arrhythmogenesis in

catecholaminergic polymorphic ventricular tachycardia: insights from a

RyR2 R4496C knock-in mouse model. Circ Res. 2006;99:292–298.

129. George CH, Higgs GV, Lai FA. Ryanodine receptor mutations asso-

ciated with stress-induced ventricular tachycardia mediate increased

calcium release in stimulated cardiomyocytes. Circ Res. 2003;93:

531–540.

130. Huang F, Shan J, Reiken S, Wehrens XH, Marks AR. Analysis of

calstabin2 (FKBP12.6)-ryanodine receptor interactions: rescue of heart

failure by calstabin2 in mice. Proc Natl Acad Sci U S A. 2006;103:

3456–3461.

131. Wehrens XH, Lehnart SE, Reiken SR, Deng SX, Vest JA, Cervantes D,

Coromilas J, Landry DW, Marks AR. Protection from cardiac arrhyth-

mia through ryanodine receptor-stabilizing protein calstabin2. Science.

2004;304:292–296.

132. Schmitt JP, Kamisago M, Asahi M, Li GH, Ahmad F, Mende U, Kranias

EG, MacLennan DH, Seidman JG, Seidman CE. Dilated cardiomyopa-

thy and heart failure caused by a mutation in phospholamban. Science.

2003;299:1410–1413.

Lehnart et al Inherited Arrhythmias NHLBI-ORD Consensus Report 2343

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



133. Haghighi K, Kolokathis F, Gramolini AO, Waggoner JR, Pater L, Lynch

RA, Fan GC, Tsiapras D, Parekh RR, Dorn GW II, MacLennan DH,

Kremastinos DT, Kranias EG. A mutation in the human phospholamban

gene, deleting arginine 14, results in lethal, hereditary cardiomyopathy.

Proc Natl Acad Sci U S A. 2006;103:1388–1393.

134. Bennett V, Baines AJ. Spectrin and ankyrin-based pathways: metazoan

inventions for integrating cells into tissues. Physiol Rev. 2001;81:

1353–1392.

135. Mohler PJ, Bennett V. Defects in ankyrin-based cellular pathways in

metazoan physiology. Front Biosci. 2005;10:2832–2840.

136. Mohler PJ, Davis JQ, Bennett V. Ankyrin-B coordinates the Na/K

ATPase, Na/Ca exchanger, and InsP3 receptor in a cardiac T-tubule/SR

microdomain. PLoS Biol. 2005;3:e423.

137. Mohler PJ, Rivolta I, Napolitano C, LeMaillet G, Lambert S, Priori SG,

Bennett V. Nav1.5 E1053K mutation causing Brugada syndrome blocks

binding to ankyrin-G and expression of Nav1.5 on the surface of car-

diomyocytes. Proc Natl Acad Sci U S A. 2004;101:17533–17538.

138. Hayashi T, Arimura T, Ueda K, Shibata H, Hohda S, Takahashi M, Hori

H, Koga Y, Oka N, Imaizumi T, Yasunami M, Kimura A. Identification

and functional analysis of a caveolin-3 mutation associated with familial

hypertrophic cardiomyopathy. Biochem Biophys Res Commun. 2004;

313:178–184.

139. Tsubata S, Bowles KR, Vatta M, Zintz C, Titus J, Muhonen L, Bowles

NE, Towbin JA. Mutations in the human delta-sarcoglycan gene in

familial and sporadic dilated cardiomyopathy. J Clin Invest. 2000;106:

655–662.

140. Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D, Rosemblit

N, Marks AR. PKA phosphorylation dissociates FKBP12.6 from the

calcium release channel (ryanodine receptor): defective regulation in

failing hearts. Cell. 2000;101:365–376.

141. Wehrens XH, Lehnart SE, Reiken S, Vest JA, Wronska A, Marks AR.

Ryanodine receptor/calcium release channel PKA phosphorylation: a

critical mediator of heart failure progression. Proc Natl Acad Sci U S A.

2006;103:511–518.

142. Liu N, Colombi B, Memmi M, Zissimopoulos S, Rizzi N, Negri S,

Imbriani M, Napolitano C, Lai FA, Priori SG. Arrhythmogenesis in

catecholaminergic polymorphic ventricular tachycardia: insights

from a RyR2 R4496C knock-in mouse model. Circ Res. 2006;99:

292–298.

143. Berlin JR, Cannell MB, Lederer WJ. Cellular origins of the transient

inward current in cardiac myocytes: role of fluctuations and waves of

elevated intracellular calcium. Circ Res. 1989;65:115–126.

144. Schlotthauer K, Bers DM. Sarcoplasmic reticulum Ca(2�) release

causes myocyte depolarization: underlying mechanism and threshold for

triggered action potentials. Circ Res. 2000;87:774–780.

145. Wilde AA, Bezzina CR. Genetics of cardiac arrhythmias. Heart. 2005;

91:1352–1358.

146. Keating MT, Sanguinetti MC. Molecular and cellular mechanisms of

cardiac arrhythmias. Cell. 2001;104:569–580.

147. Ackerman MJ. Cardiac channelopathies: it’s in the genes. Nat Med.

2004;10:463–464.

148. Napolitano C, Priori SG, Schwartz PJ, Bloise R, Ronchetti E, Nastoli J,

Bottelli G, Cerrone M, Leonardi S. Genetic testing in the long QT

syndrome: development and validation of an efficient approach to geno-

typing in clinical practice. JAMA. 2005;294:2975–2980.

149. Splawski I, Shen J, Timothy KW, Lehmann MH, Priori S, Robinson JL,

Moss AJ, Schwartz PJ, Towbin JA, Vincent GM, Keating MT. Spectrum

of mutations in long-QT syndrome genes: KVLQT1, HERG, SCN5A,

KCNE1, and KCNE2. Circulation. 2000;102:1178–1185.

150. Ackerman MJ, Splawski I, Makielski JC, Tester DJ, Will ML, Timothy

KW, Keating MT, Jones G, Chadha M, Burrow CR, Stephens JC, Xu C,

Judson R, Curran ME. Spectrum and prevalence of cardiac sodium

channel variants among black, white, Asian, and Hispanic individuals:

implications for arrhythmogenic susceptibility and Brugada/long QT

syndrome genetic testing. Heart Rhythm. 2004;1:600–607.

151. Tester DJ, Will ML, Haglund CM, Ackerman MJ. Compendium of

cardiac channel mutations in 541 consecutive unrelated patients referred

for long QT syndrome genetic testing. Heart Rhythm. 2005;2:507–517.

152. Tester DJ, Will ML, Haglund CM, Ackerman MJ. Effect of clinical

phenotype on yield of long QT syndrome genetic testing. J Am Coll

Cardiol. 2006;47:764–768.

153. Tester DJ, Cronk LB, Carr JL, Schulz V, Salisbury BA, Judson RS,

Ackerman MJ. Allelic dropout in long QT syndrome genetic testing: a

possible mechanism underlying false-negative results. Heart Rhythm.

2006;3:815–821.

154. Tester DJ, Will ML, Ackerman MJ. Mutation detection in congenital

long QT syndrome: cardiac channel gene screen using PCR, dHPLC,

and direct DNA sequencing. Methods Molec Med. 2006;128:181–207.

155. Makielski JC. SIDS: genetic and environmental influences may cause

arrhythmia in this silent killer. J Clin Invest. 2006;116:297–299.

156. Donaldson MR, Yoon G, Fu YH, Ptacek LJ. Andersen-Tawil syndrome:

a model of clinical variability, pleiotropy, and genetic heterogeneity.

Ann Med. 2004;36(suppl 1):92–97.

157. Priori SG, Napolitano C, Tiso N, Memmi M, Vignati G, Bloise R,

Sorrentino VV, Danieli GA. Mutations in the cardiac ryanodine receptor

gene (hRyR2) underlie catecholaminergic polymorphic ventricular

tachycardia. Circulation. 2001;103:196–200.

158. Tester DJ, Spoon DB, Valdivia HH, Makielski JC, Ackerman MJ.

Targeted mutational analysis of the RyR2-encoded cardiac ryanodine

receptor in sudden unexplained death: a molecular autopsy of 49

medical examiner/coroner’s cases. Mayo Clin Proc. 2004;79:

1380–1384.

159. Adamson PB, Barr RC, Callans DJ, Chen PS, Lathrop DA, Makielski

JC, Nerbonne JM, Nuss HB, Olgin JE, Przywara DA, Rosen MR,

Rozanski GJ, Spach MS, Yamada KA. The perplexing complexity of

cardiac arrhythmias: beyond electrical remodeling. Heart Rhythm. 2005;

2:650–659.

159a.Chen L, Marquardt ML, Tester DJ, Sampson KJ, Ackerman MJ, Kass

RS. Mutation of an A-kinase–anchoring protein causes long-QT

syndrome. Proc Natl Acad Sci U S A. 2007;104:20990–20995.

160. He JQ, Ma Y, Lee Y, Thomson JA, Kamp TJ. Human embryonic stem

cells develop into multiple types of cardiac myocytes: action potential

characterization. Circ Res. 2003;93:32–39.

161. Moss AJ, Zareba W, Hall WJ, Schwartz PJ, Crampton RS, Benhorin J,

Vincent GM, Locati EH, Priori SG, Napolitano C, Medina A, Zhang L,

Robinson JL, Timothy K, Towbin JA, Andrews ML. Effectiveness and

limitations of beta-blocker therapy in congenital long-QT syndrome.

Circulation. 2000;101:616–623.

162. Hobbs JB, Peterson DR, Moss AJ, McNitt S, Zareba W, Goldenberg

I, Qi M, Robinson JL, Sauer AJ, Ackerman MJ, Benhorin J, Kaufman

ES, Locati EH, Napolitano C, Priori SG, Towbin JA, Vincent GM,

Zhang L. Risk of aborted cardiac arrest or sudden cardiac death

during adolescence in the long-QT syndrome. JAMA. 2006;296:

1249 –1254.

163. Mohamed U, Gollob MH, Gow RM, Krahn AD. Sudden cardiac death

despite an implantable cardioverter-defibrillator in a young female with

catecholaminergic ventricular tachycardia. Heart Rhythm. 2006;3:

1486–1489.

164. Daubert JP, Zareba W, Rosero SZ, Budzikowski A, Robinson JL, Moss

AJ. Role of implantable cardioverter defibrillator therapy in patients

with long QT syndrome. Am Heart J. 2007;153:53–58.

165. Moss AJ, Shimizu W, Wilde AA, Towbin JA, Zareba W, Robinson JL,

Qi M, Vincent GM, Ackerman MJ, Kaufman ES, Hofman N, Seth R,

Kamakura S, Miyamoto Y, Goldenberg I, Andrews ML, McNitt S.

Clinical aspects of type-1 long-QT syndrome by location, coding type,

and biophysical function of mutations involving the KCNQ1 gene.

Circulation. 2007;115:2481–2489.

166. Poelzing S, Forleo C, Samodell M, Dudash L, Sorrentino S, Anaclerio

M, Troccoli R, Iacoviello M, Romito R, Guida P, Chahine M, Pitzalis M,

Deschenes I. SCN5A polymorphism restores trafficking of a Brugada

syndrome mutation on a separate gene. Circulation. 2006;114:368–376.

167. Priori SG, Napolitano C. Molecular underpinning of “good luck.” Cir-

culation. 2006;114:360–362.

168. Priori SG, Schwartz PJ, Napolitano C, Bloise R, Ronchetti E, Grillo M,

Vicentini A, Spazzolini C, Nastoli J, Bottelli G, Folli R, Cappelletti D.

Risk stratification in the long-QT syndrome. N Engl J Med. 2003;348:

1866–1874.

169. Belhassen B, Glick A, Viskin S. Efficacy of quinidine in high-risk

patients with Brugada syndrome. Circulation. 2004;110:1731–1737.

170. Antzelevitch C, Fish JM. Therapy for the Brugada syndrome. Handb

Exp Pharmacol. 2006;305–330.

171. Drolet B, Simard C, Mizoue L, Roden DM. Human cardiac potassium

channel DNA polymorphism modulates access to drug-binding site and

causes drug resistance. J Clin Invest. 2005;115:2209–2213.

172. Gong Q, Anderson CL, January CT, Zhou Z. Role of glycosylation in

cell surface expression and stability of HERG potassium channels.

Am J Physiol. 2002;283:H77–H84.

173. Anderson CL, Delisle BP, Anson BD, Kilby JA, Will ML, Tester DJ,

Gong Q, Zhou Z, Ackerman MJ, January CT. Most LQT2 mutations

2344 Circulation November 13, 2007

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 



reduce Kv11.1 (hERG) current by a class 2 (trafficking-deficient)

mechanism. Circulation. 2006;113:365–373.

174. Liu K, Yang T, Viswanathan PC, Roden DM. New mechanism con-

tributing to drug-induced arrhythmia: rescue of a misprocessed LQT3

mutant. Circulation. 2005;112:3239–3246.

175. Donahue JK, Heldman AW, Fraser H, McDonald AD, Miller JM,

Rade JJ, Eschenhagen T, Marban E. Focal modification of electrical

conduction in the heart by viral gene transfer. Nat Med. 2000;6:

1395–1398.

176. Bauer A, McDonald AD, Nasir K, Peller L, Rade JJ, Miller JM,

Heldman AW, Donahue JK. Inhibitory G protein overexpression

provides physiologically relevant heart rate control in persistent atrial

fibrillation. Circulation. 2004;110:3115–3120.

177. Miake J, Marban E, Nuss HB. Biological pacemaker created by gene

transfer. Nature. 2002;419:132–133.

178. Kikuchi K, McDonald AD, Sasano T, Donahue JK. Targeted modifi-

cation of atrial electrophysiology by homogeneous transmural atrial

gene transfer. Circulation. 2005;111:264–270.

179. Brunner M, Kodirov SA, Mitchell GF, Buckett PD, Shibata K, Folco EJ,

Baker L, Salama G, Chan DP, Zhou J, Koren G. In vivo gene transfer of

Kv1.5 normalizes action potential duration and shortens QT interval in

mice with long QT phenotype. Am J Physiol. 2003;285:H194–H203.

180. Burton DY, Song C, Fishbein I, Hazelwood S, Li Q, DeFelice S,

Connolly JM, Perlstein I, Coulter DA, Levy RJ. The incorporation of an

ion channel gene mutation associated with the long QT syndrome

(Q9E-hMiRP1) in a plasmid vector for site-specific arrhythmia gene

therapy: in vitro and in vivo feasibility studies. Human Gene Ther.

2003;14:907–922.

181. Potapova I, Plotnikov A, Lu Z, Danilo P Jr, Valiunas V, Qu J, Doronin

S, Zuckerman J, Shlapakova IN, Gao J, Pan Z, Herron AJ, Robinson RB,

Brink PR, Rosen MR, Cohen IS. Human mesenchymal stem cells as a

gene delivery system to create cardiac pacemakers. Circ Res. 2004;94:

952–959.

182. Feld Y, Melamed-Frank M, Kehat I, Tal D, Marom S, Gepstein L.

Electrophysiological modulation of cardiomyocytic tissue by transfected

fibroblasts expressing potassium channels: a novel strategy to

manipulate excitability. Circulation. 2002;105:522–529.

183. Wolf CM, Berul CI. Inherited conduction system abnormalities: one group

of diseases, many genes. J Cardiovasc Electrophysiol. 2006;17:446–455.

184. Wang DW, Desai RR, Crotti L, Arnestad M, Insolia R, Pedrazzini M,

Ferrandi C, Vege A, Rognum T, Schwartz PJ, George AL Jr. Cardiac

sodium channel dysfunction in sudden infant death syndrome. Circu-

lation. 2007;115:368–376.

185. Arnestad M, Crotti L, Rognum TO, Insolia R, Pedrazzini M, Ferrandi C,

Vege A, Wang DW, Rhodes TE, George AL Jr, Schwartz PJ. Prevalence

of long-QT syndrome gene variants in sudden infant death syndrome.

Circulation. 2007;115:361–367.

186. Tester DJ, Kopplin LJ, Will ML, Ackerman MJ. Spectrum and prev-

alence of cardiac ryanodine receptor (RyR2) mutations in a cohort of

unrelated patients referred explicitly for long QT syndrome genetic

testing. Heart Rhythm. 2005;2:1099–1105.

Lehnart et al Inherited Arrhythmias NHLBI-ORD Consensus Report 2345

 by guest on August 3, 2013http://circ.ahajournals.org/Downloaded from 


