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Basic Science for Clinicians

Inherited Arrhythmias

A National Heart, Lung, and Blood Institute and Office of Rare Diseases
Workshop Consensus Report About the Diagnosis, Phenotyping, Molecular
Mechanisms, and Therapeutic Approaches for Primary Cardiomyopathies

of Gene Mutations Affecting Ion Channel Function

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

Peter J. Mohler, PhD; Arthur Moss, MD; Jeanne M. Nerbonne, PhD; Timothy M. Olson, MD;
Dennis A. Przywara, PhD; Jeffrey A. Towbin, MD; Lan-Hsiang Wang, PhD; Andrew R. Marks, MD

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.)
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he National Heart, Lung, and Blood Institute and Office inherited arrhythmias. During the workshop, current levels of
of Rare Diseases at the National Institutes of Health understanding and gaps in knowledge of ‘“rare inherited
organized a workshop to advise on new research directions arrhythmias” were presented in 3 areas: (1) inherited chan-
needed for improved identification and treatment of rare 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 Ca**
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.

® Flucidate the molecular and physiological basis of arrhyth-
mia triggers and substrates with the use of integrative
animal, cell, and computational models.

® Jdentify 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
a-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]),'-3 cardiac conduction
disease (CoD),*-¢ and dilated cardiomyopathy (DCM) with
atrial arrhythmia (Multigenetic arrhythmia syndromes are
numbered sequentially to identify and discriminate specific
genotype—phenotype relationships; refer to Table 1).78 Mu-
tations in SCN5A may also present with more complex
phenotypes representing combinations of LQTS, CoD, and
Brugada syndrome (BrS1). Examples of LQTS3 combined
with either BrS1° or congenital heart block,'%-!! cases of BrS1
with impaired conduction,'? or combinations of all 3 pheno-
types have been documented.!> 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 (Na,l.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 LQTS3.28 After linkage of
SCN5A to LQTS3 and abnormal cardiac repolarization,
distinct disease phenotypes, including conduction 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 described as a
new clinical entity referred to as Brugada syndrome (BrS1)
(Table 1).'* Pharmacological Na* channel block elicits or
worsens the ECG features associated with BrS1.27 Screen-
ing of families with BrS1 has revealed distinct mutations
in the SCN5A gene.? In a large Dutch family with a history
of sudden death, mostly occurring at night, living members
demonstrated ECG features compatible with BrS1 and
LQTS3 corresponding to a novel mutation in the
C-terminus of SCN5A (1795insD).'® Subsequently, a
Y1795H mutation in a patient with BrS1 and a Y1795C
mutation in a patient with LQTS3 were identified, provid-
ing evidence of the close interrelationship between BrS1
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