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Abstract

Cardiac arrhythmias are a leading cause of morbidity and mortality. Currently available
therapeutic options lack sufficient efficacy and safety. Gene therapy has been proposed for
treatment of cardiac arrhythmias. This review will discuss the current state of development for
arrhythmia gene therapy. So far, all published studies are short-term, proof-of-concept animal
studies. Potential replacement of cardiac pacemakers has been shown for combination gene
therapy using the HCN2 gene and either the gene for adenylate cyclase, the skeletal muscle
isoform of the sodium channel, or a dominant negative mutant of the potassium channel
responsible for resting membrane potential. Atrial fibrillation has been prevented by gene transfer
of either a dominant negative mutant of a repolarizing potassium channel, a gap junction, or an
SiRNA directed against caspase 3. Inherited arrhythmia syndromes have been corrected by
replacement of the causative genes. Post-infarct ventricular tachycardia has been reduced by gene
therapy with the skeletal muscle sodium channel and connexins and eliminated with the dominant
negative mutant of the potassium channel responsible for resting membrane potential. These ideas
show considerable promise. Long-term efficacy and safety studies are required to see if they can
become viable therapies.
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1. Introduction

Heart rhythm disorders are responsible for considerable morbidity and mortality, particularly
in developed nations. Cardiac arrest is the leading cause of death in developed countries.
(Mozaffarian, Benjamin et al. 2015) Ventricular tachyarrhythmias are the most common
cause of cardiac arrest, and ischemia, infarction or heart failure create a substrate conducive
to the generation of ventricular arrhythmias.(Nuss, Kaab et al. 1999;Beuckelmann, Nabauer
et al. 1995;Beuckelmann, Nabauer et al. 1993;Janse and Wit, 1989;de Bakker, van Capelle et
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al. 1988) Atrial fibrillation (AF) is the leading cause of stroke and a common contributor to
overall morbidity and mortality.(Mozaffarian et al. 2015) Atrial fibrillation generally occurs
in the setting of structural and electrical changes brought about by heart failure,
hypertension, diabetes, pulmonary disease, age and other cardiac risk factors.(Benjamin,
Chen et al. 2009) Sinus node dysfunction and bradyarrhythmias are often associated with
advancing age, but risk factors associated with other cardiac disease can accelerate or
amplify sinus or atrioventricular (AV) nodal disease.(Mozaffarian et al. 2015) All of these
disease associations illustrate the point that effective treatment of cardiac arrhythmias must
address the electrical aspects of the rhythm disorder but must also attempt to reverse or at
least attenuate the underlying cardiac structural and functional abnormalities that create the
arrhythmic substrate.

Currently available therapies to control heart rhythm are conventionally divided into 3
categories: (1) pharmacotherapy, (2) device-based therapy and (3) ablative therapy. All
currently available therapies have limited efficacy and considerable toxicity. Antiarrhythmic
drugs are effective at decreasing arrhythmia burden, but breakthrough arrhythmia episodes
are common and toxicities include proarrhythmia (i.e. the drug causes rather than prevents
the arrhythmia) in up to 5% of patients taking potassium channel blocking drugs in addition
to numerous systemic side-effects for the other antiarrhythmic medications.(Hockings,
George et al. 1987;Echt, Liebson et al. 1991;Coplen, Antmann et al. 1990;AFFIRM First
Antiarrhythmic Drug Substudy Investigators, 2003;Pfizer, 2011;Bayer, 2011;Torp-Pedersen,
Moller et al. 1999)

Device therapies include pacemakers and defibrillators. Pacemakers effectively prevent
bradycardia, but their ability to reproduce normal physiologic heart rate responses to activity
or stress remain limited.(Israel and Hohnloser, 2000) Defibrillators do not prevent
arrhythmia onset; they terminate ventricular tachyarrhythmias by overdrive pacing or
administration of an electrical shock. Cardiac devices are effective in these roles, but they do
not cure the underlying disease. Cardiac devices also subject patients to a number of
uncommon but potentially important risks either at implant (infection, bleeding, cardiac
perforation, etc.) or in the long-term (infection, hardware failure).(Persson, Earley et al.
2014;Parsonnet and Cheema, 2003;Bernstein and Parsonnet, 2001)

Ablation is an invasive procedure where catheters are used to identify and then destroy the
portions of the heart critical to the targeted arrhythmia. Ablation is curative for arrhythmias
that exist in confined areas (e.g. focal atrial or ventricular tachycardias, AV node or
accessory pathway-dependent rhythms, etc.), and ablation can decrease arrhythmia burden
for more diffuse rhythms [AF, scar-related ventricular tachycardia(VT)]. (Kirchhof and
Calkins, 2016;Calkins, Yong et al. 1999;Stevenson, Wilber et al. 2008) The fundamental
limitation of all current ablation technologies is that destruction of heart tissue is an integral
element of the therapy.

The impact of cardiac arrhythmias coupled with the limitations of currently available
therapies is the driving force for investigation of new therapeutic options. This review
discusses the current status of cardiac arrhythmia gene therapy development for sinus node
dysfunction, AF and VT. Each of these therapies starts with a focus on the underlying
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arrhythmia mechanism (Fig 1), and the therapy is generally developed to counteract that
mechanism. The mechanistic approach is an established strategy for therapy development,
but of course, it is only as good as the validity of the available mechanistic data. This
problem has been especially relevant to arrhythmia research where differences between all
animal models and human disease is a relevant concern, and in particular the considerable
differences between mouse and human electrophysiology calls into question the translational
potential of data derived from transgenic mouse models.

Sinus node dysfunction

Generation of a normal sinus heart rate depends on the reliability of action potential
generation from the cells in the sinus node and the ability of that electrical signal to expand
beyond the confines of the sinus node to electrical capture the broader tissue of the cardiac
atria. To accomplish this feat, cells in the sinus node have automaticity (the mechanism of
which is still debated) in which they progressively lose resting membrane potential and
generate repetitive action potentials.(Maltsev and Lakatta, 2012;DiFrancesco and Noble,
2012;Lakatta and Maltsev, 2012) The sinus node also has limited connectivity with the atrial
myocardium so this electrical signal can start in a single myocyte or a few cells and
gradually increase in size until it is sufficient to capture the atrial myocardium.(Fedorov,
Schuessler et al. 2009;Inada, Zhang et al. 2014)

The first attempt to genetically modify cardiac myocytes to achieve automaticity was
reported by Miake et al. They introduced a dominant negative mutation of the lx4 channel
(KCNJ2 GYG144-146AAA) into guinea pig ventricles.(Miake, Marban et al. 2002) The
logic behind this approach was that automaticity would occur if the resting membrane
potential was destabilized. Miake did indeed find evidence of automaticity, but the picture
was complicated. The automatic rhythm was not stable, and the transgene also caused QT
prolongation.(Miake, Marban et al. 2003)

Subsequent attempts to generate cardiac automaticity were based primarily on delivery of
the HCN family of genes that encoded the I current, the putative pacemaker channel. Wild-
type HCNs 1, 2 and 4 have been delivered to hearts of various animals by several
investigators.(Plotnikov, Sosunov et al. 2004;Cai, Yi et al. 2007;Tse, Xue et al. 2006) Like
the lk1-reducing strategy above, transduction with HCN-family genes created nodes of
automaticity, but the rhythm was unstable and the heart rate was considerably less than the
normal rate for the animal. Attempts to modify function with use of various HCN1 and
HCNZ2 mutations resulted in modulation of the heart rate (VT was produced), but the
generated rate remained unstable, with abrupt termination of automaticity causing asystole.

Combination therapy with HCN2 and either the gene for adenylate cyclase (a component of
the intracellular signaling cascade for adrenergic, purinergic, and cholinergic receptors),
(Boink, Nearing et al. 2012) or the gene for the skeletal muscle isoform of the sodium
channel (SkM1),(Boink, Duan et al. 2013) or the KCNJ2-AAA mutation appears to have
generated stable pacing at reasonable rates.(Cingolani, Yee et al. 2012) An interesting and
consistent finding between these reports is that automaticity is more stable when cells in the
specialized conduction system are transduced rather than myocardial cells.
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An entirely different approach to the problem was reported by Kapoor et al.(Kapoor, Liang
et al. 2013) Rather than focus on addition of a limited number of ion channels, they
transduced cardiac myocytes with the transcription factor TBX18. They reported a number
of morphological and functional changes in the transduced myocytes. Affected cells had
spontaneous firings and morphological changes including smaller size and less myofibrillar
organization that the authors felt were consistent with a sinus node cell phenotype.
Electrophysiological analysis of the cells showed decreased resting membrane potential,
reduced Ik 4 density, increased l¢ density, and regular release of calcium from the
sarcoplasmic reticulum.

Attempts at recapitulation of sinus node function seem to be coalescing into 2 approaches.
lon channel modulation appears effective if a combination of channels are introduced, with
one component being from the HCN-family of ion channels and the other component
supplementing function by increasing overall responsiveness to adrenergic stimulation,
increasing the activating current after phase 4 depolarization or destabilizing resting
membrane potential. The second approach involves overall cell reprogramming from
transcription factor introduction. Either approach will require demonstration of efficacy and
safety that is sufficiently compelling to warrant competition with electronic pacemakers that
for the most part have a long history of efficacy and safety. In particular, long-term gene
expression and functional stability, achievement of physiologically-relevant pacing rates, and
complete avoidance of inappropriate rates (either too fast or too slow) are issues that need to
be convincingly demonstrated with either of the current gene therapy approaches.

Atrial Fibrillation

AF is a complex rhythm centered either within the atria or in the pulmonary veins that are
electrically connected to the atria. Paroxysmal AF in many cases is a rhythm of the
pulmonary veins, where the rapid beating pattern degenerates as it spreads to the atria
causing a loss of organized conduction within the atrial tissues.(Haissaguerre, Jais et al.
1998;Jais, Haissaguerre et al. 1997) Persistent AF is generally a reentrant rhythm that exists
diffusely throughout the atria.(de Groot, Houben et al. 2010;Eckstein, Zeemering et al.
2013;Hansen, Csepe et al. 2016) The exact arrhythmia mechanism for either paroxysmal or
persistent AF is incompletely defined.

Efforts to disrupt AF have focused predominately on the reentrant nature of that arrhythmia
and the reported electrical and structural remodeling caused by either AF or the
comorbidities that increase susceptibility to AF. The initial report of AF elimination by gene
therapy used a dominant negative mutation of the KCNH2 channel (KCNH2-G628S).(Amit,
Kikuchi et al. 2010) KCNHZ2 plays a critical role in myocyte repolarization. The dominant
negative mutant delayed repolarization, disrupted reentry and thereby terminated pacing-
induced AF. A similar strategy using the canine variant of the channel (CERG-G627S)
verified these AF-terminating results.(Soucek, Thomas et al. 2012)

Additional attempts to disrupt reentry have focused on improvement in improving
conduction through the atria. Gap junction proteins connexin 40 and connexin 43 have both
been shown to disrupt AF by attenuating the conduction slowing caused by AF.(lgarashi,
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Finet et al. 2012;Bikou, Thomas et al. 2011) This strategy was motivated by observations
that AF caused heterogeneities in and/or slowing of conduction through atrial tissues, in part
by decreasing connexin 40 and/or connexin 43 amounts in the intercalated disk connections
between adjacent myocytes. Bolstering the intercalated disk connexin content with either
connexin 40 or connexin 43 prevented the reduction in conduction velocity and terminated
AF. An observation with both of these gap junction proteins that has potentially reassuring
safety implications is that it appears to be impossible to overdo the conduction effects.
Normal tissue retains normal conduction, which might reduce the potential for
proarrhythmia with this approach.

More recent efforts have focused on disrupting the structural remodeling process of atrial
myocyte hypertrophy — apoptosis — inflammation — fibrosis caused by AF. Trappe et al.
evaluated a strategy to prevent caspase 3 activation and apoptosis by transduction of atrial
tissues with an siRNA targeting caspase 3.(Trappe, Thomas et al. 2013) They found that /n
vivo gene transfer with Ad-siRNA-Cas3 effectively reduced apoptosis, improved conduction
velocity and delayed onset of AF, but it did not significantly alter myocardial fibrosis.

The available data suggest that therapies focused on disrupting reentry are capable of
terminating AF, but long-term durability of this approach has not yet been tested.
Supplemental therapies aimed at reversing the myocyte dysfunction and fibrosis have been
minimally investigated. Unlike the sinus node strategies, combination therapies have not yet
been reported for AF, but these are likely to be tested as the field progresses.

Ventricular tachyarrhythmias

Reports of therapies directed against ventricular tachyarrhythmias can be divided into 2
categories: those targeting congenital arrhythmia syndromes and those aimed at preventing
arrhythmias associated with myocardial infarction. A principle difference between the 2
approaches is that congenital arrhythmia syndromes are caused by genetic mutations
affecting all cardiac myocytes, so a global approach is likely needed for efficacy. Infarct-
related arrhythmias generally come from the surviving myocytes in the infarcted territory,(de
Bakker et al. 1988;Rothman, Hsia et al. 1997;Miller, Marchlinski et al. 1988;de Chillou,
Lacroix et al. 2002) and a more regional approach has been shown effective.

Brunner et al. showed proof-of-principle correction of the QT interval in a mouse model of
the long QT syndrome.(Brunner, Kodirov et al. 2003) The long QT syndrome is caused by
defects in the myocyte repolarization process, which can lead to triggered arrhythmias from
early afterdepolarizations occurring during the delay in repolarization and/or reentrant
arrhythmias due to local heterogeneities in repolarization creating areas of temporary
conduction block. Brunner’s work did not exactly reproduce the human situation because the
mouse action potential differs drastically from the larger mammalian counterpart, but
Brunner did provide critical proof-of-principle data on a method for countering some of the
ion channel defects associated with the long QT syndrome. In Brunner’s model, expression
of an N-terminal tag of the Kv1.1 channel caused dominant negative suppression of mouse
ventricular myocyte repolarizing currents, prolongation of the mouse QT interval and
ventricular arrhythmias. They found that gene transfer of a related but sufficiently different
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ion channel Kv1.5 overcame this dominant negative effect, shortened action potential
duration and QT interval. This work illustrated a strategy for overcoming effects of an
endogenous mutation. A principle weakness of the work is that the targeted channels are
more relevant to repolarization in rodents and they are not major effectors of repolarization
in larger mammals.

More recently, Denegri et al. evaluated gene transfer in mice with Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT).(Denegri, Avelino-Cruz et al. 2012) In CPVT,
the normal control of calcium release from the sarcoplasmic reticulum is altered, allowing
diastolic release of calcium to cause delayed afterdepolarizations and triggered arrhythmias.
Calcium handling in mice is altered relative to larger mammals, but the basic elements of
calcium uptake and release (either appropriate or inappropriate) from the sarcoplasmic
reticulum are essentially the same. Denegri focused on a mouse model where CPVT is
caused by a decrease in calsequestrin (a calcium buffering protein normally present at high
levels in the sarcoplasmic reticulum). Gene transfer of wild-type calsequestrin normalized
calcium handling, reduced susceptibility to delayed afterdepolarizations and ventricular
arrhythmias. Efficacy of this strategy with the more common CPVT mutations affecting the
sarcoplasmic reticulum calcium-release channel remain to be determined, but it does appear
to be efficacious for the calsequestrin variant of CPVT.

Unlike the congenital arrhythmia syndromes, reentry is the dominant mechanism causing
post-infarct ventricular arrhythmias. As such, strategies that delay myocyte repolarization or
improve electrical conduction, similar to those discussed above for AF, have been shown
effective for reducing or eliminating ventricular arrhythmias.

In the early phase of infarct healing, downregulation and dysfunction of connexins and
sodium, calcium and potassium channels reduces cellular excitability, alters repolarization
and reduces electrical conduction through tissues surviving the infarct. In order to overcome
the cellular electrophysiological dysfunction in this early post-infarct phase, Lau et al. tested
the hypothesis that myocardial conduction velocity would improve and reentrant
arrhythmias would be disrupted by introduction of the SkM1 sodium channel.(Lau, Clausen
et al. 2009) Unlike the cardiac isoform of the sodium channel, SkM1 remains active at the
relatively depolarized membrane potentials found in damaged myocytes. Lau reasoned that
myocytes expressing SkM1 would regain electrical excitability, thereby improving electrical
conduction through the infarct region. They found that gene transfer with SkM1 did indeed
improved overall conduction velocity and homogeneity, and that this effect significant
reduced ventricular tachyarrhythmia susceptibility.(Lau et al. 2009;Coronel, Lau et al. 2010)

After the infarct has healed, the Ml scar border generally consists of surviving myocytes
interdigitated with fibrosis. The disruption in cell-to-cell communication caused by the
fibrosis most likely accompanied by some residual dysfunction of the surviving myocytes is
the ideal substrate for reentrant arrhythmias. Greener et al. and Sasano et al. hypothesized
that reentry through the infarct borderzone could be disrupted by either extending myocyte
repolarization time or improving cellular connectivity.(Sasano, McDonald et al.
2006;Greener, Sasano et al. 2012) They used the connexin 43 and KCNH2-G628S
transgenes discussed above for AF. Greener found that infarct-targeted delivery of connexin
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43 significantly improved but did not normalize conduction velocity, and that this effect was
sufficient to reduce arrhythmia susceptibility. Sasano showed that KCNH2-G628S prolonged
action potential duration in the infarct borderzone, and this completely eliminated
ventricular arrhythmia inducibility.

Overall, approaches to VT gene therapy are arrhythmia mechanism-based and less focused
on tissue structure. The targeted congenital syndromes exist with normal ventricular
structure. Ischemia and infarction disrupt the endogenous structure, and the currently
investigated therapies do not modify that process. Investigated therapies, so far, have focused
on basic principles for triggered and reentrant arrhythmias and have succeeded by disrupting
these mechanisms.

Arrhythmia gene therapy investigations have been limited to proof-of-concept short-term
demonstrations of efficacy. Safety has not been a principle focus of these early studies, but
no safety issues have been noted. Still, the lessons learned from antiarrhythmic drug studies
need to be heeded. Proarrhythmic as well as other risks need to be investigated prior to
institution of clinical trials.

Since the majority of arrhythmias are permanent problems, a permanent solution is required
under most circumstances. Adeno-associated virus and lentivirus vectors have been shown to
give permanent expression, so they remain available to address the longevity of expression
issue. Adequate delivery to the target tissue remains a problem for many of the arrhythmia
applications. Remaining elements of long-term cure include the interactions between a
potentially one-time gene intervention and the long-term evolution of the arrhythmia
substrate. Presumably, pressure from comorbidities and arrhythmia susceptibility factors
would continue in the absence of intervention, and an initially successful intervention may
lose efficacy as the substrate evolves over time. An integrated approach of addressing
comorbidities, normalizing cardiac structure and function may be required for long-term
control. Only long-term studies will address this issue and allow us to identify the needed
components of these therapies.

Currently available data show promise for gene therapy to treat sinus node dysfunction, AF,
certain inherited arrhythmia syndromes, and post-infarct VVT. With long-term efficacy and
safety studies, these novel interventions may represent the next generation of therapies for
cardiac arrhythmias.

Abbreviations

AF atrial fibrillation

AV atrioventricular

CPVT catecholaminergic polymorphic ventricular tachycardia
VT ventricular tachycardia
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Figure 1.
Arrhythmia mechanisms (A) the normal morphologies of atrial (left) and ventricular (right)

action potentials are shown. Normally, cardiac myocytes outside the specialized conduction
system are quiescent and the cell maintains a polarized state with a stable negative resting
membrane potential (baseline). (B) Unlike the stable baseline of normal myocytes, cells with
automaticity (either cells from the specialized conduction system, cells modified to develop
automaticity, or injured myocytes) have an unstable baseline with gradual depolarization.
The slow rate of depolarization generally inactivated the sodium current that is responsible
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for the rapid depolarization noted for atrial and ventricular myocytes in panel A. A calcium
current is generally responsible for activation in automatic cells. The slower kinetics of the
calcium current account for the less sharp depolarization in comparison to normal atrial and
ventricular myocytes. (C) Triggered arrhythmias are generated from secondary electrical
activation of the cardiac myocyte, either in the later stages of the initial action potential
(early afterdepolarization, depicted on the left) or after completion of the prior action
potential (delayed afterdepolarization, right panel). Activations can either be small shifts in
membrane potential (red line) or full secondary action potentials (orange dotted line).
Afterdepolarizations are generally triggered by abnormal behavior of the cellular ionic
currents and/or intracellular calcium handling processes. (D) Unlike the automaticity and
triggered activity that are largely cellular processes, reentry is a tissue level process. Fixed or
functional barriers (black bars) allow progressive activation of the loop of tissue inside the
barrier. In the schematic, the active electrical wavefront is the white bar. The progression of
red-orange-yellow-green-blue-violet represents the tissue in various stages of electrical
recovery from the prior action potential, and the gray region is myocardial tissue that has
recovered from the prior action potential and is capable of generating a new action potential
when activated. The dotted arrow shows progression of the activation wavefront around the
reentrant circuit, and the solid arrows show escape of the electrical activation to surrounding
tissues. A heart beat is generated for each revolution of the circuit. Reentry can be disrupted
when the activation wavefront meets refractory tissue (i.e. no gray region. This occurs either
with increased speed of conduction around the circuit or with a delay in electrical recovery
of cells within the circuit.

Pharmacol Ther. Author manuscript; available in PMC 2018 August 01.



	Abstract
	1. Introduction
	Sinus node dysfunction
	Atrial Fibrillation
	Ventricular tachyarrhythmias
	Summary
	References
	Figure 1

