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Abstract
Gene therapy of heart failure is gaining momentum as a result of the recent successful completion
of phase II of the CUPID trial, which showed clinical safety and efficacy of an adeno-associated
viral vector expressing SERCA2a. Resorting to gene therapy allows the manipulation of molecular
targets not presently amenable to pharmacologic modulation. This review focuses on the
molecular targets of heart failure gene therapy that have demonstrated translational potential. At
present, most of these targets are related to calcium handling in the cardiomyocyte. They include
SERCA2a, phospholamban, the S100A1 protein, the ryanodine receptor and the inhibitor of the
protein phosphatase 1. Other targets, related to cAMP signaling, are reviewed, such as adenylyl
cyclase. microRNAs are emerging as novel therapeutic targets and convenient vectors for gene
therapy, particularly in heart disease. We propose a discussion of recent advances and
controversies in key molecular targets of heart failure gene therapy.
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Introduction
The emergence of gene therapy as a promising strategy to treat heart failure is a
multifactorial phenomenon. First, there is an unmet need to develop effective treatments
aimed at decreasing the morbidity and mortality of heart failure, a highly prevalent problem
associated with a grim prognosis despite continuing therapeutic progress1,2. Second,
attractive therapeutic targets were identified and validated, such as the sarco-endoplasmic
reticulum calcium ATPase (SERCA2a)1 without available and effective pharmacologic
modulators. The search for pharmacologic agents to modulate these targets was undertaken
in parallel with the development of gene therapy tools. Isatroxime is a promising stimulator
of SERCA2a recently evaluated in a clinical trial; of note, isatroxime is also an inhibitor of
the sodium-potassium ATPase.3,4
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However, the recent successful completion of a phase 2 clinical trial of gene therapy to
enhance the myocardial expression of SERCA2a in patients with heart failure5 undoubtedly
propels gene therapy in the clinical armamentarium as a safe and effective approach.

The subject of gene therapy in heart failure has been extensively reviewed.1,6,7 The purpose
of this brief review is to provide a focused update on the current translational advances and
controversies related to the molecular targets in the gene therapy of heart failure.

Multiple molecular mechanisms were targeted by gene therapy in animal models of heart
failure.1,6,7 The common aim of these studies was to restore the function of cardiomyocytic
signaling pathways consistently shown to be defective in heart failure, such as beta-
adrenergic signaling and calcium handling. Other studies targeted distinct processes, like
cell survival pathways.7 A common strategy of these studies was to use recombinant DNA-
based vectors to modulate gene expression.

In this setting, it is important to note that vector-based modulation of molecular pathways is
also a strategy for proof of concept studies in cardiovascular physiology and
pathophysiology. Progression from vector-based gene expression modulation to clinical
gene therapy is dependent both on the therapeutic potential of the target gene and on the lack
of safe and effective pharmacological approaches. For example, proteine kinase C was
modulated by viral vectors and pharmacologic agents in recent studies.8,9 Thus, our review
will focus on therapeutic targets pertaining to gene therapy with translational potential.

Viral vectors
Viral vectors (reviewed by Kawase et al.7) have been very effective at infecting various cell
types including cardiac myocytes. Recombinant adenoviral vectors were used early on to
infect the heart with reasonable transgene expression; but the duration of expression was
limited to weeks due to immune response generated against the remaining viral genes.
Lentiviruses, which could infect a post mitotic cell, have also been used. However, their
integration within the genome is concerning since they can lodge within a tumor suppressing
or promoting area causing unchecked growth and division. Adeno-associated vectors (AAV)
have emerged as ideal vectors for infecting the myocardium in the setting of heart failure.
Their characteristics include long term transgene expression and minimal immune response;
besides, recombinant AAV used for gene therapy do not integrate in the host genome (as
opposed to wild-type AAV). Their small size is an advantage when infusing them through in
the coronary arteries. One drawback of AAV is their inability to incorporate more than 4.7
kb of genetic material. Because of their transduction abilities and safety profile, AAV
vectors have gained a strong foothold not only in cardiovascular diseases but also in other
organ diseases.

Therapeutic targets related to calcium handling in the cardiomyocyte
The abnormal calcium handling in the failing cardiomyocyte is complex. It involves mainly
sarcoplasmic (SR) Ca2+ leak through the Ryanodin Receptor (RyR), decreased SR Ca2+

uptake with a decline of SERCA2a expression and activity; all resulting in reduced SR Ca2+

loading6. This is a critical component of the impaired mechanical performance of failing
hearts6, in addition to arrhythmogenesis10. Calcium handling proteins and their regulators
are thus promising therapeutic targets in heart failure6.

SERCA2a overexpression
The overexpression of SERCA2a by gene therapy in heart failure represents a historical
model, starting from the finding of defective calcium handling associated with reduced
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SERCA2a expression in failing cardiac myocytes, and progressing to a clinical trial where
an adeno-associated virus (AAV) overexpressing SERCA2a was administered to heart
failure patients.5,7

The multiple steps of this process, involving target validation, the development of gene
therapy vectors and delivery methods along with the testing of animal models of heart
failure have been reviewed elsewhere11. Along with the demonstration of improved
myocardial mechanical function, the overexpression of SERCA2a had multiple effects
including improved myocardial energetics, endothelial function and coronary flow.7 The
antiarrhythmic effects of SERCA2a overexpression were demonstrated in acute ischemia-
reperfusion.10 In chronic heart failure after myocardial infarction in rats, the overexpression
of SERCA2a was associated with a reduction of spontaneous and provoked ventricular
arrhythmia along with a reduction in calcium leak from the SR.12 The latter findings
comfort the clinical safety of SERCA2a gene therapy in the arrhythmia-prone heart failure
population.12

Phase II of the Calcium Upregulation by Percutaneous Administration of Gene Therapy in
Cardiac Disease (CUPID) study was recently published.5 This trial confirmed the clinical
safety of SERCA2a overexpression by gene therapy already demonstrated in phase I.13

Therapeutic efficacy was demonstrated in several clinical, biological and echocardiographic
indicators of heart failure.5 In particular, patients receiving the highest dose of Adeno-
associated virus 1 (AAV1)-SERCA2a demonstrated improvement in the six minutes walk
test and the left ventricular end-systolic volume, along with a reduced hospitalization length
and a reduced incidence of prespecified multiple cardiovascular events5.

Other ongoing clinical trials of overexpression of SERCA2a in heart failure were listed and
reviewed recently7. They include (1) a trial in which AAV1. SERCA2a gene transfer will be
performed one month after the placement of a left ventricular assist device (LVAD) with the
endpoint being the ability to wean the LVAD, and (2) a trial where AAV1-SERCA2a gene
transfer will be performed in patients with Class III/IV heart failure and cardiac structural
parameters will be examined 6 months after gene transfer.

Enhancing activity of SERCA2a through modulation of phospholamban PLB
The therapeutic implications of the SERCA2a-PLB interaction in heart failure were first
derived from studies on transgenic mice lacking PLB in which the progression of heart
failure was abrogated14. Multiple gene therapy studies were conducted in vitro and in vivo
using viral vectors with antisense RNA or shRNA to downregulate PLB.15,16 Other studies
used dominant-negative forms of PLB, designed to remain in the inactive pentameric form
of PLB.17 Since phosphorylation of PLB on the serin 16 residues lifts the inhibition on
SERCA2a, a pseudo-phosphorylated form (the S16E PLB mutant) of the protein was
overexpressed through gene therapy and demonstrated improved left ventricular function in
animal models of heart failure, including a large animal model.18

Several challenges related to the modulation of PLB as a therapeutic target have emerged
from recent studies.

First, it is known that PLB only modulates the calcium-dependence of SERCA2a activity,
which is the affinity of the enzyme for calcium (KCa); therefore, PLB has no impact on the
maximal SERCA2a activity at saturating calcium.19

Second, in one report, PLB knock-out mice progressed to heart failure after aortic
constriction similarly to control animals.20 Although PLB ablation seems promising in
rodents, complete ablation of PLB may not be beneficial in humans. Humans with PLB null
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mutations suffered from a lethal dilated cardiomyopathy.21 We must accompany our citation
of this work21 by a word of caution, since the L39Stop mutation of PLB does not equate
PLB ablation and may have generated a form of PLB exerting untoward effects.22

Moreover, the cardiac cellular toxicity of a therapy involving short hairpin RNA against
PLB in dogs was recently reported and attributed to an adverse interference of shRNA with
microRNA pathways.22

Third, the S16E mutant of PLB lacks the possibility of further phosphorylation at the serin
16 residue,19 which may limit its therapeutic applicability. Recently, a systematic approach
was undertaken to identify mutants of PLB that possess an affinity to SERCA comparable to
the wild-type PLB, while having less inhibitory potential and retaining the possibility of
being phosphorylated.23 It has been shown that PLB phosphorylation does not lead to a
dissociation of the SERCA-PLB complex; instead, PLB remains bound to SERCA while its
inhibitory effect on SERCA is reduced by phosphorylation.19 This opens the possibility of
using PLB mutants as a therapy by having a less inhibitory mutant act as a partial antagonist
to wild type PLB, thus displacing wild type PLB from SERCA.19 The physiologic ratio of
PLB/SERCA is 5/1, and a recent study showed a potential for increased SERCA activity
with PLB mutants present in molar concentrations at least as abundant as wild type PLB19.
Studies are underway to determine whether these in vitro ratios can be achieved in vivo in
animal models of heart failure.

Finally, while overexpression of PLB mutants may be beneficial, this may lead to an
increase in the total amount of PLB in the cardiomyocyte. Existing literature demonstrates
reduction in cardiomyocyte function associated with the overexpression of PLB, wether
transgenically or by adenoviral vector.21,24 Increase in PLB expression was found in
diabetic cardiomyopathy and in the setting of resistin overexpression.25

Considering that PLB is only a 52 amino-acids peptide, one can expect, at least theoretically,
to target pharmacologically the SERCA2a-PLB interaction.

Protein phosphatase 1, its endogenous inhibitor and regulator I1, and the activated form of
I1, I1c

The PP1-I1 couple is a central and complex mechanism of regulation of phosphorylation and
dephosphorylation in the cardiac myocyte and in other cell types, and was recently and
extensively reviewed by Wittkopper et al.26 This couple has emerged as an attractive
therapeutic target for heart failure, due to the increased levels and activity of PP1, together
with reduced levels and activity of I1, in heart failure26. PP1 dephosphorylates PLB at the
serin 16 residue (Fig. 1); thus, by enhancing PLB phosphorylation and SERCA2a activity,
PP1 inhibition is expected to provide the therapeutic benefits of SERCA2a enhancement.

Controversies have emerged in relation with this approach and are detailed in the review by
Wittkopper et al.26 Mainly, excessive PP1 inhibition may lead to an unsafe
hyperphosphorylation of the ryanodine receptor (RyR), which is arrhythmogenic; in the
same vein, a cardioprotective effect of I1 ablation has been suggested26. Furthermore, PP1 is
part of a network of protein phosphatases with multiple substrates; also, I1 is not a mere
inhibitor but also a regulator and a “substrate-specifier” of PP1, and I1 is itself the target of
regulating kinases and phosphatases.26

Thus far, the gene therapy efforts targeting the PP1-I1 complex in heart failure have focused
on the overexpression of I1c, a truncated and pseudophosphorylated form of I1.26 The latter
approach has shown beneficial effects on mechanical function of in a rat model of heart
failure.27 I1c is expected to lack some of the drawbacks of I1, such as the
hyperphosphorylation of RyR, although this latter fact is controversial26. Timing is also an
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issue, since the beneficial effect of PP1 inhibition was seen in younger animals while
detrimental effects were observed in older animals26.

Last but not least, the relatively small size of I1c and its role as an inhibitor of PP1 opens the
possibility of pharmacologic manipulation in addition to, or in replacement of, gene
therapy.26

SUMO1 as a SERCA2a enhancing factor
A recent study has brought to light the interaction between SERCA2a and the small
ubiquitin-related modifier 1 (SUMO1).28 SUMO1 was shown to preserve SERCA2a
function and stability, and the overexpression of SUMO1 in a rodent model of heart failure
had favorable effects on myocardial function.28

The ryanodine receptor as a therapeutic target in heart failure
Calcium leak from the SR through the ryanodine receptor (RyR) is a key pathophysiologic
feature and therapeutic target in heart failure.4,6 As seen with impaired SR calcium uptake,
RyR leak may lead to a systolic-diastolic calcium imbalance disrupting the mechanical
function of the cardiac myocyte, in addition to arrhythmias.4

Surprisingly, a recent study has shown a reduction in RyR leak along with a reduction of
RyR phosphorylation in rats with chronic heart failure overexpressing SERCA2a.12 The
RyR itself was targeted by experimental gene therapy overexpressing the RyR modulator
FKBP12.6 in isolated myocytes, leading to increased SR calcium content and improved
myocyte shortening.4 Nevertheless, RyR leak is more likely to be directly targeted by
pharmacologic agents shown to correct impaired cardiac function4,6 and prevent
arrhthmias.6 Pharmacologic RyR modulation is currently evaluated in clinical trials.4

S100A1
S100A1 is a calcium-sensor protein that is thought to increase cardiomyocytic inotropy and
lusitropy through the enhancement of SR calcium handling. In this regard, S100A1 appears
to interact pleotropically with proteins related to calcium handling and excitation-
contraction coupling.29,30 Also, S100A1 expression is reduced in heart failure.31 Restoring
S100A1 expression through gene therapy had beneficial effects on myocardial mechanical
function, calcium handling and energetics in small and large animal models of heart failure,
and more recently in failing human cardiomyocytes.29–31 These results make S100A1 a
promising therapeutic target for heart failure, although the precise mechanisms of its
therapeutic effects remain to be defined.30

Therapeutic targets related to the cAMP signaling cascade in the
cardiomyocyte
Beta-adrenergic receptor signaling

Chronic heart failure is associated with increased sympathetic outflow which may be
compensatory early in the disease state, but long-term neurohormonal activation induces the
desensitization of β-adrenergic signaling transduction, including β-adrenergic receptor
(βAR) down-regulation; up-regulation of βARK (βAR kinase) and increased inhibitory G-
protein alpha-subunit (GαI) function.32–34

Decreases in cAMP levels and production were reported in heart failure, although
conflicting reports exist between rodent models and humans.35,36 Increasing cAMP through
the administration of βAR agonists or through the inhibition of phosphodiesterases has
proven detrimental in clinical heart failure4. On the other hand, genetic manipulation of the
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βAR signaling cascade, including β1/β2AR, Gαs overexpression or inhibition of
βARKinase, resulted in transient improvements in contractile function, but lead to
progressive cardiac hypertrophy and heart failure in aging animals.34,37

Adenylyl cyclases overexpression
A promising way to increase bioavailability of cAMP and bypass the dysfunctional βAR
cascade is the overexpression of adenylyl cyclase (AC).32 AC is the enzyme responsible for
cAMP synthesis. As an effector of the βAR signaling cascade, AC seems to be the rate-
limiting step in signal transduction, with stoichiometric ratios of only 3 AC molecules for
100 molecules of Gαs and 1 molecule of βAR.38

The two major cardiac isoforms of AC are AC5 and AC6; they are activated by Gαs and can
be phosphorylated and inhibited by the protine kinase A (PKA), thus providing feedback
regulation in the transduction cascade.39,40 These isoforms are differentially regulated by
membrane receptors: purinergic receptors activate AC5,41 whereas AC6 is specifically
activated by β1AR, but not by β2AR.42 AC5 protein is the most abundant in fetal hearts, it
declines with development and increases with pressure-overload hypertrophy.43 By contrast,
AC6 expression declines in heart failure models with chronic pressure overload and
myocardial infarction, as a part of the desensitization of the βAR signaling cascade.43,44

Overexpression of AC5, despite an increase in basal and forskolin-stimulated cAMP
production, does not constrain βAR signaling in cardiomyocytes or contractile function in
young mice 45, but leads to the development of a dilated cardiomyopathy with aging
(Lipskaia et al., unpublished). Moreover, targeted disruption of AC5 in mice was shown to
prolong longevity and protect the heart against aging, pressure overload and catecholamine-
induced stress.46,47

By contrast, overexpression of AC6 was reported to increase βAR-stimulated contractility,
and improve cardiac function and survival in numerous animal models of cardiac
dysfunction, most recently in an animal model of cardiac aging.48

The apparent contradiction between the cardiotoxic effects of β1AR signaling cascade
stimulation and beneficial effect of AC6 overexpression was explained by the partially
cytosolic localization of the AC6 molecule. This localization directly affects phospholmaban
phosphorylation and increases sarcoplasmic reticumlum (SR) calcium transient.49,50

However, this hypothesis is disputed by studies of a mouse model with cardiac expression of
AC type 8 (Refs. 51 and 52). AC8 is not coupled to the βAR signaling cascade and is
stimulated by calcium-calmodulin. Young transgenic mice (2–4 months old) with cardiac
AC8 overexpression showed an improved β-adrenergic reactivity that enhanced cAMP
synthesis, PKA activity, SR caclium cycling and contractile function.51,53,54 Even so,
increasing cAMP/PKA signaling by AC8 overexpression causes a progressive alteration of
cardiac function leading to a dilated and hyperkinetic cardiomyopathy in aged mice (14
months old).52 Moreover, a recent report suggests that the beneficial effects of AC6 gene
transfer on calcium cycling and contractile function might not be mediated by an increase in
cAMP production and can be observed after gene transfer of an inactive mutant of AC6
(AC6mut).55

Amid the controversies surrounding the genetic manipulations of the cAMP signaling
cascade, a clinical trial using AC6 as a target involving two phases was initiated (estimated
study completion date is June 2012). Phase I is a dose escalation trial of intracoronary
administration of Ad5.hAC6 (adenovirus serotype 5 encoding human adenylyl cyclase type
6) in patients with congestive heart failure, evaluating safety. Phase II is a randomized,
double-blinded, placebo-controlled dose escalation trial evaluating efficacy (Clinical
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Trial.gov Identifier NCTOO787059). Safety and efficacy are evaluated 1- and 3-months
post-injection. To assess response to therapy, global systolic and diastolic functions are
analyzed by echocardiography during exercise treadmill and dobutamine infusion.
Parameters measured also include left ventricular pressure development and decline.

This clinical trial may be able to address a few issues. The potential benefit of AC
enhancement in heart failure cannot be clearly predicted from pre-clinical experiments; data
obtained from several animal models are not consistent and a clear understanding of the
cardiac AC/cAMP signaling pathway is still lacking. The vector used in this trial,
recombinant adenovirus serotype 5 (Ad5), is used mostly in preclinical small animal models
and mediates high-level cardiac transduction only in the short term (1 week). Furthermore,
in animal models, Ad5 causes intense local inflammation and stimulate potent cellular and
humoral immune responses.56

Stromal cell-derived factor 1 and its receptor CXCR4
These two molecules have emerged as a therapeutic target in ischemic heart failure57 due to
the ability of the SDF-1-CXCR4 system to promote the homing of stem cells to infracted
myocardium. A clinical trial is underway to investigate the therapeutic benefit of SDF-1
overexpression in ischemic cardiomyopathy.7 In parallel, existing literature highlights the
direct effects of CXCR4 on the myocardium and the cardiac myocyte. SDF-1 was shown to
decrease myocardial contractility ex vivo and on cardiac myocytes.58 One recent report has
shown increased ischemia-reperfusion injury in rat hearts overexpressing CXCR4,59 while
another report investigated the modulation of beta-adrenergic receptor signaling by SDF-1
and CXCR4,60 raising interrogations over the potential complex interaction between these
chemokines and the cardiovascular system.

MicroRNA as a gene therapy tool to target heart failure
MicroRNA are small non-coding RNA that modulate gene expression.61 Dysregulation of
microRNA was demonstrated in cardiovascular and other diseases; circulating microRNA
levels can be measured as diagnostic indicators; and soluble microRNA antagonists can be
administered intravenously for therapeutic use.61 Finally, in a recent study, microRNA-1
(mir1) was expressed using an AAV serotype 9 in a rodent model of left ventricular
hypertrophy and failure due to pressure overload, and this has resulted in regression of
hypertrophy and improvements in ventricular function.62

Conclusions
Gene therapy was initially focused on treating monogenic diseases however the emergence
of important targets associated with the failing myocardium along with the availability of
safe vectors have rendered heart failure amenable to such a therapy. The subject is
expanding, and it is not possible to explore all the molecules amenable to gene therapy in
heart failure. The positive results from the CUPID trial will undoubtedly lead to other targets
being tested by gene transfer.
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Figure 1.
Pathophysiologic processes in heart failure and corresponding therapeutic targets. The
shaded area in blue emphasizes the relationship of impaired calcium handling and
maladaptive gene reprogramming to the genesis of arrhythmias. For illustration purposes,
the phopshorylated PLB was separated from SERCA2a; however, it is known to remain
bound to SERCA2a with a lessened inhibition. SUMO1 was shown to stabilize SERCA2a.
AC, adenylyl cyclase; βAR, beta-adrenergic receptor; CXCR4, chemokine (C-X-C motif)
receptor 4; receptor for SDF1; FKBP12.6, FK506 binding protein 1B 12.6 kDa; I1, Inhibitor
1 of PP1; I1c, constitutively active I1; miRNA, microRNA; PLB, phospholamban; PP1,
protein phosphatase 1; RyR, ryanodine receptor; SDF1, stromal cell-derived factor 1;
SERCA2a, sarco-endoplasmic reticulum calcium ATPase; SUMO, small ubiquitin-related
modifier.
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