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Abstract: The complexity of heart physiology has delayed the implementation of efficient,
feasible, and safe therapies to fight against heart diseases for many years. As knowledge of the
precise mechanisms governing cardiac hypertrophy and heart failure development increases,
the availability of new therapeutic alternatives also grows. Since the cardiomyocyte physiol-
ogy deeply depends on the correct calcium handling, many efforts to describe accurately the
excitation—contraction coupling process in the heart and the proteins involved have been
made. Among the proteins participating in calcium handling, sarco/endoplasmic reticulum
Ca?* adenosine triphosphatase-2a (SERCA2a), whose expression and function is decreased
in heart failure, stands out because of its critical role regulating Ca*" concentration in the
cardiomyocyte. The importance of SERCA2a has been reflected in numerous studies aimed to
describe its expression and function. Recently, gene therapy to deliver SERCA2a has shown
promising results in human clinical trials. This paper reviews the current literature knowledge
exploring diverse approaches to rescue SERCA2a expression in heart failure. It also discusses
some data suggesting other possible therapies that could improve SERCA2a expression and
function in cardiac diseases.
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Introduction

Heart contractile function depends on the correct calcium ion (Ca*") cycling in the
cardiomyocyte accomplished by a tightly synchronized process called excitation—
contraction coupling (ECC). In the cardiomyocyte the ECC process starts when a
depolarizing stimulus reaches the sarcolemmal voltage-dependent L-type Ca** channels
also known as dihydropyridine receptors. This allows the entrance of extracellular Ca**
into the cell sarcoplasm at the triad junction, triggering the opening of the sarcoplasmic
reticulum (SR) Ca** release channels named ryanodine receptors type-2 (RyR2), which
results in a rapid and massive Ca* release from the SR lumen to the sarcoplasm and
causes cytosolic free calcium concentration ([Ca*] ) to rise from around 100 nM to
1 uWM.! Then, free Ca?* binds to the troponin complex, which triggers a conformational
change that exposes the actin-binding site for myosin, allowing the cross-bridge between
actin and myosin. Upon cross-bridge formation there is a power stroke that moves the
actin filament relative to myosin filament and adenosine diphosphate is released, result-
ing in cardiomyocyte contraction. During relaxation, adenosine triphosphate (ATP)
binds to o~ and B-myosin heavy chain (MHC) leading to detachment of myosin from
actin, and the Ca?* released from the SR contraction is actively transported from the sar-
coplasm into the SR lumen by the cardiac sarco/endoplasmic reticulum Ca** ATPase-2a
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(SERCA2a) pump, varying from around 60% in humans to
90% in mice. The remainder Ca?* is extruded to the extracel-
lular space mainly by the sodium (Na*)/Ca?* exchanger, but
also by the mitochondrial Ca*" uniporter and the sarcolemmal
Ca?* ATPase (plasma membrane Ca’*" ATPase) to maintain
cardiomyocyte Ca*" homeostasis.>* Inside the SR, Ca?* binds
to the main present protein calsequestrin (CASQ2), which
has high Ca?-binding capacity (40 mol Ca*/mol protein),
moderate affinity for Ca** (Kd ~1 mM), and is responsible
for storage of Ca*" but also participates in Ca*" release by
RyR2 during contraction.*® The precise control of Ca** lev-
els during the contraction—relaxation cycle plays a key role
in the normal contractile function of the cardiac myocyte.
Altered Ca? handling is the main hallmark of the contractile
dysfunction observed in heart failure (HF).

This review analyzes the evidence demonstrating altera-
tions in the function of the components regulating Ca*
handling in cardiac hypertrophy (CH) and HF. It also reviews
the current knowledge about the different strategies directed
to normalize cardiac SERCA?2a activity and/or expression,
including pharmacological and gene therapy approaches.

Alterations in calcium handling
in the hypertrophic and failing heart

Physiological CH occurs as a result of an adaptation to
increased workload, like the one observed in athletes, and is a
benign modification of the myocardium. Some of the changes
observed are increased heart size, better cardiac performance,
enhanced energy utilization, and increased (or unchanged)
expression of SERCA2a and o-MHC. In contrast, in patho-
logical CH the increased heart size is accompanied by poor
cardiac performance, poor fatty acid utilization, decreased
expression of SERCA2a and o-MHC, and activation of a fetal
cardiac gene expression program.” Although adrenergic stim-
ulation has been shown to increase SERCA2a expression,?
a time-course follow-up of hypertrophy has shown that this
upregulation occurs in the first stages, but in severe CH the
SERCA?2 gene is downregulated as occurs in HFE.®
Physiological contraction and relaxation parameters are
altered in cardiomyocytes of hearts in animal models with
CH and in patients with HE>!° It has been shown that a
decrease in shortening velocity of the cardiomyocyte during
contraction correlates with a reduced myofibrillar MHC/
ATPase activity,' as well as with a diminished [Ca*] .>">*
A decreased rate of Ca** removal from the sarcoplasm by the
failing cardiomyocyte during myocardial relaxation leads to
increased diastolic [Ca*]_ levels, contributing to diastolic
dysfunction development present in HF. The observed

dysfunction is characterized by increased end-diastolic pres-
sure and ventricular filling abnormalities. The Ca?* transients
of cardiomyocytes from hearts in animal models with CH
and from patients with end-stage HF have decreased peak
systolic [Ca**]_and a reduced velocity of Ca** transport by
the SERCA2a pump into the SR.!° Because of the reduced
peak [Ca*]_derived from reduced Ca* load to the SR, there
is a reduction of force development by the heart. Due to a
low SR Ca?* content in failing cardiomyocytes,'>!¢ altered SR
Ca”" handling is thought to be a key component contributing
to the decreased contractility and force generation during
cardiomyopathy.

Cardiac ECC is controlled by several signaling pathways,
including protein kinase A (PKA) and Ca*/calmodulin-
dependent protein kinase IT (CaMKII). Among the alterations
involved in CH and HF are changes in the expression levels
of these regulatory proteins that act as sensors of intracellular
Ca?".'7 In HF, increased activity and expression of CaMKII
has been demonstrated, which plays a role in decreased
contractile properties of the myocardium, uncoupling ECC
and possibly leading to sudden death.'® Several studies have
shown dilated cardiomyopathy, CH and HF development in
models of CaMKII overexpression,>!” and protective effects
against HF development in CaMKII knockout animals.”?
The alterations include decreased levels of SERCA2a with a
subsequent decrease of the recapture of Ca?* to the SR during
diastole, resulting in a smaller amount of Ca* available to be
released in the following heartbeat.

Closely related to SERCAZ2a is phospholamban (PLN),
a 52 amino acid peptide that is the primary regulator of
SERCAZ2a activity. PLN inhibits the pump associating
with SERCAZ2a, and dissociates from the pump when
it is phosphorylated by CaMKII or PKA in response to
[-adrenergic stimulation, resulting in increased Ca*" transport
velocity by SERCA2a.?'?? In the failing heart, the SERCA2a/
PLN ratio is decreased to a great extent by the reduction of
SERCAZ2a pumps present in the SR membrane. This reduc-
tion causes the amount of active SERCA2a to decrease, and
therefore decreases its activity and capacity to recapture the
Ca?* released during contraction.?

PLN assembling in pentamers is necessary for fully
active SERCAZ2a inhibition, and equilibrium between
phosphorylated (unbound) and dephosphorylated (bound)
PLN forms is classically thought to determine SERCA2a
activity.?* Although, recent findings?>*° suggest that SERCA
activation can occur without dissociation of the SERCA/PLN
complex, the decrease in phosphorylated PLN levels causes
the SERCA2a activity to decrease. During HF, PLN is
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hypophosphorylated, which causes a chronic decrease in
SERCAZ2a activity.”” Therefore, reduced SERCA2a activity
is not only due to a smaller expression of SERCA2a protein,
but also to alterations in the PLN phosphorylation levels as
well. Because of increased PKA activity, the inhibitor-1 of
the protein phosphatase-1 (PP1) is phosphorylated, releasing
PP1 inactivation and resulting in PLN dephosphorylation by
PP1 with the consequent activation of PLN.?* The SR Ca**
release channel of the SR (RyR2) has been reported in an
unstable state when it is dissociated from the protein calsta-
bin, resulting in an increased probability of channel opening.
This results in spontaneous Ca** liberations that appear during
diastole (diastolic leak) and are associated with ventricular
arrhythmias and a decrease in the SR Ca*" reserve available
for the next contraction—relaxation cycle.*3°

CaMKII shares common functional targets with PKA
regulating ECC. PLN and RyR2 are phosphorylated by PKA
and CaMKII, resulting in an increased SR Ca?' release. The
increased CaMKII activity in HF contributes to the reduced
SR calcium content and systolic function, and also causes
diastolic SR Ca*" leak and Ca?* current changes that may be
arrhythmogenic. One of the main causes of sudden death in
patients with HF is ventricular arrhythmia. Abnormal RyR2
Ca?*" release from the SR has been linked to arrhythmogenesis;
in fact, there is evidence for RyR2 hyperphosphorylation due
to PKA and the involvement of phosphodiesterase D in this
process.?32 Recent reports suggest that CaMKII-dependent
phosphorylation of RyR2 is involved in enhanced SR dia-
stolic Ca?* leak and also reduced SR Ca?* load in HF, con-
tributing to arrhythmias and contractile dysfunction.** RyR2
phosphorylation by CaMKII at serine 2814 plays a dominant
role in arrhythmogenesis and sudden cardiac death in mice
with HF. This fact suggests that a destabilization of RyR2
activity due to increased CaMKII phosphorylation results in
reduced post-release refractoriness, which is a mechanism
involved in arrhythmogenesis and dysfunction in contractility
of the failing heart.

Cardiac pressure overload, as is seen in hypertensive
patients, is the major pathologic stimulus for CH and is
the main risk factor for HF development. There are several
reports demonstrating that in human pressure overload
hypertrophic and failing hearts, as well in CH animal models,
there is a marked decrease in SERCA2a content (~50%) of
cardiomyocytes.>** Since SERCA2a activity is essential for
Ca?" handling and this is altered as a consequence of CH and
HF development, efforts to investigate calcium-dependent
signaling pathways in this context have been conducted. The
best-known two calcium-dependent signaling pathways in

cardiomyocytes are the calcineurin/nuclear factor of activated
T-cells (NFAT) pathway and the CaMK/myocyte enhancer
factor-2 pathway. Both pathways participate in normal
heart development and are altered in CH, but the cross-talk
between these pathways is still not fully understood.** One
of the common features of CH and HF is downregulation
of SERCA2 gene expression, leading to alterations in Ca**
signaling pathways. Ca** signaling fluctuations and contrac-
tile function alterations have been demonstrated following
specific inhibition of SERCA2a transport activity with thapsi-
gargin, reduction of SERCA2 gene expression by a gene null
mutation, and SERCA?2 gene silencing with small interfering
RNA.3¢® SERCA2 gene direct transcriptional regulation by
NFAT activity has been proposed,’” although the precise
molecular mechanisms have not been yet described. Whether
NFAT and/or myocyte enhancer factor-2 are involved directly
in SERCA?2 gene transcriptional regulation is currently under
investigation in the authors’ laboratory. The above data
highlight the importance of SERCA2 gene expression in the
physiopathology of cardiac diseases.

SERCAZ2a as a therapeutic target

Pharmacological therapies

The current most widely used drugs to treat HF patients include
angiotensin-converting enzyme inhibitors, angiotensin II
receptor blockers, adrenergic B-blockers, digoxin or digi-
talis, diuretics, aldosterone antagonists, and inotropes. As
a multifactorial clinical syndrome, HF still represents an
epidemic threat; therefore, diverse strategies and molecular
targets are being investigated. SERCAZ2a, as a key calcium
handling protein, has received special attention in the last
20 years. The following section reviews current literature
knowledge positioning SERCA2a as a therapeutic target in
the treatment of cardiac diseases. Several drugs that have
been recently investigated for their effect on SERCA2a
activity and expression are shown in Table 1.

Istaroxime is a luso-inotropic compound that acti-
vates SERCA2a and inhibits the sodium/potassium
ATPase.*®*° Due to its double action, istaroxime has been
proved to treat acute HF syndrome in guinea pigs and
dogs, improving systolic and diastolic function, central
hemodynamics, systolic blood pressure, and reducing heart
rate.*** Istaroxime has also been used in human patients;
the Hemodynamic, Echocardiographic, and Neurohor-
monal Effects of Istaroxime, a Novel Intravenous Inotropic
and Lusitropic Agent: a Randomized Controlled Trial in
Patients Hospitalized with Heart Failure (HORIZON-HF)
trial showed that in addition to its beneficial effects on heart
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Table | Potential drug therapies targeting SERCA?2a for treatment of heart failure

Post-translational Activator Sites in the protein or mechanism of References

modification, protein, or drug or inhibitor action

Istaroxime Activator Favoring El SERCA2a conformation 3847

Carvedilol Activator Increased Sp| binding to SERCA?2 promoter 48

Oxymatrine Activator Possibly through TNF-t inhibition or Spl 49-56
induction

Acetylation Unknown K464, K510, and K533; possibly through 78,81,83-85
SIRT| or other deacetylases

Nitration Inhibitor Tyr294, Tyr295, and Tyr753 93-97

S-glutathiolation Activator Cys674 98

Egr-1 Inhibitor Transcriptional repression 102,103,105

O-GlcNAcylation Inhibitor Spl and PLN modification 119,120,122,123

Abbreviations: Cys, cysteine; Egr-1, early growth response protein-1; PLN, phospholamban; SERCA?2a, sarco/endoplasmic reticulum Ca?* adenosine triphosphatase-2a;
SIRT, sirtuin-1; Spl, specificity protein-I; TNF-c, tumor-necrosis factor-o; Tyr, tyrosine; O-GlcNAcylation, 3-O-linkage of N-acetylglucosamine.

function, istaroxime produces few side effects since there
were no neurohormonal or renal changes and no troponin I
release, and adverse effects were not life-threatening and
only observed at the highest dose.** Istaroxime effect on
SERCAZ2a is isoform specific since no effect of the drug
was observed on SERCA from skeletal muscle.*’ Recently,
the mechanism of istaroxime-driven SERCA2a activation
has been addressed and it was observed that this effect is
dependent on PLN presence. The SERCA2a/PLN complex
was found to dissociate with increasing nanomolar istaroxime
concentrations in a similar way to that observed with increas-
ing Ca*" concentrations. Furthermore, SERCA2a activation
was shown to be cyclic adenosine monophosphate (cAMP)/
PKA independent since the stimulation was persistent using
the PKA inhibitor staurosporine.* As istaroxime is the only
small molecule able to activate SERCA?2a activity, and there
are some concerns about its specificity, studies have been car-
ried out to design new lusitropic/inotropic compounds with
higher effectiveness and lower toxicity. Searching for these
molecules has yielded istaroxime analogs with better activity,
and even structure—activity relationships have been found.*>*
Further, a high-throughput fluorescence resonance energy
transfer assay has been used to find allosteric SERCA2a
activators capable of decreasing SERCA2a/PLN-derived
fluorescence resonance energy transfer.*’ In this study, sev-
eral compounds previously reported to correct aberrant Ca**
regulation in HF were shown to activate SERCA2a activity,
thus validating the mechanism of action for these drugs.
Carvedilol is a B-adrenergic receptor blocker that elic-
its its beneficial effects on cardiac function through the
restoration of SERCA2a expression in patients with HF.
Furthermore, carvedilol prevents oxidative stress-mediated
SERCA2 gene downregulation by promoting specificity
protein-1 (Spl) and Sp3 binding to elements located in the

proximal promoter, increasing transcription of the gene by
this mechanism.*®

Among the current therapies to prevent heart disease,
traditional medicine has played an especially important role
in the People’s Republic of China where herbal medicine
is very diverse. Oxymatrine (OMT) is an alkaloid obtained
from the roots of the Chinese herb Sophora japonica
(Sophora falvescens Ait), also known as ku shen. It has
anti-inflammatory, antiviral, immune reaction inhibiting,
and anti-hepatic fibrosis protective activities. A few years
ago the properties of OMT in treating myocardial infarc-
tion in rats were studied, and it was found that a dose of
20 mg/kg reduced infarct size and inhibited lipid per-
oxidation. Beneficial effects possibly were due to increased
endogenous superoxide dismutase activity, increased B-cell
lymphoma-2 expression, and a reduction of the apoptotic
mediator Fas and [Ca*] overload.*” OMT has also been
reported to exert antiarrhythmic effects in a rat model of
arrhythmia induced by coronary ligation.”® In this study,
OMT reduced the action potential duration of cardiomyocytes
through reduction of L-type calcium current, enhancement
of transient outward potassium current, and inhibition of
inward rectifier potassium current. Also, in rats with acute
myocardial infarction, this alkaloid was shown to improve
hemodynamic parameters and the left ventricle weight/body
weight ratio, and to decrease expression of transforming
growth factor-p receptor-1 and Smad3 messenger RNAs.”!
OMT downregulated the angiotensin-converting enzyme
messenger RNA expression and extracellular signal-regulated
kinase-1/2, c-Jun N-terminal kinase, and p38 phosphoryla-
tion in spontaneous hypertensive rats to levels comparable
to those obtained with captopril, a widely used drug to treat
HE3? OMT has been shown to inhibit Janus kinase/signal
transducer and activator of transcription protein signaling
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pathway activation and expression of interleukin-1f and
tumor necrosis factor-oi;> the latter being a cytokine that has
been associated with SERCA2a downregulation.> Since the
reported effects for OMT include regulation of ionic currents,
calcium handling was assessed in a rat model of chronic
HEF. The Ca?" transients and SR Ca?* content were improved
by 50 and 100 mg/kg of OMT along with the upregulation
of SERCA2a and dihydropyridine receptor expression.*
Furthermore, OMT was shown to induce the Sp1 transcrip-
tion factor expression in human embryonic kidney 293 cells.>
Taken together, the OMT beneficial effects on cardiac tissue
seem to be related to the activation of SERCA2a expression
through tumor necrosis factor-o. inhibition or Sp1 increased
expression. These findings encourage further investigation
about OMT and other natural products that could serve as
SERCAZ2a direct or indirect activators.

Gene therapy to increase SERCA2a levels

The goal of cardiac gene therapy is to reverse some of
the molecular alterations in the failing heart. An obvi-
ous approach to restore the SERCA2a protein deficiency
caused by HF is to provide more SERCA2a protein. Despite
barriers and risks associated with gene therapy, SERCA2a
overexpression use for HF shows promising results. The
first attempts to restore SERCA2a through gene therapy
were done using adenoviruses,”’*® since previous studies had
shown feasibility for SERCA2a in vivo overexpression.*¢
Lentiviral vectors are also an alternative for gene delivery
because they integrate their DNA into host chromosomes,
providing a long-term expression of the delivered gene.
SERCA2a complementary DNA delivery by a lentiviral
vector improved heart function in rat hearts subjected to
myocardial infarction.®! Recombinant adeno-associated
viruses (AAV) were used in the first gene therapy clinical
trial for HF called Calcium Up-Regulation by Percutaneous

Table 2 SERCA2 gene therapy clinical trials for heart failure

Administration of Gene Therapy in Cardiac Disease
(CUPID).%236 The second phase of this trial used antegrade
percutaneous intracoronary artery infusion of the AAV vec-
tor AAVI/SERCA2a (MYDICAR®, Celladon Corporation,
San Diego, CA, USA), in 39 patients. It began in 2007 and
was designed to evaluate the safety profile and biological
effects of SERCA2a gene transfer.® % After a 3-year follow-
up, patients from the CUPID trial showed an acceptable
safety profile and improvement in heart function.® In the
trial it was not found to increase adverse effects, laboratory
abnormalities, disease-related events, or arrhythmias. The
study concluded that after a single intracoronary infusion of
AAV1/SERCAZ2a in patients with advanced HF, the beneficial
cardiovascular effects last for several years.

Since the CUPID clinical trial showed promising good
results, a clinical trial called CUPID2,% enrolling 250 patients
with HE has just started in the Cardiovascular Biomedical
Research Unit at the Royal Brompton Hospital of England
and results will be available in 2015. There are two ongo-
ing gene therapy clinical trials to express SERCAZ2a in the
hearts of patients with HF using AAV1/SERCA2a — one in
England and one in France.® Lastly, another recent trial,
named Investigation of the Safety and Feasibility of SERCA
Gene Transfer in the Human Failing Heart Using an Adeno-
associated Viral Vector, (SERCA/LVAD), started recruitment
of patients in the UK in the summer of 2013.%° This trial will
test SERCA2 gene therapy in 16 HF patients already fitted
with mechanical heart pumps, also known as left ventricular
assist devices. These trials will collect information about
the effectiveness of the therapy by measuring the amount of
the SERCA2 gene and protein that has been introduced into
heart muscle (Table 2). Although the above mentioned trials
are promising, boosting SERCA2a function has been shown
to be counterproductive in the setting of dysregulated RyR2
function in mice.”

Trial Diseases Route/vector Stage Number of
patients

CUPIDé>¢6* Heart failure, congestive dilated Intracoronary/AAV | -SERCA2a Phase Il, completed 51
cardiomyopathy (MYDICAR®)

AGENT-HF¢" Heart failure, ischemic, and nonischemic Intracoronary/AAV|-SERCA2a Phase II, enrolling 44

SERCA2 Gene Therapy Advanced heart failure with LVAD, Intracoronary/ AAV6-SERCA2a Phase Il, enrolling 16

in LVAD patients®*" ischemic, and nonischemic

CUPID2¢7" Heart failure, ischemic, and nonischemic Intracoronary/AAV | -SERCA2a Phase IIb, enrolling 250

(MYDICAR®)

Note: *From ClinicalTrials.gov. MYDICAR®, Celladon Corporation, San Diego, CA, USA.
Abbreviations: AAV, adeno-associated virus; AGENT-HF, AAV|-cytomegalovirus—<SERCA2a Gene Therapy Trial in Heart Failure; CUPID, Calcium Up-Regulation by
Percutaneous Administration of Gene Therapy in Cardiac Disease; LVAD, left ventricular assist device; SERCA2a, sarco/endoplasmic reticulum Ca?* adenosine triphosphatase-2a.
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Duchenne muscular dystrophy (DMD) is an X-linked
recessive disorder characterized by mutations in the dystro-
phin gene. The vast majority of dystrophin gene mutations
lead to loss of dystrophin protein and as a consequence
smooth, skeletal, and cardiac muscles of DMD patients show
myofiber damage and membrane leakage. Although DMD
patients usually die from respiratory failure before their
20s, many men show abnormal electrocardiograms by the
age of 18 years. This fact, and the absence of an effective
therapy to correct the absence of dystrophin, raises the need
for a therapy to correct performance in smooth and cardiac
muscle.”! SERCA?2a overexpression has been explored to treat
DMD heart disease.”” SERCA2a was overexpressed in old
female mdx mice, a murine model of DMD cardiomyopathy,
finding that the characteristic tachycardia was corrected by
the overexpression of SERCA2a. SERCA2a overexpres-
sion has also been used to treat skeletal muscle dystrophy.
The d-sarcoglycan-null mice and dystrophin mutant mdx
mice subjected to skeletal muscle-specific overexpression
of SERCA1 showed dramatically reduced myofiber central
nucleation, fibrosis, and serum creatine kinase levels com-
pared with non-treated animals. The loss of exercise capacity
and dystrophic phenotype in the gastrocnemius muscle of
§-sarcoglycan-null mice were also rescued. Furthermore,
SERCAL1 overexpression reduced total cytosolic Ca*,
reversed mitochondria swelling, and reduced calpain activa-
tion, suggesting protection from Ca?"-driven necrosis.”

Post-translational SERCA2a modifications

as possible therapeutic targets

SERCAZ2a function in the normal heart is modulated by
different means, such as PLN, S100A1, and sarcoglycan
interaction, Small ubiquitin-like modifier-1 addition to ser-
ine or threonine residues (SUMOylation), glutathiolation,
and nitration.”*”> Some of these modifications are presented
in Table 3 as possible unexplored therapeutic targets that
are under investigation. Increasing SERCA2a activity in

Table 3 Possible gene therapies to modify SERCA2a activity or
expression

Gene delivered Mechanism of action References
SERCA2a Direct SERCA2a upregulation 57-69
Mutant PLN Interference with wild type PLN- 76

mediated inhibition
SUMO-I Increased SERCA2a activity 78
miR-1 ET-1 repression and MAPK inhibition ~ 125-126
SI00AI Increased SERCA2a activity 130-132

Abbreviations: ET-1, endothelin-I; MAPK, mitogen-activated protein kinase;
PLN, phospholamban; SERCA2a, sarco/endoplasmic reticulum Ca?" adenosine
triphosphatase-2a; SUMO, Small ubiquitin-like modifier-1; miR-1, micro RNA-1.

cardiomyocytes can be achieved by diminishing the SER-
CA2a/PLN interaction. Using fluorescent fusion proteins in
human embryonic kidney cells and measuring SERCA/PLN
interaction by fluorescence resonance energy transfer, PLN
mutants with no SERCA inhibitory function competed with
wild type for SERCA binding and led to increased SERCA
activity.” Furthermore, it was shown that phosphorylation of
PLN induced by forskolin increased SERCA2a/PLN inter-
action, suggesting that SERCA?2 inhibition can be relieved
without dissociation of the complex. This strategy raises the
possibility of using PLN mutants for gene therapy in heart
diseases.

Since transgenic mice overexpressing CaMKII® have
increased RyR2 phosphorylation, enhanced SR Ca*" leak,
and lowered SR Ca?" load, PLN ablation was explored as an
alternative to rescue SERCA2 function, ie, SR Ca’" handling
in this animal model.”” Although double mutant mice showed
normalized SR Ca?* loading, SR Ca*" leak and mitochondrial
Ca*" were enhanced, compromising mice survival. Similarly,
in the study by Kalyanasundaram et al” mentioned in the
previous section, the overexpression of SERCAla in a
transgenic model that interferes with RyR2 function was
counterproductive. These two studies suggest that increasing
SERCAZ2a function for HF treatment should be used with
caution in the setting of dysregulated RyR2 function.

As stated before, a series of post-translational modi-
fications can alter SERCA2a function. SUMOylation is a
modification occurring at lysine (Lys) residues of target
proteins. It was shown that SERCA2a SUMOylation occur-
ring at Lys480 and Lys585 is essential for the correct ATPase
activity and stability of the pump in mouse and human cells.”
Small ubiquitin-like modifier-1 (SUMO-1) and SUMOylated
SERCA2a levels are reduced in mouse failing hearts and
AAV-mediated gene delivery of SUMO-1 was able to restore
cardiac function and SERCA2a protein abundance. Further,
SUMO-1 downregulation led to deterioration of cardiac
function and decreased SERCA2a function. Although in this
study SERCA2a knockdown was not rescued by SUMO-1
overexpression, SERCA2a SUMOylation could serve as a
basis for the design of new therapies for HE.

Nkx2.5 is a homeobox domain transcription factor
essential for heart specification and morphogenesis that has
also been shown to be SUMOylated.” SUMO-1 overexpres-
sion in the spontaneously beating HL-1 cell line strongly
enhanced Nkx2.5 transcriptional activity and promoted the
SUMOylation of undetermined Nkx2.5 cofactors. These data
support the role of SUMO-1 as a potential therapy, not only
as a SERCAZ2a activator but also as a complex transcriptional
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remodeling factor for HE. Lys residues in proteins are as
important for SUMOylation as they are for acetylation.
Acetylation has been widely reported in histones as an epi-
genetic mechanism for gene expression control. Recently,
acetylation has been investigated as a more extensive post-
translational modification in the whole proteome and its role
in cancer is a currently addressed topic.’ In this context,
acetylation of cardiac proteins has already been reported in
the guinea pig acetylome.®! Particularly, SERCA2a can be
acetylated in Lys464, Lys510, and Lys533. These three sites
lie on the surface of the ATP binding domain, and whether
their acetylation affects ATP binding to the pump has not
been reported. Sirtuin-1 is a cardioprotective nicotinamide
adenine dinucleotide-dependent histone deacetylase® that has
been related to the beneficial effects of resveratrol on cardiac
function.®*# Resveratrol has been shown to rescue SERCA2a
expression in the setting of diabetic cardiomyopathy®* and
histone deacetylases have been found in sarcomeres.® Thus,
these findings raise the question of whether SERCA?2a acety-
lation may be a prominent modification that would compete or
interfere with SERCA2a SUMOylation as proposed by Kho
et al,” and therefore could be of therapeutic interest.

Obesity, diabetes, and hypertension are health problems
that have alarmingly grown over the last two decades in the
developing world and are major predisposing factors to
the development of cardiovascular disease.* High-fat-fed rats
develop obesity that mimics human Western health problems.
It has been found that a decreased level of phosphorylated
PLN is clearly linked with cardiovascular problems present
in this animal model.®”* Exercise training and diet-induced
weight loss have been shown to exert beneficial effects on
cardiac performance for both animal HF models and human
HF patients.® 2 However, rescued expression of SERCA2a
and other calcium handling proteins is not complete, and
hence more effective therapies are needed.

A characteristic feature of aging, obesity, and diabetes
is oxidative and nitrative stress that alters many protein
functions, including SERCA?2a activity.”*** Increased SER-
CAZ2a nitration has been shown in human failing hearts.”
This modification has been correlated with increased time
to half relaxation in myocytes isolated from control and
idiopathic dilated cardiomyopathy hearts. This study also
showed in vesicles from porcine hearts that SERCA2a was
inactivated by peroxynitrite (ONOQO") exposure and that this
inactivation was prevented by PKA pre-treatment. A 60%
decrease in SERCAZ2a activity in the senescent Fischer-344
rat heart relative to that of young adult rat hearts has been
reported.” Although 18% of this decrease was attributed

to lower SERCA2a protein abundance, the rest was shown
to be due to 3-nitrotyrosine modification of the pump. It
was found that there was a more than two-fold increase in
age-dependent nitration of SERCA2a and that this nitration
was distributed over tyrosine 122 (Tyr122), Tyr130, Tyr497,
Tyr586, and Tyr990 in young rat hearts in contrast with
senescent rat hearts, where Tyr294, Tyr 295, and Tyr753 were
additionally found to be nitrated. Skeletal muscle was also
analyzed in this study and full site (1 mol/mol) of Tyr753
nitration was found in young hearts versus additional nitration
of Tyr294 and Tyr295 in senescent muscle. The appearance
of these latter two nitrotyrosines correlated with diminished
ATP utilization by the SERCA2a pump in both skeletal and
cardiac muscle under nitrative stress.

Nitric oxide (NO) is one of the signals leading to
relaxation in cardiac, skeletal, and smooth muscle, and it
performs this function through SERCA?2a activation. Using
purified protein reconstituted in phospholipid vesicles, it was
shown that NO-derived ONOO™ directly activated SERCA2a
by S-glutathiolation and that this modification was blocked
by irreversible oxidation of relevant cysteine thiols. As
mutation of SERCA cysteine 674 to serine abolished the
pump activity dependence on glutathione and superoxide
scavengers decreased S-glutathiolation of SERCA and
relaxation by NO, ONOO~ was proposed as the mediator.
Additionally, atherosclerosis was found to decrease NO-
dependent relaxation as well as the S-glutathiolation of
SERCA with its consequent activation. Furthermore, a high
content of SERCAZ2a cysteine 674 irreversibly oxidized to
sulfonic acid in atherosclerotic aorta was found, confirming
a key role for this modification in the diseased tissue.”

Prostaglandin-F2 (PGF2) is a vasoconstrictor involved
in inflammatory response that is produced in the myocar-
dium subsequent to infarction or pressure overload.”'°! Tt
was shown that PGF2 stimulates hypertrophic growth of
neonatal rat cardiac myocytes, including downregulation
of SERCAZ2a. Interestingly, PGF2 increased early growth
response protein 1 (Egr-1) expression and overexpression
of Egr-1 decreased transcription of the proximal SERCA2
gene promoter. PGF2 was shown to exert repressive effects
on SERCA2 transcription through Egr-1 transcription factor
in a process mediated by mitogen-activated protein kinase
(MAPK)/p38, Ras, and Rac but not extracellular signal-
regulated kinase.!”” The MAPK-activated protein kinases 2
and 3 (MK2/3) are known regulators of SERCA2a expres-
sion,'” and important players in the cardiac hypertrophic
response.'™ Recently, it was reported that SERCA2 gene
expression was upregulated in MK2/3 double-knockout
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mice and that this regulation was due to a decreased ratio of
transcription factor Egr-1/Sp1.1% It was found that SERCA2
gene promoter activity was directly dependent on MK2 cata-
lytic activity. Also, the MK2/3 double-knockout mice showed
enhanced expression of the peroxisome proliferator-activated
receptor-y co-activator-1o. gene, which has been shown to
be decreased in HF' and restored after losartan treatment
accompanied by exercise training.!’” The above data show that
Egr-1 transcription factor and its trigger MAPK proteins are
important SERCA2a regulators that could potentially be used
as therapeutic targets in cardiac diseases alone or combined
with other approaches.

O-GlcNAcylation is a modification that has been recently
found to play an important role in CH. The B-O-linkage
of N-acetylglucosamine (O-GIcNAc) is controlled by two
enzymes — the uridine diphospho-N-acetylglucosamine:
peptide B-N-acetylglucosaminyltransferase (O-GlcNAc
transferase [OGT]) and the O-B-N-acetylglucosaminidase
(O-GlIcNAcase) in mammalian cells.!® Increased O-GIcNA-
cylation has been reported in many cardiac dysfunctions,'®
but it has also been shown that in vivo ischemic precondi-
tioning increases O-GIcNAc.!"? In the latter study, pharma-
cological augmentation of O-GIcNAc levels was sufficient
to reduce myocardial infarct size in mice subjected to acute
myocardial infarct. On the other hand, OGT overexpression
was reported to reduce post-hypoxic damage in mouse car-
diac myocytes and OGT silencing or inhibition to sensitize
the formation of mitochondrial permeability transition pore
induced by calcium."'"> O-GlcNAcylation has also been
investigated in vascular smooth muscle cells and it was found
that increased O-GlcNAc levels mediated by endothelin-1
were abolished by OGT silencing.'® It was reported that
pressure overload-induced CH (via transverse aortic constric-
tion) in mice or treatment of neonatal rat cardiac myocytes
with phenylephrine increased total O-GIcNAc levels that
mirrored the enhanced activated NFAT signaling.!!*

Among the causes provoking left ventricular dysfunc-
tion, the dysregulation of energetic balance plays a substan-
tial role due to the highly energy-consuming process that
contraction—relaxation cycling represents. For example,
mice with cardiomyocyte-restricted knockout of the insu-
lin receptor show increased mitochondrial dysfunction
following myocardial infarction when compared with wild
type littermates and this impairment is accompanied by a
decrease in several proteins including SERCA2a, peroxi-
some proliferator-activated receptor-o., and glucose trans-
porter type-4.!"* Glucose transporter type-4 knockout mice
exhibit deficient contractile performance, CH, fibrosis, and

reduced expression of RyR2 and SERCA?2a proteins.''®
Spl is a key transcriptional regulator of SERCA2 gene
expression in the normal and hypertrophic heart;!'-!8 its
transcriptional activity is decreased by O-GlcNAcylation.'"
High O-GlcNAcylation levels in streptozotocin-mediated
diabetic rats have been related to deleterious effects of
diabetic cardiomyopathy. In this model, the overexpression
of O-GlcNAcase diminished global O-GlcNAcylation level
and also diminished SERCA2a and PLN expression, but
increased phosphorylated PLN.'?° Since one of the main
therapies in the setting of diabetes is exercise training, its
effects on O-GlcNAcylation interactions with transcrip-
tional co-repressors were studied in a type-2 diabetes mouse
model.'?! Paradoxically, it was shown that exercise increased
O-GIcNAc level. Diabetic hearts showed higher levels of
histone deacetylase-1 and -2 activity and lower levels of mam-
malian switch-independent-3A. In sedentary diabetic hearts,
mammalian switch-independent-3A and OGT were shown to
be less associated with histone deacetylase-1 and -2, respec-
tively, compared with controls, but exercise removed these
differences. In fact, derived from Spl O-GlcNAcylation,
SERCA2 gene transcriptional repression was also reported
in cardiomyocytes exposed to high glucose.'?? Moreover, high
glucose treatment in cardiomyocytes was recently shown to
promote PLN O-GlcNAcylation and it was proposed that
this modification could improve PLN-mediated SERCA2a
inhibition.'? The Nkx2.5 transcription factor is also downreg-
ulated in the heart tissue of streptozotocin-induced diabetic
mice.'?* Thus, the above data provide a possible mechanism
that explains decreased SERCA2a function and expression
in diabetic cardiomyopathy.

Other gene therapies regulating

SERCAZ2a function and expression

As the cardiomyocyte physiology and the SERCA2a inter-
actions are complex, other targets for gene therapy have
been tested to override deleterious effects produced by CH
(Table 3). Some of them ultimately impact SERCA2a func-
tion or expression, highlighting the importance of correct
calcium handling in the cardiomyocyte.

Recently, miR-1, a cardiomyocyte-restricted micro
RNA, was found to post-transcriptionally directly inhibit the
expression of calmodulin and myocyte enhancer factor-2a,
and indirectly the expression of GATA4, suggesting that
miR-1 is a central regulator of calcium signaling in CH.'* As
miR-1 has been shown to inhibit endothelin-1 expression,'*
low levels of miR-1 would result in low SERCA?2a levels and
hence in a poor cardiac performance. A recent publication
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showed that AAV-mediated restoration of miR-1 expression
in male Sprague Dawley rats subjected to ascending aortic
stenosis ameliorated adverse effects derived from CH such as
fibrosis, MAPK activation, and SERCA2a downregulation.'?’
The above results show a regulation of SERCA2a expression
by miR-1.

As stated above, the phosphorylated/dephosphorylated
ratio of PLN derived from phosphorylation by CaMKII or
PKA or dephosphorylation by PP1a delimits SERCA2a pump
activity. Hajjar et al showed that not only PLN phosphoryla-
tion status modifies SERCA2a activity since recombinant
adenovirus-mediated PLN overexpression (Ad.RSV.PL) led to
a significant prolongation of the relaxation phase, a decrease in
peak [Ca™] , and an elevation in resting [Ca**]_in membrane
preparations from cardiomyocytes. Ad.RSV.PL also prolonged
the time course of shortening in myocytes, but simultaneous
SERCA2a overexpression partially reverted these effects.'?

S100A1 is an EF-hand calcium-binding sensor protein
that has been shown to interact with SERCA2a and activate
it, among other functions like regulating RyR2, titin, and
mitochondrial ATPase function.'” Due to these functions,
S100A1 gene therapy has recently been explored in small
and large animal models for HE.1**13! In both rat and domes-
tic pig models, S1I00A1 transgene expression normalized
cardiomyocyte Ca®* cycling and SR calcium handling, and
energy homeostasis resulted from cryoinfarction in rats or
balloon occlusion of the left circumflex coronary artery in
domestic pigs.'*?

Conclusion

Cardiovascular diseases are the main cause of morbidity
and mortality in the world. Decreased SERCA2a content in
the SR of patients with failing hearts is responsible for its
decreased contractility. The current goal of the cardiovascular
research is to fight back against HF by targeting and reversing
some of the critical molecular changes arising in the heart
when it fails. During the last decade, several researchers have
focused their efforts on trying to correct SERCA2a expres-
sion in the hypertrophic and failing heart. Various pharma-
cologic and genetic approaches aimed to correct SERCA2a
expression have been recently explored, shedding new light
on the molecular mechanisms responsible for SERCA2a
expression and activity. A growing number of approved
gene therapy clinical trials have been designed to increase
SERCAZ2a expression in the myocardium of patients with HF.
The results published show long lasting results improving
cardiac function after a single intracoronary administration
of AAV carrying the SERCA2a complementary DNA. The

biosafety and efficacy of AAV/SERCAZ2a vectors has been
demonstrated for the treatment of patients with HF, opening
the field for testing new targets to modulate cardiac gene
expression with more advanced vector systems for cardio-
vascular gene therapy in the near future.
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