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Introduction
Calcium ions are present in low concentrations in the cytosol 

([Ca2+]i ~ 100 nM) compared to their high concentration in both 
extracellular medium (in the range of mM) and intracellular stores 
(mainly the Sarco/Endo/Plasmic Reticulum (SR/ER)). This gradient 
allows Ca2+ to be a ubiquitous second messenger for various cellular 
functions: metabolism, apoptosis, proliferation and/or hypertrophic 
growth. The Sarco/Endoplasmic Reticulum Ca2+ATPase (SERCA) is 
the only active Ca2+ transporter in the SR, regulation of its function is a 
key mechanism of Ca2+ homeostasis and depends on the cell type and 
state of differentiation. Furthermore, in muscular cells, SERCA plays 
a dual role: it controls the SR Ca2+ store that can be mobilised during 
muscle contraction, and it decreases cytosolic Ca2+ concentration to 
allow muscle relaxation [1].

Impaired Ca2+ handling, leading to aberrant calcium signal 
transduction, is reported in numerous cardiovascular diseases and 
muscular dystrophies affecting all types of muscular cells, including 
cardiomyocytes, Vascular Smooth Muscle Cells (VSMC) diaphragm 
and skeletal muscle [1-3]. In failing cardiomyocytes, deficient SR Ca2+ 
uptake resulting in defective mechanical function is also associated 
with an increase of resting Ca2+ [1,4,5]. Deficient Ca2+ uptake, in turn, 
affects SR Ca2+ release channels (Ryanodin Receptor Calcium Channel, 
RyR) and plasma membrane Ca2+ influx channels (transient receptor 
potential channels (TRPC) and the Ca2+ pore forming units Orai1 () 
further worsening the abnormal Ca2+ distribution. Increased basal Ca2+ 
is essential for transcriptional activation of cytosolic Ca2+ regulated 
transcription factor NFAT (nuclear factor of activated T lymphocytes), 
the key regulator of hypertrophic remodeling in cardiomyocytes 
and proliferative remodeling in vascular smooth muscle cells [1,4,5]. 
Recently, similar Ca2+-regulated pathological mechanisms were 
discovered is vascular and skeletal myocytes [2,6-8]. Cardiac, vascular 
and skeletal myocytes share similar mechanism of Store-Operated 
Channels (SOC) Ca2+influx dependent on two essential players: the ER 
located Ca2+ sensor STIM1 (Stromal Interaction Molecule 1) and the 
Ca2+ pore forming units Orai1-3 [9-12].

SOC channels are activated upon a reduction in the ER/SR Ca2+ 

concentration. When [Ca2+] decreases in the reticulum, Ca2+ dissociates 
from STIM1 leading to its oligomerization and translocation to 
specialized cortical reticulum compartments adjacent to the plasma 
membrane to activate the Ca2+ channels of Orai family [13,14]. 
Furthermore, TRPC proteins have been shown to associate with Orai1 
and STIM1 in a dynamic ternary complex regulated by the occupation 
of membrane receptors in several cell models, which might play an 
important role in the function of SOC [15].

As SOC induction is directly dependent on ER/SR Ca2+ stores, the 
third player in its regulation has to be SERCA, which pumps the Ca2+ 

back into these stores. We have demonstrated that in VSMC increasing 
SR Ca2+ load by SERCA2a gene transfer restored contractile type of 
Ca2+ cycling and inhibited SOC through disruption of ORAI1/STIM1 
association [2]. In line with this, SERCA2a gene transfer prevents 
vascular remodelling and post-injury restenosis in animal and organ 
culture models [16-18].

Normalization of SERCA2a function has been shown to increase 
contractility in vitro in isolated cardiomyocytes and to improve cardiac 
function in animal models of HF (reviewed in and improves remodeling 
in chronic mitral regurgitation [19-21]. Over expression of SERCA2a 
by gene therapy in heart failure is progressing to a clinical trial in 
which an Adeno-Associated Virus (AAV) over expressing SERCA2a 
was administered to heart failure patients: the phase II of the Calcium 
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Abstract
Deregulated or enhanced calcium ion (Ca2+) influx across an unstable sarcolemma has been proposed to 

directly affect cardiac hypertrophic remodelling, vascular proliferative diseases and degenerative muscle disorders. 
Aberrant intracellular handling is partly due to a defect in Sarcoplasmic Reticulum (SR) function. Decreased Ca2+ 
uptake in cardiac, vascular and skeletal myocytes is associated with a decrease in the expression and activity of 
the fast sarco/endoplasmic reticulum Ca2+ ATPase (SERCA2a or SERCA1a isoforms). SERCA2a gene transfer was 
successfully used in heart failure; this approach holds further therapeutic promises in vascular proliferative diseases 
and dystrophin-deficient muscular diseases. The growing family of human SERCA isoforms comprises at least 14 
mRNA and proteins with different functional characteristics and cell-specific expression. This review focuses on the 
biological role and therapeutic potential of different isoforms of SERCA in the physiology and pathology of cardiac, 
vascular and skeletal muscle cells.
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Upregulation by Percutaneous Administration of Gene Therapy in 
Cardiac Disease (CUPID) study was recently published [22].

Clinical success of SERCA2a gene therapy in heart failure opens the 
perspective for the therapeutic use of this approach in other muscular 
diseases, particularly to correct vascular proliferative disorder as well 
as muscular and cardiac manifestations in patients with dystrophic 
myopaties. In support of this therapeutic perspective, we have 
recently reported that forced expression of SERCA reversed a defect 
in Ca2+ reuptake that characterizes dystrophic myofibers, reduced 
total cytosolic Ca2+, and almost completely rescued the dystrophic 
phenotype in mouse models of muscular dystrophies [3].

This review focuses on the physiological role of different SERCA 
isoforms in cardiac, vascular and skeletal muscle cells in relationship 
with physiological and pathological conditions and discusses the 
potential interest of therapeutic SERCA gene transfer to various muscle 
cells. 

SERCA Isoforms Family Members: Enzymatic 
Properties and Cell-Specific Expression

The sarco/endoplasmic Ca2+ATPase (SERCA) belong to a family 
of P-type ion pumps [23]. The growing family of SERCA isoforms 
is coded by 3 ATP2A1-3 genes located on 3 different chromosomes, 
encoding for SERCA1, SERCA2 and SERCA3 isoforms respectively; 
further diversity is generated by alternative splicing [23,24]. At least 14 
SERCA mRNAs have been identified with the corresponding proteins. 
Some of these isoforms are species specific; in particular, SERCA2c, 
SERCA3d, SERCA3e and SERCA3f are specific to humans [24]. 
Isoform expression is also specific of cell-type and developmental stage 
[23]. SERCA isoforms are highly conserved in structure, with 75% or 
more homology between proteins from the SERCA1, SERCA2 and 
SERCA3 families [23].

The SERCA1 gene encodes for 2 spliced mRNA variants mostly 
expressed in fast-twitch skeletal muscle; SERCA1a is expressed in adult 
fast-twitch skeletal muscle, while SERCA1b is expressed in fetal tissues 
evidence shows SERCA1a cardiac expression [23,25]. While there is 
no specific protein structure associated to the supplementary region (6 
amino acids) of SERCA1b, SERCA1a is thought to play a central role 
in skeletal muscle development [26]. The Ca2+ uptake activity of the 
recombinant SERCA1a is similar to SERCA2a [27].

The SERCA2 gene gives rise to four species (a-d) through alternative 
splicing of the SERCA2 gene [24,28,29]. So-called “cardiac isoform” 
SERCA2a is expressed in cardiac muscle, slow-twitch skeletal muscle 
and smooth muscle cells while SERCA2b is a ubiquitous isoform of 
SERCA expressed in muscle and non-muscle cells [23]. SERCA2a 
and SERCA2b are produced by alternative splicing of the SERCA2 
gene and differ only by an additional 49 amino acids in SERCA2b, by 
which SERCA2b has an additional transmembrane loop in the SR [30]. 
SERCA2c was first reported in cardiac [31]. The novel SERCA2c mRNA 
is mainly (but not only expressed in skeletal and cardiac muscles (like 
SERCA2a) and expresses a functional recombinant protein in HEK 
(Human Embryonic Kidney)-293 cells [24,28]. SERCA2d mRNA was 
very recently found in skeletal muscle [29]. However, evidence for 
functional and endogenous SERCA2d protein is still lacking. 

SERCA3 has various 3’-end splice variants encoding species-
specific isoforms, including 5 human (SERCA3b-f) 2 mouse 
(SERCA3b-c) and 1 rat (SERCA3b/c) proteins, in addition to the 
common SERCA3a isoform [32-35]. All recombinant proteins were 

found to be functional, and the endogenous proteins were expressed 
as well. SERCA3 isoforms (a total of 6) are mostly expressed in non-
muscle cells, especially hematopoietic cells, with minor expression in 
muscle cells [23]. However, more recent evidence shows SERCA3d and 
SERCA3f to be expressed in the human heart [36]. 

SERCA isoforms are distinguished by affinity for calcium (2b> 2a> 
1a> 2c> 3) and turnover rate (2b, c <2a <3a, b, c <1a) [37]. The SERCA2a 
isoform displays a lower affinity for Ca2+ (K0.5 = 0.985 µM) but has a 
higher turnovers rate (ATP hydrolysis 70 s-1) compared to SERCA2b 
(K0.5 = 0.508 µM; 35 s-1). The SERCA1a displayed an affinity similar to 
SERCA2a and an ATP hydrolysis rate similar to SERCA2b or -2c (K0.5 
= 1.03 µM; 36s-1) [24]. The SERCA3 isoforms are characterized by a 
lower Ca2+ affinity (10 times lower than SERCA1a) and a rapid turnover 
(around 100 s-1) [38].

SERCA affinity for calcium is reduced by two intrinsic 
membrane proteins expressed in the sarco(endo)plasmic reticulum: 
Phospholamban (PLN) and Sarcolipin (SLN) [39]. SLN and PLN 
appear to bind to the same regulatory site in SERCA, however in a 
ternary complex, PLN occupies the regulatory site and SLN binds to 
the exposed side of PLN and to SERCA. Both SLN and PLN lower the 
apparent affinity for calcium of either SERCA1a or SERCA2a for Ca2+ 
[39]. Conversely, SERCA3 isoform lack PLN-binding domains and 
thus, the affinity of SERCA3 for calcium are not regulated by PLN [40].

SERCA Isoforms in the Normal and Diseased 
Cardiomyocytes: Pivotal Role for SERC2a in Contractile 
Function
Expression and localization of SERCA isoforms in 
cardiomyocytes

SERCA2a is the major cardiac isoform, while SERCA2b is a 
minor cardiac isoform [24,41]. SERCA2a is down-regulated during 
pathologic cardiac hypertrophy and heart failure and its down-
regulation is associated with impaired calcium cycling, as previously 
reviewed in detail [4]. Restoration of SERCA2a expression by gene 
transfer improves various features of Heart Failure (HF) in preclinical 
models and in phase 1 and phase 2 clinical trials [1,5]. While the more 
advanced clinical trials are underway. Other isoforms were detected in 
the human heart, including SERCA1a, SERCA2c and several SERCA3 
isoforms, but their physiological functions have not been established 
[24,31,36].

The SERCA2a, 2b and 2c isoforms are heterogeneous in terms of 
subcellular localisation in the cardiomyocyte [24]. SERCA2c protein 
was restricted to the subsarcolemmal compartment, in contrast with 
the more diffuse SR distribution of both SERCA2a and SERCA2b 
proteins, targeted to the same subcellular localizations (longitudinal 
SR) [24,30,42].

The level of SERCA1 mRNA expression in the heart is similar 
to the one observed in skeletal muscle [25]. However, it is not clear 
whether SERCA1 has a function in the cardiomyocytes. So far only one 
manuscript reported an up-regulation of SERCA1expression in the 
myocardium of dogs diagnosed with Dilated Cardiomyopathy (DCM) 
[43].

Weakly expressed SERCA3 isoforms are differently localized 
within human cardiomyocytes: SERCA3a is close to the T-tubules 
and intercalated disks, SERCA3d is perinuclear and SERCA3f 
subsarcolemmal [24,36]. 
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Common and potentially distinct roles of SERCA2a, 
SERCA2b and SERCA1a in the cardiomyocyte: insight from 
transgenic animals and gene transfer studies

Numerous studies on transgenic mice investigated the effect of 
increased or decreased expression of SERCA isoforms, selectively in 
the cardiomyocyte [44].

Overexpression of SERCA2b in the cardiomyocytes of transgenic 
mice, led to an increased SR calcium transport through an increase 
in calcium pump affinity, and to an enhanced mechanical function 
(contractility and relaxation) without cardiac hypertrophy or fibrosis 
[30]. Interestingly, there was no secondary downregulation of the 
expression of endogenous SERCA2a, despite a dramatic overexpression 
of SERCA2b [30].

Alternatively, some studies have questioned whether SERCA2a 
and SERCA2b were interchangeable in cardiac function using 
transgenic mice in which the alternative splicing mechanism producing 
SERCA2a was disrupted [41,45,46]. The transgenic mice expressing 
mainly SERCA2b in the heart demonstrated increased embryonic 
and neonatal lethality and cardiac malformations (hypoplastic heart 
syndrome) [45]. Surviving mice had mild reductions in cardiac 
mechanical function (manifested in abnormal dP/dt) and concentric 
hypertrophy [45]. Interestingly, there was no left ventricular dilatation 
and no reduction in the fractional shortening in those mice [45]. The 
total level of SERCA2 was lower in SERCA2a-deficient homozygous 
mice, suggesting that cardiac hypertrophy could be attributed to 
the reduction of total SERCA2. However the fact that heterozygous 
mice with the similar reductions in SERCA2 expression but with 
functional copies of SERCA2a did not develop malformations or 
hypertrophy clearly indicate that the isoform switch is responsible for 
HF [45]. Indeed, in a subsequent study, increased expression of cardiac 
SERCA2b level in SERCA2a→2b isoform switch mice did not prevent 
cardiac hypertrophy [41].

Taken together, these studies suggest that SERCA2b per se is 
not detrimental to cardiac function when over expressed in addition 
to SERCA2a; however, it appears to be an inadequate substitute for 
SERCA2a [30,45].

Evidence of adaptive SERCA isoform switch varies among studies. 
A decrease in SERCA2a after forced overexpression of SERCA1a was 
reported and a compensatory increase of SERCA2b in the setting of 
SERCA3 deficiency was also suggested [23,47]. As mentioned above, 
the over expression of SERCA2b in the cardiomyocytes did not lead to 
a decrease in SERCA2a and the reduced expression of total SERCA2 
observed during the replacement of SERCA2a by SERCA2b did not 
lead to a compensatory increase in SERCA1 or SERCA3 [30,45]. On 
the contrary, it led to an increase in PLN expression, associated to 
its reduced phosphorylation [46]. Both changes reduce the affinity 
of SERCA for calcium [45]. One possible explanation is that the 
high affinity of SERCA2b for calcium might compensate the reduced 
expression of total SERCA2 in mice with a SERCA2a2b isoform switch 
[46]. The only abnormality of calcium uptake observed in those mice 
was delayed relaxation of calcium transient [48]. The detrimental 
effect of an excessively high affinity of SERCA for calcium in the 
heart was further investigated by the Wuytack laboratory [46]. In a 
double-knock-out mouse model where phospholamban knock-out 
was added to SERCA2a→2b isoform switch, ventricular hypertrophy 
was aggravated, features of higher ventricular stiffness with diastolic 
dysfunction were measured, and increased animal morbidity and 
mortality were observed [46].

Limited data are available on human failing cardiac tissue, in which 
only a significant increase in SERCA3f was recently demonstrated in 
addition to the well-established decrease in SERCA2a [24]. While the 
SR regulates excitation-contraction coupling due to its special ability to 
store calcium, the role of the ER in protein synthesis and processing, 
and the disruption of such processes in pathologic situations (known 
as ER stress) is of growing importance in the cardiomyocyte and in 
heart failure [23,24]. In that regard, an interesting connection can be 
made between (1) the increased expression of SERCA3f in human 
heart failure with a parallel increase in ER stress markers, (2) the 
ability of SERCA3f to induce ER stress and apoptosis in HEK-293 cells 
[24,36,49].

Cardiac overexpression of SERCA1a in transgenic mice resulted in 
enhanced calcium transport and cardiac function leading to suggestion 
that SERCA1a can substitute for SERCA2a [47]. Even so only one study 
using adenoviral SERCA1a gene transfer in cardiomyocytes showed 
a dose-dependent increase in calcium transport and a reduction in 
both time to peak shortening and relaxation time. However, myocyte 
fractional shortening and calcium transients failed to increase 
significantly at the higher doses [50].

In conclusion, the studies on transgenic animals point on the fact 
that SERCA isoforms are not interchangeable in their physiological 
function. 

SERCA Isoform Expression in the Vascular Smooth 
Muscle Cell: SERCA2a/SERCA2b Switch as a Key 
Difference between the Contractile and Synthetic 
Phenotype

In vascular smooth muscle cells (VSMCs) two SERCA genes 
(ATP2A2 and ATP2A3) are simultaneously expressed [51]. While 
SERCA3, the lower Ca2+ affinity Ca2+ pump, remains a minor isoform, 
SERCA2a and SERCA2b isoforms seem to be widely expressed and 
to participate in the basal control of Ca2+ uptake [51]. The major 
VSMC SERCA2 isoform determining the type of agonist-induced Ca2+ 
transient can be either SERCA2a or SERCA2b, depending on the cell 
phenotype [51].

Within the mature blood vessel, VSMCs maintain a considerable 
plasticity throughout life, they also exhibit a diverse range of phenotypes 
[52,53]. The current classification of VSMC phenotypes distinguishes: 
synthetic/proliferating/migratory/inflammatoryphenotype vs. contractile/
quiescent/differentiated ones. In mature vessels, most of the VSMCs 
exhibit a quiescent/contractile phenotype and control the vascular tone. 
In response to injury, transition of contractile VSMCs towards a synthetic 
phenotype plays a vital role in vascular repair mechanism but is also the 
primary pathophysiological mechanism leading to vascular remodelling 
during vascular proliferative diseases including atherosclerosis and post-
angioplasty restenosis [52].

In contractile VSMC, expressing mainly SERCA2a isoform, an 
agonist-induced elevation of cytosolic Ca2+ triggers VSMC contraction 
[54,55].

Noteworthy, steady-state increase in cytosolic Ca2+ triggers tonic 
contraction, whereas oscillatory type of Ca2+ transient triggers phasic 
contraction, typical for coronary and low resistance arteries. The mode 
of Ca2+ transient in VSMCs depends solely on the SR Ca2+ ATPase 
function. Indeed, i) the oscillations are preserved in the absence of 
extracellular Ca2+ ii) blocking SERCA activity strongly inhibits the 
Ca2+ oscillations, demonstrating that they are caused by release of Ca2+ 
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from the SR [2,56,57]. iii) SERCA2a gene transfer to synthetic cultured 
VSMCs modifies the agonist-induced calcium transient from steady-
state to oscillatory mode [2].

The synthetic status of VSMCs is characterized by a decrease of 
proteins associated with contractile response, specifically the fast 
isoform SERCA2a; cytosolic Ca2+ is weakly pumped by the slow Ca2+ 
pump SERCA2b [51]. In synthetic VSMCs, agonist binding leads to 
large cytosolic Ca2+ mobilization resulting in a long lasting increase of 
[Ca2+]i critical for the activation of proliferation-related transcription 
factor NFAT [58].

Restoring SERCA2a expression by gene transfer in synthetic 
cultured VSMCs inhibits proliferation and migration of these cells 
in the presence of serum via inhibition of transcription factor NFAT 
[2,16,18].

SERCA2a, the fast Ca2+ pump, specifically expressed in contractile 
VSMCs, can be responsible for the establishment of “cytosolic 
oscillator” thereby controlling phasic vs. tonic type of smooth muscle 
contraction [2,37,51]. Furthermore, by increasing SR Ca2+ upload and 
content, SERCA2a prevents cytosolic Ca2+ overload and, consequently, 
NFAT dependent proliferation and migration [2,16].

SERCA Expression in the Skeletal Muscle: Implications 
in Muscular Dystrophy

In skeletal muscle all three SERCA genes are simultaneously 
expressed. The major adult fast-twitch specific isoform is SERCA1a, 
followed by SERCA2a, more specific for slow-twitch skeletal muscle 
[59]. Importantly, skeletal muscle tissue is almost the only missing the 
ubiquitous SERCA2b isoform, replaced by SERCA2c isoform [37].

Within SERCA3 family members, two ubiquitous isoforms 
SERCA3d and SERCA3f, were detected at mRNA level in adult human 
skeletal muscle; however their physiological role remains unknown 
[37].

Denervation of both slow-twitch and fast-twitch muscle leads to 
down regulation of either SERCA2a or SERCA1, respectively, with 
reduced total ATPase activity and impaired contraction [60].

Decreased SR Ca2+ uptake in skeletal muscle related to the reduction 
of SR ATPase activity causes a very rare inherited human muscle 
disease known as Brody’s disease. The patients suffer from impaired 
muscle relaxation. Reduction of SR ATPase activity can be associated 
with a mutation of SERCA1 gene, lack of SERCA protein expression 
or reduced SR ATPase activity without modification of SERCA1a or 
SERCA2a expression [60].

Muscular dystrophies are another group of hereditary diseases 
characterized by muscle fiber necrosis and progressive muscle wasting 
and weakness [61]. In addition to progressive skeletal muscle wasting 
leading to respiratory failure, muscular dystrophies lead to progressive 
degradation of cardiac function with aging resulting in ventricular 
dilation, reduced fractional shortening, conduction defects, and fibrosis 
[61]. The genetic defects underlying these muscle diseases are not 
directly related to SERCA and other proteins of the calcium cycle, but 
excessive calcium influx into muscle fibres or disturbed intracellular 
calcium signalling are presumably involved in the pathomechanisms of 
muscle dystrophies [61]. Muscular dystrophy broadly encompasses a 
diverse group of genetic disorders that appear to affect the multi-protein 
sarcolemmal-spanning Dystrophin-Glycoprotein Complex (DGC), 
which is critical for maintaining integrity of the plasma membrane and 
the proper activity of signalling complexes and channels [62].

A disruption in the DGC is hypothesized to promote direct 
Ca2+ influx and/or abnormal cytosolic Ca2+ homeostasis, leading to 
increased vulnerability of myofibers to necrosis [63]. It has been 
recently demonstrated that, in dystrophic muscle, the direct Ca2+ 
influx is supported by abnormal store-dependent cation entry through 
Transient Receptor Potential Cannonical (TRPC) and Orai1 channels 
and activation of Stromal Interacting Molecule 1 (STIM1) [6-8].

Recently we have reported that forced expression of sarcoplasmic 
reticulum Ca2+ ATPase (SERCA1a or SERCA2a) reversed a defect in 
Ca2+ reuptake that characterizes dystrophic myofibers, reduced total 
cytosolic Ca2+, and almost completely rescued the dystrophic phenotype 
in a mouse model [3]. Furthermore, SERCA2a gene transfer improved 
electrocardiographic abnormalities in a mouse muscular dystrophy 
model [61]. Although the benefit effect of SERCA1a or SERCA2a over 
expression in dystrophic cardiac and skeletal myocytes was reported, 
the molecular mechanism of this effect is unknown [3].

Calcium overload in dystrophin-deficient skeletal myotubes 
involves TRPC channels and STIM1 activation during repetitive 
calcium release [7]. This defect of plasma membrane function can be 
corrected by gene transfer of mini-dystrophin, providing a scaffold 
for assembling a multiprotein signalling complex modulating SOC 
activity [7]. However, using synthetic human vascular myocytes 
lacking dystrophin, we have demonstrated that increasing SR Ca2+ load 
by SERCA2a gene transfer restored oscillatory type of Ca2+ transient, 
specific for contractile phasic vascular smooth muscle cells and 
inhibited SOC through the disruption of ORAI1/STIM1 association 
[2,16]. Thus, in VSMC the velocity of SR internal store loading is 
critical to the modulation of the activity of PM channels. Although 
increased rates of cytosolic Ca2+ clearance appeared to be associated 
with increased membrane stability, it remains unclear whether the 
speed of SR Ca2+ refilling and SR Ca2+ content could control plasma 
membrane permeability in skeletal myocytes [2].

Conclusion
Based on recent evidence demonstrating that both amplitude 

and duration of the Ca2+ signal influence physiological cell function, 
SERCA, regulating the spatiotemporal pattern of Ca2+ transient, has 
emerged as a critical component of Ca2+ -dependent processes [2]. 
The data obtained in particular sets of experimental and pathological 
conditions suggest that the SERCA-mediated calcium transport is 
finely tuned, requiring simultaneous expression of multiple SERCA 
isoform with differential calcium affinity and pump activity to fall in a 
narrow interval depending on the cell type. It appears to be inadequate 
to substitute defective SERCA isoform by another one for therapeutic 
purposes [38,45,58,64]. Therefore, not only the variety but also the 
combination of SERCA isoforms achieves tight regulation of cellular 
functions.
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