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Abstract
Cardiac and skeletal muscle cell contraction is a result of excitation-contraction coupling (ECC),
where an electrical signal leads to a rise in intracellular calcium levels and contraction. This
process is carefully regulated to meet physiological demand and heavily dependent on an adequate
energy supply. Disturbed ECC can have severe consequences on muscle cell function and
underlies many cardiac and skeletal muscle pathologies. Cell stress, changing intracellular Ca2+
concentrations, and calcium signal dynamics can all play a role in the transcriptional regulation of
genes involved in myocyte Ca2+-handling.
In this thesis project, the transcriptional control of ECC was studied in skeletal and cardiac
myocytes. Skeletal myocyte calsequestrin (CASQ1) was downregulated in a mouse model of
mitochondrial myopathy and it contributed to the decreased SR Ca2+ load and impaired Ca2+
handling in Tfam-/- skeletal myocytes. In cultured neonatal cardiomyocytes, mitochondrial
uncoupler FCCP-induced mitochondrial dysfunction led to downregulation of cardiac
calsequestrin (CASQ2) and similarly impaired Ca2+ handling. Whereas there was no increase in
reactive oxygen species (ROS) levels in Tfam-/- myocytes, cultured cells exposed to FCCP did
display increased ROS, an effect that was counteracted by coexposure with the ROS scavenger
(NAC). NAC attenuated FCCP-induced CASQ2 downregulation and restored Ca2+ handling.
Therefore, mitochondrial dysfunction led to CASQ1/2 downregulation and impaired Ca2+
handling in these two cell types, but by different mechanisms.
This project also looked at the role of Ca2+ dynamics on the transcriptional regulation of Ca2+
handling genes. Increased intracellular Ca2+ levels and β-adrenergic stimulation of
cardiomyocytes activate Ca2+-calmodulin kinase II (CaMKII) and can trigger hypertrophic
remodeling. It was found that CaMKII downregulated expression of the L-type Ca2+ channel α1csubunit (Cacna1c) in cultured cardiomyocytes. Analysis of the Cacna1c promoter revealed that the
transcriptional repressor DREAM bound to a putative downstream regulatory element.
The results shed light on the complex interplay between muscle cell energetics and
transcriptional regulation of SR Ca2+ handling proteins. A unique pathway for Cacna1c
transcriptional regulation by CaMKII and DREAM was also described.

Keywords: Cacna1c, calcium, calcium handling, calsequestrin, CaMKII,
cardiomyocytes, gene expression, mitochondria, mitochondrial cardiomyopathy,
mitochondrial dysfunction

Hänninen, Sandra Lynn, Lihassolujen ärsytys-supistuskytkennän transkriptionaalinen säätely. Aktiviteetin ja mitokondriotoiminnan merkitys
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center
Acta Univ. Oul. D 1515, 2019
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Sydän- ja luustolihassolujen supistuminen on seurausta ärsytys-supistuskytkennästä (ECC), jossa sähköinen ärsytys kohottaa solunsisäistä kalsiumpitoisuutta ja aiheuttaa supistuksen. Tätä säädellään tarkasti fysiologisen tarpeen mukaan, ja se riippuu riittävästä energian saannista. Häiriintynyt ECC voi aiheuttaa vakavia seurauksia lihassolujen toiminnalle, ja se on mukana monien
sydän- ja luustolihasten sairauksien synnyssä.
Tässä tutkimuksessa ECC:n transkriptionaalista säätelyä tutkittiin luustolihasten ja sydämen
lihassoluissa. Luustolihassolujen kalsekvestriinin (CASQ1) väheneminen pienensi SR:n Ca2+määrää mitokondrioiden myopatian hiirimallissa ja heikensi Ca2+-tasapainon ylläpitoa Tfam-/-luustolihassoluissa. Viljellyissä vastasyntyneiden kammio-sydänlihassoluissa mitokondrio-irtikytkijän FCCP:n aiheuttama mitokondrioiden toimintahäiriö johti sydämen kalsekvestriinin
(CASQ2) vähenemiseen ja heikensi samalla tavalla Ca2+-tasapainon ylläpitoa. Vaikka Tfam-/-myosyyteissä reaktiivisten happilajien (ROS) tasot eivät olleet koholla, FCCP:lle altistetuissa
viljellyissä soluissa ROS kuitenkin lisääntyi. Vaikutusta esti ROS-puhdistaja NAC, joka heikensi
FCCP:n aiheuttamaa CASQ2:n laskua ja palautti Ca2+-säätelyn normaaliksi. Mitokondrioiden
toimintahäiriö siis johti CASQ1/2:n vähenemiseen ja Ca2+-säätelyn heikentymiseen molemmissa solutyypeissä, mutta eri mekanismeilla.
Tässä tutkimuksessa tarkasteltiin myös Ca2+-dynamiikan osuutta Ca2+-tasapainoon osallistuvien geenien transkription säätelyssä. Lisääntynyt solunsisäinen Ca2+-taso ja sydänlihassolujen
β-adrenerginen stimulointi aktivoivat Ca2+-kalmoduliinikinaasi II:n (CaMKII), ja ne voivat laukaista sydämen hypertrofisen uudelleenmuovautumisen. Havaittiin, että CaMKII vähensi L-tyypin Ca2+-kanavan a1c-alayksikön (Cacna1c) ilmentymistä viljellyissä sydänlihassoluissa. Promoottorianalyysi osoitti tämän johtuvan transkription repressorin DREAM:n sitoutumisesta oletettuun DRE:hen (alavirrassa sijaitseva säätelyelementti).
Nämä tulokset tuovat uutta tietoa lihassolujen energiatalouden ja SR:n Ca2+:n vaikuttavien
proteiinien transkription säätelyn vuorovaikutuksesta. Lisäksi havaittiin ainutlaatuinen Cacna1ctranskription säätelyn reitti, johon osallistuvat CaMKII ja DREAM.

Asiasanat: Cacna1c, calsequestriini, CaMKII, geeniekspressio, kalsium,
kalsiumkäsittely, kardiomyosyytit, mitokondriaalinen kardiomyopatia, mitokondrioiden toimintahäiriö, mitokondriot

Somewhere, something incredible is waiting to be
known. –Carl Sagan
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1

Introduction

Excitation-contraction coupling (ECC) is the process by which electrical
stimulation of a muscle cell leads to contraction via release of Ca2+ from
intracellular stores. ECC is especially important in cardiac cells, as stimulation by
the pacemaker cells leads to coordinated contraction of all cardiac cells nearly
simultaneously, resulting in the heart beat. While striated or skeletal muscle cells
do not “beat” as such, ECC is the important mechanism used to generate
contraction and force of the skeletal muscle.
Impaired ECC is an underlying pathological mechanism of many cardiac and
skeletal muscle diseases, such as heart failure, cardiac hypertrophy, and
atrial/ventricular fibrillation. Underlying these conditions is failure of the heart to
keep up with demand, leading to pathological remodeling, changes in gene
expression, and faulty ECC. Impaired ECC can involve impaired SR calcium
release and/or uptake, increased cytosolic calcium levels, and increased
susceptibility to arrhythmias. Impaired ECC in skeletal myocytes is associated with
muscle weakness in myopathic diseases and aging.
Mutations in genes involved in ECC can cause severe, even life-threatening
diseases. Mutations in the cardiac ryanodine receptor (RyR2) and calsequestrin
(CASQ2) can lead to catecholaminergic polymorphic ventricular tachycardia
(CPVT), a disease characterized by ventricular tachycardia (VT) and sudden
cardiac death in response to stress or exercise. Mutations in the skeletal ryanodine
receptor (RyR1) can lead to malignant hyperthermia (MH), in which a patient
suffers from a potentially fatal reaction to general anesthesia.
Mitochondrial energetics are also important for ECC. Cardiac and skeletal cells
require large amounts of energy for contraction, which is provided by numerous
mitochondria. Cardiac phenotypes resulting from mitochondrial dysfunction have
been found in patients suffering from myocardial stunning (Shattock, 1998),
mutations in mitochondrial and nuclear genes encoding respiratory chain proteins
(Rotig & Munnich, 2003), and doxorubicin-induced cardiomyopathy (Wallace,
2003). Impaired respiratory chain function has been reported in the aging heart as
well as in cardiac pathologies such as myocarditis, arrhythmias, and sudden cardiac
death. For a review of mitochondrial defects in cardiovascular disease, see (MarinGarcia & Goldenthal, 2002).
ATP not only powers contractions, it is also necessary for the calcium pumps
that maintain Ca2+ gradients within the cell and allow calcium-induced calcium
release (CICR). Mitochondrial dysfunction is associated with the development of
21

cardiac disease (Ide et al., 2001; Marin-Garcia, Goldenthal, & Moe, 2001) and the
skeletal muscle weakness that often accompanies it (De Sousa, Veksler, Bigard,
Mateo, & Ventura-Clapier, 2000; Lunde, Sjaastad, Schiotz Thorud, & Sejersted,
2001). In diabetic cardiomyopathy, mitochondrial dysfunction and increased
reactive oxygen species (ROS) are associated with impaired calcium handling and
contractile function of cardiomyocytes (for reviews, see (Schilling & Mann, 2012;
Watanabe et al., 2010)). In a model of mitochondrial cardiomyopathy, generated by
cardiac-specific mitochondrial transcription factor A (Tfam), mice display
progressive cardiomyopathy leading to cardiac failure and a predisposition to
ventricular arrhythmias (Li et al., 2000; Tavi, Hansson, Zhang, Larsson, &
Westerblad, 2005).
Ca2+ handling during ECC is delicately controlled to ensure muscle
performance meets demand, which requires a sufficient and constant supply of
energy. While Ca2+ handling proteins are regulated by posttranslational
modifications such as phosphorylation, changes in expression have been found in
disease. The aim of this study was to determine the effects of mitochondrial
dysfunction and intracellular Ca2+-signaling pathways on the transcriptional
regulation of Ca2+ handling genes. The physiological consequences of altered gene
transcription caused by impaired mitochondrial function in skeletal and cardiac
muscle cells were also studied. Elucidating the means by which Ca2+-handling
genes are transcriptionally regulated will enhance our understanding of how these
changes contribute to disease phenotypes, and offer targets for potential treatments
to delay or prevent disease progression.
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2

Review of the Literature

2.1

Excitation-contraction coupling (ECC)

Excitation-contraction coupling (ECC) is the process by which an electrical
stimulus excites the muscle cell, initiating a series of events leading to muscle
contraction. While the overall principle is similar, the process is slightly different
for skeletal and cardiac muscle cells.
In cardiac cells, the initial electrical impulse/stimulus comes from the
pacemaker cells in the sinoatrial node. In skeletal muscles, it comes from the release
of the neurotransmitter acetylcholine, from the motor neuron into the synapse.
Acetylcholine induces depolarization, which can result in an action potential,
leading to activation and contraction of the myofibrils. In both cell types, the close
localization of L-type channels (LTCCs) and ryanodine receptors (RyRs) is crucial
for proper ECC.
2.1.1 Excitation-contraction coupling in cardiac cells
In cardiac cells, ECC begins when an electrical stimulus is generated by the
pacemaker cells of the sinoatrial node. The signal travels rapidly to cardiomyocytes
via gap junctions, allowing a fast, coordinated response by the cells. When the
electrical signal reaches the cell, it causes depolarization of the cell membrane. The
ventricular cardiomyocyte sarcolemmal membrane has a resting potential of close
to the EK+ of -89 mV, due to large potassium permeability provided by the K+ leak
channel and the inward rectifier channel (Kir), which is constitutively active
(Hibino et al., 2010). Upon electrical stimulation, fast-type Na+ channels open,
causing the membrane to depolarize and generating the action potential (AP)
upstroke. The Na+ current drives the membrane potential towards +70 mV, the ENa
(Mohrman & Heller, 2006). The Na+ channels rapidly inactivate, and the K+
channels are activated to repolarize the membrane.
Upon membrane depolarization, Ca2+ enters through the L-type voltageactivated Ca2+ channels (also known as LTCCs). The increase in Ca2+ concentration
activates Ca2+ release channels (ryanodine receptors, RyRs) in the sarcoplasmic
reticulum (SR), triggering calcium-induced calcium release (CICR). The cytosolic
[Ca2+] rises quickly, Ca2+ diffuses and binds to troponin C (TnC) within
myofilaments, and contraction occurs. Relaxation occurs when intracellular Ca2+
23

levels decline. This happens primarily through resequestration of Ca2+ into the SR
by the SR Ca2+- ATPase (SERCA). Ca2+ can also be removed from the cell by the
Na+/Ca2+ exchanger (NCX1), which exports one Ca2+ ion and imports three Na+
ions. (Winslow, Walker, & Greenstein, 2016). For a schematic representation of
excitation-contraction coupling, see Figure 1.

Fig. 1. A representation of the proteins involved in excitation-contraction coupling. In
cardiomyocytes, plasma membrane depolarization leads to opening of the L-type Ca2+
channel. The influx of Ca2+ triggers opening of the RyR2 in the sarcoplasmic reticulum
membrane, causing a release of internal Ca2+ stores and cardiomyocyte contraction.
SERCA2a hydrolyzes ATP to pump Ca2+ back into the SR, decreasing cytoplasmic Ca2+
levels and allowing cardiomyocyte relaxation and recovery of SR Ca2+stores. In skeletal
muscles, the process is essentially the same except for the trigger of SR Ca release. In
these cells, LTCCs are physically coupled to RyR1s; depolarization-triggered LTCC
opening causes opening of the RyRs via conformational changes, leading to SR Ca2+
release. CASQ2 denotes cardiac calsequestrin 2, the main SR Ca2+ storage buffer.
Adapted from Faggioni, Kryshtal, & Knollmann, 2012.
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2.1.2 Excitation-contraction coupling in skeletal muscle cells
ECC in skeletal muscle cells is in principle the same as in cardiac cells, with an
important difference. While ECC in cardiomyocytes requires an influx of
extracellular calcium through L-type channels to trigger Ca2+-induced calcium
release (CICR) from the sarcoplasmic reticulum (SR), such an influx is not required
for SR calcium release in skeletal muscle cells (Armstrong, Bezanilla, & Horowicz,
1972; Bannister, 2016; Brum, Stefani, & Rios, 1987). For a review, see (Bannister,
2016). Skeletal muscle contraction has been shown to occur in the absence of
extracellular calcium, showing that an influx of calcium is not required for
contraction (Armstrong et al., 1972; Miledi, Parker, & Schalow, 1977). Using
mutant skeletal muscle L-type channels that are unable to allow calcium entry, it
has been shown that ECC still occurs (Bannister & Beam, 2009; Bannister & Beam,
2011; Eltit et al., 2012). RyR opening is directly linked to the conformational
change of the LTCC, which happens upon voltage depolarization (Chandler,
Rakowski, & Schneider, 1976; Schneider & Chandler, 1973). This has been called
“voltage-induced calcium release”. The structural basis of this has been determined;
L-type channels (LTCCs) are grouped into tetrads (groups of four), which are in
direct contact with four RyR1 subunits (Franzini-Armstrong & Kish, 1995; Protasi,
Franzini-Armstrong, & Flucher, 1997). Direct molecular interactions are only
possible for skeletal LTCC and RyR1 isoforms; substitution with the cardiac
isoforms does not result in physical coupling (Nakai et al., 1996; Tanabe, Mikami,
Numa, & Beam, 1990). Following activation of RyR1, SR Ca2+ release occurs
similarly as in cardiomyocytes. For a review, see (Schneider, 1994).
2.1.3 The structural foundation of EC-coupling: Calcium release
units
The subcellular organization of components within cardiomyocytes and skeletal
muscle cells is crucial for proper ECC and SR calcium release. In cardiac muscle
cells, T-tubules, invaginations of the sarcolemmal membrane, are located in close
proximity to sections of the SR known as the junctional SR. LTCCs are positioned
in T-tubules, close to the type 2 ryanodine receptors (RyR2), which are Ca2+activated Ca2+-release channels in the junctional SR membrane (Carl et al., 1995;
Sun et al., 1995). This close association of LTCCs and RyRs forms a Ca2+
nanodomain, known as the dyad. LTCCs and RyRs can be situated directly opposite
on another, as close as 15 nm apart. These paired associations are called couplons,
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which couple Ca2+ influx through LTCCs with RyR2 Ca2+ release (Scriven, Asghari,
& Moore, 2013). Early studies suggested that a single couplon may be comprised
of as many as 100 RyRs and 25 L-type channels (Bers & Guo, 2005), however
more recent analysis with advanced imaging techniques has revealed these numbers
to be an overestimate (Baddeley et al., 2009; Scriven et al., 2013). Dyads and
couplons form the basis of local control theory, which was revealed through
observation of Ca2+ sparks and structural analyses to explain how LTCC Ca2+ influx
did not lead to an all or nothing Ca2+ release from the SR via RyRs (Bers & Guo,
2005; Stern, Pizarro, & Rios, 1997). Due to the physical separation of dyads and
the high concentration of Ca2+ required to activate RyRs, activation of one dyad
does not lead to activation of others (Bers, 2008).
In addition to dyads, triads and peripheral couplings have also been detected
by ultrastructural analysis. Dyads are composed of junctional SR (jSR) cisternae
directly opposed to a short T-tubule segment, triads are composed of two jSR
cisternae on either side of a T-tubule segment, and peripheral couplings are an
association of the jSR cisternae with the plasmalemma. While dyads are the most
typical junctions in cardiac muscle, triads are more common in adult skeletal
muscle (Franzini-Armstrong, Protasi, & Ramesh, 1998). The shape and size of
calcium release units, as well as the distance separating them, may vary widely
depending on the muscle fiber type (Franzini-Armstrong, Protasi, & Ramesh, 1999).
For more information on the architecture of calcium release units, see (FranziniArmstrong, Kenney, & Varriano-Marston, 1987; Franzini-Armstrong & Jorgensen,
1994; Franzini-Armstrong et al., 1998; Franzini-Armstrong et al., 1999; FranziniArmstrong, Protasi, & Tijskens, 2005; Scriven et al., 2013; Sun et al., 1995).
In cardiomyocytes, an influx of Ca2+ through LTCCs causes a local rise in Ca2+
concentration right in the vicinity of RyR2, leading to RyR2 activation and Ca2+
release from the SR (Bers, 2008; Winslow et al., 2016), whereas direct molecular
interaction between LTCCs and RyR1 leads to RyR1 channel activation and SR
calcium release in skeletal muscle (Schneider, 1994). In skeletal muscle cells,
ultrastructural studies have shown that it is unlikely that every RyR1 receptor is in
direct contact with an L-type channel (Franzini-Armstrong & Kish, 1995). Rather,
it appears that a “tetrad” of four LTCCs is apposed to every second RyR1 (FranziniArmstrong & Jorgensen, 1994). Concerted opening of RyR1 receptors during
voltage-activated calcium release is possible through “coupled gating”. In this
model, ryanodine receptors are functionally coupled so that activation of one by an
L-type channel can lead to activation of the other channels in the same junction
(Marx, Ondrias, & Marks, 1998). Functional coupling is due in part to FKBP12, a
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12 kDa FK 506-binding protein that is associated with each RyR1 monomer and
promotes simultaneous opening of adjacent RyR1 channels (Brillantes et al., 1994;
Marx et al., 1998). A similar demonstration of functional coupling between RyR2
and FKBP12.6 in cardiomyocytes has also been found (Marx et al., 2001).
2.2

SR calcium release

2.2.1 Cardiac SR calcium release
Calcium “sparks” are elementary events in CICR, representing local activation of
ryanodine receptors and the release of calcium from the SR, visualized as a “spark”
by confocal microscopy using calcium-indicating fluorescent dyes (Cheng, Lederer,
& Cannell, 1993). In cardiac cells, sparks arise most likely from Ca2+ released by a
cluster of ryanodine receptors, rather than a single RyR (Lopez-Lopez, Shacklock,
Balke, & Wier, 1995). Also, CICR is induced by Ca2+ influx through L-type
channels (Wier & Balke, 1999).
Ca2+ sparks, representing a fundamental event in CICR involving calcium
release through ryanodine receptors, show distinct changes in disease and aging
and suggest that Ca2+ sparks and myocardial contractile function are closely linked.
In senescent rat cardiomyocytes, the duration, width, and amplitude of Ca2+ sparks
are significantly decreased. RyR function is also altered, with decreased peak
[Ca2+]i amplitude, increased decay, and reduced SR Ca2+ content (Zhu, Altschafl,
Hajjar, Valdivia, & Schmidt, 2005). Changes in spark characteristics have also been
characterized from patients and animal models with hypertrophy and heart failure
(Balke & Shorofsky, 1998; Lindner et al., 2002; Shorofsky et al., 1999). In isolated
myocytes from failing human hearts, there was not only a significantly lower
frequency of Ca2+ sparks compared to non-failing controls, but also a change in
spark characteristics similar to those detected in aged rat cardiomyocytes. The
relative amplitude and SR Ca2+ content were decreased, while the half-time of
decay and full width at half-maximum (FWHM) were all greater than in controls
(non-failing ventricular myocytes) (Lindner et al., 2002).
2.2.2 Skeletal muscle SR calcium release
Calcium “sparks” similar to those found in cardiomyocytes upon ryanodine
calcium release, have not been detected in intact adult mouse skeletal muscle
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(Shirokova, Garcia, & Rios, 1998), although they have been detected from
chemically and mechanically skinned adult mammalian skeletal muscle fibers
(Kirsch, Uttenweiler, & Fink, 2001). Based on this, it has been suggested that there
are mechanisms in intact cells that suppress CICR, but that these are impaired when
cells are permeabilized during isolation. Studies have shown that RyR1 channels
are not readily activated by Ca2+ under conditions, where the cytoplasm contains
physiological levels of Mg2+. Mg2+ is a potent inhibitor of RyR1, competing with
Ca2+ for binding to the activation and inhibition sites of the channel (Lamb, 2000).
It has been proposed that LTCC activation in response to sarcolemma
depolarization promotes RyR1 channel opening by lowering the affinity of the
inhibitory site for Mg2+ (Lamb & Stephenson, 1991; Lamb & Stephenson, 1994).
It has been demonstrated that Ca2+ sparks in isolated adult rat skeletal muscle fibers
are suppressed by mitochondria (Isaeva, Shkryl, & Shirokova, 2005).
2.2.3 Important components of Excitation-Contraction Coupling
As described above, proper ECC involves the coordinated actions of several
proteins to enable transduction of an electrical signal and translation of that signal
into muscle contraction. At the level of the sarcolemmal membrane, the LTCC and
sodium-potassium channel NCX allow sensing of the membrane depolarization and
aid in repolarization. At the level of the sarcoplasmic reticulum (SR), SR membrane
proteins RyR and SERCA facilitate SR Ca2+ release and uptake, respectively. The
calcium inside the SR is buffered by the high capacity, low affinity Ca2+ binding
protein calsequestrin (CASQ). Interactions of CASQ with the RyR via several
associated proteins, namely triadin and junctin, allow modulation of RyR gating in
response to SR calcium levels. Other proteins, such as phospholamban (PLB) and
FKBP12, interact with SERCA and RyR, respectively, to further modulate channel
kinetics.
2.2.3.1 L-type channels (LTCC)
LTCCs are integral players in ECC, responsible for the Ca2+ influx that triggers
CICR in cardiomyocytes and acting as the voltage-sensor in skeletal muscle cells,
activating RyR1 receptors and SR Ca2+ release via conformational coupling. Strong
structural similarities between the cardiac and skeletal LTCCs were found from
detailed electron microscopic and single particle analyses (Wang et al., 2002; Wang
et al., 2004).
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The L-type channels are divided into four subtypes, Cav1.1-1.4. Cav1.1 and
Cav1.2 are the primary subtypes in skeletal and cardiac muscles, respectively, and
are encoded by the CACNA1S and CACNA1C genes (for a review, see (Hu, Liang,
& Soong, 2017)). The LTCCs consist of a pore-forming α1 subunit and four
accessory subunits (β, α2, δ, and γ) (Ahlijanian, Westenbroek, & Catterall, 1990;
Takahashi, Seagar, Jones, Reber, & Catterall, 1987). The Ca2+ ion channel and
voltage sensor are formed by the α1 subunit, of which two isoforms have been
found: α1s in skeletal muscle and α1c in cardiac muscle. Studies using chimeras of
the α1s and α1c subunits revealed that skeletal EC coupling requires a short
sequence in the cytoplasmic loop between the second and third membranespanning segments (II-III loop) (Tanabe et al., 1990; Wilkens, Kasielke, Flucher,
Beam, & Grabner, 2001). Signaling in LTCC – RyR1 complexes in skeletal muscle
cells is bidirectional; the voltage-sensor LTCC can induce activation of RyR1, and
the size of the L-type Ca2+ current is modulated by the interaction with RyR1 (socalled “retrograde” signaling) (Nakai et al., 1996). Retrograde signaling has also
been found in cardiac myocytes. The SR Ca2+ released through RyR2 raises the
local Ca2+ concentration and promotes inactivation of LTCCs, acting as a negative
feedback mechanism (Dirksen, 2002). For reviews, see (Dulhunty, 2006; Shaw &
Colecraft, 2013).
LTCCs are modulated by PKA, which is associated with the channel via Akinase anchoring proteins (AKAP) in skeletal and cardiac muscle cells (Hulme, Lin,
Westenbroek, Scheuer, & Catterall, 2003; Johnson, Scheuer, & Catterall, 1994).
Both the pore-forming α and accessory β subunits can be phosphorylated. Increased
LTCC activity due to PKA phosphorylation, e.g. during β-adrenergic stimulation,
leads to enhanced Ca2+ intake, heart rate, contractile force and relaxation. For a
review, see (Catterall, 2015).
2.2.3.2 Na+/Ca2+ Exchangers (NCX)
Na+/Ca2+ exchangers (NCX) play integral roles in calcium handling during ECC in
cardiac myocytes. It has been estimated that as much of 20% of the Ca2+ involved
in contraction in cardiomyocytes originates from outside the cells (Delbridge,
Bassani, & Bers, 1996), meaning proper Ca2+ balance is maintained through a
robust system that ensures export of this Ca2+ during every Ca2+ cycle. While the
ATP-dependent calcium pump (sarcolemmal Ca2+-ATPase) plays a minor role in
Ca2+ efflux in cardiomyocytes (Choi & Eisner, 1999; Crespo, Grantham, & Cannell,
1990), the majority of Ca2+ is removed from the myocytes by the NCX. The role of
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NCX in skeletal muscle cells is less clear, as extracellular Ca2+ influx does not play
a strong role in ECC. Evidence of sodium-calcium exchange, however, has been
found in skeletal muscle cells (Balnave & Allen, 1998) and the clustering of NCX
channels in the sarcolemmal membrane suggests a role in ECC (Fraysse et al.,
2001).
The NCX channels are encoded by three different genes (NCX1-3), with NCX1
being the isoform primarily expressed in the heart and NCX3 in skeletal muscle.
There is strong sequence homology between the proteins; while most studies have
characterized the function of NCX1, the results may be applicable in general to the
other two channels (Lytton, 2007). The NCX is electrogenic; transport of 3 Na+
ions into the cell and 1 Ca2+ out leads to a net positive current. NCX can operate in
forward or reverse mode (extruding or importing Ca2+, respectively), and the
direction is determined by the ionic gradients of Na+ and Ca2+, as well as the
membrane potential. In pathological conditions, such as hypertrophy and heart
failure, increased expression and function of NCX have been reported (Dipla,
Mattiello, Margulies, Jeevanandam, & Houser, 1999; Flesch et al., 1996; O'Rourke
et al., 1999; Pogwizd, Qi, Yuan, Samarel, & Bers, 1999; Reinecke, Studer, Vetter,
Holtz, & Drexler, 1996; Studer et al., 1994). For reviews of NCX, see (Antoons,
Willems, & Sipido, 2012; Blaustein & Lederer, 1999; Khananshvili, 2013; Lytton,
2007; Philipson & Nicoll, 2000; Quednau, Nicoll, & Philipson, 2004; Sipido,
Volders, Vos, & Verdonck, 2002).
2.2.3.3 Ryanodine receptors (RyR)
As previously mentioned, ryanodine receptors (RyRs) are the main effectors of SR
Ca2+ release, being triggered by the influx of Ca2+ through LTCCs in cardiac
myocytes and through conformational activation in skeletal myocytes. The Ca2+
released from the RyRs quickly raises intracellular calcium levels, leading to cell
contraction. Therefore, regulation of this key channel is crucial for proper ECC and
myocyte function.
Ryanodine channels are large, tetrameric proteins that also act as scaffolds,
binding with several other proteins to form macromolecular complexes (Bers,
2004). Three mammalian ryanodine channel isoforms have been characterized;
RyR1 is expressed primarily in skeletal muscle, RyR2 is expressed mainly in the
heart, and RyR3 is commonly found in the brain. However, each isoform has been
detected in several different cell types (Lanner, Georgiou, Joshi, & Hamilton, 2010).
The macromolecular complexes include accessory proteins that modulate RyR
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channel activity, including FK506-binding proteins, protein kinase A (PKA), and
calsequestrin via links with triadin and junctin (Marx et al., 2001; Wei, Hanna,
Beard, & Dulhunty, 2009) (Figure 2).

Fig. 2. Representation of the RyR2 macromolecular complex. The RyR2 complex is
comprised of four RyR2 subunits (numbered 1–4). Each RyR2 subunit binds one
FKBP12.6 (also known as calstabin2) as well as mAKAP, to which PKA and PDE4D3
(cAMP-specific

3',5'-cyclic

phosphodiesterase

4D)

are

bound.

PP2A

(protein

phosphatase 2) and its targeting protein PR130 are also bound to RyR2, as well as PP1
(protein phosphatase 1) and its targeting protein spinophilin. For clarity, accessory
molecules are only shown for one of the four RyR2 subunits. RyR2 subunits also
associate with triadin and junctin, which interact with the SR Ca2+ buffer calsequestrin
2 (CASQ2). Modified from Marks, 2013.

Cardiac RyR2 and skeletal RyR1 associate with FKBP12.6 and FKBP12,
respectively. Also known as calstabin, FKBP has been shown to stabilize the
inactive conformation of RyR, thereby reducing SR Ca2+ leak (Prestle et al., 2001;
Yano et al., 2003). Jayaraman and colleagues demonstrated that FKBP12 was
associated with RyR1 in skeletal muscle, and proposed that it may regulate
conformation of the RyR channel (Jayaraman et al., 1992). FKBP12 / 12.6 also
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enables functional coupling of RyRs, so that activation of one receptor leads to
simultaneous opening of adjacent RyR channels (Brillantes et al., 1994; Marx et al.,
1998; Marx et al., 2001). Upon RyR channel phosphorylation by PKA, e.g. in
response to β-adrenergic stimulation, FKBP12.6 dissociates from the RYR2 and
leads to increased open probability (Po) and increased sensitivity to Ca2+-dependent
activation (Marx et al., 2000).
Through interactions with transmembrane proteins triadin and junctin, RyR
channels are linked to the SR calcium buffer calsequestrin, enabling luminal
calcium sensing. Studies of the interactions between RyR1, junctin, triadin, and
CASQ1 isolated from rabbit skeletal muscle indicated that while both junctin and
triadin can promote RyR1 channel activity and affect channel opening, only junctin
allows modulation of the channel by CASQ1 (Wei, Gallant, Dulhunty, & Beard,
2009). When luminal calcium concentrations drop, interaction of CASQ1 with
RyR1 enables repression of the channel, preventing an increase in activity (Beard,
Sakowska, Dulhunty, & Laver, 2002; Wei, Varsanyi, Dulhunty, & Beard, 2006).
When junctin is not present, RyR1 activity increases when luminal Ca2+ levels drop
(Wei et al., 2009). A similar effect of RyR2 repression by CASQ2 has been
demonstrated when luminal Ca2+ concentrations decrease (Gyorke, Hester, Jones,
& Gyorke, 2004). Györke & Györke showed that luminal Ca2+ has a strong effect
on the extent of RyR inactivation (Gyorke & Gyorke, 1998). In a study by Handhle
and colleagues, direct interaction of CASQ2 and RyR2 was demonstrated in HEK
293 cells in the absence of triadin and junctin. While an inhibitory effect of CASQ2
on RyR2 was demonstrated, this inhibition was unaffected by SR Ca2+
concentrations less than the physiological level of 1 mM (i.e. no evidence of
adjusted modulation for lower luminal calcium levels) (Handhle et al., 2016). This
suggests that the luminal calcium sensing ability requires the involvement of triadin
and junctin.
2.2.3.4 Sarco/endoplasmic reticulum Ca2+ ATPases (SERCA)
Following SR Ca2+ release and muscle cell contraction, cytosolic calcium levels
must be lowered to enable relaxation and SR Ca2+ stores must be replenished, and
this is primarily the work of sarco/endoplasmic reticulum Ca2+ ATPases located in
the SR membrane. These channels are the products of three genes (ATP2A1-3), and
can be structurally divided into three groups (SERCA 1-3). Several isoforms are
generated by alternative splicing of these genes. Isoform Serca2a is the primary
isoform in cardiac and slow-twitch skeletal muscle, while Serca1a is found in fast32

twitch skeletal muscle. For reviews, see (Martonosi & Pikula, 2003; Periasamy &
Kalyanasundaram, 2007).
SERCA pumps utilize energy from ATP hydrolysis to transport Ca2+ into the
SR; two Ca2+ are transported per each ATP (Hasselbach, 1964; Inesi & TadiniBuoninsegni, 2014). SERCA channel activity is modulated primarily by associated
proteins phospholamban (PLB) in the heart and sarcolipin in skeletal muscle. PLB
inhibits SERCA by decreasing its affinity for Ca2+; this inhibition is relieved upon
PLB phosphorylation in response to β-adrenergic stimulation or at high luminal
Ca2+ levels (Asahi, McKenna, Kurzydlowski, Tada, & MacLennan, 2000; Hicks,
Shigekawa, & Katz, 1979; Kim, Steenaart, Ferguson, & Kranias, 1990; Koss &
Kranias, 1996). With an increased affinity for Ca2+, the SERCA pump operates
more quickly, enabling faster resequestration of Ca2+ into the SR and faster
relaxation, thereby enhancing cardiomyocyte contractility. PLB is expressed
abundantly in the heart, where it has been shown to play a strong role in SERCA
modulation. It is also expressed at low levels in smooth muscle and slow-twitch
skeletal muscle (Lalli, Harrer, Luo, Kranias, & Paul, 1997; Slack, Grupp, Luo, &
Kranias, 1997). Sarcolipin, on the other hand, is highly expressed in skeletal muscle
and present in low levels in the heart (Minamisawa et al., 2003). Sarcolipin does
not affect the Ca2+ affinity of SERCA, but rather the maximum velocity (Vmax) of
Ca2+ uptake (Shaikh, Sahoo, & Periasamy, 2016). Sarcolipin has been shown to
play a role in skeletal muscle heat generation (thermogenesis) and affect basal
metabolic rate through SERCA ATP hydrolysis uncoupling. Uncoupling of ATP
hydrolysis and Ca2+ transport leads to “slippage” of the pump, where less Ca2+ is
transported into the SR. The excess ATP hydrolysis is then used to create heat and
can be used to maintain body temperature during cold exposure (Pant, Bal, &
Periasamy, 2016). Sarcolipin knockout mouse models are unable to maintain core
body temperature when exposed to cold and suffer from diet-induced obesity due
to a lowered metabolic rate (Bal et al., 2012; Maurya et al., 2015).
2.2.3.5 Calsequestrin (CASQ)
Calsequestrin is a low affinity, high capacity calcium binding protein that is present
as two isoforms, muscle-specific calsequestrin 1 (CASQ1) and cardiac-specific
calsequestrin 2 (CASQ2) (Fliegel et al., 1987; Reyes-Juarez, Juarez-Rubi,
Rodriguez, & Zarain-Herzberg, 2007; Scott, Simmerman, Collins, Nadal-Ginard,
& Jones, 1988; Zarain-Herzberg, Fliegel, & MacLennan, 1988). While cardiac cells
express only CASQ2, skeletal muscle cells express both, but differentially. CASQ1
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is exclusively expressed in fast-twitch muscle cells, and comprises about 75% of
the calsequestrin in slow-twitch muscle cells (Damiani, Volpe, & Margreth, 1990;
Fliegel, Leberer, Green, & MacLennan, 1989; Froemming, Murray, Harmon, Pette,
& Ohlendieck, 2000; Sacchetto, Volpe, Damiani, & Margreth, 1993).
Calsequestrin buffers Ca2+ in the sarcoplasmic reticulum (SR) and, via
interactions with SR proteins triadin and junctin, localizes close to the ryanodine
receptor and participates in SR Ca2+ release (Bers, 2002b; Franzini-Armstrong et
al., 2005; Murray & Ohlendieck, 1998). Direct binding of calsequestrin to
ryanodine receptors has been shown in skeletal muscle (Herzog, Szegedi, Jona,
Herberg, & Varsanyi, 2000) and in HEK293 cells expressing cardiac CASQ2 and
RyR2 (Handhle et al., 2016). Through crystallography, it has been shown that
calsequestrin isoforms 1 and 2 bind approximately 34 and 20 calcium ions,
respectively, at calcium concentrations of 1 mM, but with higher concentrations
they can bind up to 80 and 60 Ca2+ ions, respectively (Bal et al., 2015; Park et al.,
2004).
The C-terminal regions are of different lengths and composed of different
amino acids, which influence polymerization of calsequestrin molecules (Bal et al.,
2015). While the CASQ2 C-terminus is composed mainly of non-acidic residues,
the CASQ1 C-terminus contains mainly negative residues, with aspartate being the
primary one (Figure 3). Because of this, the CASQ2 C-terminus can undergo
phosphorylation at a higher rate. Phosphorylation may then affect the stacking of
the calsequestrin molecules in a way that could affect the molecular interaction with
the ryanodine receptor, which in turn could affect calcium dynamics (Bal et al.,
2015). Indeed, it has been shown that the different isoforms interact with the
ryanodine receptor isoforms and modulate them very differently (Gyorke & Gyorke,
1998; J. Qin et al., 2009; Terentyev, Viatchenko-Karpinski, Valdivia, Escobar, &
Gyorke, 2002; Wei, Hanna et al., 2009).
In the terminal cisternae of skeletal muscle, CASQ1 forms linear polymers,
which can be visualized as a fibrillar network (Franzini-Armstrong et al., 1987).
Calcium stabilizes polymerized forms of CASQ. When local calcium
concentrations decrease, such as when calcium is released from the SR, the CASQ
network depolymerizes, resulting in release of calcium to the SR lumen (Rios,
Launikonis, Royer, Brum, & Zhou, 2006).
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rCASQ2_[NP_058827]
-----------MKRIYLLVVGLYLLSFSR----AEEGLNFPTYDGKDRVV
rCASQ1_[NP_001153066] MRATDRMGARAVSKLRLALLFVLVLGTPRSGVQGEDGLDFPEYDGVDRVI
:.:: * :: : :*. .*
.*:**:** *** ***:
rCASQ2_[NP_058827]
SLSEKNLKQVLKRYDLLCLYYHEPVSSDKVAQKQFQLKEIVLELVAQVLE
rCASQ1_[NP_001153066] NVNAKNYKNVFKKYEVLALLYHEPPEDDKASQRQFEMEELILELAAQVLE
.:. ** *:*:*:*::*.* **** ..**.:*:**:::*::***.*****
rCASQ2_[NP_058827]
HKNIGFVMVDSRKEAKLAKRLGFSEEGSLYVLKGGRTIEFDGEFAADVLV
rCASQ1_[NP_001153066] DKGVGFGLVDSEKDAAVAKKLGLTEEDSVYVFKGDEVIEYDGEFSADTLV
.*.:** :***.*:* :**:**::**.*:**:**...**:****:**.**
rCASQ2_[NP_058827]
EFLLDLIEDPVEIVNNKLEVQAFERIEDQIKLLGFFKNEDSEYYKAFQEA
rCASQ1_[NP_001153066] EFLLDVLEDPVELIEGERELQAFENIEDEIKLIGYFKSKDSEHYKAYEDA
*****::*****:::.: *:****.***:***:*:**.:***:***:::*
rCASQ2_[NP_058827]
AEHFQPYIKFFATFDKGVAKKLSLKMNEVGFYEPFMDEPSVIPNKPYTEE
rCASQ1_[NP_001153066] AEEFHPYIPFFATFDSKVAKKLTLKLNEIDFYEAFMEEPVTIPDKPNSEE
**.*:*** ******. *****:**:**:.***.**:** .**:** :**
rCASQ2_[NP_058827]
ELVEFVKEHQRPTLRRLRPEDMFETWEDDLNGIHIVAFAEKSDPDGYEFL
rCASQ1_[NP_001153066] EIVSFVEEHRRSTLRKLKPESMYETWEDDLDGIHIVAFAEEADPDGYEFL
*:*.**:**:*.***:*:**.*:*******:*********::********
rCASQ2_[NP_058827]
EILKQVARDNTDNPDLSILWIDPDDFPLLVAYWEKTFKIDLFKPQIGVVN
rCASQ1_[NP_001153066] ETLKAVAQDNTENPDLSIIWIDPDDFPLLVPYWEKTFDIDLSAPQIGVVN
* ** **:***:******:***********.******.*** *******
rCASQ2_[NP_058827]
VTDADSVWMEIPDDDDLPTAEELEDWIEDVLSGKINTEDDDNEDEDDDGD
rCASQ1_[NP_001153066] VTDADSIWMEMDDEEDLPSAEELEDWLEDVLEGEINTEDDD--------******:***: *::***:*******:****.*:*******
rCASQ2_[NP_058827]
NDNDDDDDDDDNSDEDNDDSDDDDDDDE
rCASQ1_[NP_001153066] ---DDDDDDDD---------DDDDDDD********
*******
Fig. 3. Protein sequence alignment of rat CASQ1 and CASQ2 using ClustalW. The
alignment score for the sequences is 61, which represents the number of identities in
the alignment divided by the number of residues compared (not including gap
positions). (*) indicates a fully conserved residue; (:) indicates the residues share
strongly similar properties; (.) indicates the residues are semi-conserved, i.e. have a
similar shape.

There is a difference in the Ca2+ buffering capacity and SR volume in cardiac vs.
skeletal muscle. For instance, during one action potential, the cardiac cell will
release about 50% of its Ca2+ store, while the skeletal muscle cell will release only
15%. The amount of releasable calcium is approximately 100 times greater in
skeletal muscles (Rios et al., 2006).
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2.2.3.5.1 Calsequestrin and SR calcium handling

Calsequestrin plays an important role in muscle cell function. It not only acts as a
calcium buffer in the SR, enabling the release of large amounts of calcium during
CICR, but it interacts with the ryanodine receptor via accessory proteins and
regulates its open probability (Beard et al., 2002; Jones, Zhang, Sanborn, Jorgensen,
& Kelley, 1995; Kobayashi & Jones, 1999). Calsequestrin isoforms differentially
regulate ryanodine receptors in skeletal and cardiac cells. Increasing calcium
concentrations cause dissociation of calsequestrin from the RyR/triadin/junctin
complex (Zhang, Kelley, Schmeisser, Kobayashi, & Jones, 1997), thereby relieving
inhibition of the RyR2 and enhancing SR calcium (Beard et al., 2002; Beard et al.,
2005). RyR2 inhibition by CASQ2 at reduced luminal calcium concentrations may
contribute to the termination of SR calcium release in cardiomyocytes (Gyorke et
al., 2004). In a CASQ2 knockout mouse model, it was found that while CASQ2
was not required for luminal SR calcium sensing, its absence lead to increased SR
Ca2+ leak and increased RyR2 open probability (Knollmann et al., 2006).
Calsequestrin has also been suggested to play a role in regulation of store-operated
calcium entry (SOCE) in skeletal muscle cells (Shin et al., 2003; Zhao et al., 2010)
and participate in fiber-type specification (Froemming et al., 2000).
2.2.3.6 Triadin and Junctin
Triadin (Trdn) and Junctin (Junct) have been identified as key accessory proteins
linking calsequestrin to the ryanodine receptor, thereby modulating RyR function
and conferring the ability to sense luminal calcium levels. Triadin was first
identified from skeletal muscle as a 95-kDa protein (Caswell, Brandt, Brunschwig,
& Purkerson, 1991; Knudson, Stang, Jorgensen, & Campbell, 1993). Several
isoforms of triadin have been cloned from skeletal and cardiac muscle due to
alternative splicing of a single TRDN gene (Thevenon et al., 2003). To date, four
isoforms have been found in skeletal muscle and named by their molecular weight
(MW); Triadin Skeletal isoforms Trisk 95, Trisk 51, Trisk 49 and Trisk 32 (Caswell
et al., 1991; Marty et al., 2000; Vassilopoulos et al., 2005). Three isoforms have
been predicted based on cardiac cDNA library screening, named Triadin 1-3 and
migrating on Western blot with MW of 35, 40, and 92 kDa, respectively (Guo,
Jorgensen, Jones, & Campbell, 1996). A further study determined that Triadin 1 is
the main isoform in cardiac tissue, but Triadin 2 is not detectable (Kobayashi &
Jones, 1999). In cardiomyocytes, early studies suggested that the primary function
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of triadin was to interact with calsequestrin and junctin, thereby modulating RyR
function and CICR (Guo & Campbell, 1995; Zhang et al., 1997). Phenotypic
changes in Triadin knockout mice have indicated that in both cardiac and skeletal
muscle cells, triadin is involved in ensuring the structural integrity of calcium
release units, manipulating the structure of the reticulum membrane and ensuring
close contact between RyR1 and LTCCs in triads (Chopra & Knollmann, 2013;
Fourest-Lieuvin et al., 2012; Marty, 2015). It has also been suggested that knockout
of triadin impairs the FKBP12/RyR1 interaction in skeletal muscle (Eltit et al.,
2010).
Junctin has been identified in cardiac and skeletal muscle as a 26-kDa protein
bound to calsequestrin, and the protein is the same in both muscle types (Jones et
al., 1995; Mitchell, Simmerman, & Jones, 1988). Junctin is a non-catalytic splice
variant of the aspartate-β-hydroxylase gene, and two isoforms have been detected
in cardiac tissue, differing only in the presence of an alternate in-frame exon in
isoform 1 (Lim, Hong, & Kim, 2000; Wetzel, Ding, & Chen, 2000). Like triadin,
junctin was initially thought to merely anchor calsequestrin to the ryanodine
receptors, but further studies have shown that its role is more complex. Knockout
of junctin in a mouse model led to increased SR Ca2+ load and increased frequency
of Ca2+ sparks, as well as a predisposition to fatal arrhythmias in response to βadrenergic stimulation (Yuan et al., 2007). Similar findings came from viral
knockdown of junctin in cardiac myocytes (Fan, Yuan, Zhao, Chu, & Kranias,
2007). For a review, see (Fan, Yuan, & Kranias, 2008). Viral knockdown of triadin
and junctin in skeletal myotubes indicated that while triadin plays a role in
depolarization-induced SR Ca2+ release, junctin is involved in maintenance of SR
Ca2+ stores (Wang et al., 2009).
2.2.4 Regulation of SR Calcium Release
Cardiac and skeletal muscle must be able to respond to changes in work demands
and metabolic state. This is accomplished in several ways, often leading to
phosphorylation or dephosphorylation of channels or accessory proteins, which
then alter Ca2+ signaling and contraction. β-adrenergic stimulation, brought on by
the stress response known as “fight or flight”, leads to larger and faster calcium
transients, and therefore stronger, faster muscle contractions, via activation of
kinases such as PKA and calcium-calmodulin-dependent protein kinase (CaMK).
PKA and CaMKII phosphorylate and modify the activity of Ca2+ signaling proteins
including RyRs, LTCCs, and PLB. Phosphorylation of the RyR by PKA or CaMKII
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leads to dissociation of the regulatory subunit FKBP12.6 (in cardiomyocytes) or
FKBP12 (in skeletal muscle cells); this alters the RyR channel open probability and
increases SR calcium leak.
SR Ca2+ release can also be modified by intracellular Ca2+ signals that lead to
activation of calmodulin. Calmodulin, a 16-kDa, ubiquitously expressed protein, is
an important sensor of intracellular Ca2+ levels and has been shown to regulate
ryanodine receptors in an isoform-specific manner (Saimi & Kung, 2002; Xu,
Gomez, Pasek, Meissner, & Yamaguchi, 2017). Calmodulin bound with Ca2+ is
termed CaM, while Ca2+-free calmodulin is ApoCaM. In vitro studies have shown
that at low [Ca2+]i, ApoCaM binds RyR1 and sensitizes it to calcium. At higher
intracellular calcium concentrations, ApoCam binds Ca2+, leading to repression of
RyR1 (Rodney, Williams, Strasburg, Beckingham, & Hamilton, 2000). Similar
activation by ApoCaM has not been found for RyR2, although like RyR1 it is
inhibited by CaM at micromolar Ca2+ concentrations (Balshaw, Xu, Yamaguchi,
Pasek, & Meissner, 2001; Fruen, Bardy, Byrem, Strasburg, & Louis, 2000).
SR Ca2+ release through ryanodine receptors is also subject to modulation by
cellular redox state. The ryanodine receptor contains approximately 20 exposed
cysteine residues that could potentially be reduced, thereby altering channel
function (Xu, Eu, Meissner, & Stamler, 1998; Zable, Favero, & Abramson, 1997).
A role for ROS modulation of Ca2+ release by ryanodine receptors has been
reported and may underlie the development of cardiovascular diseases involving
increased mitochondrial ROS production (Kourie, 1998; Zima & Blatter, 2006).
For a review, see (Denniss, Dulhunty, & Beard, 2018). A study by Yan et al. (2008)
investigated the influence of ROS on Ca2+ sparks in cardiac myocytes. Using
isolated adult rat ventricular cardiomyocytes, they found that increases in ROS due
to inhibition of the respiratory chain, application of H2O2, or photostimulation lead
to increases in Ca2+ spark frequency (Yan et al., 2008). At higher ROS
concentrations, the effect was bidirectional; initial stimulation of spark frequency
was followed by a depression in sparks, as well as a decrease in SR calcium stores.
Partial store depletion in response to ROS stimulation of RyR2 could involve
increased SR leak as well as inhibition of the SR Ca2+ ATPase by ROS (Kourie,
1998). Support for a role of ROS in Ca2+ spark regulation has also been
demonstrated in cardiac and skeletal muscle cells (Isaeva et al., 2005; Zorov,
Filburn, Klotz, Zweier, & Sollott, 2000). While certain cysteines of RyR1 have
been found to be responsive to redox modifications, specific sensitive cysteines of
RyR2 have not yet been identified (Lanner et al., 2010; Zima & Mazurek, 2016).
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2.2.5 Failure of CICR: arrhythmogenic events
When the heart rate increases, several events take place to allow the intracellular
calcium levels to recover between heart beats. The action potential duration (APD)
becomes shorter at higher heart rates, allowing repolarization to occur sooner. Also,
frequency-dependent acceleration of relaxation (FDAR) and [Ca]i decrease occur,
resulting in a faster reduction in intracellular calcium levels. Problems occur when
the APD is prolonged and calcium levels fall more slowly, as in the case of heart
failure (Bers, 2008).
Spontaneous SR calcium release, which can occur at relatively high SR Ca2+
levels, can lead to aftercontractions and transient inward current (Iti), which
depolarizes the membrane toward the threshold for an action potential. These
delayed afterdepolarizations (DADs), which occur after AP repolarization, are
generally not a problem if they occur in a single cell, but if transmitted to a cluster
of cells they may lead to arrhythmia (Bers, 2006). Other defects in excitability are
early after-depolarizations (EADs), which occur during the AP plateau or during
phase 3 repolarization. EADs may be due to reactivation of L-type channels from
Ca2+-dependent inactivation.
Proper muscle cell excitability and ECC demands careful regulation of the
players involved. Increased intracellular calcium levels, such as have been found
in the failing heart, have been attributed in part to hyperphosphorylation of the
ryanodine receptors and reverse-mode NCX. Phosphorylation of RyRs leads to
dissociation of FKBP12/FKBP12.6 and increased open probability of the channel.
While initially this may increase SR Ca2+ release and contractility, long-term
derepression of RyR leads to SR Ca2+ leak and the increased probability of DADs.
Excess SR Ca2+ release can raise intracellular calcium levels, leading the NCX to
work in reverse mode, extruding Ca2+ and importing Na+. The net positive outward
current can potentially depolarize the sarcolemmal membrane, leading to DADs. A
mouse FKBP12 knockout exhibited embryonic lethality and a shorted life span due
to a cardiac phenotype resembling cardiomyopathy and heart failure in humans
(Shou et al., 1998). Analysis of RyR1 and RyR2 channels from these mice showed
an increased open probability and increased amount of smaller conductance
openings (i.e. the channels were not fully opened and therefore in a subconductance
state). In another study, RyR2 channels from failing hearts were found to be
hyperphosphorylated and exhibited decreased binding to FKBP12.6 (Marx et al.,
2000). Also, phosphorylation of RyR2 by CaMKII leads to enhanced SR calcium
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leak, decreased SR calcium load, and may contribute to the development of
arrhythmias and contractile dysfunction in heart failure (Lanner et al., 2010).
Two life-threatening diseases have been attributed to mutations in the cardiac
and skeletal muscle isoforms of RyR and CASQ, and interestingly the mutated
areas of the genes fall in similar areas in the respective isoforms. Mutations in
cardiac RyR2 and CASQ2 are associated with catecholaminergic polymorphic
ventricular tachycardia (CPVT), while mutations in the skeletal isoforms can lead
to malignant hyperthermia (MH).
2.2.5.1 Catecholaminergic polymorphic ventricular tachycardia (CPVT)
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a potentially
fatal condition in which stress or exercise can lead to ventricular tachycardia and
sudden cardiac death in the absence of structural disease. In CPVT, mutations in
RyR, CASQ2 and other Ca2+ handling genes can lead to enhanced probability of
DADs and after-contractions. Mutations in RyR2 and CASQ2 are responsible for
most cases of CPVT (Sumitomo, 2016). The CASQ2 mutation, CASQ2D307H,
found in human patients with CPVT, leads to abnormal calcium handling in cardiac
cells and a predisposition to catecholamine-induced ventricular arrhythmias in
transgenic mice (Dirksen et al., 2007). It was suggested that in the TG mice, the
mutant CASQ2 interfered with normal SR Ca2+ release, leading to spontaneous and
premature calcium release and hence, delayed afterdepolarizations (DADs) through
activation of depolarizing membrane currents via NCX (W. P. Dirksen et al., 2007).
CASQ2 knockout mice are also susceptible to CPVT; morphological changes
include an increase in SR size and the width of jSR as well as increased SR leak
and reduced control of RyR2 open probability (Knollmann et al., 2006).
Studies have shown that the D307H mutation destabilizes the conformation of
CASQ2; it is nearly unresponsive to physiological lumen calcium concentrations
and is only half as effective at binding triadin and junctin compared to WT CASQ2
(Houle, Ram, & Cala, 2004). Because of this, its ability to regulate RyR2 activity
via these accessory proteins is impaired. Other CPVT-related mutations, R33Q and
a deletion mutant (in which nucleotides 339-354 have been deleted), lead to
impaired calcium handling via different mechanisms (Terentyev et al., 2008).
Whereas R33Q mutants are less able to bind triadin, leading to impaired ability to
regulate RyR and act as a luminal Ca2+ sensor, the deletion mutant lacks the Cterminal domain, making it unable to self-polymerize into the high-capacity
calcium binding form.
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2.2.5.2 Malignant hyperthermia (MH)
Malignant hyperthermia (MH) is an inherited muscle disease characterized by
irreversible contractures upon exposure to volatile anaesthetics, such as halothane.
Interesting, similar sites in the N-termini of RyR1 and RyR2 have been linked to
malignant hyperthermia (MH) and catecholaminergic polymorphic ventricular
tachycardia (CPVT), respectively (Yano, Ikeda, & Matsuzaki, 2005). While not the
only diseases associated with ryanodine receptors, there is a common underlying
mechanism of altered ryanodine receptor function, leading to increased channel
open probability, increased SR calcium leak, increased susceptibility to
arrhythmias and decreased muscle contraction due to decreased SR calcium content
(Lanner et al., 2010).
Although studies of CASQ1-null mice implicated this gene as a potential
candidate for human MH (Dainese et al., 2009; Protasi, Paolini, & Dainese, 2009),
no mutations in CASQ1 have been found to cause MH in patients. One study of
MH patients identified a CASQ1 mutation, M87T, that seemed to associate with
disease-causing RyR1 mutations but was not considered severe enough to cause
disease (Kraeva et al., 2013). A subsequent study indicated the mutant protein has
a reduced capacity to polymerize and buffer Ca2+ (Lewis, Ronish, Rios, & Kang,
2015), and therefore may contribute to the disease phenotype when paired with
mutations in RyR1.
2.3

Cardiomyocyte gene expression: the role of calcium in
transcriptional regulation

The location, size, and frequency of Ca2+ signals is known to regulate intracellular
signaling cascades and gene expression in neonatal and adult cardiomyocytes in
response to various stimuli (Berridge, Bootman, & Roderick, 2003; Dolmetsch, Xu,
& Lewis, 1998; Maack & O'Rourke, 2007). Because regular, large Ca2+ releases
are required for cardiomyocyte function, these cells have developed a means of
discriminating between global Ca2+ transients that cause contractions and Ca2+
signals that encode information for gene regulation. There is increasing evidence
that local Ca2+ microdomains near the nuclear membrane may be involved (Ibarra
et al., 2014). Local increases in nuclear Ca2+ levels, e.g. due to activation of IP3Rs
or diffusion of Ca2+ through the nuclear envelope, may play a central role in
cardiomyocyte gene expression and regulation (Bootman, Fearnley, Smyrnias,
MacDonald, & Roderick, 2009). As the nuclear envelope can act as a Ca2+ store
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(Petersen, Gerasimenko, Gerasimenko, Mogami, & Tepikin, 1998), it is possible
that Ca2+ release via e.g. IP3R activation may play a role. Indeed, it has been
demonstrated that nuclear calcium levels may be increased independently from
cytosolic calcium (Lui, Kong, Fung, & Lee, 1998). During the progression of
cardiac disease, increased CaMKII activity leads to increased RyR open probability
and SR Ca2+ leak. As portions of the SR come into close contact with the nuclear
envelope, it has been speculated that Ca2+ leak through these RyRs may lead to an
increase in nuclear Ca2+ levels, thereby promoting cardiac transcriptional
remodeling (Ljubojevic & Bers, 2015).
Excitation-transcription coupling (ETC), a term coined to describe the
activation of gene transcription in response to Ca2+ signals, was first reported in
cardiomyocytes and involved activation of NFAT by cytosolic Ca2+. This led to the
transcription of NFAT-targeted genes and the development of cardiac hypertrophy.
For reviews, see (Alonso & Garcia-Sancho, 2011; Bootman et al., 2009; Ljubojevic
& Bers, 2015; Molkentin et al., 1998). Two main pathways exist in cardiomyocytes
to link calcium signaling with transcriptional regulation of gene expression. One
pathway leads to nuclear export of histone deacetylases, or HDACs, that repress
transcription by removing acetyl groups from histones, causing the histones to bind
DNA more strongly. The other leads to activation of nuclear factor of activated Tcells (NFAT).
2.3.1 The Ca-CaM-CaMKII-HDAC pathway
Ca2+/calmodulin-dependent protein kinase (CaMKII) is an important regulator of
protein function and gene transcription in response to changes in intracellular
calcium levels as well as oxidative stress. Binding of Ca2+/calmodulin (CaM) to the
CaMKII regulatory domain relieves its autoinhibition, allowing the enzyme to
phosphorylate its targets. If the Ca2+ levels decrease, Ca2+/CaM dissociates and
CaMKII is inactivated. If the Ca2+ levels are sustained or increased, CaMKII may
autophosphorylate, allowing it to remain active after Ca2+/CaM has dissociated and
Ca2+ levels have decreased (Hegyi, Bers, & Bossuyt, 2019; Lou, Lloyd, &
Schulman, 1986; Meyer, Hanson, Stryer, & Schulman, 1992). CaMKII has been
shown to have several different activity states depending on the autophosphorylated
sites and the presence or absence of bound Ca2+/CaM (Schulman, Hanson, & Meyer,
1992).
CaMKIIδ knockout models, both global and cardiac-specific, have indicated a
role for this kinase in the development of heart failure in response to pressure
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overload and ischemia/reperfusion (I/R) (Ling et al., 2009; Ling et al., 2013).
Further study of the main isoforms in the heart, CaMKIIδC and CaMKIIδB, using
mouse models has demonstrated that these isoforms are differentially regulated in
response to I/R, with IIδC leading to increased infarct development via activation
of IКB kinase (IKK) and the transcription factor nuclear factor kappa-light-chainenhancer of activated B cells (NF-КB) (Gray et al., 2017). Several transcription
factors are regulated by CaMKII, including activator protein-1 (AP-1), cyclic
AMP-dependent transcription factor (ATF-1), cAMP response element-binding
protein (CREB), and myocyte enhancer factor-2 (MEF2). Activation of MEF2 by
CaMKII has been strongly implicated in the development of cardiac hypertrophy,
but not directly by MEF2 phosphorylation. Rather, CaMKII leads to derepression
of MEF2 via phosphorylation and nuclear export of class II histone deacetylases
(HDACs). The CaMKIIδ isoforms IIδC and IIδB can similarly activate transcription
of hypertrophic genes, including MEF2, atrial natriuretic peptide (ANP), brain
natriuretic peptide (BMP), and β-myosin heavy chain (β-MHC), via
phosphorylation and nuclear export of HDAC4 (Zhang et al., 2007).
Class II HDACs function as repressors of hypertrophic genes, thereby playing
an important role in the development of cardiac hypertrophy (Chang et al., 2004;
Zhang et al., 2002). HDACs deacetylate histones, allowing them to wrap more
tightly around DNA and repress gene transcription. Their actions are counteracted
by histone acetyltransferases (HATs), which promote transcriptional activation by
allowing the chromatin structure to relax. Phosphorylation of the N-terminal
serines of the HDAC by CaMKII leads to binding of chaperone 14-3-3, which
masks the nuclear localization signal (NLS). The HDAC is then exported to the
cytosol, relieving repression of MEF2. Cardiac expression of class II HDAC
isoforms 4, 5, 7, and 9 has been demonstrated, and all have a MEF2 binding domain.
HDAC-4 and -5 are regulated by G-protein-coupled receptors. HDAC4 has a
CaMKII docking site near a key phosphorylation site (Backs, Song,
Bezprozvannaya, Chang, & Olson, 2006). HDAC5, however, has no CaMKII
docking site and does not seem to be activated by it. Interestingly, it has been
demonstrated that local Ca2+ releases by InsP32 receptors in the nuclear membrane
were responsible for HDAC5 phosphorylation and nuclear export via CaMKII and
PKD (Wu et al., 2006), whereas the signaling cascade was not responsive to global
Ca2+ transients. For a review, see (Bers, 2008).
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2.3.2 The Ca2+-CaM-Calcineurin-NFAT pathway
Calcineurin (aka phosphatase 2 B) is activated when bound with the
Ca2+/calmodulin complex. Compared to CaMKII, calcineurin has a much higher
affinity for calcium and calmodulin, enhancing its ability to sense smaller,
prolonged elevations in intracellular Ca2+ levels (Dolmetsch, Lewis, Goodnow, &
Healy, 1997; Tavi et al., 2004; Tavi & Westerblad, 2011). In this pathway, activated
calcineurin dephosphorylates NFAT, which causes conformational changes that
expose an NLS. NFAT is then transported into the nucleus, where it activates
transcription of fetal cardiac genes, such as β-MHC, α-skeletal actin (α-SkA), and
BNP (Molkentin et al., 1998). NFAT binds DNA weakly, and therefore relies on
interactions with other transcription factors to initiate transcription, including
GATA-4 (Molkentin et al., 1998), activator protein-1 (AP-1; Fos-Jun) (Chen,
Glover, Hogan, Rao, & Harrison, 1998), early growth response protein-1 (EGR-1)
(Decker, Skerka, & Zipfel, 1998; Decker et al., 2003; Kasneci, Kemeny-Suss,
Komarova, & Chalifour, 2009), and MEF2 (Hogan, Chen, Nardone, & Rao, 2003).
NFAT is rapidly exported from the nucleus; therefore, sustained increases in Ca2+
are required for its maintenance in the nucleus and transcriptional activity (Wu,
Peisley, Graef, & Crabtree, 2007). For reviews, see (Bers, 2008; Crabtree & Olson,
2002; Hogan et al., 2003; Pan, Xiong, & Chen, 2013; Wu et al., 2007).
2.3.3 Ca2+-regulated transcriptional repression (DREAM)
DREAM (downstream regulatory element antagonist modulator) was the first
identified Ca2+-binding protein that could also bind DNA and regulate transcription.
This protein has earned three names based on its different functions. Originally
named calsenilin for its ability to interact with presenilins, calsenilin was found to
be involved in the proteolytic processing of presenilins (Buxbaum et al., 1998; Choi
et al., 2001), regulation of amyloid β-peptide (Aβ) levels, and apoptosis in neurons
and cultured cells (Jo et al., 2001; Lilliehook et al., 2002; Lilliehook et al., 2003).
It was given a second name, DREAM, when it was discovered to bind the
downstream response element (DRE); upon binding of Ca2+, DREAM undergoes
conformational changes that block its ability to bind DNA and repress gene
transcription (Carrion, Link, Ledo, Mellstrom, & Naranjo, 1999; Craig et al., 2002;
Zaidi, Thomson, Choi, Buxbaum, & Wasco, 2004). This protein was then found to
have yet another function, as a binding partner and modulator of rapidly
inactivating (A-type) voltage-gated potassium channels in the brain and heart. For
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this function, the protein was named KChIP3 (An et al., 2000).
DREAM/calsenilin/KChIP3 is one of four structurally and functionally related
Ca2+-binding proteins (KChIP1-4). While there is still much to be learned about
these proteins, all four KChIPs have been shown to bind DRE sequences (Link et
al., 2004) and DREAM and KChIP2 are functionally redundant in T-cells and Blymphocytes (Savignac et al., 2005).
DREAM-mediated transcriptional repression has been most studied in the
brain, where it is abundantly expressed. It is also strongly expressed in the thymus,
thyroid gland, testis, and spleen (Carrion, Mellstrom, & Naranjo, 1998; Savignac
et al., 2005). It has been found to regulate transcription of genes including human
prodynorphin (Carrion et al., 1998), the early response gene c-fos (Carrion et al.,
1999), and cytokine genes (Savignac et al., 2005). Transcriptional repression by
DREAM plays an important role in pain modulation as demonstrated by studies of
transgenic mice lacking DREAM (Cheng et al., 2002). Whereas increases in
intracellular Ca2+ are associated with derepression of DREAM target genes
(Carrion et al., 1999), they have also been shown to induce nuclear translocation of
DREAM (Zaidi et al., 2004). The reasons for this discrepancy are not known, but
it has been speculated that DREAM inactivation and a concomitant increase in
nuclear levels of DREAM may ensure sufficient repressor is present when Ca2+
levels decline. In this way, activated genes could be rapidly inactivated (Zaidi et al.,
2004). Interestingly, DREAM interacts in a Ca2+-dependent manner with another
transcription factor, CREB, preventing its association with CBP and thereby
repressing transcription of CRE-genes. In this way, Ca2+-dependent repression of
CRE-genes occurs even though DREAM does not directly bind to DNA (Ledo,
Kremer, Mellstrom, & Naranjo, 2002).
2.4

Mitochondrial energetics and muscle function

Cardiac and skeletal myocytes rely on numerous mitochondria per cell to provide
the large amounts of energy needed for contractions. Mitochondrial energetics are
important for proper contractile function and mitochondrial dysfunction can have
severe detrimental effects on the cells. Impaired mitochondrial function has been
found in the aging heart and underlies cardiac diseases, including myocardial
stunning (Shattock, 1998), doxorubicin-induced cardiomyopathy (Wallace, 2003),
myocarditis, arrhythmias, and sudden cardiac death. For a review of mitochondrial
defects in cardiovascular disease, see (Marin-Garcia & Goldenthal, 2002).
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Mitochondrial ATP production powers the contractile machinery as well as the
ion pumps that maintain the intracellular ion gradients necessary for CICR.
Transgenic mouse models have helped to shed light on the interplay between
mitochondrial dysfunction and impaired muscle function. Mitochondrial disorders
have been heavily studied, and many mutations have been found in genes involved
in oxidative phosphorylation (OXPHOS), the means by which mitochondria
generate ATP. Mouse models have been generated to simulate the human disorders
and include disruptions to genes directly involved in OXPHOS, as well as
“secondary” OXPHOS-deficient mice, in which supplementary genes have been
affected (e.g. genes involved in ROS scavenging). For reviews, see (Forte,
Palmerio, Bianchi, Volpe, & Rubattu, 2019; Koene, Willems, Roestenberg,
Koopman, & Smeitink, 2011; Smeitink, van den Heuvel, & DiMauro, 2001).
Mitochondrial transcription factor A (Tfam) is the main regulator of mitochondrial
DNA copy number, and it has been shown that the amount of mtDNA correlates
with ATP production (Jeng et al., 2008). Because of this, Tfam KO mice are useful
models of mitochondrial dysfunction, and tissue-specific Tfam KOs have been
made to study the role of impaired mitochondrial function in pancreatic β-cells,
cardiac- and skeletal muscle, cardiac muscle alone (Larsson et al., 1998; Li et al.,
2000; Silva et al., 2000; Wang et al., 1999). In mice with cardiac-specific knockout
of Tfam, a strong cardiac phenotype was characterized which included progressive
cardiomyopathy leading to cardiac failure, as well as a predisposition to ventricular
arrhythmias (Li et al., 2000; Tavi et al., 2005).
2.4.1 Mitochondrial energetics
Mitochondria are an integral part of cardiomyocytes, comprising about 35% of the
total volume of the cells (Page & McCallister, 1973). Cardiac muscle tissue
contains two populations of mitochondria: the subsarcolemmal mitochondria
located beneath the sarcolemma and the interfibrillar mitochondria located between
the myofibrils. The two populations have different biochemical properties, with
interfibrillar mitochondria oxidizing substrates approximately 1.5 times faster, and
can be separately isolated as well as visualized by electron microscopy (Palmer,
Tandler, & Hoppel, 1977). In pathological states such as calcium overload,
cardiomyopathy, and aging, it has been shown that the two populations of
mitochondria can be affected differently (Lesnefsky, Moghaddas, Tandler, Kerner,
& Hoppel, 2001).
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In the adult heart, fatty acids (FAs) are preferentially metabolized rather than
glucose. While glucose metabolism is more efficient in terms of oxygen used per
ATP produced, FAs are a much more efficient energy store. FAs are very
hydrophobic; in fact, oxidation of FAs provides more than six times the energy
compared to an equal mass of hydrated glycogen (Alberts et al., 1994). In cardiac
stress conditions, however, there is a shift in energy metabolism from the use of
FAs to glucose. Genes involved in fatty acid metabolism are decreased and
cardiomyocytes rely more on glucose and glycolysis for ATP generation (Hansson
et al., 2004; Nascimben et al., 2004). For a review, see (Lopaschuk, Ussher, Folmes,
Jaswal, & Stanley, 2010). Although glucose oxidation would be an efficient source
of energy, studies have shown that in diseased cardiac tissue, the downregulation
of FA oxidation is not fully compensated by glucose oxidation, leading to an energy
deficit in these cells (Nagoshi, Yoshimura, Rosano, Lopaschuk, & Mochizuki, 2011;
Pascual & Coleman, 2016; Sorokina et al., 2007).
Intracellular Ca2+ imaging experiments have demonstrated that a portion of
Ca2+ is taken up by the mitochondria during excitation-contraction coupling,
although the exact quantities of Ca2+ have not been resolved (Dorn & Maack, 2013).
It has also been shown that slow, prolonged changes in intramitochondrial calcium
levels can have an effect on energy production. Increases in [Ca2+]m can lead to
stimulation of dehydrogenases such as pyruvate dehydrogenase, NAD-linked
dehydrogenase, or α-ketoglutarate dehydrogenase, which then increase the rate of
NADH and ATP production (Balaban, 2009; Brandes & Bers, 1997). In this way,
mitochondrial energy production can be altered to meet an increase in energy
requirements (Bers, 2002a). For reviews, see (Dorn & Maack, 2013; Glancy &
Balaban, 2012; Tarasov, Griffiths, & Rutter, 2012).
2.4.2 Cellular consequences of mitochondrial dysfunction
As cardiac contractility is limited by the availability of ATP, which is mainly
generated by mitochondrial oxidative phosphorylation, defects in mitochondrial
function can have a direct effect on cardiac performance. Mitochondrial
dysfunction impairs skeletal muscle metabolism in three main ways: 1) by
decreasing rates of substrate oxidation, 2) by impairing energy production and
export of high energy phosphates, and 3) through accumulation of toxic compounds
(e.g. ROS/RNS, lactate) and acidosis (Lesnefsky et al., 2001). In addition to
decreased energy capacity, the accumulation of reactive oxygen and nitrogen
species (ROS / RNS) can have negative effects on cell function. These free radicals
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can damage proteins and DNA. They can also have direct effects on the function of
proteins and ion channels required to maintain proper cardiomyocyte calcium
handling (Bers, 2006). Studies have shown that reactive oxygen species (ROS) can
lead to increased cytosolic Ca2+ levels via stimulatory effects on RyRs and
inhibitory effects on SERCA and the plasmalemmal Ca-ATPase (Kourie, 1998;
Zima & Blatter, 2006).
Oxidation of SH groups of the ryanodine receptor (RyR2) activate the channel,
but also alter its sensitivity to cytosolic Ca2+ and ATP. RyR2 sensitivity to luminal
Ca2+ is also altered by redox modification of cysteines, which alters the interaction
with triadin and stabilizes binding of calsequestrin to RyR (Zima & Blatter, 2006).
Age-associated increases in ROS have been implicated in impaired Ca2+ handling
via interactions with RyR2 in aging rabbit hearts (Cooper et al., 2013). In skeletal
muscle cells, H2O2 has been demonstrated to induce SR calcium release via RyR1
(Favero, Zable, & Abramson, 1995; Kourie, 1998; Trimm, Salama, & Abramson,
1986).
Serca2a function is altered by oxidation of thiols, which inhibit pump activity
(Lancel et al., 2010; Morris & Sulakhe, 1997; Qin et al., 2014; Scherer & Deamer,
1986). The skeletal Serca1 has also been shown to be inhibited by hydroxyl radicals
(Lee & Okabe, 1995; Okabe, Kato, Kohno, Hess, & Ito, 1985). Channel function
is modified under conditions of oxidative stress and aging, as superoxide and
peroxide/hydroxide inhibit Ca2+ uptake into the SR (Qin et al., 2013; Rowe,
Manson, Caplan, & Hess, 1983; Xu, Zweier, & Becker, 1997; Zima, Copello, &
Blatter, 2004).
Increased ROS, as a result of disease or aging, can also affect the activity of
CaMKII. Oxidation of methionine residues in the autoregulatory domain of
CaMKII lead to persistent activation of the enzyme, even in the absence of
Ca2+/CaM (Erickson et al., 2008). As CaMKII can modulate Ca2+-handling proteins
and affect hypertrophic gene transcription, mitochondrial dysfunction leading to
increased ROS can have wide-ranging effects on the cell.
2.4.3 Calsequestrin and mitochondrial stress
While disease and aging can have effects on the regulation of the genes and proteins
involved in CICR, CASQ2 expression often remains unchanged (Hasenfuss et al.,
1997; Meyer et al., 1995; Movsesian, Karimi, Green, & Jones, 1994; Takahashi et
al., 1992). However, studies have shown that calsequestrin expression is affected
by mitochondrial stress. In rabbit models for chronic doxorubicin cardiomyopathy,
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characterized by defects in SR Ca2+ release and decreased cardiac function, CASQ2
expression is significantly decreased, possibly due to impaired mitochondrial
function and the overproduction of free radicals (Wallace, 2003). A previous study
(Tavi et al., 2005) suggested that suppression of CASQ2 expression is specific for
mitochondrial cardiomyopathy, and therefore CASQ2 could be used as a marker
gene for mitochondrially induced cardiomyocyte remodeling.
Links to calsequestrin and mitochondrial function have also been described in
CASQ1 knockout mice. In CASQ1-null mice, there were clear compensatory
changes in skeletal muscle fibers. Fast-twitch extensor digitorum longus (EDL)
fibers exhibited fatigue resistance compared to WT fibers, possibly due to extensive
structural changes in calcium release units (CRUs) as well as a doubling of
mitochondrial content (Paolini et al., 2007). Further study of these transgenic
animals has revealed that not only is oxidative stress increased in skeletal muscle
cells of CASQ1-knockouts (Paolini et al., 2015), but they are susceptible to
exertional/environmental heat stroke (EHS), a disease similar to MH where patients
may develop severe or lethal heat stroke following heavy exercise or exposure to
high temperatures (Dainese et al., 2009; Michelucci et al., 2017; Protasi et al., 2009).
Aerobic exercise training, which increased the levels of endogenous antioxidants,
had a protective effect and decreased episodes of EHS (Guarnier et al., 2018).
Little is known regarding transcriptional regulation of calsequestrin, but a
recent report details downregulation of CASQ2 by Egr-1 (Kasneci et al., 2009). As
mentioned above, activated NFAT (e.g. in response to CaMKII activation) can
associate with Egr-1 and induce gene transcription. A study that raised intracellular
Ca2+ levels in skeletal muscle cells showed mitochondrial biogenesis with
concomitant upregulation of Egr-1 (Freyssenet, Irrcher, Connor, Di Carlo, & Hood,
2004). Although this study was on a different cell type, it is interesting to speculate
that increased cytosolic Ca2+ levels due to mitochondrial dysfunction may lead to
Egr-1 upregulation in cardiomyocytes, which may then induce CASQ2
downregulation.
2.4.4 Mitochondrial cardiomyopathy
As mitochondrial function deteriorates with age or in pathological conditions, the
function of cells with high energy demands, such as cardiac and skeletal muscle
cells, are particularly hard hit. The underlying pathophysiological mechanisms are
often complex and difficult to elucidate, but progress has been made through the
generation of transgenic animals. This is a way to study disease in a controlled
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setting using mutant mouse models with phenotypes resembling those of human
disease. While initially whole animal knockouts were generated, it has become
apparent that to study certain conditions, organ- or muscle-specific mutations must
be introduced, as deletion of the gene of interest from the whole animal may lead
to compensatory changes or early death.
Animal models of mitochondrial cardiomyopathy (Tfam)
One animal model that has proved useful in the study of mitochondrial diseases, in
particular the effect of impaired mitochondrial function on cardiac and skeletal
muscles, is the Tfam knockout mouse. Mitochondrial transcription factor A (Tfam)
binds upstream of promoters of mitochondrial DNA genes to initiate transcription
and also plays a role in mitochondrial DNA replication. Total knockout of Tfam in
mice (Larsson et al., 1998) led to viable and fertile heterozygous mutants with a
50% reduction in Tfam transcript and protein levels and impaired respiratory chain
function. The homozygous Tfam knockout was embryonic lethal, with death
occurring between embryonic days 8.5 and 10.5.
Muscle-specific Tfam knockout mice were then generated, which displayed the
phenotypical hallmarks of dilated cardiomyopathy and Kearns-Sayre syndrome, a
disease due to mtDNA mutations (Wang et al., 1999). Mice were generated using
muscle creatine kinase (Ckmm)-cre homologous recombination, and Tfam protein
levels were substantially reduced in both cardiac and skeletal muscle. Skeletal
muscle exhibited a slight reduction in mtDNA levels, but respiratory chain function
and morphology were normal. The cardiac phenotype, however, was more dramatic.
The mice had enlarged hearts with left ventricular dilation at 2-4 weeks old, and
developed dilated cardiomyopathy and died at approximately 20 days of age. Under
anesthesia, mutant mice developed atrioventricular (AV) blocks and died within 30
minutes from the start of anesthesia.
A transgenic mouse with skeletal muscle-specific knockout of Tfam was
created to further understand skeletal muscle function during conditions of
impaired mitochondrial function. Tfam mutant mice were generated by crerecombination using the myosin light chain 1f locus (Mlc1f-cre), which becomes
active during embryonic day 10 in type II fibers, but not in type I (Wredenberg et
al., 2002). The mice appeared healthy until 3-4 months of age, when they began to
display muscle weakness, reduced spontaneous activity and weight loss. No Tfam
protein was detected from age 1 month onwards, and there was a progressive
decrease in mitochondrial transcript levels over time (from 67% at 1 month, to 50 %
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at 2 months and 30% at 4 months). The phenotype of these animals modelled
human mitochondrial myopathies, exhibiting ragged-red muscle fibers, abnormal
mitochondria, and progressively impaired respiratory chain function. These
changes, similar to those found in patient muscle cells, are associated with muscle
weakness and exercise intolerance in patients. Fatigue development did not occur
more rapidly in Tfam KO skeletal muscle, suggesting the decrease in muscle force
observed was due not to decreased ATP levels, but rather impaired formation of
actin-myosin cross-bridges and/or dysregulation of calcium-handling (Westerblad
& Allen, 1996; Wredenberg et al., 2002).
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3

Aims of the research

Muscle cell excitation-contraction coupling is a dynamic process that if disturbed,
can have severe consequences on muscle and cardiac cell function. The proteins
involved are transcriptionally regulated under circumstances of cell stress,
changing calcium concentrations and calcium flux. The mechanisms underlying
transcriptional regulation are important but still incompletely understood. In this
thesis, the regulation of three important genes involved in muscle cell EC coupling,
calsequestrins 1 and 2 and the cardiac L-type calcium channel active subunit
Cacna1c were studied. The specific aims were to:
1.

2.

3.

Study the mechanism of muscle dysfunction in a Tfam model of mitochondrial
myopathy, with a focus on the effect of mitochondrial impairment on muscle
cell function and transcriptional regulation of Ca2+ handling genes.
Investigate the effect of pharmacologically induced mitochondrial dysfunction
on cultured neonatal rat cardiomyocytes using the mitochondrial uncoupler
FCCP. Determine if there are similarities between function and transcriptional
remodeling in mitochondrial dysfunction induced by Tfam knockout vs FCCP.
Study the effects of increased intracellular Ca2+ levels on cardiomyocyte
transcriptional regulation, in order to identify feedback mechanisms that may
prevent Ca2+ overload.
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4

Materials and methods

The materials and methods used in this thesis are summarized in below. Detailed
descriptions with references can be found in the original articles indicated as I-III.
4.1

Ethical considerations

Animal experimentation protocols conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85–23, revised 1996) and were approved by the Animal Use and
Care Committee of the University of Oulu. Experiments were performed only on
cultured, immortalized cells or harvested tissues, not live animals.
4.2

Skeletal muscle Tfam KO mice (I)

Skeletal muscle Tfam KO (TfamloxP/loxP, Mlc1f-Cre) mice were generated as
described elsewhere (Wredenberg et al., 2002). Briefly, Tfam knockout was
achieved by expressing cre-recombinase under the control of the Mlc1f promoter.
This promoter is primarily active in fast-twitch type II muscle fibers (Bothe, Haspel,
Smith, Wiener, & Burden, 2000). Due to the method of Tfam gene disruption, fasttwitch muscles are more affected by the knockout than slow-twitch muscles. In
experiments, TfamloxP/loxP littermates were used as controls for comparison.
4.3

Cell isolation and cell culture (II, III)

Neonatal ventricular cardiomyocytes from Sprague Dawley rats were isolated 1–2
days after birth as described earlier (Ronkainen et al., 2007). After the ventricles
were excised, they were cut into small pieces and the cells were dissociated by 1hr incubation in a solution containing (in mM): 100 NaCl, 10 KCl, 1.2 KH2PO4,
4.0 MgSO4, 50 taurine, 20 glucose, 10 HEPES, 2 mg/mL collagenase type II
(Worthington, Lakewood, NJ, USA), 2 mg/mL pancreatin (P-3292, Sigma, St Louis,
MO, USA), and 1% penicillin–streptomycin. After incubation, the solution was
transferred to 15 mL Falcon tubes and cells were collected by centrifugation for 5
min at 160 g. The supernatant and the top layer of the pellet, which contained
damaged cells, were discarded. As described previously (Korhonen, Hanninen, &
Tavi, 2009), isolated cardiomyocytes were plated on 35 mm fibronectin-coated
plastic dishes for mRNA and protein measurements, and on laminin-coated, glass55

bottom Petri dishes for confocal imaging. The cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% FBS and 1% penicillin–
streptomycin until they reached confluence (approximately 48 hrs). Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), DEVD-CHO, SB203580,
pifithrin-α, and N-acetyl cysteine (NAC) were purchased from Sigma.
The HL-1 immortalized cardiomyocyte cell line was a gift from Dr. William
Claycomb (Louisiana State University, New Orleans, USA). HL-1 cell line was
originally derived from atrial tumor cells and can retain a differentiated cardiac
myocyte phenotype through serial passages. These cells were maintained and
cultured according to a previously described protocol (Claycomb et al., 1998). The
total number of cell passages was kept below 10. The cells were cultured in
Claycomb medium (Sigma-Aldrich), supplemented with 10% FBS, 2 mM Lglutamine, 100 µM noradrenaline, and 1% PS, which was changed daily. Cells were
passaged every 4 days. For experiments, cells were plated at a density of 210 cells
per mm2 on fibronectin-coated dishes. CaMKII inhibitor KN-93 and its inactive
analog KN-92 were purchased from Calbiochem (San Diego, Ca, USA).
For all cell culture incubations, the culture chamber conditions were similar:
37 oC with an atmosphere of 5% CO2 and 95% air. In the case of pharmacological
exposures, cells were cultured 48 h before chemical agents were applied and then
cultured for another 48 h.
4.4

Transfection of cultured cells (III)

Cultured neonatal cardiomyocytes and HL-1 cells were transiently transfected with
luciferase reporter constructs 48 h after isolation/passage with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The
amounts of reagents were adjusted according to the area of the cultured cells. For
cells cultured on 35 mm dishes, transfections were performed in 750 μl of OptiMEM (Invitrogen) containing 10 μl of Lipofectamine and 8 μg of plasmid DNA for
5 h. After the transfection period, the medium was replaced with normal culture
medium. For cells grown on 12-well plates, the amounts were 300 μl, 4 μl and 3.2
μg per well, respectively. The transfection efficiency was evaluated by transfection
with pEGFP-N1 (Clontech, Mountain View, CA, USA). Transfection efficiencies
were routinely approximately 30% in neonatal cardiomyocytes and 60% in HL-1
cells after 48 h.
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4.5

Plasmid constructs (III)

CaMKII activity was manipulated in vitro using several different plasmid
constructs. Expression vectors coding the nuclear (pCaMKIIδB) and cytosolic
(pCaMKIIδC) CaMKIIδ splicing variants were used to specifically increase
CaMKII activity in cultured neonatal cardiomyocytes (Ramirez et al. 1997). These
plasmids were kind gifts from Dr. Joan Brown (University of California, San Diego,
USA). An expression vector coding the constitutively active T286D mutant
CaMKIIα (pCaMKII-T286D) was used to increase CaMKII activity independent
of cytosolic calcium concentration (Brickey et al., 1994). The pCaMKII-T286D
plasmid was a kind gift from Dr. K. Ulrich Bayer (University of Colorado, Aurora,
USA).
The expression of DREAM transcription factor was studied using GFP
constructs, which enabled subcellular localization of the protein by confocal
microscopy. The plasmid coding a GFP-DREAM fusion protein (Matsuda,
Yamamoto, & Hirata, 2006) used in experiments had been kindly provided by Dr.
Miho Matsuda (Kyushu University, Fukuoka, Japan).
4.5.1 Production of overexpression and reporter plasmid
constructs (III)
A DREAM construct was prepared using the SR alpha expression system in order
to study the effects of DREAM overexpression. Briefly, the DREAM insert was
digested out of the GFP-DREAM fusion vector with Hind-III and KpnI, followed
by subcloning into the pBS-SK vector (Stratagene, La Jolla, CA, USA). The
DREAM insert was digested out of the pBS-SK vector with EcoRI and KpnI and
ligated to the pSRα vector (Takebe et al., 1988). The plasmid integrity was verified
by sequencing.
The transcriptional regulation of the Cacna1c gene by CaMKII was studied
using Cacna1c promoter constructs. The original full-length (-2014 to +31) and D2
(-764 to +31) Cacna1c promoter constructs were kind gifts from Dr. Marsh (Wayne
State University, Detroit, USA) (Liu et al., 2000). The shortened D2 construct
displayed CaMKII-mediated repression, so deletion mutants were made from this
construct to further identify potential regulatory elements in the promoter region.
The majority of this construct’s activity lies in its distal region (Fan, Vanderpool,
& Marsh, 2002), therefore several proximal deletion mutants were generated by
PCR, followed by ligation to a minimal tyrosine kinase promoter construct. Primers
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were designed with HindIII and dSacI linkers, yielding transcripts of 171, 228, 357,
484, and 594 bp. The PCR products were electrophoresed on an ethidium bromide
agarose gel and isolated (QIAquick gel extraction kit, Qiagen), and the isolated
DNA was ligated into a luciferase reporter construct containing a minimal tyrosine
kinase promoter (pT81-Luc) (Nordeen, 1988) using the restriction enzymes HindIII
and SacI. The forward primer (with the HindIII linker underlined) was: 5’AAGCTTGACTAACGCATTCCGGGGGGC-3’. The reverse primers (with SacI
linkers underlined), numbered according to their position within the Cacna1c
construct, were:
-594, 5’-CGAGCTCGGTTTTCTGTTGTTTTTCTGC-3’;
-537, 5’-CGAGCTCGGTTCTAAGCAATGACAAACTG-3’;
-408, 5’-CGAGCTCGTTTTATCTTTCCCTCTCCC-3’;
-281, 5’-CGAGCTCGGAATGTGTGCTTCCATGGAG-3’;
-171, 5’-CGAGCTCGGTCTTTGTATATCAGCACAG-3’.
The QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) was used to
introduce point mutations into the promoter construct sequences, according to the
manufacturer’s instructions. The presence and integrity of the promoter sequences
and mutations were verified by sequencing using an ABI3500xL genetic analyzer.
All restriction enzymes used were from New England Biolabs.
4.6

Luciferase reporter assays (III)

To study the mechanism of CaMKII-mediated Cacna1c gene expression regulation,
cultured cells were co-transfected with Cacna1c promoter constructs expressing the
luciferase gene along with the pRL-TK-luciferase control plasmid (Promega,
Madison, WI, USA). The Dual-Luciferase Reporter Assay System (Promega) was
used in order to measure and normalize Luciferase signals, according to the
manufacturer’s protocol. For transfection experiments using luciferase constructs,
cells were co-transfected on 12-well plates with the following plasmids: 1.6 μg of
the Cacna1c-luc construct of interest, plus 1.6, 0.4, or 0.1 ug of pCaMKIIδB or
empty control plasmid pUC18, and 0.2μg of pRL-TK per well.
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4.7

Ca2+ and ROS imaging (II)

Ca2+ signals were measured using confocal microscopy, as described previously
(Korhonen et al., 2009). Cells were loaded with fluo-4-AM-ester (10 μM, dissolved
in pluronic DMSO (20% solution in DMSO), Molecular Probes, Eugene, OR, USA)
in DMEM + 1 mM probenecid solution for 1 h at 37 °C. In order for the dye to deesterify, cells were incubated at room temperature (20–22 °C) for at least 30 min.
Ca2+ signals were measured with an Olympus Fluoview 1000 confocal inverted
microscope, and culture dishes were kept in a custom-made perfusion system built
into the microscope. In order to maintain the cells at 32–35 °C, the cells were
continuously superfused with pre-heated DMEM + Glutamax I (Gibco, Carlsbad,
CA, USA) culturing medium (pH 7.4, bubbled with 95% O2/5% CO2). For imaging
of Ca2+ signals, myocytes loaded with fluo-4 were excited at 488 nm, and the
emitted light was collected with a spectral detector from 520 to 620 nm through a
×20 or ×60 objective lens. Two platinum wires located one on each side of the Petri
dish were used to electrically excite the cells; cells were paced with 1 ms voltage
pulses at 50% over the excitation threshold. Cells were line-scanned at 400–600
Hz, depending on the length of the scanning line, with a fixed pixel time of 10 ms
with the ×20 objective and 2 ms with the ×60 objective. SR Ca2+ stores were
estimated by applying 10 mM of caffeine rapidly (<2 s) onto fluo-loaded myocytes.
Cells were paced at 0.5 Hz in order to equalize the SR storing conditions, and
pacing was stopped 3 s before application of caffeine. Fluo-fluorescence intensity
is expressed as an F/F0 ratio, where F is the background-subtracted fluorescence
intensity and F0 is the background-subtracted minimum fluorescence value
measured from each cell at rest. Ca2+ sparks were analyzed by SparkMaster (Picht,
Zima, Blatter, & Bers, 2007) as described previously (Korhonen, Rapila,
Ronkainen, Koivumaki, & Tavi, 2010).
Superoxide production was measured using the indicator MitoSOX Red
(Molecular Probes) according to the manufacturer's instructions. Briefly, cells were
loaded with 5 μM MitoSOX reagent working solution and incubated at 37°C for 10
min. During measurement, culture dishes were perfused with warm, buffered
DMEM with or without FCCP and NAC. Confocal images were taken with a ×40
oil objective at 1024 × 1024 pixels, with a scanning rate of 10 μs per pixel.
MitoSOX was excited at 515 nm, and emitted light was measured from 520–620
nm. ImageJ (http://rsb.info.nih.gov/ij/) was used for image analysis.
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4.8

RNA isolation and quantitative real-time PCR (I, II, III)

The GenElute Mammalian Total RNA Miniprep Kit (Sigma) was used to isolate
total RNA from cultured cells. The RNeasy Mini Kit (Qiagen) was used to isolate
total RNA from control and Tfam KO mouse EDL muscle tissue. Synthesis of
cDNA was performed using the First Strand cDNA Synthesis Kit (MBI Fermentas).
Quantitative PCR (qPCR) reactions using TaqMan probes and primers were
performed with the ABI 7700 Sequence Detection System (Applied Biosystems,
USA). 18S rRNA quantified from the same samples was used to normalize the
qPCR results. Details about the primer and probe sequences used in the studies are
presented in Table 1. All primers and probes for quantitative PCR were purchased
from Sigma Genosys.
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CGAGGAGGTTGGCCAGG
ACAGGACACTCTTGTATGGCCAC

mouse CASQ1

DHPR (Cacna1s)

ryanodine

CAGGAAGGGAGCACAATGGA

skeletal muscle

CCCCGAAATAGGACAAACATTC

AGATTTCCTCTGCCCTTTAGCA

Fam-CCGCGCACTCCAAGTCCACAGA-Tamra

Tamra

TCGTTGACCCCGAAGTGG

Tamra

Fam-ACAAAGACCGTGGAGGAGGTGCTGG-

CAGCCATGGAGAACGCTCA

sarcoplasmic reticulum Ca2+-

ATPase isoform 2a (mouse)

Tamra

TCCCGCTGCGGTGGT

Fam-CGTTCCTCCTCAGCCACACACCAA-

CCCGTCAAAAAATCCCAACA

L-type calcium channel β2-

subunit (mouse)

Tamra

Fam-TGATGGCTCTCTTCACCGTCTCCACC-

TCTGGCCACCCTTCGA

subunit (mouse)

TTGACAATGTTTTGGCAGCC

Fam-TGATGGCCCTCTTTACCGTCTCCACC-

Tamra

L-type calcium channel α1c-

TCTGGCCACCCCTCGA

TGCAGATACAGAGGCAGAAACAGGAGGAA-

Tamra

TTGACAATGTTCTGGCAGCC

BC034343

NM_009109

XM_358335

NM_009813

NM 009722

NM 023116

NM 009781

NM 009781

AF004666

NM_007504

III

III

III

III

I

I

I

I

I

I

I

II

article

number
BC072547

Original

Accession

Fam-AATGGCTCACCTTCCTGACTCCAGTTCA- AF289490

TGTGATAATCAGAGCGATGACAAG Fam-CAGCTCCCCTGCAGCCTGGC-Tamra

subunit (rat)

L-type calcium channel α1c-

(NCX)

sodium-calcium exchanger

Atp2a1)

Ca2þ-ATPase 1 (SERCA1,

Fam-CCCAACCACGGCATCACCCACT-Tamra

Tamra

Fam-TTTGTACTGGTGCTAGGGACGCCCA-

Fam-CGTCGCTTGCGCCCAGAGG-Tamra

Fluorogenic probe

AGGCAACTCAGGTACATACGACTG Fam-CCATCCTGCTCCGGCACGC-Tamra

GCATAGAGAAGCCAAAGTTGTCG

ATCTTCCCCCTGGACCCC

TCGTCTTCCCATGTTTCAAACA

Reverse primer

TTGTTTTCCCATGTTGACCATATAA GAGCCAGTACATTCAGTGGTTTCA Fam-

GAGAAAGAACTGAAGGCCTGTCA

Junctin (JUNCT)

sarco/endoplasmic reticulum

GTCTGTCACCGAAGACATTGTGA

Triadin (TRDN)

receptor 1 (RyR1)

AAGGAGCATCAAAGACCCACC
TGCGGCTGGCACTGCT

rat* CASQ2

Forward primer

Gene

Table 1. Sequence information for probes and primers used in quantitative PCR.
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Na+/Ca2+-exchanger isoform 1

18S rRNA

(mouse)

B-type natriuretic peptide

(mouse)

TTCCATGTAGCCGCTGCTC

Reverse primer

Tamra

Fam-TCATTGCGGTTCACTATGTCCTGGAGG-

Fluorogenic probe

GGAGATCCATGCCGCAGA

TGGTTGCAAAGCTGAAACTTAAAG AGTCAAATTAAGCCGCAGGC

AGGCGAGACAAGGGAGAACA

Vic-CCTGGTGGTGCCCTTCCGTCA-Tamra

Fam-CATCATTGCCTGGCCCATCGC-Tamra

Tamra

TGCAGATACAGAGGCAGAAACAGGAGGAA-

TTGTTTTCCCATGTTGACCATATAA GAGCCAGTACATTCAGTGGTTTCA Fam-

CAGCAGCCCCCACAGG

ryanodine receptor isoform 2

(mouse)

Forward primer

Gene

NM 008726

NM 011406

I, II, III

III

III

III

article

number
NM 023868

Original

Accession

(* In II, the text reads “Mouse” CASQ2 for qPCR primers and probe. Actually, this
is a misprint and it should read “Rat CASQ2”. The forward primer is rat-specific,
while the reverse primer and probe sequences match with the mouse sequence. The
accession number is for rat. *)
4.9

Western blotting (II)

For analysis of relative protein amounts by Western blotting, neonatal
cardiomyocytes from 2- to 4-day-old rats were used. Cells were plated at a density
of 1 × 105 cells/cm2 on six-well plates coated with fibronectin. The cells were then
cultured in DMEM (Invitrogen) containing 10% FPS and 1% penicillin–
streptomycin for 48 h. Media was changed daily. Chemical exposures were
performed on the third and fourth day, when 1 μM FCCP with or without 1 mM
NAC was added to the culture medium. After the cells had been cultured with FCCP
± NAC for 48 h, they were lysed in buffer containing (in mM): 20 Tris–HCl (pH
7.5), 150 NaCl, 1 ethylenediaminetetracetic acid, 1 ethylene glycol-bis(β-amino
ethylether) tetra-acetic acid, 2.5 sodium pyrophosphate, 1 β-glycerophosphate, 1
Na3VO4, 2 benzamide, 1 phenylmethylsulfonyl fluoride, 50 NaF, 2 dithiothreitol,
1% Triton, 10 μg/mL leupeptin, 10 μg/mL pepstatin, and 10 μg/mL aprotinin.
Samples were sonicated, centrifuged, and then the crude protein fraction was
collected. The total protein concentration of the samples was measured with the
Bio-Rad Protein Assay Kit II (Bio-Rad).
For western blot analysis, samples containing 20 μg of protein were
electrophoresed on an 8% SDS–polyacrylamide gel. The separated protein bands
were transferred to a nitrocellulose membrane (0.2 μm, Bio-Rad Laboratories). The
membrane was blocked in 5% non-fat milk and incubated with primary antibodies
for either calsequestrin 2 (PA1–913, Thermo Scientific) or GAPDH (Cell Signaling
2118). Next, the membranes were incubated with horseradish peroxidase-linked
secondary antibody. Western blots were visualized with the ECL Plus Detection Kit
(GE Healthcare) using a Typhoon 9400 scanner (GE Healthcare). Protein
expression was quantified with ImageQuant TL 7.0 software (GE Healthcare).
4.10 Statistics and data analysis (I, II, III)
Data analysis was performed using Origin 7.5 (OriginLab Corporation,
Northhampton, MA, USA), ImageJ 1.36b (http://rsb.info.nih.gov/ij/), and
SparkMaster (Picht et al., 2007). Statistical significance was determined using one63

way ANOVA and Bonferroni's post hoc test. P < 0.05 was considered statistically
significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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5

Results

Selected results of the thesis work are presented in this chapter. Full results can be
found in original papers I-III.
5.1

Decreased SR Ca2+ and increased mitochondrial Ca2+ in a
mouse model of mitochondrial myopathy

Although mitochondrial defects are associated with a wide range of diseases and
age-related disorders, the mechanisms by which these defects affect cellular
function are still being understood. Tfam KO animals were generated as models to
study physiological consequences of a decline in mitochondrial function, and
organ-specific knockouts have been generated. In the study presented in (I), a
transgenic mouse with skeletal muscle-specific knockout of Tfam (Tfam-/-) was
used to further understand the mechanisms underlying muscle weakness and
exercise intolerance that manifest in mouse models and patients with mitochondrial
myopathy. While it has previously been reported that Tfam KO muscles display
reduced force production (Wredenberg et al., 2002), the reasons for this had not
been determined. Possibilities for reduced force production in Tfam KO fibers
include loss of force production in heavily damaged cells, such as ragged-red fibers,
or a more generalized mechanism of impaired Ca2+ handling, decreased
myofibrillar Ca2+ sensitivity, or impaired force production by cross-bridges
(Westerblad & Allen, 1996). Skeletal muscle-specific Tfam knockout was achieved
using the Mlc1f promoter to express cre-recombinase. As Mlc1f is primarily active
in fast-twitch type II muscle fibers, these fibers are more affected by the knockout
and so were utilized in study (I).
5.1.1 Tfam KO leads to decreased tetanic [Ca2+]i but no change in
fatigue properties in muscle fibers (I)
Force production in single intact fast-twitch flexor digitorum brevis (FDB) muscle
fibers was measured from Tfam knockouts and controls. At rest, there was no
difference in [Ca2+]i between Tfam-/- and control fibers. Upon tetanic stimulation
(20-100 Hz, 350 ms duration, 1-min intervals), however, [Ca2+]i was significantly
lower in Tfam-/- fibers at all stimulation frequencies. In order to determine the SR
Ca2+ load, fibers were subjected to tetanic stimulation (100 Hz) in the presence of
5 mM caffeine. The tetanic [Ca2+]i of Tfam-/- fibers was significantly lower than in
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controls (P < 0.05). During tetanic stimulation both in the absence and presence of
caffeine, Tfam-/- FDB fibers generated lower force.
Analysis of the force-[Ca2+]i relationship of tetanic stimulation data from Tfam/and control cells revealed that the maximum force (Pmax) was approximately 15%
lower in Tfam-/- cells, but the Ca50 (the [Ca2+]i giving 50% of the Pmax) and N
(constant describing the steepness of the relationship) were not significantly
different between Tfam-/- and controls. This indicates that lower force production
in Tfam-/- fibers is due to decreased [Ca2+]i during contractions. The decay of [Ca2+]i
after the end of tetanic stimulation was similar between Tfam-/- and control cells,
which suggests that differences in tetanic [Ca2+]i are not due to SR Ca2+ leakage or
pumping.
Analysis of fatigue properties of Tfam-/- and control FDB fibers revealed little
difference between them. A series of 50 repeated tetanic stimulations was used to
induce fatigue, and while the tetanic [Ca2+]i and force were lower in Tfam-/throughout the simulation, the fatigue properties were not altered and knockout
fibers did not fatigue faster than controls.
5.1.2 Decreased CASQ1 expression underlies impaired calciumhandling in skeletal muscles of Tfam knockout mice (I)
During stimulation of isolated Tfam-/- skeletal muscle fibers, it was shown that
Tfam-/- fibers had lower force production and decreased intracellular calcium
concentrations during contractions (I). To determine the underlying cause(s) of this
phenotype, the expression of important SR calcium handling genes was measured
by RT-PCR and Western blot. While the expression of some genes, such as the Ltype calcium channel (DHPR), ryanodine receptor 1 (RyR1), triadin, junctin, SR
calcium pump (SERCA1) and the sodium-calcium changer (NCX), were relatively
unchanged in comparison to control fibers, there was significant downregulation of
skeletal myocyte calsequestrin (CASQ1). CASQ1 mRNA expression was
approximately 60% less in Tfam-/- fibers relative to controls (P < 0.05) in 4-monthold Tfam-/- mice. CASQ1 protein expression determined by Western blot was also
significantly decreased. CASQ1 expression was monitored in younger mice as well,
at 1 and 2 months of age. While CASQ1 mRNA expression was slightly decreased
at 2 months of age, this change was not significant compared to control muscles.
This indicates that Tfam-/- mice had decreased SR calcium storage capacity by 4
months of age, which is in agreement with the measured reduction in intracellular
calcium levels during contraction.
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5.1.3 Mitochondrial ROS production is not increased in Tfam KO
skeletal muscle fibers (I)
Mitochondrial dysfunction can lead to increased ROS production and oxidative
stress, which can then have detrimental effects on cell function. ROS production in
Tfam-/- and control cells was measured using MitoSOX Red, a fluorescent
superoxide indicator. Interestingly, there was no significant increase in MitoSOX
Red fluorescence during fatiguing stimulation in either Tfam-/- or control fibers.
To verify this finding, expression and activity levels of SOD2, a ROSdetoxifying enzyme, were studied. SOD2 is known to be induced in conditions of
oxidative stress, but in Tfam-/- and control fibers, there was no difference in SOD2
protein expression or activity.
5.1.4 During fatiguing stimulation, mitochondrial [Ca2+] increases in
Tfam KO muscle fibers (I)
Changes in intramitochondrial calcium levels can have an effect on ATP production,
allowing adjustment of energy levels to meet cellular demand (Bers, 2002a).
Excessive mitochondrial Ca2+ accumulation, however, can lead to initiation of
apoptosis and cell death (Berridge et al., 2003; Marchi et al., 2018). In order to
determine if mitochondrial Ca2+ levels were altered in Tfam-/- FDB fibers, confocal
imaging was performed under conditions of fatigue and recovery using the
fluorescent indicator Rhod-2. There was a clear increase (approximately 3-4-fold)
in Rhod-2 fluorescence in Tfam-/- fibers during fatiguing stimulation, which was
not seen in control fibers. Mitochondrial Ca2+ levels of Tfam-/- fibers were still
elevated above baseline after a 5-min recovery period. Blocking mitochondrial Ca2+
uptake with cyclosporin A (CSA) decreased [Ca2+]mit upon tetanic stimulation in
Tfam-/- fibers by approximately 40%. There was no effect of CSA on control fiber
[Ca2+]mit.
Interestingly, mitochondria of Tfam-/- fibers, but not controls, take up Ca2+
during tetanic stimulation. In order to determine if the lower tetanic [Ca2+]i in Tfam/FDB fibers was due to increased mitochondrial Ca2+ uptake, tetanic [Ca2+]i was
measured in the presence and absence of CSA. [Ca2+]i during 70 Hz tetani was
similar in the presence [0.51 ± 0.07 um (n = 10)] and absence [0.61 ± 0.09 uM (n
= 9)] of CSA (P > 0.05). Therefore, the lower tetanic [Ca2+]i measured from Tfam/fibers was not due to uptake of Ca2+ by mitochondria.
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5.2

CASQ2 downregulation in response to mitochondrial
uncoupling is attenuated by ROS scavenger NAC

Decreased force and tetanic (contractile) intracellular calcium levels in Tfam-/skeletal muscles were linked to a decrease in the important SR calcium buffer,
CASQ1 (I). It is known from patient and animal studies that decreased CASQ1 or
CASQ2 levels leads to dysregulated Ca2+-handling and disease, including
malignant hyperthermia and CPVT. To determine if mitochondrial dysfunction
would cause a similar dysregulation of CASQ2 expression in cardiomyocytes, we
induced mitochondrial stress using the uncoupler FCCP in cultured ventricular
myocytes. The effects of impaired mitochondrial function on the expression of
calcium-handling genes were studied, as well as the functional phenotype by
confocal microscopy.
5.2.1 CASQ2 downregulation in response to FCCP is concentrationdependent (II)
The sensitivity of cardiac calsequestrin (CASQ2) expression to mitochondrial
dysfunction was tested using different concentrations of FCCP. FCCP is a proton
ionophore that dissipates the mitochondrial membrane potential by allowing
protons to freely cross the inner mitochondrial membrane, thereby disrupting the
electron transport chain (Chung, Bae, & Lee, 2003).
Neonatal rat ventricular cardiomyocytes were cultured for 48 h, then exposed
to FCCP for 48 h. CASQ2 mRNA expression decreased with increasing FCCP
concentrations. The reduction was significant from 1 µm FCCP (approximately 30 %
reduced) up until 5 µm (approximately 95% reduced). To minimize toxicity to the
cells in subsequent experiments, the lowest concentration of FCCP was used that
induced significant downregulation of CASQ2 mRNA levels (i.e. 1 µm FCCP).
5.2.2 FCCP alters cardiomyocyte Ca2+ handling (II)
Decreased CASQ2 expression would impair the SR capacity to buffer calcium,
possibly leading to decreased SR calcium stores and effects on the activity of
ryanodine receptors (RyR2). Therefore, the calcium handling of the treated cells
was investigated using the calcium-indicator Fluo-4 and confocal microscopy.
Calcium transients were measured from cultured cardiomyocytes treated with
1 µM FCCP for 48 h. Both control and FCCP-treated cells were confluent and
68

spontaneously contracting at similar rates (0.13 ±0.16 vs. 0.15 ±0.13 s in controls,
n = 11 and 28 culture dishes, respectively) at the start of imaging experiments.
While the amplitude of transients from control and FCCP-treated cells were similar,
there were significant differences in the time-to-peak and decay values. The timeto-peak, or upstroke of the calcium transient, was approximately 34% faster in
FCCP-treated cells (106.5 ±5.6 vs. 162.2 ±6.8 ms in controls, P < 0.001, n = 61).
The decay of the transient, which represents the time constant of cytosolic calcium
removal, was decreased by approximately 40 % (186.5 ±15.7 vs. 320.4 ±25.1 ms
in controls, P < 0.001, n = 61) (Figure 4A).
5.2.3 NAC reverses FCCP-induced changes in Ca2+ handling and
CASQ2 expression (II)
Exposure of cells to mitochondrial uncouplers, such as FCCP, is known to increase
intracellular reactive oxygen species (ROS) levels, which can further have an effect
on cell signaling cascades and gene expression. To determine if FCCP led to an
increase in ROS in treated cardiomyocytes, and if this was responsible for the
observed change in CASQ2 expression, ROS production was monitored using the
MitoSOX Red and confocal microscopy.
Cultured cells were perfused with FCCP solution (1 uM), then a solution with
FCCP + NAC (1 uM and 1 mM, respectively). Superoxide levels increased by about
41.5 % following perfusion with FCCP for 40 min. There was then a rapid decrease
in fluorescence following the addition of NAC, which dropped about 25 % after 8
min of co-perfusion with FCCP + NAC. ROS levels returned to control levels after
12 min of co-perfusion (Figure 4B).
Since FCCP did cause a rise in intracellular ROS levels, the effect of NAC on
CASQ2 expression was studied. Cells were exposed to FCCP with and without
NAC, and interestingly, co-exposure of the cardiomyocytes to FCCP + NAC lead
to attenuation of the FCCP-induced decrease in CASQ2 expression. CASQ2
mRNA levels were rescued by about 50% (FCCP: 0.3 ±0.049 vs. FCCP + NAC:
0.59 ±0.027, fold changes from control, n = 6) (Figure 4C). CASQ2 protein levels,
as measured by Western blot, were also restored (Figure 4D).
To determine if ROS-scavenging by NAC has an effect on the calcium handling
of cardiomyocytes, calcium transients were measured using Fluo-4 and confocal
microscopy following exposure to FCCP +/- NAC for 48h. During measurements,
cells were perfused with DMEM lacking FCCP and NAC. While the calcium
transients of FCCP-treated cells were similar as before, with decreases in the time
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to peak and decay (P < 0.001, n = 50), cells exposed to both FCCP and NAC had
calcium transients similar to controls. There were significant differences between
the time-to-peak and decay values of calcium transients from FCCP vs. FCCP +
NAC-treated cells (P < 0.001, n = 50) (Figure 5A).

Fig. 4. Exposure of cultured neonatal ventricular cardiomyocytes to FCCP and NAC
alters CASQ2 expression and Ca2+ transients. A) Representative Ca2+ transients from
control and FCCP-treated (1 uM) cells at 1 Hz pacing. The Ca2+ transient amplitude was
not changed, but the time to peak and decay were significantly less than controls. B)
FCCP increased superoxide levels in perfused cells, while addition of NAC reversed this
effect. C) Coexposure of cells to FCCP and NAC restored CASQ2 mRNA levels and Ca2+
transient parameters to control values (n = 6). D) CASQ2 protein levels from cells treated
with FCCP or FCCP + NAC for 48 h compared to controls (n = 6 in each group).
Representative Western blots are shown below the bar graphs. Statistical significance
is depicted as follows: *, P < 0.05; ***/§§§, P < 0.001. * indicates significance from
controls, § indicates significance from FCCP treatment. Adapted from (II).

70

5.2.4 SR Ca2+ stores of FCCP-treated cells are restored by NAC (II)
FCCP caused a decrease in CASQ2 expression, which should then also affect the
calcium buffering capacity of the SR. The SR calcium content was therefore
measured using caffeine, which causes the sudden and complete release of calcium
from the SR. Although FCCP-treated cells had calcium transients of similar
amplitude to control cells, caffeine application showed that the total SR calcium
content was much lower (Figure 5B and C). FCCP-treated cardiomyocytes had
about one-third the amount of SR calcium as controls (P < 0.05, n = 11). Next, the
fractional release of calcium from the SR was calculated, which is a measure of the
amount of total SR calcium released with each calcium transient compared to the
total amount of SR calcium. This fractional release was greater in FCCP-treated
cells than controls (0.8 ±0.02 (n=11) vs. 0.66 ±0.02 (n=14), P < 0.05) (Figure 5C).
This indicates that in order to maintain calcium transients similar in amplitude to
control cells, FCCP-treated cells released more of the stored SR calcium with each
transient that controls.
In cells exposed to FCCP + NAC, the total SR calcium released following
caffeine application was similar to controls, as was the fractional release.
5.2.5 NAC prevents changes in Ca2+ sparks induced by FCCP (II)
CASQ2 functions not only as an intracellular calcium buffer, but also plays a role
in calcium-handling via effects on the ryanodine receptor (RyR2). In order to see if
the decrease in CASQ2 expression in response to FCCP also had an effect on the
function of the RyR2, calcium sparks were monitored. It has previously been shown
that expression of a mutant CASQ2 with impaired calcium binding led to a decrease
in the duration and amplitude of calcium sparks (di Barletta et al., 2006;
Viatchenko-Karpinski et al., 2004).
Analysis of calcium sparks from FCCP-treated and control cells showed that
there was a significant decrease in the amplitude and duration (FDHM, fullduration-at-half-maximum) of sparks from treated cells. Exposure of cells to FCCP
+ NAC resulted in a return of spark characteristics to control levels. This indicates
that the functional SR was restored by NAC in cells treated with FCCP.
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Fig. 5. NAC restores Ca2+ transient properties and SR Ca2+ stores in cardiomyocytes. A)
Coexposure of cells to FCCP and NAC restored Ca2+ transient parameters to control
values. Cells were cultured in the presence of 1 μM FCCP +/- 1 mM NAC for 48 h. During
Ca2+ measurements, cells were perfused with DMEM and paced at 1 Hz. TTP = time to
peak. B) Representative traces from treated cells after exposure to caffeine. C) Effects
of FCCP (n = 11) and FCCP + NAC (n = 10) on the caffeine pulse amplitude and fractional
release (amplitude of AP-induced Ca2+ transient/amplitude of caffeine-induced Ca2+
release) compared with control cells (n = 14). Cells were incubated in DMEM without
FCCP or NAC for at least 30 min before measurements. Statistical significance is
depicted as follows: *, P < 0.05; ***/§§§, P < 0.001. *** denotes significance from controls,
§§§ denotes significance from FCCP-treated cells. Adapted from (II).

5.2.6 FCCP-induced CASQ2 downregulation is unaffected by
caspase 3, p38, and p53 inhibitors (II)
The mechanism(s) by which CASQ2 expression is downregulated in response to
FCCP are not known. By uncoupling mitochondria, FCCP induces an increase in
ROS production and cell stress, which may lead to the activation of signaling
cascades that influence gene expression. In response to oxidative stress,
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ischemia/reperfusion, hypoxia, and anti-cancer drugs, signaling pathways may be
triggered that lead to cardiomyocyte remodeling and potentially apoptosis (Baines
& Molkentin, 2005). Common effectors associated with mitochondrial stress
signaling cascades include caspases (Crow, Mani, Nam, & Kitsis, 2004; Kunapuli,
Rosanio, & Schwarz, 2006), protein kinases (Baines & Molkentin, 2005; F. Qin,
Liang, & Liang, 2005), and transcription factor p53 (Haupt, Berger, Goldberg, &
Haupt, 2003; Li, Lee, & Lee, 2006).
To determine if some of the common signaling pathways were responsible for
the change in CASQ2 expression, cultured cells were co-exposed to FCCP and
inhibitors of caspase 3 (100 µM DEVD-CHO), p38 (10 µM sb203580) and p53 (2
µM pifithrin-α). The concentrations of the inhibitors were chosen based on
previous studies, where they were shown to be effective but not toxic to the cells
(de Moissac, Gurevich, Zheng, Singal, & Kirshenbaum, 2000; Klassen & Rabkin,
2007; Salameh et al., 2008). Following 48 h exposure to FCCP +/- inhibitor, there
was no change in CASQ2 expression by RT-PCR with any of the inhibitors. This
suggests that these cascades are not involved in the FCCP-induced downregulation
of CASQ2 at the transcriptional level.
5.3

CaMKII represses LTCC transcription via DREAM translocation

5.3.1 LTCC α1C-subunit expression is downregulated by nuclear and
cytosolic CaMKII (III)
Calcium-calmodulin-dependent protein kinase II (CaMKII) is an important
transcriptional regulator, which senses and decodes changes in intracellular calcium
levels. CaMKII signaling has been shown to play a major role in the development
of pathological cardiac hypertrophy through activation of the fetal gene program.
While CaMKII is known to induce hypertrophic gene transcription and regulate
cardiomyocyte Ca2+ handling via direct phosphorylation effects on RyRs, PLB, and
LTCCs, it has not been well studied whether this versatile enzyme can also have
transcriptional effects on Ca2+-handling genes.
In order to study the role of CaMKII in the transcriptional changes in cardiac
myocytes, HL-1 cardiomyocytes were exposed to either nuclear (δB) or cytosolic
(δC) CaMKII overexpression and changes in gene expression were monitored by
RT-PCR. The expression of a number of calcium-handling genes were unaffected,
such as NCX1, RyR2, Serca2a, and the LTCC β-subunit (Cacnb2a). However, both
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CaMKII isoforms caused a significant reduction in the expression of the LTCC α1C
subunit gene (Cacna1c); expression was reduced by approximately 49.6 and 73.4%
by the nuclear and cytosolic isoforms, respectively. The expression of B-type
natriuretic peptide (BNP) was also measured, as it is a known marker of cardiac
hypertrophy and a transcriptional target of CaMKII (Ronkainen et al., 2007). As
expected, BNP levels were significantly increased with exposure to both CaMKII
isoforms.
5.3.2 CaMKII inhibition leads in increased expression of LTCCs and
altered ECC (III)
As CaMKII had a strong downregulatory effect on Cacna1c expression,
experiments were performed to determine the physiological effects of CaMKII
inhibition on cultured HL-1 cells. Chronic effects of the CaMKII inhibitor KN-93
or its inactive analog KN-92 were analyzed following 24h exposure to
spontaneously active HL-1 cells. After incubation for several hours to allow the
pharmacological agent to wash out, LTCC current was measured by patch-clamp.
Cells treated with KN-93 had larger LTCC densities compared to controls, and this
was accompanied by an approximately 90.5% increase in Cacna1c expression. KN93, but not KN-92, also increased Cacna1c expression in rat neonatal
cardiomyocytes (P < 0.001, n = 5) (Figure 6A).
Increased LTCC density would be expected to have a specific effect on cardiac
calcium signaling. More LTCC channels could lead to increased Ca2+ flux through
LTCCs, which could then enhance SR Ca2+ stores. To investigate if this is the case,
Ca2+ signals from cells exposed to KN-93 for 24 hr were measured by confocal
microscopy using the indicator Fluo-3-AM. There were significant changes in
calcium signals from cells treated with KN-93; Ca2+ transient amplitudes were
increased as well as the caffeine-induced Ca2+ releases (Figure 6B). The decay of
the caffeine-induced Ca2+ transient, which represents activity of the NCX, was
unchanged between KN-93-treated cells and controls. The fractional release, i.e.
the amount of SR Ca2+ released during each contraction compared to the total SR
Ca2+ content, was increased from 0.35 ± 0.03 to 0.48 ± 0.04 (P < 0.01) with chronic
CaMKII inhibition. These results indicate that chronic CaMKII inhibition has a
specific effect on LTCC expression, leading to functionally significant effects on
cardiomyocyte ECC.
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Fig. 6. CaMKII inhibition by KN-93 led to increased Cacna1c expression and altered Ca2+
transient amplitude and SR Ca2+ load in cardiomyocytes. A) Cells treated with 3 μM KN93 for 24 h showed an increase in LTCC α1c-subunit expression, visualized using
immunofluorescence (n = 4). The nearly 3-fold increase in protein levels was
accompanied by an approximately 2-fold increase in mRNA levels, measured by RTPCR (n = 12). B) KN-93 led to an increase in the amplitude of spontaneous Ca2+
transients as well as increased SR Ca2+ stores, measured from the caffeine-induced Ca2+
release. KN-93-treated HL-1 cells (n = 12), control cells (n = 14). Statistical significance
is depicted as follows: *, P < 0.05; ***, P < 0.001. Adapted from (III).

5.3.3 Effects of CaMKII on Cacna1c expression are due to DREbinding site (III)
As overexpression of CaMKII led to decreased expression of the LTCC α1C-subunit
gene, it was of interest to investigate the putative transcription factor binding sites
in the Cacna1c promoter that may be responsible. To this end, several Cacna1c
promoter constructs were made of different lengths and co-expressed along with
CaMKII in neonatal rat cardiomyocytes and HL-1 cells. CaMKII was found to
repress luciferase expression of the full-length (-2014 to +31) and shorter D2 (-764
to +31) Cacna1c constructs. This indicated that the region responsible was found
within the shorter D2 construct. To identify this region, deletion constructs were
made from the D2 construct. Most of the activity of the Cacna1c promoter relies
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on c-Ets and AP-1 sites (located at -690 and -629, respectively) (Fan et al., 2002).
Therefore, the new constructs were designed to include this active region and
deletions were made from the proximal end. The promoter sequences were then
ligated to a minimal thymidine kinase promoter (TK) to enable luciferase
transcription (Figure 7A).
Several interesting findings came from analysis of the deletion constructs.
Firstly, deletion of the promoter insert between -408 and -171 caused a large
reduction in promoter activity, indicating that this region is necessary for maximal
activation of the Cacna1c promoter. A repressor site was also detected within the
Cacna1c promoter; construct activity increased with deletion of residues -594 to 537. All constructs showed a decrease in activity with CaMKII except for the
shortest construct, -764 to -594. This suggests that the area responsible for CaMKII
repression falls within the promoter sequence from -594 to -537 (Figure 7B).
Putative transcription factor binding sites from this region were searched using
the Genomatrix software (Munich, Germany), and there were hits for an E-Box at
-589 and a downstream regulatory element (DRE) at -551. Both sites were potential
repressor sites based on previous studies: the nicotinic acetylcholine receptor gene
expression in skeletal muscle was repressed by CaMKII phosphorylation on the EBox-binding factor myogenin (Tang et al., 2004); DRE agonist modulator
(DREAM) has been identified as a calcium-binding transcriptional repressor
(Carrion et al., 1999).
Next, point mutations were introduced to remove the putative transcription
factor binding sites in order to see the effect on Cacna1c reporter expression. Two
point mutations (-591 CA and -586 G  A) were made in the putative E-Box
site, but the mutant construct was still responsive to CaMKII. The putative DRE
was then mutated in a similar manner (-553 T  A and -549 A T). This mutant
construct was not repressed by CaMKII, indicating that this site is involved in
CaMKII-mediated repression of Cacna1c expression.
To further determine if DREAM physically interacts with the putative DRE
site of the Cacna1c promoter, electrophoretic mobility shift assays were performed.
Briefly, DREAM-overexpressing and control COS cells were incubated with a 28bp oligonucleotide probe containing the Cacna1c putative DRE-site at -551.
DREAM protein bound to the probe, and addition of DREAM-specific IgG led to
a super-shift of the protein-DNA complex. When DREAM was incubated with a
probe containing a mutated DRE-site, binding was attenuated. This is further
evidence that DREAM binds to the putative DRE-site of the Cacna1c promoter.
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Fig. 7. The

Cacna1c

promoter

contains

a

short

region

sensitive

to

CamKII

downregulation. A) Proximal deletion constructs containing fragments of the Cacna1c
promoter region ligated to a minimal TK promoter were designed and tested for
sensitivity to CaMKII downregulation. B) The shortest construct, containing the region
-765 to -594, did not respond to CaMKII, indicating that the regulatory region falls
between this and the previous construct (i.e. region -594 to -537). Black columns
represent activity of the reporters with empty vector (pUC18), white columns represent
reporter activity upon exposure to CamKIIδB. Statistical significance is depicted as
follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Adapted from (III).
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5.3.4 CaMKII activity enhances nuclear translocation of DREAM (III)
Increases in intracellular Ca2+ can not only lead to CaMKII activation by Ca2+calmodulin, but also induce nuclear translocation of DREAM/calsenilin/KChIP3
(Zaidi et al., 2004). It was therefore of interest to study if CaMKII activation and
[Ca2+]i had an effect on DREAM translocation in cultured cardiomyocytes.
DREAM was overexpressed in neonatal cardiomyocytes, and exposure of these
cells to KN-93 significantly decreased the amount of DREAM protein in the
nuclear fraction of cell lysates (Figure 8B). This suggests that CaMKII is involved
in DREAM translocation. To further study this phenomenon, rat neonatal
cardiomyocytes were transfected with a GFP-DREAM fusion protein and DREAM
localization was monitored by confocal microscopy. When cells were exposed to
caffeine to induce a rapid increase in [Ca2+]i, GFP-DREAM was translocated to the
nucleus.

Fig. 8. CaMKII activity is required for DREAM nuclear translocation. A) Caffeine
stimulation led to nuclear translocation of DREAM; in all groups, translocation was
complete after 15 min. Translocation was impaired by 3 μM KN-93 and enhanced by
constitutively active CaMKII (CaMKIIT286D) compared to the controls (statistical
significance indicated by #). B) Representative Western blots from nuclear extracts
using a DREAM-specific antibody, with the quantitative analysis on DREAM protein
content presented below. KN-93 decreased the amount of DREAM in the nuclear fraction.
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Statistical significance is depicted as follows: *, P < 0.05; ***/###, P < 0.001. Adapted
from (III).

The time constant of GFP-DREAM translocation in response to caffeine was not
dependent on CaMKII activity; the values were similar for cells expressing
constitutively active CaMKII (CaMKIIT286D) (τ = 4.6 ± 1.1 min, n = 13) or
acutely treated with KN-93 (τ = 3.0 ± 0.5 min, n = 10). CaMKII activity was found
to affect the extent of DREAM translocation. Maximal translocation, indicated by
the ratio of nuclear to cytosolic fluorescence, was significantly increased in
CaMKIIT286D cells (1.70 ± 0.05, n = 13, P < 0.01) and reduced in KN-93-treated
cells (1.08 ± 0.05, n = 10, P < 0.01) compared to controls (1.43 ± 0.08). In addition,
DREAM translocation did not occur in cells expressing CaMKIIT286D alone; Ca2+
stimulation was required to promote DREAM nuclear translocation (Figure 8A). In
agreement with a previous report (Zaidi et al., 2004), DREAM translocation
requires Ca2+. However, these results also show that DREAM translocation is
enhanced by CaMKII activity, suggesting that both CaMKII and intracellular Ca2+
levels regulate its subcellular localization.
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6

Discussion

Cardiac and skeletal muscle cells are dynamic, relying on intracellular calcium
signaling for their basic function of contraction as well as on a steady and sufficient
supply of energy from their numerous mitochondria. While Ca2+ is an integral part
of excitation-contraction coupling and the contraction-relaxation cycle, it also plays
an important role in regulating many other cellular processes. Intracellular calcium
levels are involved in the activation of kinases to modulate protein activity and
mitochondrial energy production as well as transcriptional regulation pathways.
The regulation of genes involved in cardiac and skeletal muscle calcium handling,
therefore, is an interesting topic that can also be quite complicated. The
transcription of these genes must be carefully controlled to allow proper ECC,
while also adapting to the many stresses and metabolic changes that occur in muscle
cells.
Mitochondrial function can suffer due to disease or aging and is associated with
heart failure and hypertrophy. In mouse models of mitochondrial myopathy, it has
been shown that mitochondrial dysfunction involves changes in myocyte ECC and
transcription of the important SR Ca2+ buffer calsequestrin (I). In primary cultured
cardiomyocytes, induction of mitochondrial stress with FCCP also led to changes
in ECC and downregulation of calsequestrin expression (II). These two findings
suggest that mitochondrial function and transcription of calsequestrin are linked,
although the exact mechanisms are not yet understood. Similarly, changes in ECC
that lead to altered intracellular calcium levels can activate CaMKII, which can also
have effects on gene transcription. While CaMKII is known to activate
hypertrophic gene transcription in conditions of prolonged β-adrenergic stimulation,
it has also been shown to downregulate expression of the pore-forming subunit of
the L-type Ca2+ channel, Cacna1c, in vitro (III).
6.1

Calsequestrin is transcriptionally downregulated in conditions
of mitochondrial dysfunction

In a mouse model of mitochondrial myopathy, expression of CASQ2 and CASQ1
was decreased in both cardiac and skeletal myocytes, respectively (Tavi et al.,
2005)(I). These findings were supported in mouse cardiac myocytes exposed to
chemically-induced mitochondrial dysfunction, where similar changes were
observed in CASQ2 expression (II). This is an interesting finding, since this SR
Ca2+ storage buffer is strictly regulated and dysregulation can have severe effects
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on the performance of these cells. It may also play a role in the pathogenesis of
diseases with underlying mitochondrial dysfunction, such as decreased cardiac and
skeletal muscle performance during aging, diabetic cardiomyopathy (Khullar, AlShudiefat, Ludke, Binepal, & Singal, 2010), hypertrophy (Araujo et al., 2008),
ischemia/reperfusion injury, and heart failure (Singal, Khaper, Palace, & Kumar,
1998; Singal, Khaper, Farahmand, & Bello-Klein, 2000). For a review, see (Siasos
et al., 2018).
It was established that mitochondrial ROS production was not increased in
Tfam KO mice (I), however there was the expected increase in ROS with FCCP
exposure of cultured neonatal cardiomyocytes (II). This indicates that while the
mechanisms underlying mitochondrial dysfunction are different, there was a
similar effect on SR Ca2+ buffer calsequestrin. In II, it was also shown that
scavenging ROS with NAC, and thereby decreasing ROS levels, in effect reversed
the observed changes in CASQ2 expression and SR Ca2+ handling and Ca2+ stores,
suggesting a cascade downstream of ROS is responsible for these observed changes.
These changes in cardiomyocytes were not affected by inhibitors of p53, p38, or
caspase 3. In the muscle-specific Tfam KO mice used in (I), it had earlier been
shown that there was increased cell loss due to apoptosis in mutant hearts, with
concomitant activation of caspase 3 and caspase 7 (Wang, Silva, Gustafsson, Rustin,
& Larsson, 2001). Therefore, there are clearly different pathways or mechanisms
active in these two cell types during mitochondrial dysfunction, which have a
common effect of decreasing calsequestrin levels.
Little is known regarding transcriptional regulation of calsequestrin, although
there has been some progress in recent years. The group of Chalifour found that the
transcription factor early growth response-1 (Egr-1) bound to the CASQ2 promoter
and repressed its transcription (Kasneci et al., 2009). Egr-1 is upregulated in mouse
models of cardiac hypertrophy (Brand, Sharma, & Schaper, 1993; Khachigian,
2006), and seems to play in a role in pathological but not physiological hypertrophy
(Buitrago et al., 2005). Interestingly, it has also been found that Egr-1 binds to the
SERCA2a promoter and represses its transcription in cultured cardiomyocytes
exposed to the anticancer drug doxorubicin (Arai et al., 2000). When prostaglandin
F2α (PGF2α) was used to stimulate hypertrophic gene expression changes in
cultured cardiomyocytes, SERCA2a was downregulated via PGF2α stimulation of
Egr-1 (Hara et al., 2008).
mRNA expression of Egr-1 was analyzed from cultured cardiomyocytes
exposed to FCCP, but there was no significant change from controls (data not
shown). This does not rule out the possibility that Egr-1 was active as a
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transcriptional regulator, promoting CASQ2 downregulation. However, previous
studies have suggested that Egr-1 expression is minimal under normal conditions
and may only become active after transcriptional upregulation (Milbrandt, 1987).
Early analysis of the human CASQ2 gene demonstrated that MEF2 could bind
to the promoter region, and mutation of the site significantly decreased CASQ2
reporter transcription (Reyes-Juarez et al., 2007). Recently, CASQ2 transcriptional
regulation has been shown to involve the calcineurin/NFAT pathway, with
induction of CASQ2 reporter constructs upon cooperative binding of MEF2c and
NFATc3 to the MEF2c binding site (located at position -133) (Estrada-Aviles,
Rodriguez, & Zarain-Herzberg, 2017). Whether NFAT would play a role in CASQ2
gene expression in response to mitochondrial dysfunction is not clear. It has
previously been shown that NFAT is induced by conditions of oxidative stress, and
its activation is prevented with NAC (Tu, Sun, Bowden, & Chen, 2007). Also, in
skeletal myocytes from a mouse model of myotonic dystrophy type 1 (DM1),
CASQ1 downregulation was associated with hyperactivity of the calcineurin/NFAT
pathway (Ravel-Chapuis, Belanger, Cote, Michel, & Jasmin, 2017). If NFAT would
induce CASQ2 transcription, then it would be expected to increase CASQ2
expression in conditions of oxidative stress and in DM1; however this is not seen.
On the other hand, NFAT has been shown to interact with Egr-1 to regulate gene
transcription, and upregulation of Egr-1 has been shown in skeletal myocytes with
increased intracellular Ca2+ levels (Freyssenet et al., 2004). Therefore, another
possibility is that NFAT induction in response to oxidative stress may associate with
Egr-1 and lead to downregulation of CASQ2 expression.
While the response of CASQ expression to mitochondrial dysfunction is far
from understood, progress is continuously being made to determine the regulation
of this important gene. For instance, the role of epigenetic mechanisms in CASQ2
transcriptional regulation has been proposed. Mice exposed to the non-steroidal
estrogen diethylstilbestrol (DES) in utero had increased CASQ2 expression, which
was associated with increased methylation of the CASQ2 promoter (Haddad,
Kasneci, Sebag, & Chalifour, 2013).
6.2

Functional consequences of CASQ2/CASQ1 downregulation

Manipulation of calsequestrin levels in animal models has been useful in
elucidating consequences of calsequestrin dysregulation in cardiac and skeletal
myocytes. Cardiac knockout of CASQ2 leads to impaired Ca2+ handling and a
phenotype similar to CPVT. Skeletal knockout of CASQ1 also leads to impaired
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Ca2+ handling and episodes of potentially lethal hyperthermia reminiscent of
patients with MH or EHS. As a result of calsequestrin downregulation, myocyte SR
Ca2+ stores are diminished and SR Ca2+ release is disturbed, leading to smaller,
faster calcium transients and impaired contractile ability.
In order to study the effect of impaired mitochondrial function on cardiac and
skeletal muscles, Tfam mouse models were generated. Interestingly, the main SR
Ca2+ storage buffer in cardiomyocytes (CASQ2) and fast-twitch skeletal muscle
cells (CASQ1) was downregulated at both the protein and transcriptional levels.
Tfam-/- mice displayed muscle weakness, but fatigue development after repeated
tetanic stimulation was similar between knockout and wild-type fast-twitch (EDL)
fibers (Wredenberg et al., 2002)(I). The decreased contractile force was attributed
to decreased tetanic [Ca2+]i and SR Ca2+ load, which was attributed to decreased
CASQ1 (I). In Tfam-/- cardiomyocytes, a similar situation was observed with
reduced SR Ca2+ load and smaller, faster Ca2+ transients due to decreased CASQ2
levels (Tavi et al., 2005). Upon β-adrenergic stimulation, Tfam-/- cardiomyocytes
exhibited faster calcium transients and doublet transients (Tavi et al., 2005). The
changes were similar to those of cardiomyocytes with decreased SR calcium stores
due to lower levels of calsequestrin, such as in CPVT. The changes in SR Ca2+ load
and Ca2+ transients in Tfam-/- cardiac cells were similar to those observed in
cultured rat ventricular cardiomyocytes, where mitochondrial function was
chemically disrupted with FCCP (II). Therefore, by some mechanism,
mitochondrial dysfunction impairs cardiac and skeletal muscle function in a similar
way and this effect is associated with downregulation of calsequestrin.
Earlier studies on CASQ2-/- null and CASQ2-/+ heterozygous mice
demonstrated that even a 25% decrease in CASQ2 protein can increase
susceptibility to arrhythmias and CPVT phenotype upon β-adrenergic stimulation
(Chopra et al., 2007). In (II), NAC attenuated FCCP-induced CASQ2
downregulation, but mRNA and protein levels were still less than controls. CASQ2
protein levels were approximately 10% less than controls, but apparently sufficient
to restore SR Ca2+ to control levels. Ca2+ release upon caffeine stimulation was
similar between control and FCCP + NAC cells, and the Ca2+ transient parameters
(ttp, amplitude, and decay) were also restored.
Energetic balance in hardworking muscle cells suffers when mitochondria do
not function properly, and a compensatory increase in mitochondrial mass was seen
in Tfam KO skeletal myocytes (Wredenberg et al., 2002). Increased ROS were not
detected, and while mitochondrial respiratory complex activities were impaired,
ATP levels were sufficient to prevent fatigue. This suggests that the decreased
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muscle force was not due to decreased availability of ATP, but rather impaired
formation of actin-myosin cross-bridges and/or impaired Ca2+-handling
(Westerblad & Allen, 1996; Wredenberg et al., 2002). Interestingly, a connection
between CASQ1 and increased mitochondrial mass was also found in CASQ1
knockout mice. Fast-twitch EDL fibers of these mice exhibited fatigue resistance
and a doubling in mitochondrial content (Paolini et al., 2007). This seems a
compensatory mechanism particular to fast-twitch fibers, as mitochondrial mass in
CASQ1-/- soleus fibers and CASQ2-/- cardiomyocytes was unchanged (Knollmann
et al., 2006).
In (I), ROS production of Tfam-/- fibers was similar to controls, but
interestingly there was a measured increase in mitochondrial Ca2+ levels during
fatigue stimulation. As Ca2+ can stimulate the activities of mitochondrial oxidative
enzymes, this may act as a compensatory mechanism to enhance ATP production.
A study of core myopathy patients and animal models, where muscle function is
impaired due to RyR1 mutations, showed that the decrease in RyR1 was associated
with an increase in IP3 receptors. The IP3Rs contributed to increased mitochondrial
and nuclear Ca2+ levels, stimulating oxidative phosphorylation as well as
mitochondrial biogenesis (Suman et al., 2018). Earlier studies in HeLa cells showed
that ER stress led to increased Ca2+ transfer from ER to mitochondria, thereby
stimulating oxidative phosphorylation and production of ATP and energy substrates
(Bravo et al., 2011). It is therefore possible that the maintenance of ATP levels in
Tfam-/- skeletal myocytes is due in part to increased mitochondrial Ca2+ levels.
Whether or not nuclear Ca2+ levels are also increased in Tfam-/- myocytes, and
whether this plays a role in transcriptional remodeling of the cells and increased
mitochondrial mass, is an intriguing topic for further study.
In chemically induced mitochondrial dysfunction, an increase in ROS was
measured along with decreased CASQ2 expression and altered Ca2+ handling (II).
Co-exposure of cells to FCCP and the ROS scavenger NAC restored Ca2+ signals
to control values and partially attenuated CASQ2 expression. This case differs from
that of Tfam KO skeletal myocytes, where increased ROS were not demonstrated
(I). This indicates that ROS may play a role in the cardiomyocyte phenotype. As
mentioned earlier, ROS can affect the functions of proteins involved in CICR.
Whereas the changes in Ca2+ signaling in SR load can be attributed to decreased
CASQ2 levels, it is possible that there are also alterations in the activities of the ion
channels. The characteristics of Ca2+ sparks, which indicate spontaneous Ca2+
releases from the SR via RyR2, were altered in FCCP-treated cells. The decreases
in the amplitude and duration of sparks were similar to findings from studies of
85

CASQ2 mutants with impaired Ca2+ binding (di Barletta et al., 2006; ViatchenkoKarpinski et al., 2004). This suggests impaired CICR via decreased SR Ca2+
buffering and/or altered interaction and regulation of RyR2 with CASQ2.
6.3

L-type Ca2+ channel subunit Cacna1c is transcriptionally
downregulated by CaMKII

The LTCC is downregulated in cardiac disease and heart failure, and many studies
have sought to target LTCC regulation with the aim of restoring cardiomyocyte
Ca2+ handling and contractile function. As cytosolic Ca2+ levels increase when
CICR is disturbed in cardiac pathologies, it is important to study the potential
involvement of Ca2+-mediated transcriptional mechanisms in the expression of
Ca2+-handling proteins. CaMKII, which is activated by Ca2+/CaM, is strongly
involved in the development of cardiac hypertrophy. In cultured cells, it was found
that overexpression of both the cytosolic and nuclear CaMKII isoforms led to
strong downregulation of the L-type Ca2+ channel α1c-subunit (Cacna1c). This was
determined through promoter analysis to be due to a DRE-site in the Cacna1c
promoter, as mutation of the site abolished CaMKII-induced downregulation.
Further study using electrophoretic mobility shift assays (EMSA) demonstrated
binding of DREAM protein to the Cacna1c DRE-promoter region (III). A
potentially new Ca2+-dependent transcriptional pathway was described whereby
CaMKII and cytosolic Ca2+, working in cooperation, caused DREAM nuclear
translocation and repression of Cacna1c expression.
As mentioned earlier, DREAM is also known as KChIP3, and belongs to a
family of proteins (KChIP1-4). KChIP2 is the only gene of the family expressed in
cardiac tissue. It is rapidly downregulated in cardiac pathologies, including heart
failure and myocardial infarction. Studies of the KChIP gene family have shown
that several splicing variants are possible for each. In the case of KChIP2, 4 splicing
variants were detected in mouse tissues, while 5 variants were detected from human
tissues (Pruunsild & Timmusk, 2005). All KChIPs have been demonstrated to act
as transcriptional repressors in rat pineal gland and retina (Link et al., 2004). While
KChIP3 (aka DREAM) has been demonstrated to transcriptionally repress the
human prodynorphin and c-fos genes in the brain (Carrion et al., 1998), progress
regarding transcriptional activity of KChIP2 in cardiac tissue is ongoing. KChIP2
protein has been found in the nucleus of cardiomyocytes (Deschenes et al., 2002;
Nassal et al., 2017), and it has been demonstrated to downregulate expression of
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miR-34b/c via binding to a putative DRE in cultured neonatal rat ventricular
myocytes (Nassal et al., 2017).
There have been conflicting reports regarding LTCC subunit expression in
KChIP2 knockout mice. An increase in the LTCC β-subunit (Cacnb2) protein was
observed in KChIP2-/- hearts (Thomsen et al., 2009), but there was no
corresponding increase in mRNA expression (Thomsen, Foster, Nguyen, &
Sosunov, 2009). This may be due to an increase in protein stability or decrease in
protein degradation, but further study would be required to determine this. In
another study, no change in Cacna1c (pore-forming α subunit) or Cacnb2 (auxillary
β subunit) protein expression was found in KChIP2 KO ventricular myocytes
(Grubb et al., 2015). A study using KChIP2 KO mice did not demonstrate any
KChIP2 DNA-binding in cardiac myocytes, and no genes involved in
cardiomyocyte Ca2+-handling (e.g. Cacna1c) were significantly up- or
downregulated according to screening by microarray gene chip (Winther et al.,
2016). Expression of miR-34b and -34c were also screened by microarray, but no
changes were found (Tuomainen T., personal communication). The disparate
findings between KChIP2 KO mice and acutely knocked down KChIP2 in cultured
cells may be due to compensatory mechanisms in the knockout mice, owing to
constitutive absence of KChIP2 during development. In support of this, isolated
knockout myocytes do not regain Kv4.2 expression or Ito,f when KChIP2 is
reintroduced (Foeger, Wang, Mellor, & Nerbonne, 2013). However, when the loss
is acute, such as in pressure-overload induced cardiac hypertrophy in a mouse
model, the currents can be restored (Jin et al., 2010). The conflicting results of
DREAM downregulation of Cacna1c in (III) and no expression change in KChIP2
knockout mice may be due to several factors. The conditions in the cultured cells
were not physiological; therefore, it is possible that DREAM may transcriptionally
downregulate Cacna1c in vitro, but that this does not happen in vivo with the cardiac
isoform KChIP2. Also, the data in (Winther et al., 2016) was collected from adult
KChIP2 knockout tissue, so some of the primary KChIP2 effects on gene
expression might be masked by other processes that are activated due to KO in the
ventricular tissue. It is possible that Cacna1c may be downregulated by KChIP2 in
vivo, but this effect may occur as an acute response to stress. Further study is
required to resolve this controversy.
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6.4

The Ca2+-CaMKII-DREAM-LTCC pathway as a feedback
mechanism to regulate intracellular Ca2+ levels

LTCCs play a key role in myocyte ECC, being responsible for the Ca2+ influx that
triggers CICR in cardiomyocytes, and activating RyR1 in skeletal myocytes
through conformational changes in response to sarcolemma depolarization. It has
been demonstrated in numerous studies that LTCC downregulation at both the
mRNA and protein levels is associated with cardiac dysfunction and disease.
Therefore, understanding its regulation is imperative to finding potential drug
targets and treatments for heart disease.
The elucidation of the Ca2+-CaMKII-DREAM-LTCC pathway in cultured
neonatal cardiomyocytes lends insight into a possible feedback mechanism that
could be used to regulate Ca2+ influx through LTCCs based on Ca2+ levels sensed
by CaMKII. When CaMKII is activated by Ca2+-CaM, it can acutely modulate
LTCC function via phosphorylation, leading to augmented Ca2+ intake, heart rate,
contractile force and relaxation (Catterall, 2015). In (III) it was shown that
persistent CaMKII activation can promote DREAM translocation and Cacna1c
downregulation, while CaMKII inhibition with KN-93 had the reverse effect.
DREAM translocation was stimulated by Ca2+ following application of caffeine,
but it was also found that CaMKII activity enhanced DREAM translocation. There
was a greater amount of DREAM translocated to the nucleus in the presence of
constitutively active CaMKII, while inhibition of CaMKII with KN-93 diminished
DREAM translocation. This demonstrates that subcellular localization of DREAM
is dependent on both Ca2+ levels and CaMKII activity.
Persistent CaMKII activation may occur in response to prolonged β-adrenergic
stimulation or sustained elevation of intracellular Ca2+ levels. In this way, the Ca2+
levels inside the cell can be managed through LTCC downregulation; fewer LTCCs
would decrease Ca2+ influx, thereby acting to prevent Ca2+ overload in the
cardiomyocyte. The in vivo relevance of these findings were supported by studies
of CaMKIIδ KO mice, which displayed increased LTCC density in ventricular
myocytes (Xu et al., 2010). The increased LTCC density was attributed to increased
Cacna1c mRNA and protein expression.
Cacna1c repression has been reported in human colonic smooth muscle via
TNFα-induced activation of NK-КB subunits p50 and p65 (Shi et al., 2005). In
neurons, CaMKII was found to activate NF-КB via phosphorylation of p65,
inducing its nuclear translocation (Meffert, Chang, Wiltgen, Fanselow, & Baltimore,
2003). It is therefore possible that CaMKII may also regulate Cacna1c expression
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via other regulatory cascades, which would expand its potential modulation of
intracellular Ca2+ levels via LTCC expression in many different cell types. In
cardiomyocytes, the Ca2+-CaMKII-DREAM-LTCC cascade offers a means for the
cells to adjust sarcolemmal Ca2+ influx to prevent Ca2+ overload. In circumstances
where intracellular Ca2+ levels are elevated for a prolonged period of time, such as
in the development of cardiac disease, this cascade would lead to LTCC
downregulation and remodelling of cardiac myocyte Ca2+ handling.
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7

Summary and Conclusions

The main findings of this thesis are as follows:
1.

2.

3.

Downregulation of the SR Ca2+ buffer calsequestrin was seen both in skeletal
muscles of a mouse model of mitochondrial myopathy (Tfam-/-) and in cultured
cardiomyocytes exposed to the mitochondrial uncoupler FCCP.
The physiological consequences of CASQ1 and CASQ2 downregulation for
muscle cells were similar; skeletal and cardiac muscle cell Ca2+ transients were
altered and there was a decrease in SR Ca2+ stores. While there was no increase
in ROS in Tfam-/- myocytes, FCCP induced an increase in ROS that was
counteracted by NAC in cultured cardiomyocytes. Coexposure of cells to
FCCP + NAC attenuated the FCCP-induced reduction in CASQ2 expression
and completely restored Ca2+ transients and SR Ca2+ stores. Mitochondrial
dysfunction leads to a common effect of decreasing CASQ levels in these two
cell types, however it involves different pathways or mechanisms.
CaMKII, which is activated by increased intracellular Ca2+ levels, was found
to decrease Cacna1c expression in cultured cardiac cells. Transcriptional
downregulation was found to be due to binding of DREAM to a putative DRE
in the Cacna1c promoter. While DREAM (aka KChIP3) repressed Cacna1c in
cultured cells, KChIP2 is the isoform expressed in vivo in cardiac cells.
Therefore, further study is required to determine if this pathway is active under
physiological circumstances.

Impaired mitochondrial function can have severe consequences for muscle cells,
which require large amounts of energy to maintain ionic gradients and produce
contractions. It is interesting that in two cell types in which mitochondrial
dysfunction was induced by different means – skeletal muscles of Tfam knockout
mice and cultured cardiomyocytes exposed to FCCP – similar changes occurred.
The main SR Ca2+ buffer calsequestrin was downregulated, leading to decreased
SR Ca2+ stores and altered Ca2+ signals. As contractions, powered by release and
reuptake of intracellular Ca2+, consume a large amount of energy, it makes sense
that cells may attempt to limit Ca2+ release in times of mitochondrial stress in order
to prolong survival.
CaMKII, which is activated by increased intracellular Ca2+ levels, led to
transcriptional downregulation of the L-type Ca2+ channel pore-forming subunit by
Ca2+-activated transcriptional repressor DREAM. This Ca2+-CaMKII-DREAMLTCC cascade may be an important feedback mechanism by which cardiomyocytes
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regulate intracellular Ca2+ levels to prevent Ca2+ overload. Altering LTCC levels
would adjust the amount of Ca2+ entry through LTCCs in response to the Ca2+ levels
sensed by CaMKII.
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