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Abstract

Cardiac arrhythmias are life-threatening events in which the heart develops an irregular rhythm. Mishandling of Ca** within
the myocytes of the heart has been widely demonstrated to be an underlying mechanism of arrhythmogenesis. This includes
altered function of the ryanodine receptor (RyR2)—the primary Ca** release channel located to the sarcoplasmic reticulum
(SR). The spontaneous leak of SR Ca** via RyR2 is a well-established contributor in the development of arrhythmic contrac-
tions. This leak is associated with increased channel activity in response to changes in SR Ca>* load. RyR2 activity can be
regulated through several avenues, including interactions with numerous accessory proteins. One such protein is calseques-
trin-2 (CSQ2), which is the primary Ca®*-buffering protein within the SR. The capacity of CSQ2 to buffer Ca>* is tightly
associated with the ability of the protein to polymerise in response to changing Ca** levels. CSQ2 can itself be regulated
through phosphorylation and glycosylation modifications, which impact protein polymerisation and trafficking. Changes
in CSQ2 modifications are implicated in cardiac pathologies, while mutations in CSQ2 have been identified in arrhythmic
patients. Here, we review the role of CSQ2 in arrhythmogenesis including evidence for the indirect and direct regulation of
RyR2 by CSQ2, and the consequences of a loss of functional CSQ2 in Ca*" homeostasis and Ca**-mediated arrhythmias.
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Introduction

Cardiac function describes the process by which blood is
pumped around the body, which forms an essential aspect of
mammalian physiology. We rely on the regular contraction
of the heart to achieve this function. In the healthy heart,
this is initiated by electrical impulses generated by the car-
diac pacemaker—the sinoatrial (SA) node. Action potentials
originating from the SA node trigger a cascade of events,
culminating in the physical contraction of the heart. This
process is highly dependent on the tightly regulated move-
ment of Ca>* within the myocytes throughout the cardiac
cycle. The dysregulation of Ca>* has been linked to the gen-
eration of ectopic pacemaker activity, creating a disruption
to the normal sinus rhythm of the heart. This is known as
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cardiac arrhythmia—a potentially life-threatening, abnormal
heartbeat.

The intracellular store of the myocyte, the sarcoplasmic
reticulum (SR), supplies the majority of Ca** for normal
cardiac contraction. Paradoxically, this is also the primary
source of the Ca>* responsible for generating arrhythmic
activity. Therefore, the regulation of SR Ca* is critical in
maintaining cardiac function to both enable contraction,
as well as prevent arrhythmogenesis. Within the SR, one
prominently expressed protein is the Ca*>*-buffering protein
calsequestrin-2 (CSQ?2), which has been heavily implicated
in the regulation of SR Ca**. The focus of this review is
to highlight the role of CSQ2 in cardiac function, in both
physiological and pathological settings. The impact of pro-
tein modifications on CSQ?2 trafficking and function will be
examined, together with the current hypotheses regarding
mechanisms of CSQ2 regulation of Ca?" handling within
cardiac myocytes. Finally, evidence from patients and ani-
mal models will be discussed which implicate CSQ2 as a
key player in Ca®*-mediated arrhythmias.
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Calcium handling in cardiac function
Cardiac excitation-contraction coupling

At the cellular level, the contraction of each cardiac myo-
cyte is triggered by beat-to-beat fluctuations in intracel-
lular Ca®* levels. This highly precise and synchronised
process is termed excitation—contraction (EC) coupling,
which is summarised in Fig. 1. EC coupling is initiated
when an action potential propagates into invaginations
of the sarcolemmal membrane, known as transverse (t-)
tubules. The increase in membrane voltage opens the
voltage gated L-Type Ca’** channel (LTCC; also termed
dihydropyridine receptor, DHPR) embedded the t-tubule
membrane (Bers 2002). The t-tubules form a close associa-
tion with the junctional SR (SR;), creating a specialised

nanodomain known as the dyad. The small influx of
extracellular Ca®* from the LTCC (I,) diffuses across
the dyadic cleft and binds to the cytosolic region of the
ryanodine receptor type 2 (RyR2), which is localised to the
SR; membrane (Soeller et al. 2007). This triggers RyR2 to
open and release a large amount of stored Ca>* from the
SR and is termed Ca>*-induced Ca* release (CICR) (Fabi-
ato 1983). The coordinated mass release of SR Ca’* into
the cytosol enables crossbridge formation at the myofila-
ments, and thus cardiac contraction to occur (Bers 2002).

Relaxation of the cardiac muscle is an essential aspect of
the cardiac cycle which requires Ca>* to be removed from
the cytosol. The bulk of the Ca®* is returned to the SR by
the ATP-dependent action of sarco/endoplasmic reticulum
Ca’*-ATPase (SERCA), with a smaller portion extruded
across the sacrolemmal membrane by the Na*/Ca**-
exchanger (NCX) and the plasma membrane Ca’*-ATPase
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Fig.1 Physiological and pathological Ca* signalling in cardiac myo-
cytes. Schematic demonstrating the Ca* signalling within a cardiac
myocyte. The left side represents physiological Ca>* handling during
excitation—contraction (EC) coupling: (1) an action potential originat-
ing from the sinoatrial (SA) node propagates down the transverse (t-)
tubules which (2) depolarises the sarcolemma. This activates voltage-
gated L-Type Ca>* channels (LTCC), (3) mediating a small influx of
Ca®* which diffuses across the dyadic cleft and binds to the ryanodine
receptor type 2 (RyR2). (4) RyR2 opens, triggering Ca**-induced
Ca’* release from the sarcoplasmic reticulum (SR) and (5) a transient
increase in cytosolic Ca%*. (6) This cytosolic Ca>* binds to the myo-
filaments to facilitate crossbridge cycling and myocyte contraction,
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before (7) being pumped back into the SR via the sarco/endoplas-
mic reticulum Ca**-ATPase (SERCA, which is regulated by phos-
pholamban [PLB]) or extruded from the myocyte via the Nat/Ca>*
exchanger (NCX), enabling relaxation to occur. The right side dem-
onstrates pathological Ca®* activity: (1) RyR2 spontaneously open
and leak Ca?* from the SR due to store-overload induced Ca®* release
(SOICR). (2) This Ca>* triggers nearby RyR2 to open, leading to a
small increase in cytosolic Ca®* which activates NCX to extrude Ca®*
and (3) bring Na* into myocyte. (4) The increased intracellular Na*
depolarises the myocyte, which leads to the development of delayed
after depolarisations (DADs). Created with Biorender.com



Biophysical Reviews (2022) 14:329-352

331

(PMCA) (Bers 2002). Importantly, the amount of Ca** influx
across the sarcolemmal and SR membranes during a cardiac
cycle is equal to Ca>* efflux (Delbridge et al. 1996; Bers
2002; Sankaranarayanan et al. 2017). This ensures cardio-
myocyte Ca>* levels do not become depleted or overloaded
on a beat-to-beat basis. Therefore, the correct regulation of
both Ca®* handling proteins and the Ca>* level within the SR
store is critical to maintaining rhythmic cardiac contractions.

SR calcium leak and arrhythmia

The amount of Ca’* stored in the SR is determined by the
balance of Ca’* release (RyR2 activity), Ca>" reuptake by
SERCA, and the expression Ca’* buffering proteins within
the SR, such as CSQ2. As described above, the physiologi-
cal stimulus for RyR2 opening is the binding of Ca’* to the
cytosolic Ca* sensor region of the channel. However, RyR2
can also open in response to a high SR Ca** load (Jiang et al.
2004). This occurs when the amount of Ca>* in the SR sur-
passes a certain threshold, causing RyR2 to spontaneously
open in the absence of cytosolic Ca** binding (Fig. 1). Since
these spontaneous Ca" release events increase in propensity
as SR Ca”* load is raised, they are commonly termed store
overload induced Ca’* release (SOICR), or SR Ca’* leak
events (Jones et al. 2008).

At the microscopic level, SOICR events are observed
within single cardiac myocytes as the occurrence of Ca®*
sparks (Terentyev et al. 2003b; Chakraborty et al. 2019).
Although the amount of SR Ca®* released during an individ-
ual spark is not sufficient to activate crossbridge cycling in
the myofilaments, it can lead to delayed after-depolarisations
(DADs) and triggered arrhythmic contractions (Bers 2002).
This occurs due to activation of the electrogenic NCX as a
result of the increased cytosolic Ca** following a SOICR
event. By extruding this excess Ca*" from the myocyte,
NCX generates an inward Na* counter-current, which leads
to depolarisation of the membrane (developed DAD). If a
sufficient number of SOICR events, and thus Na™ influx
occurs, then the membrane will reach the threshold to gen-
erate a DAD-triggered action potential, forming the basis of
arrhythmic contractions (Bai et al. 2013).

This mechanism of arrhythmogenesis as a consequence
of SR Ca* leak via RyR2 is a well-recognised occurrence
in a multitude of cardiac pathologies, such as heart failure
(HF), atrial fibrillation (AF) and inherited heart condi-
tions (Jiang et al. 2010; Mohamed et al. 2018; Liu et al.
2020; Munro et al. 2021). Mutations in both RyR2 and
other Ca**-handling proteins can cause catecholaminergic
polymorphic ventricular tachycardia (CPVT)—a severe and
potentially fatal stress-induced arrhythmic disorder (Kim
et al. 2007; Jiang et al. 2010; Roux-Buisson et al. 2011;
Po6lonen et al. 2020). Several mutations associated with
CPVT have been demonstrated to increase the sensitivity of

RyR2 to SR luminal Ca*" levels (reduces the SR Ca** load
threshold), thus increasing the occurrence of pro-arrhythmic
SOICR events (Jones et al. 2008). Further to these gain-
of-function mutations in Ca®* handling proteins, cardiac
arrhythmias have also been linked to additional mechanisms
which regulate RyR2 luminal Ca®* sensitivity (Jones et al.
2017).

Regulation of RyR2 and the macromolecular
complex

The ryanodine receptor is a large (~2.2 MDa) tetrameric
protein which gates the release of Ca** from the SR in stri-
ated muscle. Each monomer is almost 5,000 amino acids
in length, with six transmembrane domains spanning the
SR membrane (Peng et al. 2016; Gong et al. 2019). Within
cardiac myocytes, the bulk of the RyR2 tetramer protrudes
into the dyadic space, with only a small amount of the RyR2
structure accessible within the SR lumen. This luminal por-
tion of RyR2 has been proposed to be sensitive to SR Ca>*
levels, with a luminal Ca®* activation site leading to initial
channel opening (Laver 2007). This then enables Ca*" to
bind to the cytosolic region and further activate the channel
via a ‘feed-through’ mechanism (Xu and Meissner 1998;
Laver 2007). However, this remains controversial, with oth-
ers suggesting responses to luminal Ca** are mediated by
residues within the channel pore (Jones et al. 2017).

Due to its large size, RyR2 can undergo extensive post-
translational modification (PMT) and has numerous protein
interaction partners. The most widely researched PMT is
phosphorylation at sites S2808, S2814 and S2030 by pro-
tein kinase A (PKA) and Ca2+/calmodulin-dependent kinase
II (CaMKII) (Wehrens et al. 2004; Huke and Bers 2008;
Potenza et al. 2019). Phosphorylation of RyR?2 at these sites
causes an increase in open probability of RyR2, resulting
in enhanced SR Ca?* leak activity (Xiao et al. 2007; Carter
et al. 2011). The exact mechanism of how phosphorylation
confers hyper-excitability of RyR2 is debated and reviewed
extensively by others (Gonano and Jones 2017; Dashwood
et al. 2020).

As with phosphorylation, oxidation of RyR2 can also lead
to a rapid increase in channel activity (Waddell et al. 2016).
The capacity for RyR2 to become oxidised is extensive due
to RyR2’s large size and number of accessible residues (Xu
et al. 1998). However, the functional effect of oxidation is
dependent on the type of redox modification (S-glutathio-
nylation, S-nitrosylation, disulphide formation) (Donoso
et al. 2011; Nikolaienko et al. 2018), as well as the duration
of exposure to oxidants (Waddell et al. 2016). Both phos-
phorylation and oxidation of RyR2 have been demonstrated
to become dysregulated in HF to promote arrhythmia by
altering channel activity (Terentyev et al. 2008b; Respress
et al. 2012).
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In addition to PMTs, RyR2 can also be regulated by
numerous protein—protein interactions. The RyR2 macro-
molecular complex is made up of many accessory proteins,
located both cytosolically and within the SR; lumen (see
Fig. 2). Key cytosolic accessory proteins include FK506-
binding protein (FKBP) 12.6 (also known as calstabin 2),
sorcin, calmodulin (CaM), CaMKII, PKA, as well as protein
phosphatases PP1 and PP2A (Bers 2004). The interaction
of these proteins with RyR2 may be direct or mediated via
additional linker proteins (e.g. muscle-specific A-kinase
anchoring protein (mAKAP)). FKBP regulation of RyR2
has been highly disputed in the literature. Some researchers
show that these proteins stabilise RyR2 in a closed state and
reduce the propensity of SR Ca’" leak (Marx et al. 2000);
however, others cannot replicate this result (Xiao et al. 2007;
Gonano and Jones 2017). More recently, it has been shown
that FKBPs reduce the amount of Ca* released by RyR2 by
promoting early closure during a spontaneous release event
(Zhang et al. 2016). CaM has been shown to have a similar
effect to FKBP, by also promoting early cessation of RyR2
Ca’* leak events (Tian et al. 2013). Additionally, CaM has
a partial inhibitory role on RyR2 activation (Walweel et al.
2017).

Proteins located within the SR; also have important regu-
latory roles on RyR2 function. Triadin and junctin span the
SR membrane and interact with RyR2 at its luminal inter-
face (Dulhunty et al. 2012). Both proteins bind to CSQ2,
the main Ca”" buffer within the SR to form a quaternary
protein complex with RyR2. Hence, triadin and junctin are
thought to regulate RyR2 by both a direct interaction and by
ensuring the co-localisation of RyR2 with CSQ2 (Chopra
et al. 2009). It is currently unclear if CSQ2 binds directly
to RyR2, a topic that is expanded on below. Irrespective of
the mechanism of interaction, CSQ2 has been identified as
being important for regulating RyR2 function, as it directly
impacts the Ca** content stored in the SR and has been
implicated in arrhythmogenesis (Terentyev et al. 2003a).

CSQ2 structure and function
CSQ2 structure
CSQ2 buffers the majority of Ca** within the SR of car-

diac myocytes to maintain free Ca®* levels at~ 1 mM, with
the maximum total SR Ca?* capacity reported to be 19 mM

CaMKIl

FKBP12.6~

Cytosol
0000000000000000

Sarcoplasmic reticulum

Fig.2 The RyR2 macromolecular complex. Schematic of the ryano-
dine receptor type 2 (RyR2) Ca** channel and its associated proteins
which together comprise the RyR2 macromolecular complex, localised
to the junctional sarcoplasmic reticulum (SR;) membrane. Cytosolic
accessory proteins include calmodulin (CaM), Ca>*/CaM-dependent
kinase II (CaMKII), FK506-binding protein (FKBP) 12.6, protein ki-
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Triadin Junctin

nase A (PKA), protein phosphatases PP1 and PP2A, and sorcin. PKA
interaction with RyR2 is facilitated via the muscle-specific A-kinase
anchoring protein (mAKAP). Luminal accessory proteins include junc-
tin and triadin which mediate the interaction of calsequestrin-2 (CSQ2).
These three luminal proteins make the quaternary protein complex with
RyR2. Created with BioRender.com
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(Shannon and Bers 1997; Shannon et al. 2003a). The abun-
dant expression of CSQ2 in the SRy, and its low affinity for
Ca’*, allow CSQ2 to function as a Ca>* reservoir in direct
proximity to the site of SR Ca?* release—RyR2 (Chopra
et al. 2009). The CSQ?2 gene (Casq?2) is located on chromo-
some 1 at locus p13.3-p11 and consists of 11 exons (Otsu
et al. 1993). Once transcribed, human CSQ2 is 399 amino
acids long; however, the first 19 amino acids encode a sig-
nal peptide sequence which is likely cleaved prior to CSQ2
arriving its final destination—SRj (Fliegel et al. 1987; Kim
et al. 2007). The size of full-length CSQ2 can vary depend-
ing on species, although there is a high degree of homology
(~89-96%) conserved across mammalian species (Lewis
et al. 2016). The quaternary structure of CSQ2 protein
includes five regions: a short N-terminus, three acidic thiore-
doxin repeats (termed domain I, IT and IIT) and a disordered
C-terminal tail (Kim et al. 2007) (Fig. 3). The structural
integrity of each of these regions is important for CSQ2’s
Ca”* binding capacity and ability to polymerise (Park et al.
2003).

Ca?* buffering and polymerisation of C5Q2

The ability for CSQ2 to buffer large amounts of Ca’* is
dependent on its folding and polymerisation (Park et al.
2003, 2004). At low levels of SR Ca**, each CSQ2 protein
(monomer) initially folds in an intermediate transitional
‘molten globule’ state, where the hydrophilic collapse
attracts Ca”" ions to negatively charged amino acids (aspar-
tic acid and glutamic acid) within the acidic thioredoxin
repeats (Fig. 4) (Wang et al. 1998; Kang et al. 2002). CSQ2
then folds into a compact monomer and binds Ca>* at the
negatively charged C-terminal tail. As the SR Ca>* content
increases, CSQ2 undergoes a further conformational change
which results in dimerisation (Park et al. 2003; Kim et al.

2007). The CSQ2 homo-dimers initially form in a ‘front-
to-front’ orientation, meaning that the N-terminus of each
monomer interacts (Fig. 4). Dimers of CSQ2 can then form
linear polymers by interactions of the C-terminus between
dimers (‘back-to-back’) (Park et al. 2003). Polymerisation of
CSQ2 into filaments creates pockets of negatively charged
amino acid residues between dimers, which further attracts
Ca** ions (Titus et al. 2020). Therefore, the process of poly-
merisation greatly increases the Ca** binding capacity of
CSQ2, in comparison to single CSQ2 monomers (Park et al.
2004). This is a reciprocal relationship, with in vitro stud-
ies demonstrating that as Ca®* concentration increases, the
degree of CSQ2 polymerisation is enhanced, which would
promote Ca>* buffering capacity in the SR (Lewis et al.
2016). However, at physiological levels of free SR Ca**,
CSQ2 exists in a mixture of monomeric, dimeric and poly-
meric forms, with only ~30% localised to the SR; (Wei et al.
2009; Lee et al. 2012).

Much of our understanding of CSQ2 Ca’* binding and
polymerisation comes from work performed studying the
skeletal isoform of calsequestrin, CSQ1. CSQI has a high
degree of structural similarity to CSQ2 (~61%), although
this has some noteworthy differences. Since CSQI has a
higher net negative charge and a shorter C-terminus tail, it
can bind more Ca*" ions per monomer compared to CSQ2
(Park et al. 2004). Cardiomyocytes are continuously cycling
Ca’* and release ~ 35-40% of the SR store when RyR2 opens
(Bassani et al. 1995; Shannon et al. 2003b; Zima et al. 2008).
As the concentration of Ca?* in the SR; is in constant flux,
so too will be the polymerisation status of CSQ2. In con-
trast, skeletal muscle releases only 8% of SR Ca** follow-
ing a single action potential and is capable of sustained
tetanic contractions (Launikonis et al. 2006). Additionally,
in vitro crosslinking experiments found that CSQI exists
as a polymer at 1 mM Ca®* (Wei et al. 2009), while the
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Fig.3 CSQ2 structure, mutations and regulatory sites. Representa-
tion of the structure and functional regions of human calsequestrin-2
(CSQ2), including the N-terminus, the three acidic thioredoxin repeat
domains (I-III) involved in Ca** binding, and the disordered C-tail.
The location of residues identified as regulating CSQ2 function via

Domain Il (aa143-246)

Domain Ill (@aa247-370)

SER385

COOH
Disordered C Tail

post-translational modifications (PMTs) is indicated for glycosyla-
tion (green boxes) and phosphorylation (blue boxes). Known CSQ2
mutations associated with catecholaminergic polymorphic ventricular
tachycardia (CPVT), and sudden cardiac death are indicated in gold
boxes. Created in Biorender.com
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Fig.4 Mechanism of Ca** binding and polymerisation of CSQ2.
Demonstration of the proposed mechanism for the reversable binding
of Ca* and polymerisation of calsequestrin-2 (CSQ2) in response to
changes in sarcoplasmic reticulum (SR) Ca>* concentration. At low
concentrations, CSQ2 exists in an intermediate molten globule state,
with Ca®* initially binding at the three acidic thioredoxin domains of
each CSQ2 monomer, creating a Ca**-mediated hydrophilic collapse
within the core region. As Ca®* levels slightly increase, additional

total SR content of skeletal muscle has been estimated to be
11-21 mM, depending on fibre type (Fryer and Stephenson
1996). These differences in polymerisation status between
CSQ isoforms may reflect the differing SR Ca** cycling
dynamics in cardiac and skeletal muscle, as well as differ-
ences in resting SR Ca** loads, although more evidence is
needed to confirm this. Ultimately, the process of CSQ poly-
merisation in both cardiac and skeletal muscle is a highly
organised, Ca’*-dependent process which plays a critical
role in determining the size of the SR Ca”" store.

The resting concentration of free SR Ca" is dictated by
CSQ?2 expression and the threshold for SOICR. It is thought
that as Ca®* buffering in the SR; is reduced, the level of free
Ca’" is elevated and pro-arrhythmic Ca®* release is more
likely to occur. Hence, with a loss of CSQ?2, the concentra-
tion of free Ca®* near RyR2 will be drastically increased,
and the threshold for a SOICR event will be met. With a
higher propensity for SOICR, the SR can become depleted
of Ca*". This may have implications for contractile force
in addition to the increased risk of arrhythmia (Belevych
et al. 2007). In support of this, a knockdown of CSQ2 in
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binding occurs within the C-tail and CSQ2 forms compact monomer.
Further increases in Ca?* concentration mediate a conformational
change which promotes the formation of ‘front-to-front” CSQ2 homo-
dimers via the interaction of the N-termini. High SR Ca* levels lead
to the ‘back-to-back’ stacking of homo-dimers and the formation of
polymeric CSQ2. This polymerisation creates pockets of negatively
charged residues, facilitating the binding of additional Ca>* ions. Cre-
ated with Biorender.com

rat cardiac myocytes results in an increased frequency of
arrhythmogenic spontaneous Ca" sparks, despite an overall
reduction in SR Ca** content (Terentyev et al. 2003a).

Regulation of CSQ2

The ability for CSQ2 to rapidly bind and release Ca’" is
essential for providing adequate Ca** for force generation.
Moreover, the correct function of CSQ?2 is critical to pre-
vent spontaneous RyR2 Ca’* release and arrhythmia devel-
opment. During protein translation and trafficking, CSQ2
becomes both phosphorylated and glycosylated. Interest-
ingly, increased CSQ2 glycosylation is detected in heart
failure (Kiarash et al. 2004; Jacob et al. 2013) and a single
point mutation, which adds an additional glycosylation site
to CSQ2, causes stress induced arrhythmias, likely medi-
ated by the impairment of Ca**-buffering capacity (Kirch-
hefer et al. 2010) (discussed in detail later in review). Hence,
PMTs appear to be a key regulator of CSQ2 function, acting
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to alter the affinity for Ca®*, and ultimately impact Ca**
homeostasis.

Phosphorylation of CSQ2

The phosphorylation of CSQ2 by casein kinase 2 (CK2) was
first described in the early 1990s by Cala and Jones using
purified canine CSQ2 (Cala and Jones 1991). Since then,
CK2 phosphorylation sites within the C-tail of CSQ2 have
been confirmed and characterised. While there is an apparent
conservation of these sites, due to differences in full-length
CSQ?2, the exact location of these sites is species-specific,
with canine CSQ?2 also containing an additional phospho-
site (see Fig. 5) (Cala and Jones 1991; Sanchez et al. 2011;
Lewis et al. 2016). Furthermore, there has been some dis-
parity in the nomenclature of specific phospho-residues in
human CSQ2 between studies, dependent on whether the
19 cleaved amino acids are included within the sequence
alignment or not (S385 and S393 versus S366 and S374)
(Sanchez et al. 2011; Lewis et al. 2016). Subsequently, work
by Lewis et al. demonstrated that CSQ2 can exhibit different
phosphorylation states, ranging from none to all the sites
phosphorylated, and that these differing states can be present
simultaneously within a population of CSQ2 proteins (Lewis
et al. 2016). However, the physiological role of this PMT
still remains largely unclear, with evidence to date impli-
cating it in regulating protein trafficking and Ca®* binding.

The role of phosphorylation in CSQ2 trafficking
and function

Since the discovery that CSQ2 can be modified by phos-
phorylation, the functional impact of this PMT has been
studied by several groups over the past three decades. In
2011, Sanchez et al. demonstrated that a phospho-mimetic
substitution at the two phosphorylation sites in human CSQ2
(S385 and S393) increased the Ca** binding capacity, as well

Bovine btCASQ2 :372
Canine cfCASQ2 :377
Human hsCASQ2 :384
Mouse mmCASQ2 :380
Rabbit ocCASQ2 :376
Rat rnCASQ2 :378

as protein solubility by enabling the transition from a disor-
dered coil to an ordered helical structure at the C-terminus
(Sanchez et al. 2011). This latter effect supports the hypoth-
esis of a phosphorylation-dependent trafficking mechanism,
as newly synthesised CSQ2 protein already appears to be
fully phosphorylated within the rough endoplasmic reticu-
Ium (ER) (Ram et al. 2004). This modification makes CSQ2
highly soluble and compact, and thus more suitable for traf-
ficking through the secretory pathway. Therefore, an increase
in CSQ?2 solubility due to phosphorylation could facilitate
its transport to the SR;. However, this theory is confounded
by the fact that CK2 resides exclusively in the nucleus and
cytoplasm of cells, lacking an access sequence required to
enter the ER lumen (McFarland et al. 2011), while CSQ2 is
solely luminal in the SR. The emerging co-translocational
hypothesis could help resolve this discrepancy in protein
interaction. According to this hypothesis, the phosphoryla-
tion of CSQ2 by CK2 occurs directly after its translation by
the cytoplasmic ribosome during the concurrent transloca-
tion through the translocon into the rough ER (McFarland
et al. 2011). This is further supported by the fact that other
CK2 substrates (e.g. phosphophoryns in osteoblasts-like
cells (Sfeir and Veis 1995) and bile-salt-dependent lipase in
pancreatic acinar cells (Pasqualini et al. 2000)) also exist in
the lumen of the secretory pathway, and can be isolated with
CK2 target sites already phosphorylated.

Despite the apparent reconciliation of these theories, the
impact of CK2 phosphorylation on CSQ?2 trafficking remains
unclear. Additional evidence comes from studies by McFar-
land et al., using COS cells expressing phospho-deficient or
-mimetic CSQ2 mutants. It was revealed that loss of CSQ2
phosphorylation enhanced anterograde trafficking, while
phospho-mimetic mutations caused the retention of CSQ2
within the rough ER (McFarland et al. 2011). While this
further supports a dependency of CK2-mediated phospho-
rylation for the correct trafficking of CSQ?2, it suggests that
reduced phosphorylation is required for SR, targeting. This

NSDEEDNDDSDDDD---E 386
NSDEESNDDSDDDD---E 391
NSDEEDNDDSDDDDD--E 399*
NSDED-NEDSDDDDDDDE 396
NSDEEDNDDSDEDD---E 390
NSDED-NDDSDDDDDDDE 394

Fig.5 Species-specific location of CK2 phosphorylation sites on
CSQ2. Alignment of known CK2 phosphorylation sites within the
C-terminus of bovine, canine, human, mouse, rabbit and rat calse-
questrin-2 (CSQ2). Two serine residues are highly conserved between
species, with canine CSQ2 containing an additional serine phospho-

rylation site within this region. *Sequence alignment refers to full-
length human CSQ2 without the cleavage of the first 19 residues;
S385 and S393 correspond to residues S366 and S374 in cleaved
hsCSQ2, respectively. Created with Biorender.com
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is supported by earlier reports of increased dephosphoryla-
tion observed for more distally localised CSQ2 (Ram et al.
2004).

Until recently, CK2 appeared to be CSQ2’s only known
in vivo and in vitro kinase. However, a new kinase for CSQ2
has been recently proposed, Fam20C. Unlike CK2, Fam20C
has a signal peptide which allows it to transit through the
ER lumen, enabling phosphorylation via the secretory path-
way (Tagliabracci et al. 2012). As the activity of FamC20
requires an S-x-E sequence, it has been proposed to target
the same CSQ2 phosphorylation site as CK2 at S385, but
not at S393 (Pollak et al. 2018). The phosphorylation by
FamC20 is suggested to increase the polymeric structure of
CSQ2 in SR, and thus assist its Ca®" binding abilities (Pollak
et al. 2018), with this latter effect also proposed following
CK2 phosphorylation. It has also been reported that at least
three CSQ2 sites can be phosphorylated by protein kinase C
in vitro (Rodriguez et al. 1999). Additionally, residue T299
of mouse CSQ2 (T282 in human) has been identified as a
potential phospho-residue (Huttlin et al. 2010); however,
whether this residue is phosphorylated in vivo, and by which
kinase, remains to be confirmed. As CSQ2 mainly exists
in the SR; in its dephosphorylated form, the transition to
the SR; must be marked by dephosphorylation of CSQ?2,
presumably by an unidentified intraluminal phosphatase in
secretory compartments (Kiarash et al. 2004).

CSQ2 phosphorylation in cardiac disease

To date, there have been limited studies assessing the role
of altered CSQ2 phosphorylation in cardiac diseases. A
lack of phosphorylation due to Fam20C knockout has been
shown to result in fibrosis and the development of HF in
mice (Pollak et al. 2018). This is coupled with significant
changes in Ca*" handling dynamics, which further supports
the hypothesis that Fam20C phosphorylation of CSQ2 is
important in SR Ca®* regulation (Pollak et al. 2018). How-
ever, despite evidence of reduced CK2 activity in models of
cardiac disease (Murtaza et al. 2008), hyperphosphoryla-
tion of CSQ2 has been observed in canine models of HF
(Kiarash et al. 2004). Based on prior evidence, this would
prevent the correct localisation of CSQ?2 to the SRy where
it is required to exert its function (McFarland et al. 2011).
It should be noted, however, that these alterations in traf-
ficking were inferred from changes in mannose trimming.
CSQ2 mannose content has been linked to the degree of ER
retention (discussed below) and these findings suggest a co-
dependency of phosphorylation and N-glycosylation in the
regulation of CSQ2 trafficking (Fig. 6) (Houle et al. 2006;
McFarland et al. 2011). It is clear that further studies are
required to fully elucidate the role of these PMTs in CSQ2
regulation, particularly in cardiac pathologies.

@ Springer

Glycosylation of CSQ2

CSQ?2 is a glycoprotein which is immediately N-glyco-
sylated as it is translated at the nuclear envelope/rough ER
(Sleiman et al. 2015). Human CSQ2 has two known gly-
cosylation sites, N212 and N335 (the latter was previously
identified as site N316 due to disparities in sequence align-
ment (Lewis et al. 2016)). However, it is likely that CSQ2 is
only glycosylated at N335, as this region is highly conserved
between species and mass spectrometry results support only
one site being maximally glycosylated to a mannose con-
tent of 8-9 (GlcNac2Man8-9) (O’Brian et al. 2002; Jacob
et al. 2013). CSQ2 is trimmed sequentially as it travels to
the SR, (Fig. 6), with the protein responsible for this glycan
trimming identified as mannosidase-I (O’Brian et al. 2002).
CSQ2 that is present at the SRy has a mannose content ~4—6
(GlcNac2Man4-6) and is the predominant form of CSQ2
(O’Brian et al. 2002; Ram et al. 2004). It should be noted
that many studies have also examined CSQ1 glycosylation,
and although both isoforms are maximally glycosylated at
translation, CSQ1 undergoes more glycan trimming com-
pared to CSQ2. The predominant form of CSQ1 is closer to
a mannose content of 1 on the side chains (GlcNac2Manl),
which is likely reflects it being more readily able to polymer-
ise and having a slightly different target in the SR; (O’Brian
et al. 2002; Milstein et al. 2009; Sanchez et al. 2012).

The role in glycosylation in CSQ2 trafficking
and polymerisation

Trafficking within the ER and SR of the heart is a somewhat
elusive process, and this is highlighted by CSQ2’s journey
from the rough ER to its final destination, the SR; (Sleiman
et al. 2015). How CSQ2 reaches the SR; is somewhat con-
troversial, with two main hypotheses being that either CSQ2
is retained within the ER/SR and travels through the lumen
until it reaches the SR, or it is trafficked to the Golgi for
further trimming by Golgi-associated mannosidases, before
being trafficked back to the ER/SR. The evidence for an ER/
SR retention is supported by in vitro non-muscle cell studies,
where it is likely CSQ?2 is retained within the ER and only
undergoes glycan trimming by ER-associated mannosidases
(a 1,2-mannosidase) to a mannose content of ~5—6 (Nori
et al. 2001; O’Brian et al. 2002). An ER to SR pathway
could be achieved by either trafficking transversely between
separate ER/SR compartments or longitudinally through
individual SR (Jacob et al. 2013; Sleiman et al. 2015). Oth-
ers show a Golgi associated trafficking pathway (Houle et al.
2006). Unfortunately, in vivo models of trafficking within
the heart highlight our lack of understanding of how traffick-
ing of SR proteins occur (particularly CSQ2), with some evi-
dence supporting ER/SR retention (Nori et al. 2001; O’Brian
et al. 2002; Sleiman et al. 2015) and others supporting a
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Fig.6 The CSQ2 trafficking pathway. Schematic of the proposed
human calsequestrin-2 (CSQ2) trafficking pathway with regulatory
post-translational modifications (PMTs). CSQ2 is immediately phos-
phorylated by casein kinase 2 (CK2) at two sites as it is translated
in the rough endoplasmic reticulum (RER). Within the RER, CSQ2
is also maximally glycosylated to a mannose content of 8-9 resi-
dues. As CSQ2 moves out of the RER, phosphatase activity is pro-
posed to dephosphorylate the protein. Progressive glycan trimming
by mannosidase-I occurs as CSQ2 travels from the RER to the Golgi

Golgi-associated mechanism (Houle et al. 2006; Milstein
et al. 2009).

Despite the uncertainty of exact trafficking pathways, it is
clear that CSQ?2 is translated in the rough ER and then even-
tually reaches the SR; (McFarland et al. 2010; Sleiman et al.
2015). This trafficking is regulated by both the glycosyla-
tion and phosphorylation of CSQ2 (McFarland et al. 2011;
Sanchez et al. 2011). A unifying theory for the relationship
between CSQ?2 trafficking and glycosylation can be demon-
strated by in vitro studies showing CSQ2 polymerisation.
In healthy cells, CSQ2 is found almost exclusively with a
mannose content below 7 in the SR; and may be present as
dimers and polymers (McFarland et al. 2010; Jacob et al.
2013). In the more proximal compartments, CSQ2 exists
in its monomeric form and is fully glycosylated (GlcNac-
2Man8-9) (McFarland et al. 2010; Jacob et al. 2013). This

‘ Golgi /
S
offE S @I
00 CSQ2; Fully
{;v %00 glycosylated and

ADP

Nucleus

or through the longitudinal sarcoplasmic reticulum (SR; ). Within this
latter compartment, FamC20 may also phosphorylate a single residue
CSQ2 before it is further trafficked to its final location with cardiac
myocyte—the junctional SR (SR;). Within the SR;, CSQ2 is mainly
dephosphorylated but glycosylated with~4-6 mannose and exists as
a mixture of monomers, dimers and polymers at physiological Ca>*
levels. Yellow question marks indicate the possible pathways CSQ2
may transit through to reach the SR;. Created with BioRender.com

difference may reflect a relationship between the glycosyla-
tion and polymerisation state of CSQ2, and its localisation
to the SR; (Fig. 6).

Sanchez et al. (2012) demonstrated through in vitro
methods that a high mannose content on the side chains is
likely to cause a decrease in back-to-back polymerisation,
but not necessarily a decrease in front-to-front formation.
While these findings were based on CSQ1, they suggest that
a high mannose content would reduce the polymerisation
of CSQ into larger polymers but would not discourage the
formation of dimers (Sanchez et al. 2012). By reducing the
polymerisation of CSQ?2 in areas of the ER/SR that are not
the SR;, it would prevent the aggregation of CSQ?2 in the
longitudinal SR (SR;) prior to it reaching its terminal des-
tination (McFarland et al. 2010). CSQ2 found in the SR;
has a lower mannose content on its glycan side chains, with
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some groups proposing that these smaller side chains will
act as ‘guard rails’ to hold CSQ2 back-to-back formations in
a more stable position, and therefore encourage polymerisa-
tion (Lewis et al. 2016).

When trafficked to the SRy, it is the first compartment
of the ER/SR which has a high Ca?* content, encouraging
polymerisation (Milstein et al. 2009). Furthermore, the dis-
ruption of CSQ2 polymerisation has been demonstrated to
result in the loss of CSQ?2 retention from the ER in non-
muscle cells (Houle et al. 2006). CSQ?2 that is lost from
the SR; is likely degraded, but how CSQ2 is degraded is
not fully understood (Valle et al. 2020). Evidence for poly-
merisation being involved in the loss of CSQ?2 is that many
mutant CSQ2 variants involved in cardiac disease have a
reduced ability to polymerise, which causes an overall loss
of protein (discussed later in review). In addition to role of
glycosylation and polymerisation in trafficking, interaction
with the RyR2 macromolecular complex is also believed to
assist with the localisation of CSQ2 to the SR;. As discussed
below, CSQ2 may associate with RyR2 either indirectly via
triadin and junctin as part of the quaternary complex, or
directly via the first luminal loop of RyR2. It is important to
note that there is a larger amount of CSQ?2 relative to other
quaternary complex proteins (RyR2, junctin and triadin)
(Cala et al. 1990), so without polymerisation, some CSQ2
will not be bound and potentially be lost from the SR;.

Altered CSQ2 glycosylation in HF

Within canine models, the trimming of the CSQ2 glycan
side chain has been seen to change in HF, with an increased
ratio of high mannose content to trimmed CSQ?2. This was
despite no change in total CSQ2 expression or mRNA (Kiar-
ash et al. 2004; Jacob et al. 2013), which is similar to obser-
vations in HF patients (Miinch et al. 1998). Rather than a
change in expression, this altered glycosylation is proposed
to result in a change in the localisation of CSQ2 (Kiarash
et al. 2004; Jacob et al. 2013). Instead of being trafficked to
the SR;, CSQ2 is retained in the rough ER at a higher man-
nose content of 8-9 (GlcNac2Man8-9), with only a small
amount of CSQ2 being trafficked to the SR; (Jacob et al.
2013). It is not clear what mechanism leads to the retention
of CSQ2 in the rough ER or its loss from the SR}; however,
one possible explanation is altered trafficking. This could be
the result of impaired anterograde trafficking (perhaps due
to ultrastructural changes in ER/SR membranes), whereby
there is a loss of glycan trimming by mannosidase, which
typically occurs in medial compartments as CSQ?2 transits to
the SR, (Kiarash et al. 2004; Jacob et al. 2013). Interestingly,
it has also been shown that CSQ2 which accumulates in the
rough ER can cause an increase in SOICR, and lead to Ca**
waves (Guo et al. 2012). Due to a loss of CSQ2 from the
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SR; where RyR?2 is present, it could lead to a loss of chan-
nel regulation (discussed further below) and may cause the
increased SR Ca*" leak and decreased contractility seen in
HF (Lehnart et al. 2009).

Mechanisms of RyR2 regulation by CSQ2

As previously alluded to, CSQ2 is a major regulator of
RyR2, achieving this regulation by being a multifaceted
protein. CSQ2’s two main functional roles are Ca** buffer-
ing and forming part of the RyR2 macromolecular complex,
with both functions allowing CSQ2 to regulate RyR2 (see
Fig. 7).

Ca?*-buffering by CSQ2

As previously discussed, CSQ2’s primary function is to
sequester Ca®* and keep the concentration of free lumi-
nal Ca?* in the SR at~1 mM (Bers 2002) while keeping
the total content of Ca** near RyR2 high. This process of
Ca**-buffering is tied to polymerisation, where Ca** binding
will cause an increase in polymerisation, and in turn allow
for more Ca®>" to bind (Fig. 4). Overexpression of CSQ2
is associated with increased SR Ca** content (Jones et al.
1998; Sato et al. 1998), while the loss of CSQ2 leads to a
reduced Ca?*-binding capacity with a relatively unchanged
SR Ca”* load (Knollmann et al. 2006). A loss of buffering
will cause a more rapid increase in free luminal Ca®* dur-
ing re-uptake by SERCA. This faster rise of free luminal
Ca®* can affect RyR2 by increasing the amount of releasable
Ca®*, and give a faster recovery from refraction, increasing
the chance of SOICR (Kornyeyev et al. 2012).

While Ca?* buffering by CSQ2 is important for the
regulation of RyR2, other measures can at least partially
compensate for this mechanism following CSQ2 protein
loss/dysfunction. This is supported by the fact that a com-
plete ablation of CSQ?2 in rat hearts only caused an~11%
decrease in overall SR Ca** content, indicating that there
must be compensatory mechanisms if CSQ2 is the main
Ca”* buffering protein in the SR (Knollmann et al. 2006).
While CSQ?2 is the main determinant of the SR Ca’* content
(Terentyev et al. 2003a), the SR is able to offset the loss
of CSQ2 buffering by increasing its volume, and thereby
maintain overall SR Ca®" content (Knollmann et al. 2006).
Furthermore, CSQ?2 is not the only protein within the SR
that is capable of reversible Ca** buffering, with histidine
rich Ca?* binding protein (HRC) and calreticulin also pro-
viding some buffering. Interestingly, mutation of HRC is
also associated with an increase in arrhythmogenic Ca®*
leak (Arvanitis et al. 2011; Zhang et al. 2014b), supporting
the importance of SR Ca**-buffering in regulating RyR2
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Indirect Model of CSQ2 Interaction

Mixed Model of CSQ2 Interaction

Junctin
Triadin

Fig.7 Proposed mechanisms of CSQ2 interaction with RyR2. Mod-
els representing the potential mechanisms by which calsequestrin-2
(CSQ2) interacts with the ryanodine receptor type 2 (RyR2). The
indirect mechanism (left) proposes the association of CSQ2 with
RyR2 is facilitated via interactions with junctin and triadin. A mixed

activity. There is evidence that HRC and calreticulin expres-
sion can be increased to compensate when CSQ2 expression
is decreased in knockout models (Song et al. 2007; Murphy
et al. 2011), although these mechanisms are controversial
and vary between models. The presence of these adaptive
mechanisms to maintain SR Ca’*-buffering capability in the
absence of CSQ2 highlights its importance in Ca>* homeo-
stasis. While Ca>*-buffering within the SR is an important
regulator of RyR2 function, it is not the only mechanism by
which CSQ2 is proposed to modulate channel activity.

Indirect regulation of RyR2

At present, the more popular theory for CSQ2 regulation of
RyR2 is that it associates via triadin to confer a functional
effect. A firm basis for this theory was established by in vitro
bilayer studies, whereby triadin and junctin increased RyR2
activity, but this was subsequently decreased when CSQ?2
was introduced (Gyorke et al. 2004). This led to the pro-
posed model of triadin associating with RyR2 to destabilise
the channel and increase SOICR, with CSQ2 association to
triadin then disrupting this destabilisation. While this may

2 e e = . - -~ -

First luminal
Loop of RyR2

model (right) suggests a combination of the previously described
indirect mechanism and direct interaction of CSQ2 with the channel,
mediated via charged residues within the first terminal loop of RyR2.
Created with BioRender.com

suggest the mechanism involves a triadin/CSQ2 mediated
conformational change in the channel to impact open prob-
ability, the involvement of altered Ca>*-buffering near the
channel mouth cannot be ruled out. It seems that the effect
of triadin sensitising RyR2 to luminal Ca®* has only been
shown in in vitro bilayer studies (Gyorke et al. 2004) and
triadin overexpression studies in isolated rat myocytes (Ter-
entyev et al. 2005). In more recent studies, these findings
have become more controversial. In vivo studies suggest that
triadin can stabilise RyR2 to reduce SOICR, with ablation
of triadin observed to cause a dysregulation of SR; proteins,
including a decrease in expression of RyR2, CSQ2 and junc-
tin (Chopra et al. 2009). This implicates triadin in support-
ing the structure and function of the RyR2 macromolecular
complex. It is, however, possible that a major role of triadin
in RyR2 regulation is to simply anchor CSQ?2 close to the
channel. This would help maintain CSQ2 localisation within
the SR;, allowing it to regulate RyR2 activity. Whether this
channel regulation by CSQ2 is facilitated by providing
Ca**-buffering in close proximity to the pore, or through an
interaction-mediated conformational change (Ikemoto et al.
1989) remains controversial.
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CSQ2 as the luminal sensor for Ca**

RyR2 will spontaneously open to release SR Ca** when the
luminal concentration of Ca>* is high enough, known as
SOICR (Jiang et al. 2004), but how RyR2 is able to sense the
concentration of luminal Ca*" is not clear. A popular theory
for a luminal Ca®* sensor is CSQ2. The main evidence for
this theory is that the association of CSQ2 with RyR2 will
change depending on the Ca’" level within the SR, which is
driven by conformational changes after Ca>* binds to CSQ2
(Gyorke et al. 2004; Wei et al. 2009). At lower SR Ca**
concentrations, CSQ?2 is associated with the macromolecular
complex which reduces the activity of RyR2, but as luminal
Ca®* increases, CSQ2 will dissociate from the complex, and
therefore, RyR2 activity will subsequently increase (Gyorke
et al. 2004). For CSQ2 to bind to RyR2, a small amount of
Ca®*" must be present for the CSQ2 to become ordered, due
to Ca®" causing a hydrophobic pocket to form (Kumar et al.
2013). At concentrations > 5 mM Ca®*, however, CSQ2 will
undergo a further conformational change and then dissociate
from RyR2 (Gyorke et al. 2004; Handhle et al. 2016). This
association and dissociation of CSQ2 with changing Ca**
levels may be how RyR2 is able to sense luminal Ca** con-
centrations. This theory is further supported by observations
that mechanisms which disrupt CSQ2’s association with the
macromolecular complex also blunt RyR2’s sensitivity to
luminal Ca** (Hanna et al. 2017).

However, there is also growing contrary evidence which
suggests that the luminal Ca®* sensor may be endogenous
to RyR2. Even in CSQ2-null mice, SR Ca®* leak is still
possible (Knollmann et al. 2006; Chopra et al. 2007), while
purified RyR2 is also able to exhibit spontaneous Ca** leak
(Jiang et al. 2004; Jones et al. 2008). This makes it likely
that the luminal Ca®* sensor is located within RyR?2 itself
and is instead modulated by CSQ2 (Knollmann et al. 2006;
Handhle et al. 2016). While the mechanism of luminal acti-
vation of the channel remains disputed (Jones et al. 2017),
studies examining RyR2 mutations provide some potential
insights. Work by Chen et al. (2014) first characterised the
E4872Q mutation, which is localised to the proposed gating/
pore region of the channel (Chen et al. 2014). This residue is
hypothesised be involved in forming a Ca**-binding pocket
which is only available when the channel is in an open state
(Jones et al. 2017). Expression of the RyR2-E4872Q vari-
ant in mice resulted in a loss of luminal sensitivity, while
retaining cytosolic activation properties (Chen et al. 2014).
Furthermore, crossbreeding of these mice with a CSQ2-null
strain resulted in reduced spontaneous Ca’* activity and
lower arrhythmic potential compared to CSQ2-null con-
trols (Zhang et al. 2014a). This suggests that the luminal
Ca®* sensor may be within this region in wild-type RyR2,
although how CSQ2 regulates this luminal Ca>* sensitivity
requires more investigation.
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Direct regulation of RyR2

Although the prevailing theory for CSQ-RyR interaction has
predominantly been via triadin (Gyorke et al. 2004), there
have long been suggestions that skeletal CSQ1 and RyR1
directly interact (Murray and Ohlendieck 1998; Herzog et al.
2000). In a study by Beard and Dulhunty (2015), CSQ1 with
the C-tail removed (which reportedly cannot associate with
triadin/junctin) was observed to not only lose its ability to
inhibit RyR1 activity, but to enhance channel open prob-
ability (Beard and Dulhunty 2015). Interestingly, while the
deletion of the C-tail reduced the association of CSQ1 to
RyR1, it did not completely ablate the interaction, suggest-
ing that the interaction between CSQ and RyR may not be
solely at the C-tail of CSQ (Beard and Dulhunty 2015). It
should, however, be noted that some junctin binding was
also still retained following the C-terminal deletion. Further-
more, this region is also responsible for Ca** binding, and
subsequently, it is difficult to distinguish the contribution
of Ca**-buffering loss from the altered physical association
with the channel (Beard and Dulhunty 2015). Although
these findings were in different isoforms of CSQ and RyR,
they share a large amount of homology, meaning that the
mechanisms may be similar for both proteins. However,
more recent work in cell models devoid of triadin and junc-
tin expression have demonstrated a functional interaction
between RyR2 and CSQ2, likely between the first luminal
loop of RyR2 and the C-tail of CSQ2 (Fig. 7). This interac-
tion was found to alter the Ca>* release dynamics of RyR2,
reducing the frequency of spontaneous Ca’" release events
(Handhle et al. 2016).

Despite these conflicting findings on how CSQ2 may con-
fer its effect on RyR2, it remains clear that CSQ?2 is a nec-
essary and important regulator of RyR2 activity, although
more work is needed to investigate the exact mechanisms of
how this regulation occurs.

CSQ2 in arrhythmogenesis

Given the strong evidence surrounding the role of CSQ2
as a key regulator of Ca** homeostasis and RyR2 activ-
ity, it is not surprising that CSQ2 has been implicated in
arrhythmia pathophysiology. This includes the involvement
of CSQ2 mutations in the development of CPVT, as well as
findings from CSQ2 expression studies in animal models of
arrhythmia.

CSQ2 mutations and CPVT

CPVT s a class of arrhythmias induced by periods of stress,
with patients often diagnosed during childhood due to exer-
cise-induced syncope or sudden cardiac death, despite a
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structurally normal heart (Leenhardt et al. 1995). Patients
with CPVT also demonstrate susceptibility to atrial arrhyth-
mias (Sumitomo et al. 2007). CPVT is a familial form of
arrhythmia, with several mutations in RyR2 characterised as
underlying its inheritance. In addition to RyR2, mutations
in the CASQ?2 gene encoding CSQ2 have been established
as the underlying basis in 2-5% of CPVT cases (Lieve et al.
2016). To date, there have been at least dozen missense,
splicing and deletion CSQ2 mutations determined as being
causative of CPVT (see Fig. 3 and Table 1), in addition to
several newly identified CPVT-associated mutations (Online
Resource 1). CSQ2-based CPVT is typically considered to
be inherited in an autosomal recessive manner, although
some recent pathological variants have been identified as
dominant mutations (Gray et al. 2016; Titus et al. 2020).
Two of the most extensively studied CSQ2 mutations are
the R33Q and D307H missense substitutions, which have
been proposed to confer their pathological effects through
different mechanisms.

R33Q mutant and impaired RyR2 regulation

Located in the N-tail adjacent to domain I, the R33Q muta-
tion was first reported and characterised by Terentyev et al.
in 2006. While overexpression of wildtype CSQ2 in isolated
rat myocytes produces an enhanced Ca”" store load, total SR
load is unchanged following CSQ2-R33Q overexpression;
however, the free Ca** concentration is reduced (Terentyev
et al. 2006). R33Q overexpressing myocytes also demon-
strate enhanced Ca”" release activity, via both triggered and
spontaneous mechanisms. This includes an amplified CICR
gain and increased occurrence of Ca>* waves and sparks,
with an increased amplitude of these Ca’* release events
(Terentyev et al. 2006, 2008a). This led to the proposal of
an enhanced Ca”*-buffering capacity of this mutant. Given
these results were from overexpression of R33Q in the pres-
ence of wild-type CSQ2, it was proposed that this variant
confers a dominant, gain-of-function effect. However, as the
authors concede, these findings were not recapitulated when
the mutant and wildtype CSQ2 were expressed at a 1:1 ratio,
in agreement with heterozygous carriers of the mutation
being asymptomatic (Terentyev et al. 2006). Homozygous
CSQ2-R33Q knock-in mice demonstrate similar features to
the aforementioned transgenic myocytes, with reduced SR
content and adrenergically triggered electrical abnormalities
(Rizzi et al. 2008). An increased incidence of Ca** sparks
and waves is also reported in these animals, which is further
exacerbated with an adrenergic agonist (Zhang et al. 2018).
Intriguingly, many aspects of this pro-arrhythmic phenotype
can be rescued with wildtype CSQ2 gene therapy (Denegri
et al. 2014).

There have been conflicting findings regarding the
Ca*-binding and polymerisation capacity of this CSQ2
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variant. Experiments by Terentyev et al. indicated that the
Ca”*-binding of the R33Q mutant is unchanged compared to
wildtype CSQ?2, with fluorescence resonant energy transfer
(FRET) analysis suggesting that its polymerisation is also
unaltered (Terentyev et al. 2006, 2008a). However, others
report improper dimer formation with impaired transition
to a polymer form, resulting in a reduced capacity to bind
Ca®* and undergo Ca*-dependent conformational changes
(Kim et al. 2007; Bal et al. 2010; Ng et al. 2020; Wang
et al. 2020). In search of the mechanistic link between this
variant and arrhythmogenesis, it has been demonstrated
that while wildtype CSQ?2 inhibits RyR2 channel activity in
lipid bilayer experiments, this effect is lost with the R33Q
mutation (Terentyev et al. 2006). Subsequently, the popular
hypothesis of how CSQ2-R33Q induces a CPVT phenotype
is through altered regulation of RyR2 leading to enhanced
channel activity, rather than impaired Ca?*-buffering. Inter-
estingly, despite its proposed role in RyR2 activity modula-
tion, it has been reported that CSQ2-R33Q does not exhibit
altered binding to triadin (Terentyev et al. 2008a). This sug-
gests either the potential impairment of a direct interaction
with RyR2 or a conferment of an altered conformation of the
mutant CSQ?2 through the quaternary complex.

D307H mutant and impaired Ca?* buffering

The D307H mutant was first described 20 years ago by
Lahat et al. in Israeli families with an early-onset, autoso-
mal recessive form of CPVT (Lahat et al. 2001). D307 is a
residue highly conserved between species, located within an
exposed loop on domain III of CSQ2 (Kim et al. 2007). It
was initially hypothesised that the conversion of the nega-
tively charged aspartic acid to a positively charged histidine
would disrupt the ability of CSQ2 to bind Ca** ions (Lahat
et al. 2001). This was later confirmed experimentally both
in vitro and in vivo, with D307H mutant CSQ2 exhibiting
reduced Ca®* binding capacity and impaired polymerisation
(Kim et al. 2007; Kalyanasundaram et al. 2010; Wang et al.
2020). Interestingly, phosphorylation and glycosylation of
the D307H mutant are reportedly unchanged compared to
wildtype (Houle et al. 2004), in agreement with the observa-
tion of correct trafficking and localisation to the SR; (Dirk-
sen et al. 2007; Kalyanasundaram et al. 2010).

However, there are some inconsistencies in the functional
implications of CSQ2-D307H expression in myocytes, which
appear to be model-specific. Homozygous knock-in CSQ2-
D307H mice show reduced SR Ca** content with impaired
Ca”" transient properties and an increased propensity for
Ca’*-mediated arrhythmias (Song et al. 2007). Similar find-
ings are observed with virally-mediated overexpression of
this mutant in isolated myocytes, resulting in decreased SR
store content and a reduction in Ca®* transient amplitude
and duration in non-adrenergically challenged myocytes
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(Viatchenko-Karpinski et al. 2004). In contrast to the R33Q
mutation, this suggests an impaired ability to store SR Ca*",
and subsequently release it during CICR in baseline condi-
tions. Largely in agreement with these findings, mice over-
expressing (2- to sixfold) CSQ2-D307H on a wild-type back-
ground were observed to maintain normal SR Ca®* content,
but with altered Ca* cycling dynamics in both the presence
and absence of adrenergic stimulation (Dirksen et al. 2007).
However, these results are contrary to observations in CPVT
patients, who do not display altered cardiac dynamics at rest
(apart from occasional mild bradycardia) (Postma et al.
2005). Further confounding the translatability of these latter
models is that they express both wildtype and mutant CSQ?2,
making them representative of heterozygous gene carriers,
who do not develop CPVT symptoms (Lahat et al. 2001).

Perhaps, more relevant to the development of autosomal
recessive diseases is a mouse line with ~ twofold overexpres-
sion of the D307H mutant in CSQ2-null background mouse.
These mice demonstrate unaltered Ca>* cycling at rest with
normal total SR Ca?* content (Kalyanasundaram et al.
2012). A reduction in Ca>* transient amplitude in response
to adrenergic stimulation, an increased occurrence of spon-
taneous Ca’* release events and enhanced susceptibility to
CPVT were also observed (Kalyanasundaram et al. 2012).
These latter findings are also consistently reported in the
other D307H mouse models (Viatchenko-Karpinski et al.
2004; Dirksen et al. 2007; Song et al. 2007), highlighting the
role of this mutation in CPVT arrhythmogenesis.

Combining the evidence from both in vitro and in vivo
studies, it appears that the CSQ2-D307H mutant is able to
maintain normal Ca’* levels within the SR under resting
conditions. However, following adrenergic stimulation, the
increase in SR content surpasses the impaired Ca**-buffering
capacity of the mutant protein, resulting in enhanced Ca®*
leak to trigger ectopic contractions. Experimental work by
Houle et al. also revealed changes in protein—protein interac-
tions with the D307H mutant—specifically a reduction of
binding to triadin and junctin (Houle et al. 2004). This was
reportedly due to an impaired Ca**-dependent conforma-
tional change which would normally facilitate this interac-
tion (Houle et al. 2004). These studies further demonstrate
the importance of dimerisation and polymerisation in the
Ca*-buffering capacity of CSQ2 and are an additional
mechanism by which its mutations are functionally impli-
cated in CPVT pathology.

Additional arrhythmogenic mechanisms

A more recently identified CSQ2 mutant associated with
cardiac arrest, K206N, has been characterised which results
in an additional N-glycosylation site being present within
the protein (Kirchhefer et al. 2010). Hyper-glycosylation of
this variant was confirmed, which correlated with reduced

Ca”*-binding and altered protein aggregation (Kirchhefer
et al. 2010). Due to its location within domain II, it was
hypothesised that, rather than being directly involved in
Ca”* binding and polymerisation, the additional PMT may
block the function of nearby Ca?*-binding residues. Within
myocytes, CSQ2-K206N was associated with a blunted caf-
feine response, indicative of reduced SR Ca?* load (Kirch-
hefer et al. 2010). Interestingly, the degree of interaction
of the K206N mutant with triadin was unaltered. However,
an enhanced open state of RyR2 was suggested, which was
supported by an increased occurrence of Ca>* leak events
in both basal and stimulated conditions (Kirchhefer et al.
2010). These findings suggest the K206N mutation acts
through a glycosylation-mediated mechanism to directly
impact RyR2 regulation, although the exact nature of this
mechanism remains to be fully elucidated.

In addition to the above described (and several other)
missense mutations, CPVT-linked CSQ2 mutations can also
result in truncations or frameshift deletions within the pro-
tein. These latter mutations have also been observed to alter
Ca** release as a consequence of impaired Ca>*-buffering
and polymerisation, as well as a reduced association with
the RyR2 macromolecular complex (di Barletta et al. 2006;
Song et al. 2007; Terentyev et al. 2008a). This reduced asso-
ciation maybe due to a physical inability to interact, or due
to an altered polymerisation-mediated trafficking mechanism
which results in the loss of mutant CSQ?2 from the SR; (Titus
et al. 2020). A commonly reported feature of mutant CSQ2
knock-in mice is a reduction in CSQ?2 protein expression
levels. Both homozygous R33Q and D307H mutant knock-in
animals demonstrate severely reduced CSQ2 protein expres-
sion (50% for R33Q and 95% for D307H), despite unchanged
mRNA levels (Song et al. 2007; Rizzi et al. 2008). This sug-
gests increased degradation of mutant CSQ2, which has been
confirmed by enhanced susceptibility to proteolysis (Rizzi
et al. 2008; Kalyanasundaram et al. 2010), although this is
likely to occur via different mechanisms for each mutation
(Valle et al. 2020).

Combined, evidence from the currently characterised
mutants associated with CPVT reveal numerous and com-
plex mechanisms through which CSQ2 is implicated in
arrhythmogenesis. These include impaired polymerisation
and Ca**-buffering, altered regulation of RyR2, incorrect
protein trafficking and increased protein degradation. Inves-
tigations to date indicate that any one of these mechanisms
would be sufficient to generate a CPVT phenotype; however,
it is likely that in many instances, a combination of these
mechanisms is in play.

CSQ2 expression and arrhythmogenesis

As described above, one of the consequences of CPVT-asso-
ciated CSQ2 mutations can include the loss of full-length
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protein. As the impact of this CSQ2 loss can be difficult to
separate from the functional effects of the mutation itself,
CSQ2-null mice were developed by Knollmann et al. Sur-
prisingly, despite a complete lack of CSQ2, there is minimal
change observed in the SR Ca** content or Ca** transient
properties in these mice at rest, creating doubt as to the
importance of this buffering protein in Ca** homeostasis
(at least in basal conditions) (Knollmann et al. 2006). It has
been proposed that the enlarged SR which is observed in
these mice is able to, at least partially, compensate for the
loss of Ca*-buffering within the store (Knollmann et al.
2006; Kornyeyev et al. 2012). However, as expected, CSQ2-
null mice demonstrate enhanced SOICR activity, particu-
larly following exercise or adrenergic agonist exposure,
creating an increased susceptibility to both CPVT and AF
events (Knollmann et al. 2006; Faggioni et al. 2014; Gluk-
hov et al. 2015). Interestingly, despite this enhanced propen-
sity for SOICR-mediated arrhythmogenesis, CSQ2-null mice
reportedly have a reduced susceptibility to Ca2* alternans.
It is hypothesised that the loss of SR Ca** buffering leads
to faster filling of the SR during diastole, which results in
shortened refractoriness of Ca’* release (Kornyeyev et al.
2012). While these studies indicate that CSQ2 plays an
important role in regulating RyR2 activity and SR Ca**
release, it also suggests that it is not directly responsible
for RyR2 luminal sensing, but rather modulates it, as leak
can occur in the absence of CSQ2 (Knollmann et al. 2006).
However, considering the size of RyR2 and the importance
of SR Ca?* release, it is highly likely that multiple mecha-
nisms contribute to the sensitivity of the channel to SR Ca>*
content.

Similar to reports from CPVT patients, CSQ2-null mice
demonstrate normal cardiac contractility at rest, albeit with
the presence of bradycardia (Knollmann et al. 2006; Korny-
eyev et al. 2012). This reduced resting heart rate has been
noted as a perplexing finding given increasing Ca®* leak
from the SR would be indicative of increased AP generation
in the SA node (Glukhov et al. 2015). Furthermore, knock-
out of CSQ?2 is also associated with the development of atrial
and ventricular hypertrophy, as well as interstitial fibrosis
(Knollmann et al. 2006; Glukhov et al. 2015), which is not
apparent in CPVT patients. While some animal models of
CPVT indicate a near-absence of CSQ2 protein, such as the
D307H mutant (Song et al. 2007), this is not recapitulated in
all studies, with others suggesting either no change or only
a reduction in protein expression (Rizzi et al. 2008; Kalya-
nasundaram et al. 2012). Furthermore, mice homozygous
for the D307H mutation on a CSQ2-null background dem-
onstrate a reduced susceptibility to arrhythmia compared
to CSQ2-null mice, indicating that the presence of mutant
CSQ2 confers a functional effect compared to the complete
absence of CSQ2 (Kalyanasundaram et al. 2012). It should
also be noted that, surprisingly, little is known about the
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expression of CSQ2 in CPVT patients. Therefore, perhaps,
more relevant to patient arrhythmogenic mechanisms is the
examination of reduced CSQ2 expression, rather than the
complete absence of the protein. Heterozygous CSQ2 knock-
out mice demonstrate a 25% reduction in CSQ2 expression
levels, without significant changes to other quaternary com-
plex proteins (Knollmann et al. 2006; Chopra et al. 2007). In
basal conditions, this modest reduction in expression leads to
unaltered SR Ca’" content and release properties, and is not
associated with remodelling of the SR, unlike that observed
with complete loss of CSQ2 (Chopra et al. 2007). However,
these heterozygous mice demonstrate an increased occur-
rence of SR Ca®* leak events and enhanced susceptibility
to ventricular arrhythmias following adrenergic stimulation
compared to wildtype mice, but lower than that observed in
homozygous mice (Chopra et al. 2007). Furthermore, this
Ca”* leak becomes more prevalent as SR load is increased
(Chopra et al. 2007).

On the other end of the scale, the functional impact of
CSQ2 overexpression has also been extensively studied.
Findings from cardiac-specific CSQ2 overexpression (~ 10-
to 20-fold) in mice were first described in 1998, which was
associated with the development of cardiac hypertrophy and
impaired myocyte contractile function (Jones et al. 1998;
Sato et al. 1998). Perhaps, unsurprisingly, these mice dem-
onstrate an enhanced SR Ca®* load capacity and altered Ca>*
release dynamics, with a reduction in the amplitude of CICR
and diminished Ca** spark activity (Jones et al. 1998; Sato
et al. 1998; Wang et al. 2000). A similar effect of enhanced
SR store capacity but reduced EC coupling gain has also
been observed with more modest CSQ2 overexpression
(~60%) in isolated rabbit myocytes (Miller et al. 2005). It
has been proposed that the reduced SR Ca** release in the
CSQ2 mice results in impaired inhibition of LTCC, leading
to prolonged /-, (Jones et al. 1998; Sato et al. 1998; Wang
et al. 2000), which is likely to contribute to the significant
electrical disturbances presented in these mice (Knollmann
et al. 2000). Interestingly, sensitisation of RyR2 by low dose
caffeine resulted in normalisation of Ca** activity (Wang
et al. 2000), further supporting the role of CSQ2 as a modu-
lator of RyR2 activity.

Maintaining the CSQ2:RyR2 balance

The heart is capable of remodelling in both physiological
and pathological conditions, with the expression of proteins,
such as CSQ?2, often being part of this (Yang et al. 2021).
While one study identified a reduction in RyR2, triadin and
junctin expression levels in CSQ2-overexpressing mice
(Jones et al. 1998), another reported no changes in these SR
proteins (Sato et al. 1998). Interestingly, CSQ2-null mice
show a reduction of both triadin and junctin protein levels,
suggesting an interplay in the regulation of expression for
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these quaternary complex proteins (Knollmann et al. 2006).
Some mice expressing CPVT-associated CSQ2 mutations
demonstrate an upregulation of RyR2 as a mechanism to
compensate for the reduced Ca’" transient amplitude due
to reduced SR Ca?* content (Song et al. 2007). However,
surprisingly, little is known about CSQ2 expression levels
in CPVT patients. While some studies report no changes
in CSQ2 mRNA or protein levels in persistent AF or HF
patients (Miinch et al. 1998; Lai et al. 1999), others suggest
both protein and mRNA levels may be reduced in models
of arrhythmia and HF (Yeh et al. 2008; Hu et al. 2011).
Although CSQ2 loss may itself be important in arrhythmo-
genesis, considering the evidence to date, it is likely that it is
the balance of proteins involved in the quaternary complex
which is the key indicator of arrhythmic potential.

As detailed above, altering CSQ2 expression levels can
result in perturbation of Ca>* handling within the myocytes.
In particular, the loss of functional CSQ?2 results in severe
arrhythmic consequences due to enhanced RyR2-mediated
Ca’* leak. This can also be viewed as a reduction in the
ratio of CSQ2:RyR2 leading to a reduced capacity to modu-
late channel activity. While the research discussed above
focussed on alterations in CSQ2 expression to highlight
this functional impact, this consequence would hold true
for changes in RyR2 expression. If the expression of CSQ2
(or other proteins of the RyR2 macromolecular complex
responsible for the regulation of RyR2) remain constant,

but RyR2 expression increases, then the relative capacity
to regulate RyR2 will be reduced. Clinical evidence for this
comes from studies investigating arrhythmogenic mecha-
nisms in AF patients. Voigt et al. revealed an increase in
RyR2 expression in paroxysmal AF patients which was asso-
ciated with increased Ca”" leak events and enhanced chan-
nel open probability (Voigt et al. 2014). Interestingly, this
expression was normalised to CSQ?2, although more recent
evidence suggests that expression of CSQ2 itself may be
altered in cardiac pathologies (Yang et al. 2021). Despite
this caveat, this study clearly demonstrates a link between an
altered CSQ2:RyR2 expression ratio and changes in RyR2
channel regulation.

It should be acknowledged that reduced RyR2 expression,
or overexpression of CSQ2, can also alter this ratio. The
functional consequences of increased CSQ2 expression have
been described above, while a reduction in RyR2 expression
has been associated with the development of arrhythmias
or cardiac alternans (Yeh et al. 2008; Zhong et al. 2018).
Additionally, loss of function mutations in RyR2 have been
attributed to a recently described form of arrhythmia known
as calcium release deficiency syndrome (CRDS) (Li et al.
2021; Sun et al. 2021). Interestingly, many studies exam-
ining the loss of RyR2 do not quantify CSQ2 expression,
making it difficult to interpret the functional impact of alter-
ing the expression ratio of these proteins in this manner.
Furthermore, considering the role of the quaternary complex

Normal CSQ2 Loss - TRyR2/CSQ2 | RyR2 Gain - TRyR2/CSQ2
e.g.in CPVT e.g. in AF
No SOICR due to buffering SOICR due to loss
and regulation by CSQ2 of Ca* buffering Srglgill?actj/%i zzy/%?ogf
/wd % g /4\! o /\\lg /J!
o S o o ° o o o % o o (o]
8 OEOO:? Ooo ? %ﬁoooooo ooo 1' %
o% 3" ° o ON 2 o ﬁy
o oo \81
_°.Caz+ ,J Junctin & Triadin °
TV RYR2 " w4 CSQ2

Fig.8 Arrhythmogenic mechanisms due to a misbalance in
CSQ2:RyR2 expression. Schematic representing normal Ca>* han-
dling when calsequestrin-2 (CSQ2) and ryanodine receptor type 2
(RyR2) expression levels are maintained in balance with each other
(left panel), with little or no store-overload induced Ca* release
(SOICR) activity due to correct Ca’*-buffering and RyR2 chan-
nel regulation. This protein expression ratio may become misbal-
anced due to the loss of CSQ2 (middle panel) or an increase in RyR2

expression (right panel). The loss of functional CSQ2 relative to
RyR2 expression would lead to a reduced Ca**-buffering capability,
loss of channel regulation and therefore enhanced SOICR activity,
as observed in catecholaminergic polymorphic ventricular tachycar-
dia (CPVT). An increase in RyR2 expression relative to CSQ2 lev-
els would create a deficit in RyR2 channel regulation and increased
SOICR propensity, such as that observed in atrial fibrillation (AF).
Created with BioRender.com
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(including RyR2) in anchoring CSQ2 within the SRy, it is
possible that reduced expression of RyR2 would also result
in impaired localisation of CSQ2.

Considering all this evidence together, we propose that it
is this balance between CSQ2 and RyR2 expression which
is a key determinant of SR Ca2* homeostasis (Fig. 8) and
maintaining/restoring this balance would be beneficial in
ameliorating cardiac dysfunction. Subsequently, assessing
the expression of these two proteins in relation to each other
would be prudent to determine novel insights as to mecha-
nisms of Ca** disruption in cardiac pathology, particularly
in the setting of arrhythmia. This could be considered akin
to the importance of assessing relative changes in SERCA/
PLB expression, and represents a new, yet important method
for determining the relative contribution these of SR Ca’*
proteins to cardiac dysfunction.

Conclusions and perspectives

It is evident that maintaining Ca** homeostasis within car-
diac myocytes is essential for the physiological role of RyR2
in cardiac function, as well as preventing arrhythmias. A
central player in this is CSQ2 and its role in the regula-
tion of SR Ca**. While the importance of CSQ2 in Ca**
homeostasis is uncontested, there is still much to be unrav-
elled regarding the exact mechanisms of CSQ2 trafficking
and function. The interplay of CSQ2 phosphorylation and
glycosylation has been demonstrated to be essential in pro-
tein trafficking, although this is largely based on studies in
non-cardiac derived cell lines. Therefore, determining how
these modifications impact CSQ?2 trafficking in cardiac myo-
cytes is required, although difficult to achieve. Furthermore,
clarifying the role of PMTs in CSQ2 polymerisation and
Ca’*-buffering may identify this as a future mechanism to
target in cardiac pathologies.

Perhaps more difficult to elucidate is the mechanism(s)
by which CSQ2 confers its modulation of RyR2 activity.
There is clear evidence in support of both a Ca**-buffering
mediated effect, and a protein—protein interaction role
(whether via triadin/junctin or directly) which may confer
a conformational change. It is highly likely that these two
mechanisms are not mutually exclusive, with both required
for correct regulation of the SR Ca** release channel. Evi-
dence from CPVT patients and animal models clearly high-
light the impact of CSQ2 in arrhythmogenesis, with both
mutations and altered expression resulting in pathological
Ca** handling. Additional studies, however, offer potential
avenues for treatment, with virally mediated expression
of wildtype CSQ?2 reversing the arrhythmic phenotype in
CPVT models (Denegri et al. 2014; Lodola et al. 2016).
However, it remains essential that the balance of SR Ca**
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regulatory proteins is maintained. Super-resolution imag-
ing has previously revealed that altering the association of
RyR2 with other accessory proteins within the dyad impacts
Ca®" leak properties (Wang et al. 2014; Munro et al. 2016).
Furthermore, the organisation of CSQ1 within skeletal mus-
cle triads differs between fibre types, which may contribute
to differences in Ca>* handling dynamics (Jayasinghe et al.
2014), suggesting that super-resolution imaging could also
elucidate the role of altered CSQ2 organisation in cardiac
disease. It would therefore be of particular interest to deter-
mine how the association and expression ratio of CSQ2 and
RyR2 within the dyad is altered in arrhythmia to impact
Ca”* handling dynamics.
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