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Abstract

Calsequestrin 2 (CASQ2) has emerged as a central sensor and modulator of calcium (Ca®") dynamics in sarcoplasmic
reticulum (SR), influencing both health and disease. This review explores the molecular architecture and multifunctional
roles of CASQ?2, beginning with its domain organization and Ca®*-binding properties and detecting how its folding and
supramolecular assembly modulate Ca®" storage and release within cardiac muscle. Post-translational modifications, genetic
regulatory mechanisms and CASQ2’s multipartner interactome; including Ryanodine receptor 2 (RyR2), triadin and junctin
are also discussed to highlight potential models in which complex stoichiometry and luminal Ca*" dictate channel refracto-
riness and excitation-contraction coupling. Disruption of CASQ2 function is increasingly recognized as a driver of certain
types of arrhythmias, notably catecholaminergic polymorphic ventricular tachycardia (CPVT) and heightened risk of sudden
cardiac death. This review appraises contemporary therapies that focus on pharmacological and device-based interventions
and surveys next-generation strategies that aim to directly stabilize CASQ?2 or target its gene expression. Despite therapeutic
advances, the challenges remain; and a translational agenda aligning mechanism with therapy is proposed. By integrating
recent structural, functional, regulatory and pathological insights, this review provides a conceptual framework for the piv-
otal role of CASQ2 in arrhythmogenesis and positions CASQ2 biology at the center of precision cardiology.

Key points

e CASQ2 regulates Ca*>" storage and release in cardiac muscle through its structure and binding properties.
e (CASQ2 dysfunction contributes to arrhythmias like CPVT and sudden cardiac death.

e New therapies aim to stabilize or modulate CASQ?2 for precision heart treatments.
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Introduction the muscles, kidneys, and the nervous system. Meanwhile,
in soft tissues, Ca?* serves as a messenger, regulating essen-
Few elements are as vital to human life as calcium (Ca?*),  tial processes such as cellular signaling, blood clotting, and
a mineral whose influence reaches every corner of human  hormone secretion [2].
physiology [1]. Beyond its well-known function in fortify- However, the most dynamic role of Ca*" is possibly in
ing bones and teeth, Ca?* is crucial for critical activities in ~ muscle physiology, as fluctuations in intracellular Ca?
dictate the contraction and relaxation of muscle fibers [3].
A delicate balance in intracellular Ca?" levels ensures the
synchronization of systole and diastole, directly affecting
cardiac output [4]. Therefore, disruptions in Ca** homeosta-
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primary reservoir for Ca?* [6]. Within the SR, Ca**-binding
proteins, such as calsequestrin (CASQ), act as the guard-
ians of this reservoir, ensuring precise control over Ca**
availability. Notably, CASQ is the most abundant Ca*"-
binding protein localized in the SR of skeletal and cardiac
muscle [7].

The history of CASQ began in 1971, when MacLennan
and Wong first identified CASQ in rabbit skeletal muscle
tissues [8, 9]. Consequently, this discovery laid the founda-
tion for further studies into Ca**-binding proteins, and a few
years later, CASQ2 was identified as the cardiac isoform of
CASQ, highlighting its important role in cardiac and slow-
twitch muscle fibers [10].

Vertebrates’ genome contains two closely related genes,
CASQI and CASQ?2, which exhibit notable homology
but distinct expression patterns. CASQI1 is exclusively
expressed in fast-twitch skeletal muscle fibers, while both
CASQ1 and CASQ2 are found in slow-twitch skeletal
muscle fibers. Remarkably, cardiomyocytes express only
CASQ2, which is uniquely adapted to the heart’s specific
needs for precise and rhythmic Ca*" handling and contrac-
tion [7, 11].

As the sole CASQ isoform within cardiac muscle,
CASQ2 is fundamental to Ca*" buffering and regulation
within the SR. Given the heart’s high demand for rapid and
coordinated contraction, the precise regulation of Ca®* by
CASQ?2 is indispensable for maintaining normal cardiac
rhythm and function [12].

Forming a quaternary complex with triadin, junctin,
and ryanodine receptor 2 (RyR2), CASQ2 facilitates accu-
rate communication between luminal Ca?" levels and Ca?*
release channels. This interaction ensures tightly regulated
Ca?"-induced Ca?' release (CICR) during cardiomyocyte
excitation-contraction (EC) coupling, thereby ensuring
essential rapid and synchronized contractions of cardiac
muscle. Additionally, CASQ2’s structural features, includ-
ing its thioredoxin-like domains and acidic C-terminal tail,
allow it to dynamically respond to changes in SR Ca** levels
while maintaining the balance necessary for optimal cardiac
function [12].

Building on these foundational insights into CASQ2’s
structure and function, further breakthroughs in the late
1990 s and early 2000 s revealed the significance of CASQ2.
A notable advancement came in 1998 when the first atomic
resolution crystallographic structure of CASQ2 was pub-
lished, providing insights into its Ca?*-binding mechanism
and polymeric structure [13]. Subsequently, the association
of CASQ2 with catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT), a form of arrhythmogenic cardiac
disease, was first established in 2001 through the discov-
ery of missense variants in a family with autosomal reces-
sive CPVT. In the following year, nonsense variants were
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identified in another family with a similar condition. Con-
sequently, this was a pivotal moment in connecting CASQ2
dysfunction to cardiac arrhythmias [14].

Following these landmark discoveries, this review aims
to provide a comprehensive update on CASQ2’s central role
in cardiac muscle physiology, elucidating and emphasizing
its structure, function, regulation, and interactions in car-
diac muscle. It delves into the pathological consequences of
CASQ?2 dysfunction, linking it to arrhythmogenic cardiac
diseases such as CPVT. When specific studies on CASQ2
or its related diseases are not available, this review attempts
to extrapolate, associate and link findings from CASQI1 or
CASQ studies in general under the implicit understanding
that many molecular and pathophysiological mechanisms
are to a large extent conserved. Furthermore, this review
also highlights recent advancements in understanding
CASQ2’s role and discusses emerging potential therapeutic
approaches targeting its pathways, striving to inspire fur-
ther research into its function and innovative approaches to
address CASQ2-associated cardiac disorders. This review
positions CASQ?2 as not just a protein of interest but as a
cornerstone in cardiac medicine.

Structure

Structural and functional overview of CASQ2 in
cardiac muscle

An essential feature of efficient Ca®" handling in cardiac
muscle is the rapid availability of Ca?" on demand, which
is supported by the highly acidic CASQ2 protein and its
coordinated interaction with key components of the Ca*"
release unit - junctin, triadin, and the RyR2 [15—17]. Despite
its modest size (~ 45 kDa), CASQ2 is the most abundantly
expressed protein within the lumen of the junctional sarco-
plasmic reticulum (jSR), with concentrations reaching up to
100 mg/mL [9].

The CASQ?2 gene is situated on chromosome 1, at locus
p13.3-pll, and is made up of 11 exons [18, 19]. The trans-
lated human CASQ?2 protein comprises 399 amino acids.
However, the initial 19 amino acids form a signal peptide
sequence that is likely removed before CASQ?2 reaches its
final location—the jSR [20-22]. Although the length of the
full CASQ2 protein may differ between species, there is
a high level of similarity (approximately 89-96%) that is
maintained among mammalian species [23].

Domain organization and Ca?*-binding properties

The quaternary structure of the compact, globular CASQ2
protein is composed of five distinct regions (Fig. 1): a brief
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Fig. 1 Domain organization of calsequestrin 2 (CASQ2). Structural
architecture of the CASQ?2 protein, which is composed of three distinct
acidic thioredoxin-like (TrxL) domains (Domain I, Domain II, Domain
IIT) and an unstructured C-terminal tail. The domains are arranged in
a compact, globular structure, with each domain characterized by a
fB-sheet flanked by a-helices. The figure highlights the flexibility of

N-terminal segment (amino-terminal loop), three acidic
thioredoxin-like (TrxL) domains (referred to as domains I,
I, and III), and an unstructured, flexible, and acidic C-ter-
minal tail [21]. This architecture is reminiscent of that found
in the endoplasmic reticulum (ER) luminal oxidoreductases
[21]. The large number of acidic residues are distributed on
the surface, particularly within loops and turns of the struc-
ture, facilitating high-capacity Ca**-binding. Thus, main-
taining the structural integrity of each region is essential for
CASQ2’s ability to bind Ca*" and to undergo polymeriza-
tion given that the tri-domain structure allows for flexibility
and extensive surface area necessary for CASQ2’s role in
Ca*" buffering [24].

The three TrxL domains (which make the overall struc-
ture of human CASQ?2) are nearly identical in architecture.
Each domain is composed of approximately 100 amino acids
and features a five-stranded B-sheet flanked on both sides by
two a-helices [21]. These three domains adopt a globular
conformation, each exhibiting the conserved architecture of
a hydrophobic core surrounded by B-sheets and a-helices.
The domains span the following residue ranges: domain I
(residues 22—-142), domain II (143-246), and domain III
(247-370). The conserved hydrophobic core and surface-
exposed acidic residues contribute to the generation of the
strong electronegative potential on the protein surfaces [21].

Several structural studies using crystallography, size-
exclusion chromatography, cross-linking and light scatter-
ing have highlighted the Ca®*-dependent dynamic polymers
[25-27]. CASQ?2 exists in multiple conformational states
resulting in self-assembled higher oligomeric forms includ-
ing filaments (Fig. 2). Ca?'-dependent transition from
monomer to dimer has been reported which eventually led
to inter-dimer interaction and higher-order multimer [28,
29]. The dimer stacks along a screw axis to create a filament

CASQ2, enabling it to bind Ca?* and undergo polymerization, which
is critical for Ca®>" buffering in cardiac muscle cells. The N-terminal
and C-terminal regions, marked by their acidic residues, are key in
the protein’s functionality, contributing to its role in Ca®>" storage and
release within the jSR

where each dimer is rotated 90° relative to its neighbours. In
the filament, CASQ?2 structure exhibits a helical architecture
with outer and inner helices formed by different thioredoxin
domains [29].

The full functional roles of the TrxL domains are not yet
fully understood. However, due to the presence of this con-
served protein fold, both CASQ1 and CASQ2 are grouped
within a large TrxL protein superfamily comprising over
4,000 members, all characterized by the presence of a TrxL
domain. The TrxL superfamily also encompasses the protein
disulfide isomerase (PDI) family [30, 31]. Despite their con-
served tertiary structure, the proteins within the superfam-
ily exhibit less than 30% similarity at the primary sequence
level. Only a few of the proteins in this superfamily have
been functionally characterized [30, 31].

Both CASQ isoforms lack the canonical C-x-x-C (cyste-
ine-x-x-cysteine) catalytic motif typically required for thio-
redoxin enzymatic function [31]. Notably, the N-terminus of
CASQ2—but not CASQ1—contains two highly conserved
cysteine residues. However, their locations suggest they are
unlikely to contribute to isomerase activity [30, 31]. Cys17
is part of the signal peptide, which is cleaved during pro-
tein synthesis and thus absent in the mature protein. Cys53
is located deep within the hydrophobic core of domain I’s
thioredoxin-like fold, rendering it inaccessible for interac-
tion with substrate proteins [30, 32].

The C-terminal domain of CASQ, rich in aspartic and
glutamic acid residues, serves as the primary Ca®"-bind-
ing region on the monomer [33]. An extended C-terminal
end contains more than 70% of acidic residues. There-
fore, removing this domain from CASQ proteins leads to a
reduction of over 50% in their Ca®-binding capacity [33].
Notably, CASQ2 has a longer, more negatively charged
C-terminus than CASQI1, contributing to the protein’s
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Monomer

Fig. 2 Calsequestrin 2 (CASQ2) higher order multimerization into
filaments. Structure of several conformational states of CASQ2. The
protein exists as a monomer and a wide range of higher order multim-
ers. Cartoon as well as surface representation of CASQ2 monomer,
dimer, tetramer and filament (PDBID: 60WV). The CASQ2 monomer

solubility and Ca”*-binding capacity as well as anchoring it
to the jSR membrane [34].

Ca?*-dependent folding, polymerization and
supramolecular organization

CASQ2 has a dynamic and reversible structure; at low Ca*
levels, CASQ2 exists in a molten globule state, then folds
into compact monomers as Ca?" rises [13, 16]. These mono-
mers dimerize through N-terminal (front-to-front) interac-
tions and further polymerize via C-terminal (back-to-back)
stacking [24, 35]. Polymerization enhances CASQ2’s Ca**-
buffering capacity by forming negatively charged pockets
that attract and bind Ca?" ions [21, 36].

As for CASQ’s secondary and tertiary folding which is
maintained by cations, all CASQ isoforms are rich in car-
boxylate groups from the aspartic and glutamic acid resi-
dues, giving human skeletal and cardiac CASQ isoelectric
points of 4.0 and 4.2, respectively. At low ionic strength
(below 100 mM KCl), electrostatic repulsion between these
negative charges causes the protein to adopt an extended,
random coil conformation [37, 38]. Multiple, monovalent,
or divalent cations also play a role in directing the folding
of CASQ’s highly similar, negatively charged TrxL domains
where several hydrophobic interactions support the interior
of the domains [39, 40]. The lowest ionic concentration nec-
essary for maintaining CASQ’s secondary and tertiary fold-
ing depends on the coordination number and ionic radius of
the cation. Among various cations, Ca" is the most efficient,
showing effective binding at low concentrations and exhib-
iting notable cooperativity even under modest ionic condi-
tions [41, 42].
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Tetramer Filament

consists of three thioredoxin domains (domain I, IT and III represented
in green, pink and blue respectively). The higher multimer forming
contacts exist between dimers and stacks along the screw axis to form
the filament

In a study by Titus et al. (2020) to examine CASQ?2’s fila-
ment structure, domain I forms an outer helical collar, while
domains II and III form a compact inner double helix. The
filament is built from stacked dimers rotated 90°, forming a
left-handed helix with a continuous, electronegative lumen.
This arrangement and binding site mapping were revealed
under low pH crystallization conditions, enabling visualiza-
tion of biologically relevant multimeric assembly for the
first time [36].

Function

CASQ?2 has a variety of primary functions which include
Ca?" storage and buffering, regulation of Ca** release, EC
coupling, maintenance of Ca*" homeostasis, and stress
response modulation. These roles emphasize its importance
in cardiac function and its association with various patho-
physiological conditions.

Ca™ storage and buffering

CASQ?2 plays a critical role in Ca?" storage and buffering
within the SR [43]. It binds approximately 40—60 moles
of Ca?" per mole of protein. CASQ2’s low affinity binding
enables the SR to maintain a substantial reservoir of Ca?" for
rapid mobilization during muscle contraction [24]. At high
luminal Ca** levels (> 1 mM), CASQ2 polymerizes into
filamentous structures, enhancing its Ca**-binding capac-
ity [24]. Conversely, at low Ca?" levels, it depolymerizes,
enabling the bound Ca*" to be released into the cytosol to
initiate contraction [24, 44].
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As a reversible Ca®" buffer, CASQ2 reduces free Ca?*
concentration within the SR, lowering the gradient against
which the sarcoplasmic reticulum Ca?*-ATPase (SERCA)
operates [45, 46]. This buffering action supports efficient
Ca?" reuptake and prevents cytotoxicity caused by elevated
Ca?" levels [47]. Dysregulation of CASQ2’s buffering
capacity, observed in pathological conditions such as heart
failure, leads to impaired Ca®>" homeostasis, contributing to
arrhythmias and contractile dysfunction [48, 49].

Regulation of Ca** release

CASQ?2 directly interacts with RyRs, stabilizing these SR
Ca?" release channels and modulating their responsiveness
to Ca?*. It acts as a sensor for luminal Ca?** levels, promoting
RyR opening at high Ca?" concentrations and inhibiting it at
low concentrations [50, 51]. This precise regulation ensures
controlled Ca?" dynamics during muscle contraction [52].

During CICR, a small influx of Ca?" through voltage-
gated Ca?" channels activates RyRs [50, 53]. CASQ2 under-
goes conformational changes upon Ca** binding, enhancing
RyR opening and amplifying Ca** release from the SR [52].
This rapid increase in cytosolic Ca?" triggers actin-myosin
interactions, driving contraction. Mutations in CASQ2,
such as R33Q, disrupt this interaction, leading to spontane-
ous Ca?' release and arrhythmias, such as catecholaminergic
polymorphic ventricular tachycardia (CPVT), particularly
under stress [54-56].

Excitation-Contraction (EC) coupling

In cardiac EC coupling, an action potential spreads over the
sarcolemma, penetrates the T-tubules and causes activation
of voltage-gated L-type Ca?" channels (dihydropyridine
receptors) [12]. The ensuing influx of a small amount of
extracellular Ca?* into the cytosol, which binds to the cyto-
solic region of RyR2 [57], serves as the spark for the mas-
sive release of Ca** from the SR through RyR2 channels, a
process known as CICR [58].

CASQ2 acts as a high-capacity, moderate-affinity Ca**
buffer within the SR lumen. It binds large amounts of Ca?*,
thus maintaining a readily releasable pool of Ca?* for subse-
quent contractions. By doing so, CASQ?2 sustains the Ca?*
gradient across the SR membrane and helps ensure that suf-
ficient Ca** is available when needed for contraction.

In addition to regulating release, CASQ2 supports effi-
cient Ca?" reuptake during muscle relaxation. As it buffers
Ca?" in the SR, it facilitates the activity of the SERCA pump,
which transfers cytosolic Ca?* back into the SR. By doing
so, CASQ?2 helps restore SR Ca?" levels between heartbeats
and prevents cytosolic Ca** overload, a condition that could

otherwise promote delayed afterdepolarizations and trigger
arrhythmias [59-61].

This finely tuned balance is especially crucial during
conditions of increased cardiac demand, such as exercise
or emotional stress, where heart rate and intracellular Ca?*
fluxes are elevated [4]. Under such circumstances, CASQ2’s
role in stabilizing SR Ca?*" content becomes even more
important for preserving the synchrony between electrical
excitation and mechanical contraction.

Maintenance of Ca** homeostasis

CASQ2 is an example of specialized evolutionary adaptation
optimized for CICR in cardiac muscle [62]. Unlike CASQ1,
which supports depolarization-induced Ca** release in skel-
etal muscle, CASQ2’s function ensures precise regulation
of Ca?" signaling dynamics in response to electrical activity
[60]. It balances free and bound Ca?" within the SR, main-
taining free Ca?" at approximately 1 mM while allowing
total concentrations to reach up to 19 mM [51, 63]. This
balancing act is crucial for Ca?" reuptake and availability
during contraction [64].

CASQ2 also modulates store-operated Ca?" entry
(SOCE), a pathway for replenishing SR Ca?" stores post-
depletion [65]. It interacts with stromal interaction molecule
1 (STIM1), an SR Ca*" sensor, inhibiting SOCE through
luminal Ca?* stabilization. Loss of CASQ2 enhances SOCE
activity, disrupting Ca®" homeostasis and increasing suscep-
tibility to arrhythmias [51, 66, 67].

In addition to Ca?* binding, CASQ2 exhibits ion selectiv-
ity, interacting with divalent and monovalent cations [46].
While its physiological relevance is dominated by Ca?
binding, interactions with other ions, such as cadmium or
zinc, may influence its structure and function under patho-
logical conditions [68].

Stress response and protection

CASQ2 contributes significantly to the cardiac response to
physiological and pathological stress. It interacts with the
unfolded protein response (UPR) sensor Inositol-Requiring
Enzyme 1 alpha (IREla), preventing its dimerization and
subsequent UPR activation under normal conditions [60,
69]. Disruption of this interaction, as seen in CASQ2 muta-
tions, exacerbates stress signaling pathways, leading to car-
diomyopathy and arrhythmias [70]. By modulating stress
responses, CASQ?2 ensures efficient cardiac function even
under adverse conditions [71].

CASQ2 also protects cardiac tissue from oxidative stress
by minimizing Ca*" overload-induced damage [72]. Phar-
macological agents such as dantrolene, which enhance
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CASQ2 polymerization and buffering capacity, underscore
its potential as a therapeutic target in stress-induced cardiac
conditions [73]. Additionally, CASQ?2’s role in maintaining
rhythm stability by preventing spontaneous Ca*" release is
vital, particularly during elevated adrenergic stimulation
[74]. Evidence from knockout animal models links CASQ?2
dysfunction to sinoatrial node defects and arrhythmias such
as atrial fibrillation (AF) [75].

Developmental role

CASQ2 may also play a role in cardiac and skeletal mus-
cle development. Its expression, regulated by transcription
factors like MEF-2 C and pathways such as calcineurin/
Nuclear Factor of Activated T-cells (NFAT), suggests its
involvement in stabilizing Ca** signaling mechanisms dur-
ing development [76-78].

CASQ2 knockout animals exhibit increased susceptibil-
ity to stress-induced cardiac dysfunction, highlighting the
importance of CASQ2 in maintaining Ca?" homeostasis
during early development. Disrupted CASQ2 expression
can impair myocyte maturation and predispose the heart
to arrhythmias or cardiomyopathy, underscoring its role in
establishing a stable Ca** environment during growth [79,
80].

Regulation
Phosphorylation

Phosphorylation of calsequestrin 2 plays an important role
in its function and structural dynamics. CASQ?2 gets phos-
phorylated on its C-tail by casein kinase 2 [12]. This enzyme
acts on specific sites for phosphorylation, such as Ser385
and Ser393. These sites were identified as phosphoryla-
tion sites of CASQ2 by Park et al. (2005) using mass spec-
trometry-based phosphoproteomics [81]. Functionally, dual
phosphorylation of these sites significantly enhance CASQ2
helical content, solubility, and Ca**-binding capacity when
Ca?" levels exceeded 6 mM. Structural studies highlighted
that these modifications alter the conformation and charge
of CASQ2’s C-tail, modulating an important role in CASQ2
function. In contrast, phosphorylation of one site has no
significant effect, highlighting the crucial role of dual site
phosphorylation in modulating CASQ2 function [81].
Newly synthesized CASQ2 is fully phosphorylated;
suggesting that phosphorylation is essential for its initial
structural integrity and functionality. Furthermore, dephos-
phorylation of CASQ2 in cardiac tissue has been docu-
mented with regard to a constitutive phosphate turnover of
CASQ?2 in the heart, and this turnover may be associated
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with its intracellular transport and SR localization [82].
While direct functional data linking CASQ2 dephosphory-
lation to Ca?*"-release during cardiac EC coupling remain
limited, this finding emphasizes that a dynamic balance
between phosphorylation and dephosphorylation is likely
vital for CASQ2 structural integrity and function.

Phosphorylation of CASQ2 has been also shown to play
arole in its protein transport and localization within the cell
[12] by making CASQ2 highly soluble and compact. How-
ever, McFarland and colleagues (2010) found that the loss
of CASQ2 phosphorylation enhances anterograde traffick-
ing [83]. The co-translocational hypothesis resolves this dis-
crepancy in the literature, suggesting that phosphorylation
takes place in the cytoplasmic domain of CASQ2 during its
translocation through the translocon into the ER, before it
fully localizes to the lumen of the SR.

Another critical yet less-studied kinase involved in
CASQ?2 phosphorylation is Fam20C. Fam20C phosphory-
lates CASQ2 and other SR proteins, playing an essential
role in regulating Ca?" homeostasis and providing cardiopro-
tection by preventing heart failure. Unlike casein kinase 2,
which targets specific C-tail residues, Fam20C has broader
regulatory effects on SR protein function, contributing to
overall Ca?" dynamics [84].

Glycosylation

In addition to phosphorylation, another essential post-
translational modification that calsequestrin undergoes is
N-linked glycosylation. This modification significantly
influences its structure, stability, and function [23]. This
process occurs co-translationally in the ER and involves the
enzymatic activity of the oligo-saccharyl transferase com-
plex [85]. This enzyme transfers a pre-assembled glycan
moiety to specific asparagine residues within the consensus
motif N-X-S/T of CASQ during its synthesis and translo-
cation into the ER lumen. Human CASQ2 has two known
glycosylation sites, N212 and N335 [85]. Glycosylation at
these sites stabilizes the tertiary structure of CASQ, particu-
larly Domain III [86], which plays a vital role in monomer
alignment during polymerization. The presence of oligosac-
charides acts as a “molecular guiderail”, ensuring directing
or stabilizing the proper formation and alignment, and the
generation of stable and linear CASQ polymers [87].
Glycosylation not only enhances the solubility and Ca?*-
binding efficiency of CASQ, it also enables it to respond
effectively to changes in Ca** concentrations during EC
coupling [88]. Furthermore, glycosylation promotes CASQ
trafficking through the secretory pathway to its functional
site at the SR junction (SRJ). Though this observation was
originally reported for the skeletal muscle isoform CASQ1
[88], cardiac CASQ?2 exhibits more extensive glycosylation,
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with CASQ2 having an average of six mannoses per glyco-
sylation site compared to one mannose in CASQ]1, reflect-
ing its unique functional demands in cardiac tissue [23].
Disruptions in glycosylation, whether due to mutations or
enzymatic deficiencies, can impair CASQ’s polymerization
and Ca?*-buffering capacity, contributing to pathological
conditions such as catecholaminergic polymorphic ventric-
ular tachycardia (CPVT) [12].

Genetic regulation

The transcription of the CASQ?2 gene, encoding the cardiac-
specific isoform of calsequestrin, is tightly regulated by a
combination of transcription factors, promoter architec-
ture, and Ca®’-dependent signaling pathways. The Ca?'-
calcineurin/NFAT pathway plays a central role in modulating
CASQ2 expression in cardiomyocytes, where NFAT acts as
a positive regulator - inhibition of NFAT dephosphorylation
reduces CASQ2 mRNA levels [89]. Additionally, Myocyte
Enhancer Factor-2 (MEF-2) binding sites within the CASQ?2
promoter are essential for transcriptional activation, and
NFAT cooperates with MEF-2 to enhance gene expression
[90]. This synergy highlights a Ca®’-sensitive mechanism
where calcineurin-NFAT signaling, triggered by intracellu-
lar Ca?*, directly links cardiac activity to gene regulation.

The proximal promoter region of CASQ2, spanning
approximately 180 base pairs upstream of the transcription
start site, contains several evolutionarily conserved regu-
latory elements. These include a TATA box for transcrip-
tion initiation, a CArG (CC(A/T)6GG) box (recognized
by serum response factor (SRF) to drive muscle-specific
expression), an E-box (targeted by myogenic regulators like
MyoD and myogenin), and MEF-2 sites critical for muscle
gene activation [91]. These motifs collectively ensure tissue-
specific and developmentally appropriate CASQ2 expres-
sion, particularly in cardiac and slow skeletal muscle fibers.
The interplay between SRF, MEF-2, and myogenic factors
underscores the combinatorial control of CASQ?2 transcrip-
tion, fine-tuning its levels to match functional demands.

Beyond transcriptional regulation, hormonal and epi-
genetic mechanisms may further influence CASQ2 expres-
sion. Thyroid hormone has been shown to modulate CASQ
isoforms levels in non-mammalian models, suggesting
potential conserved roles in vertebrates [92]. Epigenetic
modifications, such as DNA methylation or histone acety-
lation, could also contribute to silencing CASQ2 in non-
muscle tissues, though experimental validation in mammals
is still needed. Together, these regulatory layers - transcrip-
tion factor networks, promoter architecture, Ca®" signaling,
and secondary hormonal/epigenetic inputs - ensure precise
CASQ?2 expression, optimizing Ca** handling and contrac-
tile function in the heart.

Protein interactions
Interaction with ryanodine receptor 2

Cardiac CASQ?2 interacts directly with the luminal domain
of RyR2 at its first luminal loop, forming a crucial compo-
nent of the SR Ca?" sensor [11]. Structural studies reveal
that this binding occurs through electrostatic interactions
between acidic residues in CASQ2’s C-terminal dimeriza-
tion domain and basic residues in RyR2’s luminal loop.
This interaction, supported by accessory proteins triadin
and junctin, modulates RyR2 function and SR Ca?* release
[93]. Together, these proteins form the " Ca?*- release com-
plex”, where triadin and junctin act as molecular scaffolds
that enhance the physical and functional coupling between
CASQ?2 and RyR2.

CASQ2 serves as both a Ca** storage site and a luminal
Ca?" sensor, inhibiting RyR2 opening at low luminal Ca**
concentrations and regulating Ca?* release. At low Ca?* lev-
els (< 1 mM), monomeric CASQ2 binds tightly to RyR2,
suppressing channel activity to prevent diastolic Ca?" leaks.
The CASQ2-RyR2 association is Ca**-dependent; mono-
meric CASQ2 at low luminal Ca?" inhibits RyR2, whereas
polymerization at higher Ca** (> 5 mM) diminishes this
inhibition [45]. This polymerization triggers conformational
changes that reduce CASQ?2’s affinity for RyR2, effectively
releasing inhibition and priming the channel for systolic
Ca*' release. Figure 3 illustrates how CASQ?2 regulates Ca**
release through its interaction with RyR2.

Recent cryo-EM studies have mapped the precise bind-
ing interface between CASQ2 and RyR2, showing that dis-
ruption of this interaction leads to aberrant Ca** sparks and
arrhythmias in cardiomyocytes [11]. Furthermore, muta-
tions in either CASQ2 or RyR2 that impair their co-binding
are linked to CPVT, underscoring the physiological impor-
tance of this interaction [94].

CASQ2 interaction with triadin

CASQ?2 and triadin are key components of the junctional
SR complex, critical for Ca** release regulation. Triadin is
a transmembrane protein that connects CASQ2 to RyR2,
forming a structural scaffold that stabilizes the Ca®" release
unit [60]. CASQ2 modulates RyR2 activity by inhibiting
premature Ca?" release through its association with tria-
din [7]. Disrupting this interaction increases the sensitivity
of SR Ca?" release to triggers, causing spontaneous Ca?"
oscillations and arrhythmic membrane depolarizations.
The interaction also supports SR morphology; triadin
ablation reduces junctional SR extent by 50%, impair-
ing Ca?" release dynamics [60]. Isoform-specific effects
further refine regulation, with triadin-1 predominating in
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Cytoplasm

Fig. 3 Ca?"-Dependent Regulation of RyR2 by CASQ2 within the
Junctional Sarcoplasmic Reticulum (jSR) of Cardiac Muscle. At
high luminal Ca*" concentrations (>5 mM), CASQ2 has the lowest
affinity for RyR2, polymerizes in the SR lumen enhancing Ca?* storage
and has no inhibitory effect on RyR2. As luminal Ca?" decreases (~250
uM —1 mM), CASQ2 depolymerizes into small oligomers with inter-

cardiac tissue and exhibiting distinct roles in RyR2 gating.
Loss of triadin disrupts CASQ2-RyR2 coupling, increas-
ing susceptibility to stress-induced arrhythmias. The bind-
ing between CASQ?2 and triadin is mediated by specific
amino acid motifs, triadin contains Lysine (K)—Glutamate
(E)-Lysine (K)-Glutamate (E) (KEKE) motifs in its lumi-
nal domain, which are responsible for binding to CASQ2.
This interaction is essential for anchoring CASQ?2 to the
junctional face membrane, allowing it to sequester Ca?
in the vicinity of the RyR2 during Ca®" uptake and release
[50]. The aspartate-rich region of CASQ?2 also plays a role
in this interaction, providing a direct binding site for both
luminal Ca?" and triadin [95].

CASQ2 interaction with junctin

Junctin is an integral component of the SR Ca?** release
complex, directly interacting with CASQ?2, triadin and
RyR2 [60]. Like triadin, the junctin luminal domain is
rich in charged amino acids and KEKE motifs, and this
domain binds CASQ2 and stabilizes the quaternary com-
plex [96]. Junctin facilitates the localization of CASQ2
to the junctional SR, ensuring its proper association with
RyR2 for efficient Ca?* release regulation [50]. CASQ2’s
Ca?*-dependent polymerization and depolymerization
cycles require junctin, highlighting its role in maintain-
ing CASQ2’s scaffold-like structure. The CASQ2-junctin
interaction is essential for modulating RyR2 gating and
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mediate affinity for RyR2 and minimal regulatory effect on the Ca**
channel. When Ca?* levels fall to <20 uM, monomeric CASQ2 has
the highest affinity for the RyR2 and effectively inhibits RyR2 channel
activity via interactions with triadin and junctin, preventing spontane-
ous Ca?* release. This reversible mechanism ensures controlled Ca?"
dynamics critical for cardiac contraction and relaxation

buffering SR Ca?" [45]. Overexpression of junctin disrupts
Ca?* signaling by altering the organization of Ca?" release
units, while mutations affecting junctin’s stability impair
Ca?" handling and contribute to cardiac hypertrophy and
contractile dysfunction.

CASQ2 and its synergistic role in the sarcoplasmic
reticulum protein complex

CASQ?2, along with triadin and junctin, forms a quater-
nary complex with RyR2. This complex is necessary for
the normal operation of Ca?" release in cardiac muscle. The
KEKE motifs in triadin and junctin facilitate the binding
of CASQ2 to RyR2, stabilizing the complex and ensuring
efficient Ca?" signaling [96]. The complex functions as an
integrated system to facilitate Ca*" storage and release in
response to fluctuating luminal Ca?* levels. At low SR Ca*,
CASQ2 remains monomeric and exerts an inhibitory effect
on RyR2 via triadin/junctin. As Ca*" levels rise, CASQ2
polymerizes into a filamentous matrix, weakening its inter-
action with RyR2 and relieving channel inhibition to permit
Ca?" release [51]. Disruption in this synergistic network,
whether through mutations in CASQ?2, triadin deficiencies,
or junctin imbalances, leads to impaired Ca*" homeostasis,
triggering arrhythmogenic disorders and contractile dys-
function. These interactions demonstrate the delicate bal-
ance required for precise Ca?* regulation in cardiac muscle
[15,93].
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Pathology

CASQ?2 is undoubtedly a key protein in muscular func-
tions; without it, Ca?>" handling and coordination would be
impaired, leading to severe pathological consequences. Any
dysregulation in CASQ2 normal functioning often leads to
arrhythmogenic events.

Cardiac arrhythmias are disturbances in the normal
rhythm of the heart, arising from abnormalities in impulse
generation or conduction. They can be broadly classified
into acquired and inherited types. Acquired arrhythmias are
typically caused by external factors like drugs or underly-
ing diseases [97—101], while inherited arrhythmias result
from genetic mutations. Examples of inherited arrhythmias
include CPVT and arrhythmogenic right ventricular cardio-
myopathy (ARVC), while long QT syndrome can be either
inherited or acquired. These conditions are frequently linked
to mutations in SR proteins [102—104], leading to Ca?" dys-
regulation that manifests through early afterdepolarizations
(EADs), delayed afterdepolarizations (DADs), or reentrant
circuits [105].

The dysfunction of CASQ2 is associated with various
inherited cardiac conditions, most notably arrhythmias. This
section explores the conditions linked to CASQ2 dysfunc-
tion, highlighting the underlying mutations and pathophysi-
ological mechanisms.

Catecholaminergic polymorphic ventricular
tachycardia (CPVT)

The primary cardiac condition related to CASQ2 dysfunc-
tion is CPVT. The true prevalence of CPVT in the population
is not known. An estimate of CPVT prevalence is 1:10,000
or less [106], with CASQ2-related CPVT2 accounting for
about 5% of these cases [107]. Although much of the epi-
demiological and clinical data available in the literature
describe CPVT in general, the underlying arrhythmogenic
mechanism is shared across subtypes, namely, stress-
induced SR Ca?" leak leading to DADs.

Mutations such as R33Q, R35W, and E202K in the
CASQ2 gene are commonly implicated in this CPVT2 sub-
type. CASQ2 mutations are often autosomal recessive and
can manifest as missense, nonsense, or frameshift variants,
leading to loss of CASQ?2 protein functionality or stabil-
ity [108]. The D307H and R33Q mutations are particularly
well-documented, with studies demonstrating their role in
impairing Ca*"-binding capacity and promoting protein
misfolding [56, 79, 109]. These genetic defects reduce
CASQ2’s ability to buffer Ca** ions in the SR, resulting in
abnormal Ca?* cycling, which is central to the pathophysi-
ology of CPVT [110]. In individuals with CPVT, adrener-
gic stimulation, typically triggered by physical exertion or

emotional stress [106] leads to excessive Ca" release from
the SR. This abnormal release results from impaired CASQ2
function, causing DADs that can precipitate life-threatening
arrhythmias, including bidirectional or polymorphic ven-
tricular tachycardia [107, 111-113]. The compromised Ca**
buffering capacity increases SR Ca?* leak, further elevating
cytosolic Ca?" levels and heightening the risk of arrhythmo-
genic events.

Risk of sudden cardiac death (SCD)

Untreated CPVT is highly lethal, with approximately 30%
of affected individuals experiencing at least one cardiac
arrest (CA), and up to 80% suffering recurrent syncope
episodes [106]. Sudden death (SD) can be the initial mani-
festation, especially in children [114]. Patients presenting
as the index case in a family (first diagnosed) generally
have a more severe phenotype and are at a higher risk of
adverse events, including SCD. Even after initiating medi-
cal treatment, high-risk ventricular arrhythmia persists in
most patients, with fatal events occurring in 20.6% over
7.4 years, primarily due to non-compliance with exercise
restrictions or medication [115]. Long-term follow-up
studies show a high prevalence of cardiac events despite
beta-blocker therapy, with 75% of patients experiencing
syncope and 83% requiring implantable cardiac defibril-
lators [116]. More mutations and their associated diseases
can be found in Table 1.

Mutations in CASQ?2 are highly lethal and several muta-
tions disrupt filamentation [36]. Mapping of disease-causing
point mutations onto the CASQ?2 structure and its interfaces
highlighted that the disease pathology is associated with
defect in multimerization. The point mutations are distrib-
uted throughout the protein, and shared by three identically
folded TrxL domains (domain I, domain IT and domain IIT)

(Fig. 4).
Age and disease severity

The severity of CPVT exhibits marked age-dependent
heterogeneity, with pediatric patients facing substantially
higher risks of life-threatening arrhythmias during physi-
cal or emotional stress. The disease burden is particularly
pronounced in children and adolescents, who demonstrate
a 4-fold higher incidence of cardiac events compared to
adults, with approximately one-third of patients experienc-
ing their first symptomatic event before age 21 [143, 144].
These trends are primarily derived from studies of CPVT1,
which represents the majority of reported cases.

In contrast, CPVT2 data remain limited, though available
reports suggest a relatively later onset and milder arrhyth-
mic phenotype in many patients. This apparent difference

@ Springer



H. E. Rajha et al.

Page 10 of 22

6

[str
[811]98e Sunok  ‘g11] Aniqe Surpuiq-,.eD oe Jeyy swrjord TOSYD  [TT “811] swoidwds ou moys
oouts 9doouks poonpur-asIoIOXd  PJEOUNI) Ul SHNSAI YOIYM WEAISUMOP SPIO. OUIWe {,]  SIUI[qIs Sn03AZ0103oy JIYMm sno3

pue [ AdD 910405  uopod dojs axmewaid e sosnes uonoep Yrysowey oy -AZOWOH ‘SNUIULIA)-N ‘U0 [811]1 VIePZ9 X¥1+SI€TT

[621 ‘821 “811] soyreds

pue saAem &) snosuejuods Jo 2oueSIows ay) pue

JUSIUOD 8D S PoonpaI 0} Sunnqruuoo ¢, e)) Jeurun|

MO[ 1e YA nqryur AJ[ny 03 syrej urejold jueinu oy

S Teuonoun( oy 03 UOKEZI[Ed0] 1091100 Aidsaq A

-39yut feamonys pairedwl pue SUOHEHUIIUOD ,BD) MO[

je uone3dai3se yum ‘uonezuowijod yuspuadop-,.8)

[811] pooypjryo 2ours uon paydnusIp 03 speaj Iy [, ‘S[oAd] urejoid [euonouny ur
-e3uojoid 9] 0) ouI19pIOq PUE ‘SEI  UONONPAI pdjIew & pue ZOSVD PSUS-[[N] JO d0Udsqe [821 ‘g11] sno84Az
-pAyLIe 9doouAs paonpur-asIoIoxg ur Sunnsai ‘uopoos doys axmewold B soonponu]  -0I9)0H ‘SNUIILI)-N] ‘OSUISUON [811]11L<D L6 Xeed
lLer—vel

‘1z]Juonepeidop urojoid pasearour Aq poreqIooexo
IOUIN dIe $)09Jop sy, “Auiyge 2D [ewiou )idsop
‘suonenuaouod Y31y je Ayoedes Suipuiq &) Jomo[
pue ‘voneziowAjod paonpal ‘saSueyd [BUORULIOJUO0D
PIJNPUL-,B)) PAYSIUIWIP )M INQ ‘FULIINQ PIOUBYUD
MOUS S)UBLIBA WOS "SUIpUIq UIPEL) paIdjjeun 931dsop

[$Z1] seposida [edoouAs GUIIUOD ,BD) YS PISLAIIP PUR ‘Soaem pue sypreds
PaoNpuI-ISIOIOXS 0} P ULd YoIym &) Juenbaiy axow ‘ures YOI 10yS1y 03 Surped] 2D
a3e SunoA dours os1019x%0 JuLmnp [eurwun] 0} ANAIISUSS ZYAY PIseaIoul pue ‘YA JO [sz1 ‘96 ‘1] sno3
LA PauIe)sns-uou ‘erupAyiry  uonIiqryul pairedu ‘uorssardxo paonpar 0,05 ~SHQIYXT  -AZOWOH ‘SNUIULI)-N ‘OSUISSIA] [F211v<D 86 Oced

[€T1-611 “L11 “801
‘Tt ‘1¢7] sopeds &) snoauejuods Jo uonerouas ay) pue

‘aseafa parredwr ‘Ajroeded o95e103s | 8D S PIsLaIodp
UI 9JeUIU]ND SUOKLIN)[E 9SOY ], "SYIYS [BUOTJEULIOJUOD
uopuadop-UoneNUIIU0I-, &) JO SSO] A} pue Sur
-proystut urojoxd opnjour sagueyo [eronns *, SN Jo
douasaid oy ur uone3aI3Fe urmoys soWIWOS—AIN
-ATID3[OS ;&) PuB SUIpUIq 2D ATULe-mo[ 11oq JO
SSOJ & pue ‘unoun( pue UIPeLy) YHIm UOTORISIUI PIONPAI
smoys ZOSVD uenu oy Y [euonoun( ayy 03 pazr
-[eoo] Aprodoxd ySnoyy “uonepeidop 03 Aiiqudoosns
pasearour pue ‘uonezuswAjod 9A109J0p ‘Fuipulq pue

[€21-611 °LT1 ‘801 ‘Tl uon Sutiogng ;&) pameduw s)qryxo wrajord yueinu oy pue [ozr
-e3uojoid [earaiur 91O WSS & pue (%S 6~)m paonpar A[fednselp st uoissaidxa ZOSVD ‘611 ‘1] swoidwAs ou smoys
eipredApelq Sunsal Aq paruedwioode  'SUONIPUOD Paje[NUNS pue Junsal Yjoq Jopun yed| 8D JIOLLIBD SNOSAZ0I0)RY O[IyMm (LAJD) erpreskyoe)
‘pareanun o[ J1 A[EMIOW POJBAI[Q  PISBAIOUL [IM JUUOD S PAId)[eun Jo ‘Sjudisuen) &) sno3Azowoy Je[nornuaA orydiowAjod
pue pooyp[1yo SuLmp josuo Areq  pairedwll pue JUNUOD D) YS PAONPII IOYID 0) SPed] ‘I “OSuassIAL [81T ‘L11] D<D 8€01 HLOEA S13I0UTIE[OYITR)
(98uey) YNA9) a3uey)
A12A2g uonedrduy [euonoun,juonengaIsAq Aso3Azowoy ‘urewo(q ‘@dA[, J3uey) apnosonN POy ounury (s)adKyouay/(s)eseasiq
/SOION/UOTIBIUSSI] [BOTUI]D) 780 JO swistueyddA Sulkpropup) pasodoig uonBIMN uoneA UONEINN  POIRIOOSSY UOUIO)) JSOA]

so13o1oyyed asoyy 0) pes] AeJA Aoy) moy pue ‘ul Judsaid Aoyy sar3ojoyred ‘suonenw OSVD ounsig | d|qel

pringer

As



6

Page 11 of 22

The emerging role of calsequestrin 2: from calcium sensor and modulator to arrhythmia driver

[o€1] @8e Sunok
woyy Sunies 1 A p133n-ssans
pue ‘erp1eokyoe) Je[noruaa orgd
-1owiAjod pider ‘edoouAs paonpur

[og1] sopreds 2D
SNO2UE)UOdS paseaIour pue ‘Ases[al .2 S paonpal

“05e103S 2D WS PISLAIOAP 0] SPES] PUE ‘SUONOLIAIUI
3[0BQ-0)-0kq PUE JUOIJ-0}-JU0I} J0J Posmbal surewop
Koy syjor] “(JeUIULIS)-D) A} J& SONPISAI JIPIdE ) JO
SO JO SSO[ 9y} 0} SUIMO) . B)) PUIQ JOUUED JUBINUL
SIY} ‘SPIOk OUTWE WEANSUMOP ()97 ~Funyoe] urejoid

[0€1] sno3AzowoH

-9SI010X? ‘YD) AqQ pazudjoereydo  ZOSVYD paresuny e ur Junjnsal ‘uopods doys arnjeward ‘130 1ed pue ‘1 ‘11 VD)
‘LAdD JO WIOJ 219435 © Funiqryxg € SO0NPOIUI ¢ UOXD Ul UONA[op Yrysawey dq 97 v ‘uondppQ [oc1] 911oP6EE XS+CIID 1311y deIpIe)) LAdD
[o€]
IS Ay ut SULIBENG B0 9A1IJIP 0} FUIPLa] “OdeyIajul [9¢]
[9¢] 93e 3unoX 1e yreap JowIIp-1oJul 9y} Je uorjeurio} owAjod paonpur-,.e) snoFAzo1d)oH ‘(II] Y doBLIUI
paure[dxaun usppns pue a1[-LAdD s Sutepioiul Aq uoneuowely ZOSYO sidnisiq  IowIp-Iaul ay) Je) [[ SUSSSIA] [P€1] L<D8IS IELTS
[z€1] pounioyiad arom
SOIpMYS [euonoUN [BIUSWLIdAXS OU IOAIMOH "UonoUNny
uone[eyd [euriou Jredwr et yorgm surwein|s [ennau e
[z€1] yreap paurejdxaun uoppns  yym proe orwen|3 pagreyo AjoAne3au e Jo uonmusqns [z€1] uonenw sno3Azororoyg
‘panrodor swoydwiAs feoturo oN 03 anp Ayoedes Surpuiq | .e) Jo uondnisip peyse3ing I “OSUDSSTIA [ze1lO<D6TS OLLTA (as) meaq uoppng
[e€T TeT] von
-e[ndod ueIsy 29 SaI[IUIR) YSIUUL] UI
punoy wsrydowAjod uSiuoq Ao [e€T “zeT] Aoedeo Surpurq 2D
‘aIe1 B POIOPISUOD SI PUB UOTBJUDS saredur Ajrenaed os[e 1 “S[oA9] uoIssaidxa paonpai o} [€€1 ‘ze1] sno3Azoraoq
-a1d eorur]d Ju)sISUOo ou smoys  Jurped] ‘uonezuowAjod pue Ajiqels urjod sydnisiq ‘T ANS 9SUaSSI [ze11v<D9TT IN9LA
[1¢1] 2dAsouayd LAdD
111y Isajruent 0} JOEd Wim Ayiso3
-Azo1a10y punodwod sanbar fssans [1€1 sz1lsen  [1€1 ‘Sz1] 180€d Ynm sno3Az
SulfeULIpE I9pun [ A paureisns-uoN -Ijiqedes uonejuowre[y pue uonezuawip 1odoid Jo ssoT  -0139y punodwio)) T ‘ASUISSIA [1€1]1 D<V 91 DSSA
lo€T ‘621 ‘801 ‘T¥ ‘1] S¥reds
28D snoduejuods IomaJ pue ‘ased]ar 8D S PAys!
-UIWIP YUAUOD D) YS PIINPAI 0} Ped] S)09Jop 9SoY ],
*.z8D JNW T J& uoneAnde Ay Suumeduwr ‘sofueyo
[0€1]98e BunoA  [euonRWIOIUOD PAONPUI-, B)) SISO OS[e ] *,,BD) MO] &
woly sjuaAd [edoouds ojdnnw  seyeFei33e urojord oy pue ‘S[OAI[ D) YSIY Je Sourjoop
pue erp Ayoedeo Surpuiq ‘paresaid st Ayrutye SuIpuiq- ) [ogT ‘801
-1e0Ayoe) Iernotuda oydiowAjod A ‘uonezuowAjod yjuspuedop-, 8D seonpar  ‘Zy] XS+ TITO YNm snoFAzo1d
JO Suni [e10A9S Yim J A JD 910495 pue oSeAea[o 911AJ09)01d 0} A)IADISUSS SISLAIOU] -104 punodwo)) I] ‘OsSusSIN loc1]1 V<1 00S HLOTT
(98uey) YNA9) a3uey)
K12A3S uonedrdwy [euonoun,juonen3aIsAq Aso34zowoy ‘urewo(q ‘@dA[, 93uey) apnosonN POy ourury (s)edKyouay/(s)eseasiq
/SOION/UOIIBIUSSIJ [BOTUI]D) 780 JO swistueydd A Sulkpropup) pasodoig uonBImN uoneIMN UONBINN  POIRIOOSSY UOUIIO)) JSOA]

(penunuoo) | ajqeL

pringer

As



H. E. Rajha et al.

Page 12 of 22

BIPIROAYOR] JR[NOLIJUIA — LA ‘Wnnonay orwusejdoores — S yreaq
uoppng — (S ‘7 101dooay aurpourky — 7YAY Jearon] [0 pod11o) — 910 ‘uor winisoueN — I ‘eydie | owhzuyg Surinbay-joysou] — 0] Y] ‘weidorpiesondsg — HDHH ‘suoneziejodopioyyy
pakelo@ — sQ v ‘erpIeoAyoe], JenolnuaA o1ydiowA[od o1S10urwe[oyode) — [ AdD 9ses[oy Wnio[e) paonpul-wnidfe) — YIID ‘g urmsanbasie) — zOSVY) ‘uor winiofe) — ) 9S1Iy JBIpIE) — V)

[Th1 “STT ‘9] 1uaIu0d 2D YS [[EIGA0 I0 S[OAJ] urdjo1d

2OSVO [#101 SUNOAJJR INOIA IS SY) Ul SULDHING 8D
[z#1] odoouAs pue erunpAyrre re;  orweuAp Suredwur os[e A[IYM DTHY] YHIM UOnoBINUI

-NOLIJUOA PIONPUI-OSIOTOX PI[EIAT SI0)[& JeU) QINONIS JUSWE[Y JATIOJOp € Ul Sunnsal [2t1 ‘9¢] @ouey
surpuy [eorur) ‘swoydwAs 1osuo  pue uonezuwAod Suredw ‘SUOIORINUI JOWIP-IAJUT  -LIQUUI JURUIWOP SNOFAZOINH
-KJ180 1M T AJD 9I0AIS SIsNEd I| S)dnISIp JNq UOHEZLIQWIP SUTEJUTEWT UOHBINW Y, I “OSUSSTIA [zr1] D<V 6€S NMOSTY

(11 ‘8T1 ‘811] oueyuayur
QAISS2001 SUNJEOIPUI “Pojodjjeun
urewa1 s3urjqrs snog4zo10)ay
‘sto)dwAs MOYS S[enpIAIpur

[811] asto10x0 Aq pa1ed3in v (171 ‘81 ‘811] urarord ZOSVO [euonduny jo Torued snogAzowoy Iy
10 9doouAs yirm pooyp[Iyd A[Jed Ul SSOf [€)0} B Ul Sun[nsal pue gOSVD YISud-[[n} Jo uon ‘a3ueyd
Sunuasaxd ‘srenpratpur snogAzowoy  -onpoid ot Sunuaaaid ‘wopos dojs armyeward pue yiys  ared aseq oruonur snoFAZowoH
ur LAdD JO WLIOJ QI9AJS © Sasne)) -Qwielj & soonponul yorym ‘4 uoxd Surddpys o3 spea Buroryds 1001100U] [RTT]1V<DI+2€S - as ‘vo ‘LAdD
[ov1 “1€1 “$T1 “Tp] uonesaisse jueraqe
[1e1] S103311) + Z3IA pue 9s0] ST ANATI[QS 8D Soueyd [1€1
LAdD 21949s 0} Surssardord adod [BUOTJBULIOJUOD SASNED ZYAY M JORIOUI pUB OZI ‘zt] sno3Azoiayoy punodwio)
-UAs poonpur-os1oIoxe josuo-Arey  -1owAjod Aedoid oy s[rey 104 uoneZLIDWIpP SUreUIRI TIT “OSUSSTIA [terli<D €zo 180€d
LAdD 19suo-AJ1ea ‘FurAfropun [S€T °L€1] sno3Azo1oroH
JO 1X31U0J 3y} Ul UONIXA J[M (S [6€1-LE1] Anpiqows wijord ur asearoap [enuolog “I1 “oSUISSIA [L€11D<D L9S 16814 as ‘LAdO

[9€1] adoouds yrm

LA orydiowAjod ojur Surdojorsp
Ado30a repnoruaa orydiowAjod
paonpur Junsay as1o1axy ‘uonesd

-uojoxd N-1.0) pue UONJBIASD SIXE [9€1] LAdD se Sunsaojruew
o[ pamoys 1oje] DD Asdoido ‘$SQIS JOpUN SBIUIAYLIER SIdZ3LN YoIym e[ L)
UM pasouerpsiur A[[eniu] "ssaxns  OI[OISBIp Ul Sun[nsal ‘,,e)) 921} SSA0Xd 0] SPed] SIYL IS [9€1] sno3Azowoy
[BUOTIOWId pUE ASIOIOXS AQ PRIeSTLy oy ur uonounj SuLpng-,.eD) sy Jurrredwn ‘urewrop [eu SNUTULIY-D)
‘pooypyIyo oouls saposida [edooukg  -1uid)-) s, urdjoid oy Jo uonesuny) aanjewald sasne) OSUSSUON [oc1] v<DE€S]01 XI19€EM

[S€1] paroayeun surewal UIPeLE) YIIM UOIJRIOOSSE

S.ZOSVD ‘sadueyd asayy aydsa(q “yuanbayy arowr are

S9JA00AWOIPILD UL SJUOAQ SB[ , 8D snoduejuods

PUE ‘padNPaI SI UONBIIUIIUOD 8D YS ‘SUONIPUOD PAje|

-nuwms pue [eseq Yioq Iopun pajeAd]o sI yed| e )nsal

[se1] reAIIUL 01 O [eWIOU B Sy "spouueyd L 8D YAy Jo Aniqeqoid uado oy

9)1dsop so[0IsAsenxd o[dn[nuwi pue  SOSBAIOUI PUB ‘TYAY UM UOT)ORIUI S)I SOOUBYUD ‘UOT)
e1p1eoApeIq yym Suofe a3e Sunok  -ezuowAjod ZOSVYD SidnIsIp SIy [, "uoneuoy J9wWo3Io

Q0UIS ISIIOXA pue Jururuims ‘ssans — pairedwt pue Aioedeo Surpuig-,.eD) paonpar 0) Juipes] [s€1] 1011180 SNOZAZOIGYOH
‘uonowd Aq paonpur 9dooukg ‘9IS UOIRIASOOA[S-N BIJXS UB SOONPONUI UOTjeINw oY [, ‘SN0ZAZ019)OH ] ‘OSUISSIIA [s€11D<V 819 N9
(98uey) YNA9) a3uey)
K112A3S uonedrdwy [euonoun,juonen3aIsAq Ayso34zowoy ‘urewo(q ‘@dA[, 93uey) apnosonN POy ounury (s)edKyouay/(s)eseasiq
/SOION/UOIBIUSSIJ [BOTUI]D) 780 JO swistueydd A Sulkpropup) pasodoig uonBmN uoneIN UoNBIN  POIRIOOSSY UOUIO)) JSOA]

(penunuoo) | ajqeL

pringer

As



The emerging role of calsequestrin 2: from calcium sensor and modulator to arrhythmia driver

Page 13 of 22 6

Domain| R33 Domainlll
//_/‘
A
by RS
V76

=—FN58

Domain Il

Domain Il

Fig. 4 Location of disease associated mutations on the CASQ2 struc-
ture. CASQ2 monomeric crystal structure (PDBID: 60WV) display-
ing the position of point mutations mentioned in Table 1. The loca-
tions of point mutations on CASQ2 domain I (left) are represented as
spheres in green color. The locations of point mutations on CASQ2

may reflect distinct molecular mechanisms, as RyR2 muta-
tions directly alter the release channel, whereas CASQ2
mutations primarily affect luminal Ca** buffering.

Adult-onset CPVT cases, including those due to CASQ?2
mutations, often show attenuated phenotypic expression
with extended asymptomatic periods; however, they remain
at risk of sudden cardiac death without warning. Notably,
the 40-year arrhythmia-free survival rate for asymptomatic
RyR2 mutation carriers is only 27%, underscoring the per-
sistent risk across all age groups despite the apparent clini-
cal quiescence in some adults [143], underscoring that age
does not fully mitigate risk across CPVT subtypes. While
extrapolation from CPVT1 to CPVT2 should be made
with caution, both disorders share the central feature of
stress-induced Ca?" dysregulation as a driver of arrhythmic
vulnerability.

Arrhythmias

Beyond CPVT, CASQ2 mutations are implicated in a
broader spectrum of arrhythmias, including AF and sinus
node dysfunction (SND) [74, 145, 146].

Normal cardiac automaticity depends on the cardiac sino-
atrial node’s (SAN) pacemaker cells. Human SND is caused
by cardiac pace-making disorder. SND is more common
in older adults and is linked to irregular cardiac rhythms
caused by compromised pace-maker function [147].

Sinoatrial node block, bradycardia/tachycardia syn-
drome, syncope, sinus bradycardia, and sinus arrest are
among the symptoms that people with SND experience.
Crucially, whether under stress or exercising, people with
SND report experiencing chronotropic incompetence. SND
can be inherited or linked to cardiovascular or systemic dis-
eases. The only treatments available to patients with SND at
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domain II (middle) are shown as spheres in pink. Positions of domain
I (right) mutations are shown as spheres in blue color. CASQ2 pro-
tein is colored domain-wise, domain I as green, domain II as pink and
domain III as blue

this time are pace-maker implantation when necessary and
the alleviation of arrhythmia symptoms [147].

CASQ2-deficient mouse models exhibit atrial ectopy,
conduction block, and enhanced susceptibility to AF
under adrenergic stimulation. As one study showed CPVT
patients have both SAN and atrioventricular node dys-
function, and that these conditions are frequently linked
to either spontaneous or exercise/catecholomine-induced
AF. This suggests that the supraventricular tissues and the
ventricle are involved in the disease’s background arrhyth-
mogenic substrate as opposed to just the ventricular tis-
sue as previously hypothesized. This could potentially
be an indication for close follow-up with an implantable
cardioverter-defibrillator (ICD) to monitor for AF [145].
Furthermore, structural remodeling, such as fibrosis in the
sinoatrial node region, disrupts pacemaker activity and
predisposes to SND [56].

Therapeutic approach

Efforts to restore CASQ2 functionality have led to diverse
therapeutic strategies, including pharmacological inter-
ventions, molecular therapies, and emerging gene-based
approaches aimed at improving Ca?" homeostasis and
reducing arrhythmogenic events.

Current interventions

Pharmacological

Reducing the frequency of arrhythmias is the primary

objective of treatment. This can be accomplished by com-
bining many strategies, including left cardiac sympathetic
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denervation, implantable cardiac defibrillators, medication
treatments, and lifestyle modifications. Because lifestyle
activities such as stressful circumstances, demanding work-
loads, and competitive sports lead to the release of cat-
echolamines, which in turn can induce CPVT. As a result,
guidelines suggest avoiding such activities.

Beta-blockers remain the first-line treatment for CASQ2-
related arrhythmias [148]. These drugs mitigate adrenergic
stimulation, which reduces intracellular Ca?" overload and
the risk of triggered arrhythmias. Propranolol and nadolol
are widely prescribed [149, 150], but many patients expe-
rience breakthrough arrhythmias, necessitating adjunc-
tive treatments. Flecainide, a sodium channel blocker, has
shown efficacy in suppressing arrhythmias; however, its
mechanisms of action remain unclear, with evidence point-
ing towards effects on both RyR2 and sodium channels,
and to a minor extent on sodium-calcium exchanger, which
collectively reduce DADs [151]. Despite their benefits,
these pharmacological options often fail to provide com-
prehensive arrhythmia control [149, 152], highlighting the
need for targeted therapies specifically addressing CASQ2
dysfunction.

Recent experimental evidence highlights melatonin as
a promising adjunct in managing arrhythmias linked to
impaired Ca?" handling, particularly in heart failure settings.
In acute ischemia-reperfusion (IR)-injured rabbit models,
melatonin administration significantly reduced ventricular
fibrillation maintenance and suppressed spatially discordant
alternans - electrophysiological precursors of life-threat-
ening arrhythmias [153, 154]. This antiarrhythmic effect
was associated with enhanced SR Ca*" handling, partly
through upregulation of CASQ2 and SERCA2a expression,
along with attenuation of phosphorylated phospholamban
downregulation in failing hearts [153]. Notably, melato-
nin’s beneficial effects on Ca** homeostasis were partially
counteracted by therapeutic hypothermia, underscoring
the importance of temperature-sensitive mechanisms in its
efficacy.

However, these findings were derived from heart-failure
and ischemic models rather than CASQ2-mutant systems.
In CPVT2, most mutations are homozygous and result in
structurally defective CASQ?2 proteins, meaning that simply
increasing the amount of mutated protein may not restore
normal RyR2 interactions or Ca®" buffering. Therefore,
the direct benefit of melatonin-induced CASQ?2 upregula-
tion in CPVT2 remains uncertain and should be interpreted
cautiously.

While not traditionally classified as an antiarrhythmic
drug, melatonin’s ability to improve SR Ca?" storage capac-
ity via CASQ2 modulation in experimental settings sug-
gests potential utility in conditions marked by defective
Ca?" buffering and diastolic Ca?* leak. In CPVT2, however,
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greater SR Ca?' loading through SERCA2a upregulation
could theoretically worsen RyR2 hyperactivity, so further
research is needed to understand this effect. Its antioxidant
and anti-inflammatory properties further support cardio-
protection in IR injury models, positioning melatonin as a
multifunctional agent that may complement existing phar-
macotherapies for arrhythmias related to impaired Ca?* han-
dling, although its role in CASQ2-related CPVT2 remains
speculative at present [155].

Non-pharmacological

Patients with CPVT require comprehensive lifestyle and
medical management to mitigate arrhythmia risks. Cur-
rent guidelines strongly advise against competitive sports
and high-intensity physical activities such as sprinting or
basketball due to the well-documented risk of adrenergi-
cally-triggered ventricular arrhythmias. However, carefully
supervised mild-to-moderate aerobic exercise like walking
or light cycling may be permissible for select patients who
demonstrate excellent arrhythmia control on medication and
have no history of cardiac events [156]. Regular follow-up
with a cardiologist specializing in inherited arrhythmias is
crucial, particularly during high-risk periods like puberty,
pregnancy, and growth spurts when hormonal changes may
increase arrhythmia susceptibility.

For patients with refractory arrhythmias or multiple
ICD shocks despite optimal pharmacotherapy, left cardiac
sympathetic denervation (LCSD) represents an important
intervention [157]. This surgical procedure involves the
resection of the lower half of the left stellate ganglion and
the first thoracic ganglia (T1-T4), significantly reducing
norepinephrine release to the heart. While the majority of
clinical evidence comes from patients with CPVT1, LCSD
is also considered for high-risk CPVT2 patients, effectively
reducing the burden of life-threatening arrhythmias by
blunting the sympathetic trigger [158].

Genetic counseling forms an essential component of
CPVT care, providing family risk assessment through cas-
cade genetic testing and discussing reproductive options
including prenatal diagnosis and preimplantation genetic
testing. Comprehensive diagnostic evaluation combines
exercise stress testing, which provokes diagnostic ven-
tricular arrhythmias in approximately 75% of cases, with
molecular genetic testing that identifies pathogenic variants
in 60-70% of clinically diagnosed patients [106]. Emerging
therapeutic options including flecainide for RYR2-mediated
CPVT and novel Rycal compounds show promise in clinical
trials, though beta-blockers remain the mainstay of therapy.
All patients require individualized management plans incor-
porating these elements to optimize outcomes while main-
taining quality of life [106, 156].
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Emerging therapies and future directions
CASQ2 stabilizers

Emerging pharmacological treatments for CPVT aim to
correct the pathways responsible for arrhythmogenesis.
Research has highlighted the effectiveness of K201, a
1,4-benzothiazepine derivative, in stabilizing calstabin2-
RyR2 binding, likely due to its structural similarity to dil-
tiazem [159, 160]. This stabilization has been shown to
prevent arrhythmias.

Another innovative agent, ent-(+)-verticilide, a synthetic
derivative of the insecticide verticilide, was found to reduce
delayed after-depolarizations by selectively inhibiting RyR2
Ca?" release in murine cardiac cells with CASQ2 mutations.
While its exact mechanism of action remains unclear, it
appears to act independently of RyR2 phosphorylation or
interactions with accessory proteins [161]. Conversely, both
dantrolene and K201 target two of the three known mecha-
nisms of RyR2 dysfunction. Dantrolene has shown suc-
cess in reducing arrhythmias in patients with RyR2 domain
defects, while clinical trials for K201 and ent-(+)-verticilide
have yet to be conducted [162].

Gene therapy and stem cell models

Gene therapy has emerged as a revolutionary approach for
addressing CASQ2-related pathologies, with adeno-asso-
ciated virus (AAV) vectors becoming the leading delivery
platform due to their cardiac tropism and long-term trans-
gene expression. Preclinical studies using AAV9-CASQ2
in CPVT mouse models demonstrated > 80% restoration
of CASQ2 protein levels, resulting in complete suppres-
sion of ventricular arrhythmias during adrenergic challenge
and improved 6-month survival rates from 40% to 90%
[163—-169]. Notably, AAV-mediated CASQ2 expression was
shown to functionally compensate for both loss-of-function
mutations and CASQ2 knockout phenotypes by normaliz-
ing SR Ca*" buffering capacity [163-169].

Complementary to gene therapy, human-induced plu-
ripotent stem cell (hiPSC) models from CPVT patients
have enabled unprecedented mechanistic studies of CASQ2
dysfunction. These patient-specific cardiomyocyte models
recapitulate key disease features including abnormal Ca®"
transients and delayed afterdepolarizations, serving as plat-
forms for drug screening [170]. Recent hiPSC studies iden-
tified flecainide and carvedilol as particularly effective in
CASQ2-deficient cells, with combination therapy showing
synergistic benefits [171, 172].

Recent advances in iPSC modeling have enabled precise
investigation of CASQ2-related pathophysiology. A new

isogenic Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas9-corrected iPSC line derived from a
CPVT patient carrying a heterozygous mutation in CASQ2
has been established, offering a powerful platform to dissect
molecular mechanisms and evaluate therapeutic interven-
tions [173, 174]. These gene-edited iPSCs were shown to
retain normal karyotype, pluripotency markers, and absence
of off-target mutations, making them suitable for differenti-
ating into cardiomyocytes that recapitulate patient-specific
Ca?" handling abnormalities [175]. Such models allow for
high-fidelity comparisons between mutant and corrected
lines, supporting the development of precision therapies
targeting CASQ2 dysfunction and associated arrhythmias.

Parallel therapeutic development includes small mol-
ecule modulators targeting the CASQ2-RyR2 interaction,
such as the Rycal compound S107 which stabilizes the
RyR2-calstabin2 complex and reduces diastolic Ca®" leak in
CASQ2-mutant cardiomyocytes [176, 177]. Second-gener-
ation derivatives with improved bioavailability are currently
in Phase I/I1 trials for CPVT. These approaches collectively
address the fundamental pathophysiology of CASQ2 defi-
ciency: impaired Ca®" buffering, aberrant RyR2 regulation,
and consequent pro-arrhythmic Ca*" waves.

Challenges in developing CASQ2-Targeted therapies

The development of CASQ2-targeted therapies faces sev-
eral challenges. Genetic heterogeneity among CASQ2
mutations complicates the creation of universal treatments,
requiring personalized approaches [178, 179]. Delivering
therapies specifically to cardiac tissue without affecting
skeletal muscle isoforms presents additional obstacles [163,
180]. Moreover, the long-term safety and efficacy of emerg-
ing therapies, including gene-based interventions, remain
critical areas of concern. Addressing these challenges will
be essential for translating preclinical successes into viable
clinical treatments [114].

Therapeutic approaches targeting CASQ2 have advanced
significantly, encompassing pharmacological, molecu-
lar, and gene-based strategies. While current interventions
offer partial symptomatic relief and reduced risk of adverse
events, emerging therapies hold the promise of addressing
the underlying molecular dysfunctions of CASQ2. Over-
coming challenges related to genetic variability, delivery
specificity, and long-term safety will be pivotal in realizing
the full potential of these innovative treatments and improv-
ing outcomes for patients with CASQ2-related arrhythmias
[114, 163, 180].

These strategies are summarized in Table 2, which out-
lines current, emerging, and experimental approaches for
targeting CASQ2-related dysfunction.
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Table 2 Therapeutic strategies for CASQ2-Related catecholaminergic polymorphic ventricular tachycardia (CPVT)

Category Therapeutic Mechanism of Action Key Insights
Strategy
Current Beta-blockers Block B-adrenergic stimulation to First-line treatment for CPVT; reduce risk of triggered arrhyth-
Interventions (e.g., propranolol, reduce intracellular Ca** overload mias but may not fully suppress symptoms in all patients
nadolol)
Flecainide Blocks sodium channels and inhibits ~ Reduces delayed afterdepolarizations (DADs); often used in
spontaneous Ca?* release through combination with beta-blockers for better control
RyR2
Lifestyle Avoid physical/emotional stress that  Critical for preventing arrhythmic episodes; high-intensity
Modifications triggers adrenergic surges sports discouraged, light activity allowed under supervision
Implantable Provides immediate correction of Considered for high-risk or drug-refractory cases
Cardioverter- life-threatening arrhythmias
Defibrillator
(CD)
Left Cardiac Sym- Surgical resection of left stellate/ Reserved for high-risk, drug-refractory patients; reduces
pathetic Denerva- T1-T4 ganglia to reduce cardiac arrhythmia burden and ICD shocks by blunting sympathetic
tion (LCSD) norepinephrine release trigger.
Genetic Counsel- Identifies carriers and guides repro-  Enables early diagnosis in family members; supports personal-
ing & Testing ductive planning ized care strategies
Emerging K201 (JTV519) Enhances RyR2-calstabin2 binding, ~ Prevents pathological Ca?" leak; promising in preclinical mod-
Therapies stabilizing RyR2 channel els; related structurally to diltiazem
Dantrolene Restores RyR2 interdomain stability ~ Shown to reduce ventricular arrhythmias in mutant RyR2
and normalizes gating models; targets defective channel conformation
ent-(+)-Verticilide Selectively inhibits RyR2-mediated =~ Reduces DADs in CASQ2-mutant cells; mechanism indepen-
Ca?*" release dent of RyR2 phosphorylation or accessory proteins
S107 (Rycal Stabilizes RyR2—calstabin2 complex  Reduces diastolic Ca?* leak in CASQ2-deficient cardiomyo-
compound) to reduce Ca?* leak cytes; second-generation derivatives in early clinical trials
Melatonin Enhances SR Ca*" handling through ~ Demonstrated to reduce ventricular fibrillation and Ca?*
upregulation of CASQ2 and SER- alternans in IR injury models; also offers antioxidant and
CAZ2a; modulates phospholamban anti-inflammatory cardioprotection. Evidence derived from
phosphorylation heart-failure models; potential relevance to CASQ2-related
CPVT2 remains speculative.
Gene Therapy AAVI9-CASQ2 Replaces defective CASQ2 gene Demonstrated>80% restoration of CASQ2 expression and

Patient-Specific

Gene Transfer

hiPSC-derived

using cardiac-targeted AAV9 vector

Replicate patient-specific CASQ2

Models Cardiomyocytes  defects for drug screening
CRISPR/Cas9- Isogenic mutation correction in
Corrected iPSC patient-derived iPSCs
Model

Challenges Genetic Wide range of CASQ2 mutations
Heterogeneity leads to variable functional impact
Tissue-Specific Avoiding off-target effects in non-
Targeting cardiac tissues (e.g., skeletal muscle)
Long-Term Safety Especially relevant for gene-based
& Efficacy and novel molecular interventions

suppression of arrhythmias in CPVT mouse models; improved
survival rates

Reveal abnormal Ca** handling and arrhythmogenic behav-
ior; enable evaluation of personalized drug responses (e.g.,
flecainide + carvedilol synergy)

Provides high-fidelity platform for comparing mutant vs.
corrected lines; supports discovery of targeted therapies for
CASQ2-related arrhythmias

Limits the development of universal therapies; personalized
strategies are needed

Critical for gene therapies and small molecules with systemic
delivery

Requires careful long-term follow-up and monitoring of thera-
peutic durability and side effects

AAV — Adeno-associated virus; AAV9 — Adeno-associated virus serotype 9; B — Beta; Ca** — Calcium ion; CASQ2 — Calsequestrin 2; CPVT
— Catecholaminergic Polymorphic Ventricular Tachycardia; DADs — Delayed Afterdepolarizations; ICD — Implantable Cardioverter-Defibril-
lator; IR — Ischemia-Reperfusion; LCSD — Left Cardiac Sympathetic Denervation; RyR2 — Ryanodine Receptor 2; SERCA2a — Sarcoplasmic
Reticulum Ca**-ATPase 2a; SR — Sarcoplasmic Reticulum; hiPSC — human-induced Pluripotent Stem Cell; CRISPR — Clustered Regularly
Interspaced Short Palindromic Repeats; iPSC — induced Pluripotent Stem Cell; CASQ — Calsequestrin; VT — Ventricular Tachycardia

Conclusion

Calsequestrin 2 is a key protein in cardiac muscle physiology,
serving as the primary Ca?*-binding protein in the SR. Its role
extends beyond Ca*" buffering, as it actively regulates Ca**
release through interactions with RyRs, triadin, and junctin.

@ Springer

These interactions ensure precise Ca*" handling, which is fun-
damental for maintaining cardiac rhythm and contraction effi-
ciency. The structural organization of CASQ2, including its
thioredoxin-like domains and intrinsically disordered C-ter-
minal region, allows it to dynamically respond to fluctuations
in luminal Ca?* concentrations, ensuring proper EC coupling.
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Dysfunction in CASQ2 leads to severe cardiac patholo-
gies, most notably CPVT, an inherited arrhythmogenic
disorder that significantly increases the risk of SCD. Muta-
tions in the CASQ2 gene disrupt its Ca*"-binding capacity
and polymerization dynamics, leading to spontaneous Ca**
release, delayed afterdepolarizations, and ventricular arrhyth-
mias. Despite advances in pharmacological treatments such
as beta-blockers and flecainide, many patients remain at high
risk, highlighting the urgent need for more targeted therapies.

Emerging therapeutic strategies, including CASQ?2 stabi-
lizers, gene therapy, and small-molecule modulators, offer
promising avenues for restoring normal Ca** homeostasis.
While challenges remain, such as genetic heterogeneity
and tissue-specific targeting, ongoing research is paving the
way for precision medicine approaches in CASQ2-related
arrhythmias. Future advancements in molecular therapies
and gene-editing techniques may ultimately provide cura-
tive treatments, transforming the management of CASQ2-
associated cardiac diseases. Through continued exploration,
CASQ2 remains not only a fundamental component of
Ca?" regulation but also a key target in the quest to mitigate
arrhythmogenic cardiac disorders.

Abbreviations

AAV Adeno—associated virus

AF Atrial Fibrillation

ARVC Arrhythmogenic Right Ventricular
Cardiomyopathy

Ca* Calcium ion

CArG CC(A/T)sGG box

CASQ Calsequestrin

CASQI1  Calsequestrin 1 (skeletal muscle isoform)

CASQ2  Calsequestrin 2 (cardiac muscle isoform)

CA Cardiac Arrest

CICR Calcium—induced Calcium Release

CPVT Catecholaminergic Polymorphic Ventricular
Tachycardia

CRISPR  Clustered Regularly Interspaced Short Palin-
dromic Repeats

DADs Delayed Afterdepolarizations

EADs Early Afterdepolarizations

EC Excitation—Contraction

ECG Electrocardiogram

ER Endoplasmic Reticulum

hiPSC human—induced Pluripotent Stem Cell

ICD Implantable Cardioverter—Defibrillator

IR Ischemia—Reperfusion

IREla Inositol-Requiring Enzyme 1 alpha

iSR Junctional Sarcoplasmic Reticulum

KEKE Lysine (K)—Glutamate (E)-Lysine (K)-Gluta-
mate (E) motif

MEF 2-Myocyte Enhancer Factor—2

MEF2C  Myocyte Enhancer Factor 2 C

NFAT Nuclear Factor of Activated T—cells
PDI Protein Disulfide [somerase

QTc Corrected QT Interval

RyR Ryanodine Receptor

RyR2 Ryanodine Receptor 2 (cardiac isoform)
SAN Sinoatrial Node

SCD Sudden Cardiac Death

SD Sudden Death

SERCA  Sarcoplasmic Reticulum Ca**~ATPase
SOCE Store—Operated Calcium Entry

SND Sinus Node Dysfunction

SNP Single Nucleotide Polymorphism

SR Sarcoplasmic Reticulum

SRF Serum Response Factor

SRJ Sarcoplasmic Reticulum Junction
STIM1 Stromal Interaction Molecule 1
TrxL Thioredoxin—like

UPR Unfolded Protein Response

VT Ventricular Tachycardia
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