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ABSTRACT

Calmodulin (CaM) is a ubiquitous intracellular calcium sensor that controls and
regulates key cellular functions. In all vertebrates, three CaM genes located on separate
chromosomes encode an identical 149 amino acid protein, implying an extraordinarily high
level of evolutionary importance and suggesting that CaM mutations would be possibly
fatal. Inherited arrhythmia syndromes comprise a spectrum of primary electrical disorders
caused by mutations in genes encoding ion channels or associated proteins leading
to various cardiac arrhythmias, unexplained syncope, and sudden cardiac death. CaM
mutations have emerged as an independent entity among inherited arrhythmia syndromes,
referred to as calmodulinopathies. The most common clinical presentation associated
with calmodulinopathy is congenital long QT syndrome, followed by catecholaminergic
polymorphic ventricular tachycardia, both of which significantly increase the possibility of
repeated syncope, lethal arrhythmic events, and sudden cardiac death, especially in young
individuals. Here, we aim to give an overview of biochemical and structural characteristics
of CaM and progress toward updating current known CaM mutations and associated clinical
phenotypes. We also review the possible mechanisms underlying calmodulinopathy, based
on several key in vitro studies. We expect that further experimental studies are needed to

explore the complexity of calmodulinopathy.
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INTRODUCTION

alcium ions (Ca*") influence nearly every aspect of
Ccellular life. Calmodulin (CaM), a ubiquitously expressed
Ca’*-binding protein, has a vital role in relaying Ca®* signals
into biochemical and biomechanical responses by altering
protein—protein interactions. As a result, CaM regulates a wide
spectrum of cellular functions, including metabolism, gene
expression, proliferation, contraction, and proteolysis [1].
No other molecule highlights the evolutionary importance
of Ca®> signaling. Although the properties and biological
functions of CaM have been widely studied since its early
discovery by Cheung in 1970, there are still considerable
knowledge gaps that limit our understanding of Ca*/CaM
interactions with and the identity of its target proteins [2].

Inherited arrhythmia syndromes are electrical abnormalities
of the heart caused by mutations in genes encoding cardiac
ion channels or associated proteins. Unfortunately, sudden
cardiac death, an unexpected natural death, might be
the first clinical presentation in patients with inherited
arrhythmia syndrome, especially in young adolescence.
Arrhythmia syndromes may manifest as catecholaminergic
polymorphic ventricular tachycardia (CPVT) and/or long QT
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syndrome (LQTS). The first arrhythmogenic CaM mutation
was identified in a large Swedish family with severe and
inherited CPVT, causing syncope and sudden death [3]. Since
then, more and more CaM mutations have been identified
in patients, especially in young individuals, presenting with
CPVT and/or LQTS.

Calmodulinopathy has emerged as another life-threatening,
inherited arrhythmia syndrome. We summarize currently
available knowledge on inherited arrhythmia syndromes.
Specifically, we focus on this severe arrhythmogenic syndrome,
termed calmodulinopathy, and also review CaM-encoding
genes, protein structure and function, as well as the spectrum
of CaM mutations and their associated phenotypes. Finally,
we review the possible mechanisms underlying this complex
arrhythmia syndrome.
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CALMODULIN GENES, STRUCTURE, AND FUNCTION

CaM is a small, ubiquitous adaptor protein that transduces
Ca?" signals into activities of downstream effector proteins.
Three different CaM genes (CALMI, CALM?2, and CALM3),
located on three different chromosomes (14q32.11, 2p21, and
19q13.32, respectively), encode an identical, 149 amino acid
protein. CaM consists of an N- and a C-lobe, connected by
an o-helix linker. Each lobe contains two EF-hand motifs,
each one binding one Ca*" ion. Thus, CaM can bind up to 4
Ca* ions with dissociation constants (K,) ranging from 1 to
10 uM [4]. Calcium binding changes CaM conformation,
exposing a methionine-rich hydrophobic patch, at either N- or
C-lobe, suitable for peptide binding sequences in its target
molecules [5]. Intriguingly, the evolutionary significance
of CaM is emphasized not only by the appearance of three
different genes in three different chromosomes but also by the
highly conserved protein sequence across all vertebrates [6].
CaM in both its Ca’-free (Apo-CaM) and Ca’-bound
form (Ca*-CaM) significantly impacts on ion homeostasis of
cardiomyocytes. Excitation contraction coupling is the process
linking electrical excitation to contraction. Pacemaker cells
undertake spontaneous depolarization and generate propagating
action potentials, which lead to coordinated contraction of
the heart. CaM modulates cardiac action potential through
modulation of ion channel gating, including cardiac sodium,
calcium, and potassium channels. Furthermore, CaM acting as
an essential Ca®" sensor interacts with multiple key downstream
proteins by modulating Ca?" influx, sarcoplasmic reticulum
Ca* release, and Ca*" recycling during cardiac excitation—
contraction coupling [7]. Therefore, CaM gene mutations result
in dysfunction of cardiac ion channels, leading to arrhythmias.

INHERITED ARRHYTHMIA SYNDROMES

Inherited arrhythmia syndromes manifest as long and
short QT syndrome, Brugada syndrome, CPVT, and early
repolarization syndrome [8]. Table 1 lists prevalence,
electrocardiographic characteristics, underlying gene mutation,
sex preference, age of onset, and known triggers for each
type of congenital arrhythmia syndromes. The majority of
inherited arrhythmia syndrome present with a disease-specific
electrocardiogram (ECG) phenotype, demarcated by abnormal
depolarization and/or repolarization, such as the coved-type
ST-segment elevation in the right precordial leads, J-point
elevation in inferolateral leads, and long QT and short QT
intervals [Table 1]. These genetic abnormalities, implying
altered imbalance in cardiac ion channel activities, provide
an arrhythmogenic substrate that increases the risk of
developing ventricular arrhythmias and subsequent sudden
cardiac death, often in young individuals. With the recent
advance in genetic testing, disease-causing genes for inherited
arrhythmias have been successfully mapped, which has
a great advantage in individualized patient care. Genetic
testing in a proband or linkage mapping in affected family
members is highly valuable in the diagnosis of inherited
arrhythmia syndromes [8]. The LQTS is the best example for
correlation between a certain mutation (genotype) and clinical
presentation (phenotypes) [9]. CaM mutation-related inherited
arrhythmias have been discovered in patients with a severe
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cardiac phenotype, characterized by a high penetrance, thus
postulating a high propensity to lethal ventricular arrhythmias,
syncope, and sudden cardiac death at a young age.

REPORTED INHERITED ARRHYTHMIA SYNDROMES
ASSOCIATED WITH CALMODULINOPATHY

Inherited arrhythmia syndromes are found in more than
half of unexplained cases of sudden cardiac death in young
persons. Although the incidence is low, an early diagnosis
helps initiating therapies to reduce the risk of sudden cardiac
death. In 2012, Nyegaard and colleagues first identified
two unrelated, de novo missense mutations (p. Asn54lle; p.
Asn98Ser) in the CALMI gene (start methionine denoted
residue 1), leading to the development of early-onset CPVT
or CPVT-like arrhythmia [3]. In 2013, Crotti et al. discovered
three heterozygous de novo mutations in either CALMI (p.
Asp130GIn; p. Phel42 Leu) or CALM?2 (p. Asp96Val) genes,
presenting with recurrent cardiac arrest and dramatically
prolonged QTc interval [19]. Since then, more mutations in the
CaM-encoding genes CALM1, CALM?2, and CALM3 have been
reported and linked to ventricular arrhythmias manifesting
with features of CPVT and/or LQTS [19-28].

CPVT is an inherited arrhythmia syndrome, characterized by
a normal resting ECG and polymorphic ventricular tachycardia
induced by exercise or emotional stress in the absence of
structural heart disease [13]. Patients typically experience
episodes of syncope and even sudden cardiac death, especially
in young individuals. If untreated, the disease is highly
lethal, as approximately 30% of those affected experience at
least one cardiac arrest and up to 80% one or more syncopal
spells [14]. Heterozygosity for mutations in the ryanodine
receptor 2 gene (RYR2 [MIM 180902], CPVT1) [29], or
calsequestrin-2 gene (CASQ2 [MIM114251], CPVT2) [30]
is known to cause the autosomal dominant inheritance
pattern of CPVT. CALMI1 and CALM?2 mutations associated
with CPVT were named CPVT4 [15]. Beta-blockers are
considered first-line therapy, but unfortunately, they are not
entirely effective in preventing life-threatening arrhythmias.
A cardioverter—defibrillator is often implanted in patients who
continue to have ventricular arrhythmias despite beta-blocker
therapy. Other anti-arrhythmic agents, including flecainide
and Ca?" channel blockers, have also been used successfully
in some cases. Small-scale studies show that left sympathetic
ganglionectomy is effective in patients who are insufficiently
protected by beta-blocker therapy and/or experience repeated
electrical shocks from implanted defibrillators [31].

The congenital LQTS is a primary cardiac electrical
disease, characterized by a prolongation of the QT interval
on the ECG and by the manifestation of unexplained syncope
or even cardiac arrest, mainly triggered by emotional or
physical stress [9]. The QT interval reflects the duration
of the ventricular action potential, which is determined
by the function of different ion channels. Mutations
in KCNQI (LQTI, voltage-gated potassium channel),
KCNH2 (LQT2, voltage-gated potassium channel), and
SCN54 (LQT3, voltage-gated sodium channel) account for
at least 75% of congenital LQTS [10,24]. LQTSs caused by
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Table 1: Summary of inherited arrhythmia syndromes

Arrhythmia Prevalence ECG characteristic

Gene/ion channel /function Gender

Age of onset Triggers of cardiac
events

Long QT syndrome 1/2000 12-lead ECG with Bazett’s ~ KCNQI (30%- 35%), |I,,  Female>male <20 years LQTI: Exercise
[9-12] formula QTe >500 ms or QTc N2 (25%- 40%), |1, (swimming)
be.tween 480 .and 499 ms SCNSA (5%- 10%), 11 LQT2: Acute arousal
with unexplained syncope I Na
LQT3: Rest
Catecholaminergic 1/10,000  Exercise or catecholamine- ~ RYR2 (60%- 65%), | Same <15 Adrenergic stimulus

induced bidirectional VT
or polymorphic ventricular

polymorphic ventricular

tachycardia [12-15]
premature beats or VT

0.5- 1/1000 ST elevation with type I

(South Asia) morphology at lead V1
and V2, located at 2", 3%,
or 4™ intercostal space
spontaneously or after the
challenge of class IC drugs

Brugada syndrome
[12,16]

CASQ2 (3%- 5%), |

SCNSA (20%), 11,

(exercise/emotional
stress)

Female/male: 1/5 30- 50 years Fever, sleep

Early repolarization Unknown J-point elevation >1 mmin ~ CACNAIC (4%), |ICa Female/male: 1/4 30- 50 Short coupled
syndrome [12,17] >2 contiguous inferior and/  CACNB2b (8%), |1, premature beats
or lateral leads of a standard o
12-lead ECG CACNA2DI (4%), |1,
Short QT syndrome 0.2-1/1000 12-lead ECG with Bazett’s ~ KCNH2 (<5%), 11, Female/male: 1/5 Same Unknown, mainly
[12,18] formula QTc <330 ms at rest

KCNQI (<5%), 11,

KCNJ2 (<5%), 11,

ECG: Electrocardiogram

mutations in CALM]I, 2, and 3 genes are categorized as LQT
14, 15, and 16, respectively [11]. In symptomatic, untreated
LQT patients, mortality is very high, reaching 21% within
one year after the first syncopal episode [32]. In sharp
contrast, with proper treatment, mortality is less than 1%
during a 15-year follow-up [9], which makes the existence
of symptomatic but undiagnosed patients unacceptable.
Lifestyle modification, beta-blockers, left cardiac sympathetic
denervation, and implantable cardioverter-defibrillator are
the most important therapeutic modalities in the proper
management of LQTS patients [31].

Table 2 lists arrhythmia syndromes associated with CaM
mutations. Most patients develop symptoms in early life,
even at the gestational stage. LQTS seems to be the dominant
phenotype. By far, there is no overt sex or race prevalence.
The functional consequences of the CaM mutations appear
to be sufficiently severe to override any influence on the
phenotype by the racial or gender background. Interestingly,
carriers of the p. N98S, p. DI32E, and p. QI32P CaM
mutations displayed combined arrhythmia syndromes of CPVT
and LQTS.

In line with the most extensive International
Calmodulinopathy Registry [21], among 74 subjects carrying
a pathogenic CaM mutation, 35 single-nucleotide substitutions
were identified in the 74 CALM-positive patients (36 CALM1I,
23 CALM?2, and 15 CALMS3 patients) using whole-exome
sequencing, targeted next-generation sequencing, or Sanger
sequencing. These 35 variants occurred similarly among 3
CALM genes. Sixty-four (86.5%) were symptomatic, and
the 10-year cumulative mortality was 27%. The predominant
phenotype is LQTS (49%), followed by CPVT (28%).
LQTS patients have high incidences of life-threatening

arrhythmias (78%) with a median onset age of 1.5 years
and poor response to therapies. The ECG pattern resembles
that of LQTS type 3, which had a worse prognosis when
compared to LQTS type 1 and type 2. All CPVT patients
were symptomatic with a median onset age of 6.0 years, and
48% of which presented with major arrhythmic events. The
registry discovered another combined phenotype, p. D134N.
Undoubtedly, calmodulinopathy has become one of the main
disease entities among patients with inherited arrhythmia
syndromes.

UNDERLYING MECHANISMS OF
CALMODULINOPATHIES

Dysregulation of Ca®* entry into the cytosol of
cardiomyocytes has been proposed as the primary mechanism
of arrhythmias associated with CaM mutations, either resulting
from increased Ca?" entry through inactivation-incompetent
L-type Ca> channels (Ca,1.2) or from increased
SR Ca?>* release via disinhibited cardiac ryanodine
receptors (RyR2) [22,37,38].

Several in vitro studies have proven that RyR2 and
CASQ2 gene mutations lead to an increased diastolic leakage
of Ca* from the sarcoplasmic reticulum of ventricular
cardiomyocytes, particularly under adrenergic stimulation,
promoting delayed afterdepolarization-induced  triggered
activities [39,40]. CaM physiologically inhibits RyR2 activity.
The CPVT-associated CaM mutations p. N54I, p. N98S, and
p. A103V all showed RyR2 disinhibition and, therefore,
augmented RyR2 opening probability leading to Ca’" waves,
which in turn may cause delayed afterdepolarizations [Table 3].
However, it has remained wunclear whether CaM
mutation-induced RyR2 dysfunction underlies CPVT in vivo.
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Table 2: List of published calmodulin mutations-related inherited arrhythmia syndromes

Gene Mutation Phenotypes Sex Age of onset (years) Race Reference
CALM 1 p.N541 CPVT Male 12 White- Swedish [3]
p.FOOL IVF Male 16 ? [33]
p-N98S CPVT; LQTS Female; Male 4,5 Traqi; White? [3,34]
p.E105A LQTS Male 6 Japanese [27]
p.DI130G LQTS Female; male <1 White- Italy; Grecian [19]
p.D132V LQTS Male 3 White? [35]
p.E141G LQTS Male 4 Indian [20]
p.E141V LQTS Male <1 Maltese [28]
p.F142L LQTS Female/Male All <1 White, Black, Hispanic [19,20]
CALM 2 p-D96V LQTS Female <1 Hispanic [19]
p-N98S LQTS/CPVT Male/Female 5/4 Japanese/Moroccan; Hispanic [23,25]
LQTS+CPVT Male 7
p-N98I LQTS Male 17 Japanese [25]
p.D130G LQTS Female <1 Indian [20]
p.DI130V LQTS Male <l White [20]
p.DI32E LQTS+CPVT Female <9 White-Germany [25]
p.DI32H LQTS Male <l White? [35]
p.D134H LQTS Female <1 Japanese [25]
p-Q136P LQTS+CPVT Female 8 Morracan [25]
CALM 3 p.D94A LQTS Female 8 White [34]
p.D96H LQTS Female <1 White? [36]
p-A103V CPVT Female 10 White? [22]
p.-D130G LQTS Male; female <l White [26,28]
p.E141K LQTS Female; male <1 Hispanic? Saudi Arabia [28]
p.F142L LQTS Female <l White? [36]

CPVT: Catecholaminergic polymorphic ventricular tachycardia, LQTS: Long QT syndrome, IVF: Idiopathic ventricular fibrillation

Table 3: The biophysical effects of reported calmodulinopathy

CaM mutation Gene Phenotype Location of CaM-C I.,CDI APD Ca¥spark Binding to RyR2 Inhibition of RyR2
mutation Domain
Kd (Fold
Reduction)
N541[22,37,38] CALM1 CPVT EF hand - - - 1 1 at low [Ca*] lat low and
I-1I linker —at hlgh [Ca2+] hlgh [Caz*]
D96V [22,37,38,41] CALM?2 LQTS EF hand III 13.6 Loss 1 - —at low [Ca*] —at low and
1 at high [Ca*] high [Ca*"]

NO8I [25] CALM?2 LQTS EF hand IIT 8.3 Nil Nil Nil Nil Nil
NO8S [23,38,42] CALM1/2 CPVT/LQTS EF hand III 33 Impaired 1 1 1 at low [Ca*] —at low [Ca*]

CPVT+LQTS — at high [Ca*"] lat high [Ca*]
A103V [22] CALM3 CPVT EF hand IIT 2.9 - - il - lat low [Ca*]
D130G [37,38,41,43] CALM1/2/3 LQTS EF hand IV 53.6 Loss 1 l lat low and tat low [Ca*']

high [Ca®']

D132E [25] CALM?2 CPVT+LQTS EF hand IV 22.9 Nil Nil Nil Nil Nil
D132H [35] CALM?2 LQTS EF hand IV 71.0 Impaired ~ Nil Nil Nil Nil
D132V [35] CALM1 LQTS EF hand IV 63.5 Impaired  Nil Nil Nil Nil
D134H [25] CALM?2 LQTS EF hand IV 12.9 Nil Nil Nil Nil Nil
Q136P [25] CALM?2 CPVT+LQTS EF hand IV 6.5 Nil Nil Nil Nil Nil
E141G [44] CALM1 LQTS C terminal 10.8 Loss Nil Nil Nil —at low [Ca?']
E141K [28] CALM3 LQTS C terminal 32.6 Nil Nil Nil Nil Nil
E141V [28] CALM1 LQTS C terminal 24.7 Nil Nil Nil Nil Nil
F1421 [37,38,45] CALM1/3 LQTS C terminal 5.4 Loss i l lat low [Ca*] tat low [Ca*]

— at high [Ca*"]

CDI: Ca**-dependent inactivation, CPVT: Catecholaminergic polymorphic ventricular tachycardia, LQTS: Long QT syndrome, APD: Action potential
duration, EF: Ejection fraction
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The properties of Ca,1.2 control cardiac action potential
generation, morphology, and duration. Furthermore, Ca,1.2
plays the primary role in providing Ca?* for the initiation
of Ca’-induced Ca*" release in cardiac myocytes. During
the repolarization phase, Ca*'-dependent inactivation (CDI)
of Ca 1.2 limits Ca® entry under physiological conditions,
and disruption of this vital feedback mechanism is known
to result in severe LQTS. For example, LQTS 8, known as
Timothy syndrome, is associated with severe defects in
CDI [46]. Correspondingly, loss of CDI was observed for
several LQTS-causing CaM mutations, including p. D96V,
p. D130G, p. E141G, and p. F142 L. So far, all patients
with calmodulinopathy only harbor a mutation in 1 out
of 6 CaM-encoding alleles. Taking advantages of using
induced pluripotent stem cell-derived cardiomyocytes from
LQTS patients heterozygous for mutations in one CaM
gene (CALMI-F142 L; CALM2-N98S/D130G), several recent
studies have demonstrated a strong dominant-negative effect
of single-mutant CaM alleles on CDI of Ca,1.2, resulting in
prolonged action potential duration, which could be rescued
by selectively knocking out the mutant gene while sparing the
wild-type counterparts [42,43,45].

The detailed mechanisms of how a mutation in one of the
six alleles leads to such severe arrhythmia syndromes remain
unclear. There is a complex genotype—phenotype correlation.
Generally speaking, the magnitude of Ca®" affinity reduction
correlated with the severity of CDI impairment of Ca,1.2,
which in turn would decide the amplitude of action potential
prolongation and believed to be a major cause of LQTS. On
the other hand, dysfunctional RyR-mediated Ca®* handling has
been implicated in the pathogenesis of cardiac arrhythmias,
especially in established CPVT mouse model and documented
human CPVT. Ca* leak through RyR can cause triggered
activity in the form of delayed afterdepolarizations, which
have the propensity to evoke a premature beat to initiate
the arrhythmia. In addition, in vitro studies had proved that
Purkinje cells are critical contributors to arrhythmic triggers in
established mouse models of CPVT, which might implicate the
possible role of Purkinje fiber in the calmodulinopathy [47,48].
However, the effect of CaM mutation on the function RyR2
is more complex and not directly linked to Ca*" affinity.
For example, the phosphorylation of RyR2 and subsequent
sarcoplasmic reticulum Ca** release is dependent on
Ca?"/CaM-dependent kinase II, which adds an additional layer
of complexity when trying to understanding the pathogenesis.
As for those carriers, displaying the phenotypes of either
CPVT, LQTS, or both, environmental factors or modifier genes
might also have an influence on the clinical manifestation.

CONCLUSION

Since the first case of CaM mutation-associated CPVT
was identified in 2012, calmodulinopathies have emerged
as a novel cause of human inherited arrhythmia syndromes.
Thus far, approximately 30 CaM mutations with clear disease
association have been recognized. A better understanding of
the fundamental mechanisms is mandatory. Several in vitro
biochemical, as well as cellular studies, have demonstrated
that particularly, the regulation of the Ca 1.2 and RyR2 is

affected by these mutations. We have developed the first
knock-in mouse model, heterozygous for the p. N98S mutation
in Calml, which presents with an overlap of CPVT and
LQTS [49,50]. Future studies using this novel mouse model
should have a great value for unraveling calmodulinopathy
mechanisms as well as the possible treatment options for
patients suffering from CaM-associated inherited arrhythmia
syndromes.
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