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Abstract

Background -—Pathogenic variants in genes encoding calmodulin (CaM) are associated with a
life-threatening ventricular arrhythmia syndrome (calmodulinopathy). The /n vivo consequences
of CaM variants have not been studied extensively and there is incomplete understanding of the
genotype-phenotype relationship for recurrent variants. We investigated effects of different factors
on calmodulinopathy phenotypes using two mouse models with a recurrent pathogenic variant
(N98S) in Calm1or CalmZ.

Methods -—Genetically engineered mice with heterozygous N98S pathogenic variants in Calm1
or CalmZ2 genes were generated. Differences between the sexes and affected gene were assessed
using multiple physiological assays at the cellular and whole animal levels. Statistical significance
among groups was evaluated using one-way analysis of variance (ANOVA) or the Kruskal-Wallis
test when data were not normally distributed.

Results -— CalmiN95/* (Calm15/*) or Calm2 N985/* (Calm25/*) mice exhibited sinus
bradycardia and were more susceptible to arrhythmias after exposure to epinephrine and caffeine
(epi/caf). Male Ca/m1"* mice had the most severe arrhythmia phenotype with evidence of

early embryonic lethality, greater susceptibility for arrhythmic events, frequent premature beats,
QTc prolongation, and more heart rate variability after epi/caf than females with the same
genotype. Ca/m25* mice exhibited a less severe phenotype, with female Ca/m25* mice having
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the least severe arrhythmia susceptibility. Flecainide was not effective for preventing arrhythmias
in heterozygous CaM-N98S mice. Intracellular Ca2* transients observed in isolated ventricular
cardiomyocytes from male heterozygous CaM-N98S mice had lower peak amplitudes and
slower SR Ca?* release following /n vitro exposure to epi/caf, which were not observed in
cardiomyocytes from heterozygous female CaM-N98S mice.

Conclusion -——We report heterogeneity in arrhythmia susceptibility and cardiomyocyte Ca?*
dynamics among male and female mice heterozygous for a recurrent pathogenic variant in Ca/m1
or CalmZ, illustrating a complex calmodulinopathy phenotype /in vivo. Further investigation of sex
and genetic differences may help identify the molecular basis for this heterogeneity.

Graphical Abstract
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Introduction

Pathogenic variants in three distinct genes (CALM1, CALMZ2, CALMS3) encoding the
ubiquitous calcium (Ca2*) sensor protein calmodulin (CaM) are associated with a life-
threatening arrhythmia syndrome referred to as calmodulinopathy.1~3 Common clinical
features of calmodulinopathy include prolongation of the corrected QT (QTc) interval

on an electrocardiogram (ECG) or stress-induced polymorphic ventricular tachycardia
(PVT) associated with cardiac arrest and sudden cardiac death in infants and children.4-8
While calmodulinopathy can resemble the clinical presentations of the congenital long-QT
syndrome (LQTS) or catecholaminergic polymorphic ventricular tachycardiac (CPVT),
there are also distinct aspects of this phenotype. In particular, the usual pharmacological
strategies to minimize the risk of sudden cardiac death in LQTS and CPVT including
B-adrenergic receptor antagonists, calcium channel and sodium channel blockers, appear less
effective at mitigating sudden death risk in this condition.> 9 10 A greater understanding
of calmodulinopathy mechanisms may guide the identification of more effect therapeutic
strategies.

CaM is ubiquitously expressed in human tissues and regulates the activity and function of
various intracellular and plasma membrane proteins.1l- 12 Three genes (CALM1, CALM?,
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or CALM?3) encode identical CaM proteins consisting of 149 amino acid residues.? 13
CaM contains four Ca?* binding EF-hand motifs, with EF-hands I and 11 being located in
the N-terminal domain and EF-hands 111 and 1V located within the C-terminal domain.14
Mutations in EF-hands 111 and IV account for 80% of pathogenic CaM variants with the
majority affecting residues that participate in binding Ca2* ions.1% Most pathogenic CaM
variants cause impaired Ca?* binding by the C-domain.?: 6. 815,16 Thijs reduced affinity
leads to impaired Ca?*-dependent inactivation (CDI) of L-type Ca2* channels (LTCC) and
prolonged action potentials (AP) in a variety of cellular models.8: 15 17. 18 By contrast,
CaM variants associated with stress-induced PVT affect RyR2 function and promote
abnormal sarcoplasmic reticulum (SR) Ca?* release in ventricular cardiomyocytes leading
to arrhythmogenic delayed after depolarizations (DADs), which increase the likelihood

of ventricular arrhythmias and sudden death.19-21 Some patients with calmodulinopathy
display an overlap of arrhythmia phenotypes suggesting that multiple mechanisms may be
involved.

The most frequent recurrent pathogenic CaM variant (N98S) was previously identified in
CALMI and CALM?Z genes in association with distinct clinical phenotypes.# 6 10. 22-24 At
the protein level, CALM1-N98S and CALMZ2-N98S translate into identical CaM proteins.
However, it is unclear what drives phenotypic heterogeneity in patients expressing this
variant. Clinical data from N98S-positive patients report various differences in general
characteristics such as sex, ethnicity, age and which CaM gene is expressing the pathogenic
variant. Investigating the effects of these various factors in an /n vivo calmodulinopathy
model may reveal information about this complex genotype-phenotype relationship.

In this study, we investigated two mouse models of calmodulinopathy heterozygous for the
recurrent N98S pathogenic variant in either Ca/m1 or Ca/lmZ2and compared phenotypes
among male and female mice with these genotypes. The main goal of the study was to
assess whether sex and CaM gene were associated with variable degrees of arrhythmia
susceptibility.

All data, analytical methods, and study materials supporting this study are available from
the corresponding author on reasonable request for purposes of reproducing the results or
replicating the procedures.

Experiments on mice were approved by the Northwestern University Animal Care and Use
Committee in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The ARRIVE (Animal Research: Reporting of /n vivo Experiments)
guidelines were used for planning and implementing experiments.25> Numbers of animals
used in each experiment are presented in Supplemental Tables.

Calm1N9%S/* (abbreviated Calm15*) and Calm2/V985/* (abbreviated Calm25/*) mice were
generated in the Northwestern University Transgenic and Targeted Mutagenesis Core
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Facility. Single stranded repair DNA oligonucleotide, guide RNA, and Cas9 mRNA were
co-injected into single-cell stage C57BL/6J embryos (guide RNA and repair DNA sequences
are provided in Supplemental Table S1). Asparagine-98 (N98) was modified to serine (S)
with a single nucleotide change of codon 98 (Ca/mi1, MGI:88251, ¢.293A>G, N98S; Calm2,
MGI:103250, ¢.293A>G, N98S) for Ca/m1 or CalmZin separate embryos. Mosaic founder
mice were genotyped initially using Sanger sequencing of PCR amplicons generated using
Q5® DNA polymerase (New England Biolabs, Ipswich, MA) and cloned into plasmid
pCR4-Blunt (Invitrogen, Waltham, MA). Founders heterozygous for the N98S variant
without other on-target edits, insertions or deletions were selected for breeding.

Male Calm15/* or Calm25'* mice were intercrossed with inbred female C57BL/6J mice
(Stock #000664; Jackson Laboratories, Bar Harbor, ME) Ca/m1*/* (abbreviated WT1) and
heterozygous Ca/m15'* littermate mice, and wildtype Ca/m2*/* (abbreviated WT2) and
heterozygous Calm25/* littermate mice, respectively. First generation offspring derived from
the mosaic founders were genotyped initially by Sanger sequencing of approximately 1

kb PCR amplicons centered on the pathogenic variant generated using Q5® polymerase.
Subsequent genotyping was performed using allele-specific digital droplet PCR (ddPCR)
validated on sequence-confirmed heterozygous genomic DNA. Primer sequences are
provided in Supplemental Table S2 and PCR conditions in Supplemental Table S3. Mice
were housed in a Specific Pathogen Free (SPF) barrier facility that maintained a 14:10
light:dark cycle. All mice had access to food and water ad /ibitum. For all experiments, male
and female mice at 2-4 months of age were used.

Statistical Analyses

Results

Comparisons between the observed ratios of WT to mutant littermates or embryos to the
expected Mendelian ratios were analyzed using a chi-square test. Survival of mice in each
group was analyzed using the Mantel-Cox long-rank test. For other measurements, simple
comparisons between WT vs mutant littermates were made using Student’s t-test. The
Shapiro-Wilk test was used to test for normal distribution of each dataset. Multiple group
comparisons were made using one-way ANOVA test followed by Tukey’s post-hoc test for
normally distributed data whereas a Kruskal-Wallis test followed by Dunn’s post-hoc test
was used for data that was not normally distributed, except when comparing between male
and female groups in which a two-way ANOVA test was performed followed by Sidak’s
post-hoc test. A p-value less than 0.05 was considered statistically significant.

A complete description of the methods is provided in the Data Supplement.

Generation and features of heterozygous Calm1N98S/* and Calm2N98S/* mice

We generated heterozygous Cal/m15/* and Calm25/* knock-in mice on the C57BL/6J

(B6) background strain using CRISPR/Cas9 genome editing. Sanger sequencing verified
successful introduction of the ¢.293A>G variant at codon 98 (Fig. 1A) resulting in
replacement of the highly conserved asparagine (N) with serine (S, Fig. 1B). Extended
sequencing of a ~1 kb region centered on the target site excluded aberrant genomic editing
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events. Calm15/* and Calm25/* knock-in mice were backcrossed to inbred B6 mice for at
least 5 generations before performing experiments.

To assess the effect of the pathogenic variant on CaM gene expression, we performed
reverse transcriptase droplet digital PCR (RT-ddPCR) to quantify expression levels of
Calm1, Calm2, and Calm3transcripts in whole heart. In both WT and mutant mouse hearts,
Calm1 was the most highly expressed CaM transcript, followed by Cal/mZ2and Calm3,
respectively (Fig. 1C; Supplemental Table S4). There were no significant differences in CaM
gene expression between WT and N98S littermate mice when including both sexes (Fig.
1C). Interestingly, males expressed higher levels of Calm1, CalmZ2, and Cal/m3compared to
female mice (Supplemental Table S4). We also used RT-ddPCR coupled with allele-specific
probes and found no evidence of allelic imbalance (median Ca/m1 allele ratio 1.035 [95%
confidence interval 1.02-1.07]; median Ca/mZ2allele ratio 0.995 [95% confidence interval
0.97-1.02]).

The CaM-N98S variant had no effects on survival of heterozygous mice, but fewer Ca/m15*
mice were born than expected for Mendelian inheritance (p = 0.011; Fig. 1D). Male
Calm15* mice were the primary drivers of this effect, with only 30% of male offspring

born with the N98S variant (Fig. 1D; Supplemental Table S5). Analysis of embryos between
E8 and E20 also showed fewer Ca/m1-N98S than WT mice (Supplemental Table S5; p =
0.0008) suggesting early embryonic lethality. Among Ca/m25* mice, females were born at
higher-than-expected ratios, but this did not affect the overall expectancy of alleles among
littermates and the observed ratios were consistent with expected Mendelian inheritance
(Fig. 1D; Supplemental Table S5). Male Ca/m1%*mice were significantly smaller than WT
male littermates at age 8-10 weeks (WT: 24.2 + 0.4g, N98S: 22.3 £ 0.3g, p=0.0013), but
there were no differences in weights between female Ca/m1*and WT1 littermates, or
between Calm25/*and WT?2 littermates of either sex.

We performed echocardiography on Ca/m1%*and Ca/m25* mice to evaluate heart
morphology and contractile function (Supplemental Fig. S1A). M-mode-derived data
showed no differences in left ventricular internal diameter, posterior wall thickness, ejection
fraction or fractional shortening in Calm15/*and Calm25’* mice compared to WT littermates
(Supplemental Fig. S1B,C; Supplemental Table S6). These results indicate that CaM-N98S
mice have structurally normal hearts with normal contractile function.

CaM-N98S causes sinus bradycardia in mice

To determine the effects of the N98S variant on basal heart rhythms we performed ECG
recordings on Ca/m15/*and Calm25/* mice (Fig. 2A,B). In comparison to WT littermates,
Calmi15*and Calm25* mice exhibited sinus rhythm with significantly slower beat rates

in both male and female mice (Fig. 2C). Slower heart rate correlated with proportionally
longer RR-intervals in CaM-N98S mice (Fig. 2D). Baseline QTc and QRS duration were not
significantly different between WT and mutant littermates (Supplemental Table S7). We did
not observe spontaneous ventricular arrhythmia. These results demonstrate that CaM-N98S
induces sinus bradycardia in both male and female mice regardless of which of the two
genes are affected.
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Effects of genotype and sex on arrhythmia severity

Data from the International Calmodulin Registry (ICaMR) indicates that approximately
80% of arrhythmia phenotypes are triggered by exercise or emotional stress and that
stress-induced PVT occurs in nearly 30% of the registry population (Table 1).10 Because
we did not observe spontaneous ventricular arrhythmia, we co-administered epinephrine

(2 mg/kg, i.p.) and caffeine (120 mg/kg, i.p.) to groups of WT and heterozygous
Calm15/*and Calm25'* littermate mice to test for pharmacologically inducible arrhythmia.
This pharmacological paradigm is used widely to provoke arrhythmia in various mouse
models.26-2° Epinephrine and caffeine (epi/caf) treatment of Ca/m15* and Calm25/* mice
induced a variety of arrhythmic events that were rarely observed in Ca/m1*/* and Calm2*"*
mice (Fig. 3A). The most prevalent arrhythmias were bigeminy and bidirectional ventricular
tachycardia (BVT, Fig. 3B). The occurrence of PVT with sudden cardiac death was
infrequent in both Ca/m15* (n=2/11) and Calm1*/* (n=1/11) groups (Fig. 3B; Supplemental
Table S8). We also recorded telemetric ECG in a small cohort of non-anesthetized mice

to exclude confounding effects of general anesthesia used in surface ECG recordings
(Supplemental Fig. S2A). Results from telemetry were similar to surface ECG recordings
and demonstrated sinus bradycardia in Ca/m15* mice in both light (Calm1%/*, 552 + 14
bpm; N98S, 440 + 15 bpm; p = 0.0007) and dark (Ca/m1*/*, 640 + 23 bpm; N98S,

567 + 14 bpm; p=0.0211) cycles (Supplemental Fig. S2B). Telemetry also revealed
significantly enhanced susceptibility to sustained arrhythmic events after epi/caf treatment
compared to CalmI*!* littermate mice (Calm1*’*, 016, 0%; Calm15'*, 5/7, 72%; p=0.0291;
Supplemental Fig. S2C,D).

Calm15’* and Calm25’* mice had significantly more arrhythmic events after epi/caf
exposure than Ca/mI** and Calm2*/* littermate mice of both sexes (Fig. 3C). Female
Calm15* and Calm25'* mice, 22% and 30% of mice, respectively, did not have arrhythmic
events. By contrast, 100% of male Cal/m1-N98S and Cal/m2-N98S mice exhibited some
form of arrhythmia. Male Ca/m15’* had the greatest incidence of sustained arrhythmias with
11/11 mice (100%) exhibiting continuous PVCs, BVT, or PVT compared to 5/8 (63%) male
Calm25"* mice with sustained arrhythmic events (Fig. 3C; Supplemental Tables S8 and S9).

Because premature ventricular contractions (PVCs) are known triggers of PVT, we
quantified PVC incidence after epi/caf. Calm15* mice of both sexes exhibited significantly
more PVCs compared to Ca/m1*/* littermates (Fig. 3D). Nearly half of Ca/m25* male and
female mice experienced PVCs compared to none of the Ca/m2*/* littermate mice (Fig. 3D;
Supplemental Tables S10 and S11).

We next compared heart rate variability (HRV) as represented by Poincaré plots between
N98S mice and WT littermates after epi/caf exposure (Fig. 4A,B). Male Cal/m15’* mice
exhibited greater HRV (quantified as the standard deviation of the R-R interval) compared
to CalmI** littermates after epi/caf (Fig. 4C). Similarly, female Ca/m15/* mice had
greater HRV after epi/caf compared to Cal/m1** littermate mice (Fig. 4D), but HRV was
not different between female Ca/m25/* and Calm2*!* littermates (Fig. 4D; Supplemental
Tables S10 and S11). Together, these data indicate that CaM-N98S mice generally have
greater susceptibility to arrhythmic events after epi/caf, but Ca/m15* confers greater
arrhythmogenicity than Calm25*.
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Induced QTc and QRS prolongation in Calm1-N98S male mice

Prolongation of the QT-interval has been documented in nearly half of calmodulinopathy
cases.10 Therefore, we assessed the effect of the pathogenic CaM-N98S variant on QTc
interval and QRS duration before and after epi/caf (Fig. 5A). At baseline, the QTc

interval and QRS duration between male and female WT and N98S littermate mice were
not significantly different (Fig. 5B,C; Supplemental Table S11). By contrast, QTc and

QRS were significantly prolonged after epi/caf in male Ca/m15/* mice compared to male
Calm1*/* littermates (Fig. 5B,C). These phenomena were not observed in male Ca/m25*
mice, female Ca/m1%/* and female Ca/m25* mice (Supplemental Fig. S3A,B; Supplemental
Table S11).

Flecainide does not prevent arrhythmia in CaM-N98S mice

Calm 1N98$/+

Previous studies demonstrated that flecainide reduces arrhythmia susceptibility in mouse
models of CPVT by inhibition of the ryanodine receptor.30: 31 Therefore, we sought to
investigate the efficacy of flecainide in CaM-N98S mice using a blinded cross-over design
(Fig. 6A). Calm15* or Calm25/* mice were randomized to receive either vehicle (DMSO
in PBS, i.p.) or flecainide (20 mg/kg, i.p.) 30 minutes before epi/caf challenge, then
experiments were repeated 7 days later with the same mice being placed in the other
treatment group. This dose of flecainide was previously demonstrated to give a plasma
concentration within the therapeutic range (2.5 + 0.2 pM) following i.p. administration.32
Flecainide administration was associated with significant QTc and QRS prolongation
compared to vehicle before the administration of epi/caf in male and female N98S mice.
This was also evident after epi/caf in female N98S mice (Fig. 6B,C; Supplemental Table
S12). Only QRS prolongation was observed after epi/caf administration in male N98S mice
(Fig. 6B,C; Supplemental Table S12). These ECG changes are consistent with known effects
of flecainide on the heart and provide verification of drug effect in our experiments.33

We investigated the effect of flecainide on arrhythmia susceptibility in CaM-N98S mice
after epi/caf administration (Fig. 7A). Treatment with flecainide 30 minutes prior to epi/caf
did not reduce the incidence or frequency of arrhythmic events in male or female CaM-
N98S mice (Fig. 7B; Supplemental Table S13). These data show that acute administration of
flecainide was not effective in preventing pharmacologically-induced arrhythmias in N98S
mice.

and Calm2N98S/* cause altered intracellular Ca2* dynamics

Previous studies suggested that arrhythmogenesis in calmodulinopathy involves
dysregulation of the ryanodine receptor type 2 (RyR2) and abnormal intracellular Ca2*
handling.1%-21 We investigated the effect of CaM-N98S on Ca2* cycling at two pacing
frequencies (Fig. 8A; Supplemental Fig. S4; Supplemental Tables S14 and S15, 1 Hz, cycle
length 1000 ms; Supplemental Table S16 and S17, 3.3 Hz, cycle length 300 ms). Exposure
of acutely isolated ventricular cardiomyocytes to epi/caf caused significant increases in the
peak amplitude of intracellular Ca2* transients in all groups, but the effect was smaller in
cardiomyocytes from male Cal/m15/* and Calm25/* mice compared to cells from male WT
littermate mice at both pacing frequencies (Fig. 8B; Supplemental Tables S14 and S16).

By contrast, there were no differences in peak Ca2* transient amplitudes after epi/caf in
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cardiomyocytes from female Calm15/* and Ca/m25/* mice paced at either 1 or 3.3 Hz
compared to cells from WT littermates (Fig. S4A; Supplemental Tables S15 and S17).

The Ca?* transient rise time (10% to 90% of peak) was significantly longer in
cardiomyocytes from male Cal/m15/* and Calm25'* mice at baseline compared to cells
from male WT littermate mice when paced at 1 Hz (Fig. 8C; Supplemental Table S14)

but not at 3.3 Hz (Supplemental Table S16), and this difference was absent after epi/caf
treatment (Fig. 8C). The rise time was not different in cells from female Ca/m15/* and
Calm25/* mice compared to cells from female WT littermate mice at baseline or after epi/caf
(Supplemental Fig. S4B; Supplemental Table S15 and S17). Exposure to epi/caf shortened
rise times in all groups. The Ca2* transient decay time (90% to 10% of peak) was not
different in cardiomyocytes from male or female Ca/m1%/* and Calm25/* mice compared
to cells from WT sex-matched littermates (Fig. 8D; Supplemental Fig. S4C; Supplemental
Tables S14-517). Exposure to epi/caf shortened decay times in Ca/m15/* groups similar to
WT littermates. However, decay times were greater in Ca/m25* groups compared to WT
littermates (Supplemental Fig. S4C). The transient duration at 50% recovery (TDsp) was
significantly longer in Ca/m25/* male and female groups compared to WT littermates, but
not different in cardiomyocytes from Ca/m15* groups compared to WT littermates after
epi/caf when paced at either frequency (Fig. 8E; (Supplemental Fig. S4D; Supplemental
Tables S15 and S17). However, at a faster pacing rate of 3.3 Hz, the transient duration at
80% recovery (TDgg) was significantly longer in cells from male Ca/m15* mice compared
to cells from male WT littermate mice (Supplemental Table S16). This phenomenon was
not observed in cells from male Ca/m25* or female Calm15/* mice (Supplemental Table
S14-517).

The percent of cells exhibiting spontaneous Ca2* waves was not different between

WT and CaM-N98S groups (Supplemental Fig. S5A,B). Similarly, the Ca2* wave
frequencies between cells from WT and CaM-N98S littermate mice were nearly identical
(Supplemental Fig. S5C,D). At baseline, the majority of Ca2* waves occurred after 1 Hz
pacing (Supplemental Fig. SS5E). By contrast, after epi/caf the majority of Ca?* waves
occurred following the pause after 3.3 Hz pacing (Supplemental Fig. S5E). Importantly,
early aftertransients (EATS) and delayed aftertransients (DATS), which are proxies for
arrhythmogenic early and delayed afterdepolarizations (EADs, DADs), respectively, were
too rare to analyze.

Discussion

In this study, we investigated arrhythmia susceptibility in two calmodulinopathy mouse
models in which the most recurrent human calmodulin pathogenic variant (CaM-N98S)

was engineered in either the Calm1 or CalmZ2 genes. These mice mirror genotypes that

are associated with diverse arrhythmia phenotypes in humans including prolonged QTc,
stress-induced PVT, and sudden death (Table 1). The basis for the genotype-phenotype
heterogeneity associated with CaM-N98S is unclear from clinical studies, which are
challenging given the rare and often de rnovo nature of the variants. Therefore, we employed
genetically engineered mice to determine if two specific factors (sex, CaM gene) can explain
this phenomenon.
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Phenotypic heterogeneity in calmodulinopathy

Most cases in the ICaMR have pathogenic variants in CALMJ, followed by CALM?2

and least frequently CALM310 Differences in sex, ethnicity, specific variant and which
CaM gene is mutated may contribute to the phenotype heterogeneity observed in this
registry cohort. Even among cases heterozygous for the recurrent pathogenic variant N98S,
variability in the clinical presentation of arrhythmia susceptibility exists (Table 1). The
first report of this variant occurred in a 4-year-old Iragi female heterozygous for de

novo CALM1-N98S who had cardiac arrest while running. Later, she was noted to have
complex ventricular ectopy before and during treatment with a p1-adrenergic-receptor
blocker and a second cardiac arrest at age 15 years.* The QTc was not prolonged in

this case. The second reported case was that of a de novo heterozygous CALMZ2- N98S
variant in a 5-year-old Japanese male who experienced episodes of dizziness and syncope
while running. Evaluation of his ECGs revealed baseline prolongation of the QTc interval,
which worsened with epinephrine infusion. Treatment with propranolol and mexiletine did
not prevent syncopal episodes. Based on these initial two cases, it was suspected that
heterozygous N98S variant in CAL M1 would specifically cause stress-induced PVT, while
the same variant in CALMZ2evokes QTc prolongation, although the influence of sex and
genetic background could not be excluded. However, Jiménez-Jaimez et al. later reported
two cases in which heterozygous CALM2-N98S was associated with distinct clinical
phenotypes including a 7-year-old Spanish male with sinus bradycardia, exercise-induced
arrhythmias and SCD, and a 4-year-old Moroccan female with stress-induced LQTS.22
There is no predominant phenotype among ten persons heterozygous for either CALM1-
N98S or CALM2-N98S reported by the International Calmodulinopathy registry1? including
six cases in the published literature (Table 1). Interestingly, this variant has not been reported
to occur in CALMS3.

Comparisons of our two CaM-N98S mouse models revealed that male Ca/m15/* mice
exhibited the most severe phenotype with lower birth rates, QTc and QRS prolongation
after exposure to epinephrine and caffeine, along with the greatest incidence of PVCs and
sustained arrhythmias when compared to female Ca/m1’*, and male and female Ca/m25*
mice. The Ca/mI mRNA levels in heart are significantly higher than Cal/m2Z, and all

CaM genes are expressed at significantly higher levels in male compared to female mice.
Consistent with this notion, modulating CaM gene expression rescues cellular arrhythmia
phenotypes in patient-derived induced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMS).34’ 35

We observed significant differences in phenotype severity between male and female CaM-
N98S mice that is reminiscent of the sexual dimorphism observed in other genetic and
acquired heart rhythm disorders.36-39 In humans, females have longer QTc intervals and are
more susceptible to torsades de pointes in the setting of drug induced LQTS. By contrast,
men account for the majority of SCD cases and predominate among cases of Brugada
syndrome and short QT syndrome. Hormonal regulation of calcium and potassium channels
after puberty may account for sex differences in QTc duration, but the precise mechanisms
involved are incompletely understood.4? Calmodulinopathy cases in the ICaMR are evenly
distributed between the sexes, but symptomatic disease is most common in males.1% In a
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previously reported mouse model of calmodulinopathy expressing the Ca/m1-N98S variant,
female mice exhibited significantly shorter QTc intervals, no QRS prolongation, and a
lower incidence of BVT compared to male Ca/m1’* mice, similar to our mouse models.4!
Further investigation of mechanisms responsible for sex-specific arrhythmia susceptibility
could reveal novel therapeutic targets. We did not observe baseline prolongation of the QTc
interval in our mouse models and different genetic backgrounds used in the prior study
(Table 2) could account for this difference.26: 30 32, 41-43

Comparison of calmodulinopathy with CPVT

Some cases of calmodulinopathy are classified as CPVT or are described as CPVT-like.
CPVT is a severe arrhythmia syndrome characterized by ectopic beats, BVT and PVT
triggered by physical or emotional stress that can progress to syncope and SCD.44
Pathogenic variants in RYRZ2 (encoding ryanodine receptor 2, RyR2) account for the
majority of CPVT cases, followed by variants in calsequestrin (CASQ2) and triadin
(TRDN).*> Similar to typical CPV/T, sinus bradycardia and syncope after physical or
emotional stress are reported in calmodulinopathy, although BVT is rare.19 Although
calmodulinopathy can resemble CPVT in the initiation and presentation of arrhythmia, there
are key clinical features that distinguish these two conditions. The median age-of-onset (6
years) of calmodulinopathy is earlier than typical CPVT (10 years).19: 46 |n addition, CPVT
is accompanied by normal QTc duration before and after adrenergic stimulation,*> whereas
calmodulinopathy is frequently associated with QTc prolongation including some cases
with the pathogenic CaM-N98S variant.5: 22 Therapy with B-adrenergic blockers is highly
effective in preventing adrenergic-triggered arrhythmias in CPVT, but has inconsistent
benefit in calmodulinopathy.® 10 Similarly, flecainide is effective in reducing arrhythmia
risk in CPVT,30: 47 but efficacy is less apparent in calmodulinopathy.1? These phenotype
distinctions are recapitulated in mouse models of both disorders.

There are also mechanistic distinctions between CPVT and calmodulinopathy (Table 2). In
mouse models of CPVT, impaired function or regulation of RyR2 disrupts intracellular Ca*
handling, leading to ectopic SR Ca2* release and triggered arrhythmogenic DADs.42: 48, 49
We did not observe DATs or EATs in Calm15/* or Calm25"* mice before or after exposure
to epi/caf. Tsai et al. showed that DADs were not observed in Ca/mI5/* mice until mutant
ventricular cardiomyocytes were paced at 7 Hz.*! In our experimental set up, pacing rates
greater than 3.3 Hz did not consistently capture ventricular beats and therefore we could
not reliably assess Ca2* transients at higher frequencies. Previous reports also suggest

that impaired Ca2* homeostasis of the Purkinje network, not necessarily the ventricular
myocardium, trigger arrhythmogenic DADs and ectopic firing,>% 51 but a recent study
suggests that arrhythmia originates at the Purkinje-myocardial interface in CPVT.52 Tsai

et al. demonstrated by voltage mapping studies in their Ca/m15’* mouse model that EADs
detected within the His-Purkinje network after adrenergic stimulation may serve as the
origin of arrhythmogenesis in the N98S calmodulinopathy model.*! We did not assess Ca2*
dynamics of the conduction system in our mouse models.

A prominent feature of Ca?* dynamics that we observed in cardiomyocytes isolated
from Calm15* and Calm25’* mice was lower Ca?* peak amplitude and slower SR Ca?*
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release rate. Similarly, Tsai et al. reported significantly lower Ca2* spark amplitudes and
prolongation of time to peak after adrenergic stimulation compared to WT mice.*! /n

vitro studies also revealed that the CaM-N98S variant increases the single-channel open
probability of RyR2, resulting in a greater Ca2* spark frequency and lower SR Ca?* load.19
In our study, we did not observe enhanced triggered activity in mutant mice. Together, these
data suggest that CaM-N98S may promote RyR2 leakiness and reduces SR Ca?* stores,
and these effects likely contribute to arrhythmia susceptibility, but may not fully explain

the calmodulinopathy phenotype. Further evidence that RyR2 dysregulation is not the sole
mechanism underlying arrhythmogenicity is our data demonstrating lack of antiarrhythmic
efficacy for flecainide in CaM-N98S mice.

In addition to impaired Ca?* homeostasis, other mechanisms of arrhythmogenesis have
been proposed in CaM-N98S mice. Tsai et al. reported impaired inactivation of LTCC

and the prolongation of action potentials after adrenergic stimulation.?! This is a primary
mechanism of QTc prolongation that may potentiate the risk of arrhythmia susceptibility.
Therefore, we suspect that the prolongation of the QTc interval in our male Ca/m15* mice
may be a result of similar mechanisms of LTCC dysregulation and impaired CDI. Because
QTc prolongation was not present at baseline in our mouse models, we did not investigate
the effect of CaM-N98S on sarcolemmal ion channel function.

Study limitations

While our study offers unique insights into factors that influence arrhythmia predisposition
in calmodulinopathy, other studies are required to elucidate the exact molecular basis for the
gene and sex dependence of the phenotype we observed. As discussed above, we did not
observe QTc prolongation at baseline in our two new mouse models even though this is a
documented feature of some CaM-N98S carriers (Table 1). Repolarization in mouse heart

is distinct from human heart and a murine model of calmodulinopathy may be suboptimal
to replicate this feature of the clinical phenotype. Because there were multiple tests of
significance from multiple comparisons, our study has an increased chance of false positive
correlations. Finally, given the partial embryonic lethality of the calmodulin mutation, our
study may be confounded by ascertainment bias.

Conclusions

We report investigations of two murine models of calmodulinopathy caused by the
recurrent N98S pathogenic variant expressed in two different CaM genes. We observed
greater arrhythmia susceptibility in male and Ca/m15* mice indicating that sex and CaM
gene are trait modifiers. We also highlight a pattern of abnormal Ca%* dynamics in
calmodulinopathic cardiomyocytes that differ from models of CPVT, and demonstrate that
flecainide lacks antiarrhythmic efficacy in calmodulinopathy. Our findings illustrate the
complex arrhythmia mechanisms in calmodulinopathy and identify factors that contribute to
phenotypic heterogeneity in this disorder.
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Nonstandard Abbreviations and Acronyms

BVT
CaM
Calm1 S
Calm2 S/*
Calm1 */*
Calm2 */*
CPVT
ddPCR
DAD
DAT
EAD
EAT

epi
epi/caf
HR

HRV
ICaMR
ICD

LQT
LTCC
PVC
PVT

RT

RYR

SCA

bidirectional ventricular tachycardia

calmodulin protein

notation for mice heterozygous for Calm1-N98S variant
notation for mice heterozygous for Calm2-N98S variant
notation for wildtype Ca/m1 mice

notation for wildtype Ca/mZmice

catecholaminergic polymorphic ventricular tachycardia
digital droplet polymerase chain reaction

delayed afterdepolarizations

delayed aftertransients

early afterdepolarizations

early aftertransients

epinephrine infusion test

epinephrine and caffeine

heart rate

heart rate variability

International Calmodulinopathy Registry

implantable cardioverter defibrillator

long-QT

L-type calcium channel

premature ventricular contraction

polymorphic ventricular tachycardia

reverse transcription

ryanodine receptor

sudden cardiac arrest
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What is Known:

. Calmodulin transduces intracellular Ca2+ into signaling events involved
with myriad physiological processes including cardiomyocyte excitation and
contraction.

. Pathogenic variants in three human genes encoding identical calmodulin
proteins are associated with a life-threatening cardiac arrhythmia syndrome
called calmodulinopathy.

. The most recurrent pathogenic variant (conversion of asparagine-98 to serine,
N98S) arises in two calmodulin genes (CALM1, CALM2) and is associated
with diverse clinical arrhythmia phenotypes.
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What the Study Adds:

. Genetically engineered mice heterozygous for Calm1-N98S or Calm2-N98S
exhibit catecholamine-inducible ventricular arrhythmia.

. Arrhythmia susceptibility is most severe in male Calm1-N98S mice and
least severe in female Calm2-N98S mice. Male Calm1-N98S mice exhibit
embryonic lethality.

. Flecainide was ineffective at preventing induced ventricular arrhythmias in
calmodulinopathic mice.
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Figure 1.

Calmodulin gene expression and birth ratios in N98S knock-in mice. Heterozygous N98S
(S/+) knock-in C57BL/6J mice were engineered using CRISPR/Cas9 genome editing. (A)
Sanger sequencing showing asparagine-98 (N98) modified to serine (S) with a single
nucleotide change of codon 98 (c.293A>G; N98S). (B) A schematic showing the location
of the N98S mutation within the third EF-hand of the CaM C-domain. The dashed lines
indicate Ca2* chelating positions. Codon numbers are indicated along with single letter
amino acid codes. (C) Quantitative RT-ddPCR was performed and the expression levels of
the three calmodulin genes were assessed in male (top) and female (bottom) hearts from
Calm1 (left) or Calm2 (right) S/+ and wild type (+/+) littermate mice. Data from Ca/m15*
mice are displayed as red dots, with Ca/m1*/* littermate mice displayed as black dots. Data
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from Calm25’* mice are displayed as blue dots, with Ca/m2*/* littermate mice displayed

as gray dots. Data are displayed as scatter dot plots with lines representing the mean and
SEM. One-way ANOVA was used to compare gene expression of the same sex and two-way
ANOVA was used to compare gene expression between male and female mice. Number of
replicates are provided in Supplemental Table S4. (D) Genotypes of mice were quantified in
each group to assess birth ratios for all mice (left) or separately for male and female mice
(right). Chi-square analysis was used for birth ratios. Significance levels are denoted by * for
p<0.0001, T for p<0.001, * for p<0.05, § for p<0.01.
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Figure 2.

Calm15'* and Calm25* mice have bradycardia. Surface ECG recordings were performed in
anesthetized 2 to 4-month-old mice. (A) Representative baseline ECG traces of Ca/m1*/*
(top) and mutant Ca/m15/* (bottom) mice. (B) Representative baseline ECG traces of
Calm2*’* (top) and mutant Ca/m25’* (bottom) mice. (C) Baseline heart rates of Calm1*/*
and Calm15/* or Calm2*/* and Calm25* male (left) and female (right) mice. (D) Baseline
RR-intervals for Ca/m1*/* and Calm15’* or Calm2*/* and Calm25* male (left) and female
(right) mice. Data are displayed as scatter plots (Calm1*/*, black; Calm2**, gray; Calm15%,
red; Ca/m25*, blue) with horizontal lines representing the mean + SEM. Number of
replicates are provided in Supplemental Table S7. Data were analyzed using a one-way
ANOVA. Significance levels are denoted by * for p<0.0001, T for p<0.001, ¥ for p<0.05, 8
for p<0.01.
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Figure 3.
Heterogeneity of arrhythmia phenotypes in Calm15/* and Calm25/* mice. Surface ECG

recordings were performed in anesthetized 2 to 4-month-old mice. After baseline recording,
epinephrine (2 mg/kg) and caffeine (120 mg/kg) were administered by intraperitoneal (i.p.)
injection. (A) Example ECG traces recorded from Calm1*/* (top) and male Calm15/*
(bottom) mice after administration of epinephrine and caffeine (epi/caf). (B) Examples

of the different observed arrhythmic events. (C) Data showing the percentage of mice

with arrhythmic events observed after epi/caf administration. Data were analyzed using
Fisher’s exact test. Significance levels are denoted by * for p<0.0001, T for p<0.05, ¥ for
p<0.001. (D) Quantification of premature beats after epi/caf administration in male (left) and
female (right) groups of Calmi*/* (black symbols), Calm15* (red symbols), Calm2*/* (gray
symbols) and Calm25'* (blue symbols) mice. Premature beats were quantified as the average
number of PVCs/minute of three 1-minute time periods at 4, 8, and 12 minutes after epi/caf.
Horizontal lines represent mean + SEM. Number of replicates are provided in Supplemental
Table S8. Data were analyzed using a Kruskal-Wallis test. Significance levels are denoted by
* for p<0.0001, T for p<0.05, ¥ for p<0.001.
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Figure 4.

Heart rate variability in WT, Ca/m15/* and Calm25/* mice. Surface ECG recordings were
performed in anesthetized 2 to 4-month-old mice before and after epi/caf administration.
Representative Poincaré plots showing the RR interval (RR-I) vs the RR-I of the next beat
(RR-1+1) at baseline (black dots) and 10 minutes after epi/caf (red dots, Ca/m1, blue dots,
Calm2) in (A) male and (B) female mice. (C,D) Quantification of heart rate variability
presented as the standard deviation of the RR interval at baseline (solid data symbols)

and after epi/caf administration (open data symbols) in male (C) and female (D) mice.
Horizontal lines represent mean £ SEM. Number of replicates are provided in Supplemental
Table S10. Data were analyzed using a Kruskal-Wallis test. Significance levels are denoted
by * for p<0.001.
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Epinephrine/caffeine prolongs QTc and QRS in male Ca/m15* mice. epi/caf administration.
(A) A representative single beat ECG trace recorded from a male Ca/m15/* mouse at
baseline (top) and after epi/caf administration (bottom). (B) Average QTc interval measured
in male Ca/m15"* and Calm25’* mice at baseline (left) and after epi/caf (right). (C) Average
QRS duration measured in male Ca/m15* and Calm25* mice at baseline (left) and after
epi/caf (right). Horizontal lines represent mean + SEM. Number of replicates are provided

in Supplemental Table S7. Data were analyzed using a one-way ANOVA. Significance levels

are denoted by * for p<0.01.
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Figure 6.
Flecainide prolongs the QTc interval and QRS duration in N98S mice. Surface ECG

recordings were performed on anesthetized 2 to 4-month-old mice. Flecainide (Flec, 20
mg/kg) or vehicle (Veh, DMSO:PBS) was administered by intraperitoneal (i.p.) injection
30 minutes before administration of epinephrine (epi, 2 mg/kg, i.p.) and caffeine (caf,

120 mg/kg, i.p.). (A) Representative PQRST complexes recorded from a female N98S
mouse that received a vehicle (top) injection, with the procedure repeated 7 days later

with a flecainide (bottom) injection. Example traces obtained at baseline and following
epi/caf administration. (B) Changesin QTc and QRS duration of female N98S mice
following flecainide or vehicle administration with or without epi/caf exposure. Pairs of
connected symbols represent individual mice. (C) Percent difference in QTc and QRS
duration between vehicle and flecainide treated mice. Number of replicates are provided in
Supplemental Table S12. Data were analyzed using a Student’s t-test. Significance levels are
denoted by * for p<0.001, T for p<0.01, * for p<0.05.
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Figure 7.

Flecainide does not prevent arrhythmia in N98S mice. Surface ECG recordings were
performed on anesthetized 2 to 4-month-old Ca/m15* and Calm25’* mice. Flecainide (Flec,
20 mg/kg) or vehicle (Veh) was administered by intraperitoneal (i.p.) injection 30 minutes
before administration of epinephrine (epi, 2 mg/kg, i.p.) and caffeine (caf, 120 mg/kg,

i.p.). Experiments were repeated 7 days later with mice being placed in the other treatment
group. (A) Representative ECG traces recorded after epi/caf from a female Ca/m25*mouse
pre-treated with vehicle or flecainide. (B) Percentage of mice with sustained, not sustained
or no arrhythmic events observed after epi/caf administration in vehicle or flecainide pre-
treated male (h=12, /eft) and female (h=14, right) mice. Number of replicates are provided
in Supplemental Table S13. Data were analyzed using a Fisher’s exact test. There were no
significant differences between vehicle-treated and flecainide-treated groups.
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Figure 8.

Ca?* transients in cardiomyocytes from male Ca/m15* and Calm25’* mice. Intracellular
Ca?* transients were imaged in single ventricular cardiomyocytes using line scan
fluorescence detection on a confocal microscope. (A) Representative transients from male
WT Calm1** (left) and mutant Calm1’* (right) cardiomyocytes paced at 1 Hz (cycle length
1000 ms) in 1 mM [Ca2*] normal Tyrode’s solution (top) or with 1 mM [Ca2*] Tyrode’s
solution with 10 uM of epinephrine and 250 pM of caffeine. (B) Peak Ca2* transient
amplitudes determined as the change in fluorescence from initiation of Ca2" rise to peak
Ca?* (AF) normalized to the fluorescence at baseline (F,). (C) Rise time of Ca2* transients.
(D) Decay time of Ca2* transients. (E) Duration of Ca2* transients at 50% recovery (TDsp).
Data in B-E are scatter plots with lines representing the mean and the SEM. Filled symbols
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represent data collected in 1 mM [Ca?*] normal Tyrode’s solution while open symbols
represent data collected in 1 mM [Ca?*] Tyrode’s solution with 10 pM of epinephrine and
250 puM of caffeine. Data are from 10-20 cells from 3—-4 mouse hearts in each genotype
group. Numeric data for 1Hz and 3.3Hz pacing are provided in Supplemental Tables S14—
S17. Data were analyzed using a one-way ANOVA. Significance levels are denoted by * for
p<0.0001, T for p<0.01, ¥ for p<0.001, and $ for p < 0.05.
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Clinical features of reported patients with the N98S variant.

Page 29

biphasic T wave

Gene Sex Age at Clinical ECG features QTc (ms) Treatment Reference
diagnosis presentation
CALM1 F 4 years SCA, syncope ventricular ectopy, BVT not prolonged B-blocker, ICD 4
CALM1 | M 5 years SCA VF 494 nd 23
. . . 478 at baseline; B-blocker,
CALM2 M 5 years syncope, seizure biphasic T wave 558 after epi mexiletine 6
sinus bradycardia,
CALM2 | M 7 years SCD bigeminy, polymorphic 432 none 22
PVCs, biphasic T wave
412 at baseline;
CALM2 F 4 years VF SCA, VF 528 after epi B-blocker, ICD 22
cALM2 | ™ 4years VF, TdP SCA, VF, PVT, TdF, 635 B-blocker 2

SCA, sudden cardiac arrest; SCD, sudden cardiac death; ICD, implantable cardioverter defibrillator; PVC, premature ventricular contraction; BVT,
bidirectional ventricular tachycardia; TdP, torsades de pointes; epi, epinephrine infusion test; \VF, ventricular fibrillation; nd, not described.
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Comparison of CPVT and calmodulinopathy mouse models.

Table 2.
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CPVT
: : B-AR 2 - Response to
Mutation Mouse strain Phenotype induced Cellular Ca?* dynamics flecainide Reference
L VHR, bigeminy, *spontaneous premature Ca?* :
/ ) s
Casq2 C57BL/6 BVT, PVT Yes release, SR Ca2" leak varrhythmias 30, 43
2
RyR2R4496C/+ C57BL/6 BVT, VF, VT Yes TSF’O“ta"eot‘eslggénat”re Ca™ | arrhythmias 26, 32
2+
RyR2RIT6Q/ C57BL/6 BVT Yes TSpO"ta”ef"r’gIgg”at”re Ca Not tested 42
Calmodulinopathy
N no spontaneous premature
C3HeB/Fel x VHR, bigeminy, -
N9BS/+ ) ) 2+
Calm? C57BL/6J BVT, PVT, LQT Yes Ca?* release, \resting spark Not tested 41
frequency, Vspark amplitude
VHR, bigeminy,
CalmNoesi+ C57BL/6) BVT, PVT, LQT Yes "ﬁSPO”ta“efus premature ineffective  This study
(males) Ca?* release, vpeak amplitude
VHR, bigeminy, no spontaneous premature . . .
985+
CalmN C57BL/6J BVT PVT Yes Ca?* release, \peak amplitude ineffective This study

HR, heart rate; VT, ventricular tachycardia; BVT, bidirectional VT; PVT, polymorphic VT; VF, ventricular fibrillation; LQT, long-QT; * = greater;

| = fewer

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2024 September 01.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Animal Care
	Mice
	Statistical Analyses

	Results
	Generation and features of heterozygous Calm1N98S/+ and Calm2N98S/+ mice
	CaM-N98S causes sinus bradycardia in mice
	Effects of genotype and sex on arrhythmia severity
	Induced QTc and QRS prolongation in Calm1-N98S male mice
	Flecainide does not prevent arrhythmia in CaM-N98S mice
	Calm1N98S/+ and Calm2N98S/+ cause altered intracellular Ca2+ dynamics

	Discussion
	Phenotypic heterogeneity in calmodulinopathy
	Comparison of calmodulinopathy with CPVT
	Study limitations

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.
	Table 2.

