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Abstract

Background: Genetic variants in calsequestrin-2 (CASQZ2) cause an autosomal recessive form of
catecholaminergic polymorphic ventricular tachycardia (CPVT), though isolated reports have
identified arrhythmic phenotypes among heterozygotes. Improved insight into the inheritance
patterns, arrhythmic risks, and molecular mechanisms of CASQ2-CPVT was sought through an
international multi-center collaboration.

Methods: Genotype-phenotype segregation in CASQ2-CPVT families was assessed, and the
impact of genotype on arrhythmic risk was evaluated using Cox regression models. Putative
dominant CASQZ2 missense variants and the established recessive CASQ2-p.R33Q variant were
evaluated using oligomerization assays and their locations mapped to a recent CASQ?2 filament
structure.
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Results: A total of 112 individuals, including 36 CPVT probands (24 homozygotes/compound
heterozygotes and 12 heterozygotes) and 76 family members possessing at least one presumed
pathogenic CASQZ2 variant, were identified. Among CASQZhomozygotes and compound
heterozygotes, clinical penetrance was 97.1% and 26 of 34 (76.5%) individuals had experienced a
potentially fatal arrhythmic event with a median age of onset of 7 years (95% CI: 6-11). Fifty-one
of 66 CASQZ heterozygous family members had undergone clinical evaluation and 17/51 (33.3%)
met diagnostic criteria for CPVT. Relative to CASQZ heterozygotes, CASQ2homozygote/
compound heterozygote genotype status in probands was associated with a 3.2-fold (95%
confidence intervals [CI]: 1.3-8.0, p=0.013) increased hazard of a composite of cardiac syncope,
aborted cardiac arrest, and sudden cardiac death, but a 38.8-fold (95% ClI: 5.6-269.1, p<0.001)
increased hazard in genotype positive family members. /n vitro turbidity assays revealed that
p.R33Q and all 6 candidate dominant CASQ2 missense variants evaluated exhibited filamentation
defects, but only p.R33Q convincingly failed to dimerize. Structural analysis revealed that 3 of
these 6 putative dominant negative missense variants localized to an electronegative pocket
considered critical for back-to-back binding of dimers.

Conclusions: This international multi-center study of CASQ2-CPVT redefines its heritability
and confirms that pathogenic heterozygous CASQZ2 variants may manifest with a CPVT
phenotype, indicating a need to clinically screen these individuals. A dominant mode of
inheritance appears intrinsic to certain missense variants owing to their location and function
within the CASQ2 filament structure.

Keywords

catecholaminergic polymorphic ventricular tachycardia; sudden cardiac death; genetics;
arrhythmia; inheritance; structure

Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited arrhythmia
syndrome characterized by adrenergic-mediated malignant ventricular arrhythmias.1—3
CPVT patients often present during childhood with exertion-induced syncope or sudden
cardiac death (SCD) in the setting of a structurally normal heart.# Variants in genes whose
protein products coordinate calcium-induced calcium release from the cardiac sarcoplasmic
reticulum underlie this condition, the most prominent being RyR2and CASQ2.58 Whereas
RyRZ2 gain-of-function variants cause an autosomal dominant form of CPVT, the CASQZ2
genetic subtype is considered autosomal recessive and accounts for 2-5% of CPVT cases.’

CASQZ2encodes calsequestrin-2, a high capacity, low affinity calcium binding protein that
buffers calcium within the sarcoplasmic reticulum.8 High-capacity calcium storage is
facilitated by calcium-induced oligomerization of CASQ?2 into filaments that localize to the
junctional sarcoplasmic reticulum.?-10 Oligomerization, or “filamentation”, is mediated
through “front-to-front” dimerization of monomers and subsequent “back-to-back” binding
of dimers to form tetramers and higher order polymers that contain calcium-binding sites
within electronegative pockets formed at intra-dimer and inter-dimer interfaces.11-13
Purported mechanisms for CASQ2-CPVT include loss of calcium buffering, altered
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regulation of RyR2 activity, and remodeling of the sarcoplasmic ultrastructure and its
constituent proteins.11:14-19

Although viewed as an autosomal recessive condition, isolated reports documenting
arrhythmias among CASQZ heterozygotes have emerged in the literature.20-22 A recent X-
ray crystallographic structure by members of our group provides novel insight into the
CASQ?2 filament structure and reveals that previously reported dominant-acting variants may
disrupt back-to-back binding of dimers, while leaving front-to-front dimerization of
monomers intact.23 Our resulting model proposes that mutant monomers unable to dimerize
may be transported out of the sarcoplasmic reticulum and degraded, effectively rescuing a
heterozygous phenotype, whereas variants that interfere with the filament while leaving the
dimer intact could produce a dominant negative effect.13.23-25

Through an international multi-center collaboration, we sought to further characterize the
inheritance patterns and associated arrhythmic risks of CASQ2-CPVT. We subsequently
pursued /n vitro functional and /n sifico structural evaluations of candidate dominant CASQ2
missense variants and the established recessive CASQ2-p.R33Q variant in order to glean
mechanistic insight into the variable inheritance patterns observed.

Transparency and Openness Promotion

Data that support the findings of this study are available from the corresponding authors
upon reasonable request.

International Multi-Center CASQ2 (IMCC) Cohort

Probands with a CPVT phenotype presumed secondary to a CASQZ2 variant(s) were
identified from 2 international CPVT registries (Amsterdam, Netherlands26 and Vancouver,
Canada?3; additional details in Online Supplement) and 10 additional centers from North
America and Europe. Inclusion into the study required that probands satisfied a CPVT
diagnosis consistent with the expert consensus statement2’ and possessed at least one
CASQ2 variant classified as pathogenic, likely pathogenic, or as a variant of unknown
significance according to criteria from the American College of Medical Genetics and
Genomics (ACMG).28 The CASQ2 variant(s) could be present in a homozygous, compound
heterozygous, or heterozygous state. Genotype positive family members were also included.
Probands had to have undergone screening of all 105 exons and associated exon-intron
boundaries within RyR2. Individuals were excluded if they possessed a pathogenic, likely
pathogenic or variant of unknown significance in RyR2and/or if they carried a pathogenic
or likely pathogenic variant in another gene implicated in CPVT or a CPVT compatible
phenotype (TECRL, CALMI1-3, TRDN, KCNJZ, and ANK?2). Additional exclusion criteria
consisted of obstructive coronary artery disease and ventricular cardiomyopathy. Clinical
and genetic details recorded for probands and genotype positive family members, including
definitions utilized for outcome events, are provided in the Online Supplement. Special care
was taken to ensure that no study participants were included twice.
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The study was performed as part of a protocol approved by the research ethics boards of
Western University, London, Ontario, Canada and the collaborating institutions and all study
participants provided informed consent.

Systematic Literature Review of Reported Cases

A comprehensive literature search was conducted using the search terms “CASQ2”,
“Calsequestrin-2”, “catecholaminergic polymorphic ventricular tachycardia”, and/or
“CPVT” in the MEDLINE electronic database. All reports published before November 2019
in the English language were reviewed if they reported a CASQZ variant in association with
a CPVT phenotype. Clinical and genetic details, as described for the IMCC cohort, were
extracted for all phenotype positive CASQZ heterozygotes not already included in our study.

In Silico Evaluation of Pathogenic CASQ2 Variants

All identified CASQZ2 variants from the IMCC cohort and the systematic literature review
were subjected to /n silico prediction of variant deleteriousness and variant classification
according to ACMG guidelines.28 Their prevalence was assessed using the Genome
Aggregation Database (gnomAD), a repository including over 140,000 individuals from
multiple population-based and disease-specific genetic cohort studies.29 /n sifico prediction
was performed using Polymorphism Phenotyping v2 (PolyPhen-2), Sorting Intolerant From
Tolerant (SIFT), and Combined Annotation Dependent Depletion (CADD).30-32

Cloning of Protein Expression Constructs and Expression and Purification of Cardiac
Calsequestrin

Candidate dominant CASQZ2 missense variants from the IMCC cohort and an established
recessive variant, CASQ2-p.R33Q, underwent functional evaluation. Calsequestrin clones
lacking the signal peptide sequence were ligated using Gibson Assembly into a T7-based
bacterial overexpression vector (pET28a) with an upstream 6His site and TEV protease
cleavage sequence. Missense mutants were generated using the protocol from the Q5 Site-
Directed Mutagenesis Kit (New England BioLabs), using either the Q5 or Phusion
polymerases. All constructs were verified by Sanger sequencing and overexpressed in
Rosetta(DE3)pLysS E£. coli. Primers used for cloning and mutagenesis are provided in Table
| in the Supplement.

The protocol for expression and purification of cardiac calsequestrin has been previously
reported and full details are provided in the Online Supplement.13 Briefly, expression
constructs were transformed into Rosetta(DE3)pLysS £. coli, grown in culture, and induced
with 0.25mM IPTG. Following resuspension of pellets in lysis buffer, clarified supernatants
were filtered and calsequestrin-containing fractions were isolated by immobilized metal
affinity chromatography using a HisTrap FF column. Pooled protein fractions were treated
with TEV protease and dialyzed. Anion exchange polishing was performed using a Mono Q
column, protein was eluted in a continuous gradient, and fractions were analysed for purity
by SDS-PAGE and A260/280 ratio.
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Oligomerization and Structural Analysis

Full details regarding the turbidity assays and size exclusion chromatography (SEC) are
provided in the Online Supplement. The turbidity assay, through quantitative evaluation of
the cloudiness of a solution, was used to evaluate polymerization. Following addition of
CaCl2 solution to recombinant protein samples, absorbance at 350nm was monitored for 45
minutes. SEC was performed using a Superdex200 Increase 10/300 GL column, elution was
performed using 1 column volume of buffer, and absorbance (280nm) of eluted proteins was
measured at a flow rate of 0.9 mL/min.

All CASQ?2 structure figures were prepared in PyMOL using Protein Data Bank structures
60WYV (cardiac calsequestrin) and 60WW (cardiac calsequestrin with identification of
cation-binding sites by ytterbium anomalous signal).32 Sequence alignments were created
with TEXshade.33:34

Statistical Analysis

Results

Normally distributed continuous variables are presented as means + standard deviation and
were compared using Student’s t-test. Comparison of categorical values was performed
using Fisher’s exact test. Cox proportional hazards models were used to estimate the
associations between genotype and the first presumed primary arrhythmic event (composite
of presumed cardiac syncope, appropriate implantable cardioverter-defibrillator [ICD]
shock, aborted cardiac arrest [ACA], or SCD with normal autopsy; subsequently referred to
as the composite arrhythmic outcome with syncope) and the first definite primary
arrhythmic event (composite of appropriate ICD shock, ACA or SCD with normal autopsy;
subsequently referred to as the composite arrhythmic outcome without syncope). As CPVT
imparts risk of arrhythmic events throughout life, the time interval considered for Cox
models extended from birth to date of last follow-up. Genotype was dichotomized as
heterozygous or homozygous/compound heterozygous for CASQZ2 variants. A robust
covariance matrix estimator involving robust standard errors clustered by family was used to
account for familial relatedness. Log-minus-log plots and the Schoenfeld test confirmed that
all Cox regression models satisfied the proportional hazards assumption for the CASQZ2
genotype covariate.

For turbidity assays, data points in figures represent mean values, with error bars
representing standard deviation. All turbidity assay data points are mean of 3 technical
replicates.

Two-tailed p-values < 0.05 were considered statistically significant and statistical analyses
were performed using Stata version 15 (College Station, TX, USA).

International Multi-Center CASQ?2 (IMCC) Cohort

Screening of 2 international CPVT registries and 10 inherited arrhythmia clinics from North
America and Europe identified a total of 112 individuals from 36 CPVT families with a
presumed culprit CASQZ2 variant, considered pathogenic, likely pathogenic, or a variant of
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unknown significance by ACMG criteria, in the absence of another suspected genetic culprit
(Tables Il and IV in the Supplement). Fifty-one of 112 (45.5%) study participants were male
and 91 (81.2%) were of European ancestry (Table 1). Among the 36 identified CASQ2-
CPVT families, 9 had been previously reported. Details regarding all probands and family
members provided in the IMCC cohort are provided in Table 2 in the Supplement.

In total, 12 probands were heterozygous for a CASQZ2 variant. Cascade screening was
performed in 14 individuals from 6 of the 12 families and segregation of the variant with a
CPVT phenotype was seen in 9 family members from 4 of the 6 families (Table Il in the
Supplement; Families 2, 5, 21, and 34). There were also 24 probands homozygous or
compound heterozygous for CASQZ2 variants. For this group, clinical evaluation was
performed in 37 of 52 heterozygous CASQZ family members and 8 had a positive CPVT
phenotype (Table 1 and Table Il in the Supplement; Families 10, 11, 14, 17, and 25).
Overall, 51 of 66 CASQZ heterozygous family members underwent clinical evaluation with
treadmill testing, epinephrine infusion, or Holter monitoring and 17/51 (33.3%) met CPVT
diagnostic criteria. Heterozygous family members from families of a heterozygous proband
were more likely to have adrenergic-induced ventricular arrhythmias relative to
heterozygous family members of a homozygous or compound heterozygous proband (64.3%
versus 21.6%, p=0.007; Table 1).

Clinical details for select probands and family members are provided in the following
section.

CASQ?2 heterozygous probands and families—The 12 CASQZ heterozygous
probands can be grouped based on arrhythmic manifestations: 3 suffered an ACA (Table 1l
in the Supplement; Families 21, 28, and 36), 3 experienced exercise-induced syncope (Table
Il in the Supplement; Families 2, 8, and 35), and 6 had pre-syncope, palpitations or chest
pain and had exercise-induced ventricular ectopy consistent with CPVT (Table Il in the
Supplement; Families 5, 12, 19, 27, 32, and 34).

Among the 3 probands with ACA, the proband in Family 28 (CASQ2-p.R251H) presented
with an ACA in association with exertion at 8 years of age and treadmill testing revealed
polymorphic ventricular tachycardia (VT; Figure 1a). Following implantation of an ICD, the
patient had recurrent shocks for exertion-induced polymorphic VT until initiation of a beta-
blocker. Family 21 has previously been reported as an autosomal dominant form of CPVT
secondary to a novel CASQ2-p.K180R variant identified with exome sequencing.?2 A 4-year
old male from Family 36 (CASQ2-p.W361R) was successfully resuscitated following a
cardiac arrest that occurred during exertion and was subsequently found to develop frequent
premature ventricular contractions and polymorphic VT on treadmill testing (Table 11 in the
Supplement).

Among the 3 probands with adrenergic-induced syncope, genotype-phenotype segregation
was observed in Family 2 (Table Il in the Supplement; Family 2, CASQ2-p.R33*), which
has been partially described in a previous report.29 Of the 5 family members heterozygous
for this variant, 2 exhibited exercise-induced ventricular ectopy consistent with a CPVT
diagnosis.
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For the remaining 6 CPVT probands, the proband of Family 5 (Figure 1b; CASQ2-p.E39%)
presented with pre-syncope at 43 years of age and had polymorphic VT on treadmill testing
(Figure 1c), while his 42 year old brother and 68 year old mother with the same variant
developed ventricular ectopy during treadmill testing (Figures 1d and €). All 3 individuals
heterozygous for the CASQ2-p.D340* variant from Family 34 (Figure 1f) had exertion-
induced ventricular bigeminy (Figures 1g, h, and i). These investigations were triggered after
the 9 year old female proband with exercise-induced palpitations had non-sustained
polymorphic VT on Holter monitoring. Cascade screening in the remaining 4 families was
either not possible or declined, including for the CASQ2-p.D325E proband with non-
sustained polymorphic VT on treadmill testing (Figure 1j)

CASQ2 Homozygous and Compound Heterozygous Probands and Families—
Among 34 individuals (24 probands and 10 family members) homozygous or compound
heterozygous for a pathogenic/likely pathogenic CASQZ2 variant or CASQZ2 variant of
unknown significance, penetrance for a CPVT phenotype was 97.1% (33/34). The only
patient without a positive clinical phenotype was a 4 year old female who had a normal
Holter monitor, but had yet to undergo treadmill testing (Family 14; S113Rfs*6/S113Rfs*6).
Twenty-six of the 34 (76.5%) homozygotes and compound heterozygotes had syncope,
ACA, and/or SCD, with a median age of onset of 7 years (95% CI: 6-11).

Of these 24 families, 5 included at least one heterozygous family member (8 total) with a
positive CPVT phenotype (Table Il in the Supplement; Families 10, 11, 14, 17, and 25),
however only 2 of the 8 had symptoms (details provided in the Online Supplement).

Impact of CASQ2 Genotype on Phenotype—Relative to CASQZ heterozygotes,
CASQ2homozygote and compound heterozygote genotype status was associated with a
15.0-fold (95% CI: 5.7-39.4.3, p<0.001) increased hazard of experiencing the composite
outcome with syncope, though the results differed markedly when stratified by familial
status (probands and family members). The increased hazard was 3.2-fold (95% ClI: 1.3-8.0,
p=0.013) among probands alone (Figure 2A), but 38.8-fold (95% CI: 5.6-269.1, p<0.001) in
genotype positive family members (Figure 2B). Notably, all first presumed primary
arrhythmic events in probands and genotype positive family members occurred prior to both
initiation of B-blockade and insertion of an ICD.

For the composite arrhythmic outcome without syncope, CASQZhomozygote/compound
heterozygote genotype status was associated with a 4.1-fold increased hazard of the outcome
(95% CI: 1.0-16.2, p=0.045) relative to heterozygotes. Stratification of the analyses by
familial status showed no difference when the analysis was restricted to probands (HR: 0.9,
95% CI: 0.2-3.5, p=0.856) (Figure 2C), whereas homozygous and compound heterozygous
family members had an increased, albeit non-significant, risk relative to heterozygotes (HR:
8.7, 95% ClI: 0.7-112.3, p=0.097; Figure 2D).

Systematic Literature Review of Reported Cases

Literature review identified 2 additional families that included CASQZ heterozygotes
manifesting cardiac syncope. Of the 2 reported variants - CASQ2-p.K206N and a large
genomic deletion [1:116,242,628-116,311,402] involving exons 9-11 of CASQZ2 -
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arrhythmia consistent with a positive CPVT phenotype was only reported in the p.K206N
family.21:35 Full details are provided in Table 111 in the Supplement.

In Silico and Biochemical Evaluation of CASQ2 Variants

Population allele frequencies imply a low penetrance for heterozygous CASQ2
variants—From a combination of the IMCC and literature review, 55 presumed culprit
CASQZ2variants were identified, including 22 missense, 32 truncating (10 nonsense, 13
splice site/region, and 9 frameshift), and 1 large deletion (Table IV in the Supplement).
Among the 55 variants identified, 29 had been previously reported (Table IV in the
Supplement). The allele frequencies of the variants in gnomAD ranged from 0 (novel) to
0.06424% (p.D310N). The collective frequency in gnomAD of all presumed culprit CASQZ2
variants from the IMCC and literature review was 0.0997%, while that of all truncating
CASQ2 variants in gnomAD is 0.049%. In contrast, given an estimated CPVT prevalence of
0.01% and the consensus that CASQZ2 accounts for up to 5% of CPVT, CASQ2-CPVT
should have a maximal prevalence of 0.0005%. Thus the collective prevalence of presumed
pathogenic CASQZ2 variants in gnomAD is at least 398-fold greater than the expected
prevalence of CASQZ2-CPVT. Details of /n silico prediction of variant deleteriousness and
ACMG classification are provided in the Online Supplement.

Biochemical and Structural Analyses—Among the 16 missense variants identified in
our novel case series, 7 manifested a positive CPVT phenotype in a heterozygous state:
CASQ2-p.Y55C, -p.R251H, -p.P308L, -p.D325E, -p.W361R, and the previously reported
CASQ2-p.S173I and -p.K180R variants.1322 We performed both turbidity assays and SEC
in order to characterize filamentation defects for 6 of the 7 putative dominant missense
variants (cells transformed with the CASQ2-p.W361R clone failed to express the
recombinant protein efficiently in culture) and compared findings with the recessive
CASQ2-p.R33Q variant known to have a dimerization defect.

Turbidity Assays Reveal Filamention Defects for Candidate Dominant-Acting
Variants—Turbidity assays performed under standard physiologic conditions, including a
pH of 7.4, revealed that the recessive CASQ2-p.R33Q variant and 5 of the 6 candidate
dominant missense variants exhibited filamentation defects, the exception being CASQ2-
p.R251H (Figure 3A—-H). Although initial conditions did not support a filamentation defect
for p.R251H (Figure 3E), the known low pH near the sarcoplasmic reticulum luminal
membrane and the fact that our cardiac calsequestrin filament was crystallized at low pH
conditions, led us to hypothesize that filament formation at low pH may be physiologically
relevant to CASQ2 function.13 When assayed at a lower pH (5.6), a kinetic defect for
p.R251H became apparent (Figure 3F).

Sizes Exclusion Chromatography (SEC) Reveals Dimerization of Candidate
Dominant Variants Remains Intact—Given that apparent dominant and recessive
missense variants exhibit filamentation defects, we subsequently utilized SEC in an effort to
distinguish pathogenic variants that impeded front-to-front dimerization, and thus would
favor a monomer state, from those that dimerize in a normal fashion. The recessive CASQ2-
p.R33Q and -p.D307H variants have previously been shown to be defective at dimerization
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under varying calcium conditions.1! The SEC elution profile of wild-type CASQ?2 revealed 3
peaks that are hypothesized to represent, from right to left, monomer, dimer, and tetramer
species (Figure 4A). CASQ2-p.R33Q revealed an extra species between the monomer and
dimer peaks, which may be reflective of its filamentation defect being secondary to impaired
front-to-front dimerization (Figure 4A). In contrast, the other variants lacked this
intermediate peak. Further, 5 of the 6 putative dominant missense variants, the exception
being CASQ2-p.Y55C, had elution profiles revealing dimer levels that were comparable
relative to wild-type, (Figure 4B—H). These findings suggest that the filamentation defects
observed for these 5 missense variants do not occur secondary to an inability to undergo
front-to-front dimerization and likely belong to a different mechanistic class.

Structural Analysis Reveals Candidate Dominant Variants Localize to Regions
Relevant for Filamentation—We next mapped all 22 CASQZ missense variants
previously implicated in CPVT to the newly determined crystal structure of the cardiac
calsequestrin filament.13

Of the 6 candidate dominant variants evaluated functionally, the p.S173I, p.K180R, and
p.D325E variants all localized to a solvent cavity formed by the inter-dimer interface (Figure
5A). In contrast, the CASQ2-p.R251H and -p.P308L variants localized to other parts of the
filament structure (Figure 5B—C) and their filamentation defects were hypothesized to occur
secondary to interference with packing of the CASQ2 dimer, considered critical for filament
formation. Prior studies have shown that the dimer can occupy two different conformational
states. Specifically, a more tightly-packed conformation is produced by divalent cation
binding in the acidic groove between dimers, resulting in an assembly that is narrower by
several angstroms.13 Structural alignment of loosely-packed dimers would be incompatible
with the filamented state due to the widened dimension of the longest axis of the dimer
(Figure 5D). Consistent with this hypothesis, the histidine substitution at R251 localizes to
the solvent cavity between the dimers where it could alter the packing of the 2 chains.
Similarly, a leucine substitution at P308 may alter the location of nearby acidic residues that
promote close packing by coordinating the cations that line the electronegative cavity
between the dimers. In our recent study, multivalent ions were shown to line a narrow
groove between dimer chains and the essentiality of multivalent coordination by D310,
among others, is demonstrated for the purpose of tight packing of the dimer, allowing
otherwise strongly repulsive electronegative surfaces to come into close contact.13 Notably,
a prior molecular dynamics simulation of the P308L variant found changes in the packing of
the adjacent acidic residues caused by partial unfolding of the short helix at P308.37

The locations and putative functional categories of the remaining CASQZ2 missense variants
are provided in Figure 6. In total, 9 missense variants exclusively observed to be transmitted
in an autosomal recessive fashion localized to either the intra-dimer interface or the
hydrophobic core (Figure 6). The CASQ2-p.P308Q variant, anticipated to impair dimer
packing, was observed in a single compound heterozygote in the IMCC cohort and hence
potential dominant behaviour could not be assessed clinically. The functional impact of the
remaining missense variants was considered unknown.
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CASQ2-p.Y55C Shows Improved Dimerization in a Reduced Environment—The
Y55C variant, whose functional category remained unclear after initial structural analysis, is
located within a B-strand that runs close to the hydrophobic core of thioredoxin domain |
and extends out to the solvent-exposed surface at Y55. We hypothesized that the
filamentation defect associated with the CASQ2-p.Y55C variant may be secondary to an
alternative mechanism involving oxidization of the mutant cysteine residue due to its
partially exposed location (Figure 1A in the Supplement). This would result in monomer-to-
monomer or dimer-to-dimer disulfide bridges and subsequent concatemer formation. In
order to evaluate this possibility, we repeated the turbidity assay for Y55C in the presence of
1mM of TCEP, a reducing agent, which partially rescued the filamentation defect (Figure 1B
in the Supplement). SEC performed for CASQ2-p.Y55C in the presence of TCEP also
partially normalized findings relative to wild-type through an apparent reduction in higher
molecular weight species, potentially secondary to a reduction in disulfide concatemer
formation (Figure 1C in the Supplement).

Discussion

Our international multi-center evaluation of CASQZ2-CPVT is the largest clinical
investigation for this genetic subtype of the arrhythmia and redefines its heritability on the
basis of clinical findings that are bolstered by functional and structural data. Although often
less severe relative to homozygous and compound heterozygous CASQZ2-CPVT, our findings
strongly support the possibility of a serious arrhythmic phenotype in heterozygotes,
underscoring a need for universal clinical evaluation of all individuals found to possess a
pathogenic CASQZ2 variant. The mechanisms responsible for a positive CPVT phenotype in
the presence of a heterozygous CASQZ2 variant are likely heterogeneous, but appear to be
intrinsic to the physical location and function of certain residues within the CASQ?2 filament.
Other CASQZ2variants appear to most often predispose to recessive inheritance patterns,
though may yield a positive phenotype in certain heterozygous individuals, potentially
secondary to a vulnerable genomic background or environmental influences.

Among CASQZ heterozygotes exhibiting a positive arrhythmic phenotype, the spectrum of
severity was broad, ranging from SCD and ACA to incidentally detected ventricular ectopy
on treadmill testing. Notably, the event rates observed for probands are not anticipated to
reflect the true intrinsic arrhythmic risk imparted by most heterozygous variants in the
general population due to selection bias.3%40 This concept is supported by the much lower
event rates observed for CASQZ heterozygous family members and is further reinforced by
the collective frequency of all presumed pathogenic CASQZ2 variants from the current report
and the prior literature in gnomAD being 0.0997%, which is at minimum nearly 400-fold
greater than the anticipated prevalence of CASQ2-CPVT. The apparent low penetrance
alludes to a probable need for additional genetic and/or environmental factors in order for
the majority of heterozygous CASQZ2 variants to manifest with a malignant phenotype,
though there appear to be important exceptions.

Although truncating CASQZ2 variants anticipated to result in haploinsufficiency likely
require additional genetic and/or environmental factors to manifest with an arrhythmic
phenotype given their collective frequency in gnomAD of 0.049%, certain CASQZ2 missense
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variants may be sufficient in isolation to cause an autosomal dominant form of CPVT
through a dominant negative mechanism. This concept was originally suggested in a report
involving the CASQ2-p.K206N missense variant and was recently bolstered by the dramatic
autosomal dominant pedigree reported for the CASQ2-p.K180R variant.21:22

The hypothesis that monomers that fail to undergo front-to-front dimerization are trafficked
out of the sarcoplasmic reticulum and degraded, effectively rescuing the phenotype, alludes
to the possibility that variants impairing back-to-back polymerization, but not front-to-front
dimerization, may lead to a dominant negative effect.23-2 In our current report, we
functionally evaluated 6 putative dominant missense variants found to impart filamentation
defects, and SEC suggested that all, with the possible exception of CASQ2-p.Y55C, could
effectively dimerize. Notably, the CASQ2-p.K180R, -p.S173l, and -p.D325E variants all
localize to an electronegative solvent cavity responsible for back-to-back binding of dimers
necessary for polymerization, a realization that was facilitated following recent revisions to
the crystal structure of the cardiac calsequestrin filament.13

The remote locations of other candidate dominant missense variants from the inter-dimer
interface indicates that there are likely heterogeneous mechanisms accounting for a
dominant mode of inheritance. Similar to the presumed explanation for null alleles, it is
conceivable that genomic background plays a critical role for some of these missense
variants, particularly given that many family members were phenotype negative; however
additional mechanisms may also be operative. For the CASQ2-p.R251H and -p.P308L
variants, structural analysis suggested that they may interfere with packing of the dimer,
leading to a looser conformation incapable of undergoing robust filamentation. The putative
dominant behaviour of the CASQ2-p.Y55C variant may occur secondary to oxidation of the
partially exposed mutant cysteine residue leading to the formation of inappropriate disulfide
bridges and large concatemers. These dysfunctional concatemers may be retained within the
sarcoplasmic reticulum and subsequently disrupt normal calcium-induced CASQ?2
filamentation. The functional consequence of the CASQ2-p.W361R variant remains unclear,
whereas the pathogenic effect of the previously reported CASQ2-p.K206N variant has been
suggested to be mediated through a unique glycosylation-based mechanism.2!

Based on our collective study findings, we support clinical evaluation of all individuals
identified to be heterozygous for a pathogenic CASQZ variant. However in contrast to the
guideline recommendation that presence of a pathogenic RyRZ2 variant in isolation is
sufficient for a diagnosis of CPVT, we would advocate that a diagnosis of CPVT only be
assigned to an individual heterozygous for a pathogenic CASQZ2 variant in the presence of a
positive clinical phenotype.2” Although our findings confirm that heterozygous CASQ2
variants may be arrhythmogenic, 34 of 51 family members had normal clinical testing
indicating that the clinical penetrance of the majority of heterozygous CASQZ2 variants is
low. Coupled with their benign clinical outcomes, our findings suggest that phenotype
negative individuals likely do not require medical therapy or exercise restriction, though
intermittent clinical screening to ensure they remain phenotype negative may be reasonable.
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Although the current study provides compelling data that heterozygous CASQZ2 variants
may manifest with an arrhythmic phenotype, penetrance for the majority of variants appears
highly variable suggesting that additional genetic and environmental factors may be
operative. Future studies will be necessary to attempt to identify potential modifiers of an
arrhythmic phenotype. It should also be noted that, although the expert consensus
statement?’ indicates that first-degree relatives of a CPVT proband with exercise-induced
premature ventricular contractions should be diagnosed with CPVT, this finding could be
non-specific, particularly among older individuals with structural heart disease. Although
this could result in penetrance being overestimated, we believe this to be unlikely in the
IMCC cohort given the young age of patients, coupled with cardiomyopathy and coronary
artery disease being exclusion criteria.

The findings from our biochemical and structural evaluations suggest that dominant
inheritance patterns may occur secondary to a series of putative and heterogeneous
mechanisms that impair CASQ?2 filamentation. These conclusions, however, are supported
principally by /n vitro biochemistry (turbidity assays demonstrating filamentation defects for
the disease-associated variants). Studies of CASQZ2 variants in eukaryotic model systems are
needed to confirm hypothesized electrophysiologic defects. Studies in cellular models may
additionally identify cases of haploinsufficiency that occur due to degradation of poorly-
folded mutant proteins, which would be distinct from our postulated mechanisms of
interference with multimer formation.

Conclusions

This international multi-center study evaluating inheritance patterns in CASQ2-CPVT has
revealed that heterozygous CASQZ variants may manifest with a malignant arrhythmic
phenotype, indicating that CASQZ heterozygotes should undergo clinical evaluation in order
to assess arrhythmic risk. Although certain heterozygous CASQZ2 missense variants may be
sufficient to lead to an arrhythmic phenotype in isolation, the overall penetrance for most
pathogenic heterozygous variants appears low, which suggests that patient management
should be primarily guided by phenotype, rather than genotype alone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding Sources

EWT was previously supported by a Sarnoff Foundation Fellowship and is currently supported by NIH/NHLBI F30
grant F30HL137329 and NIH/NIGMS grant T32GM007618 to the UCSF Medical Scientist Training Program
(MSTP). KVL and AAMW acknowledge support from the Netherlands CardioVascular Research Initiative, the
Dutch Heart Foundation, Dutch Federation of University Medical Centres, the Netherlands Organisation for Health
Research and Development and the Royal Netherlands Academy of Sciences (Predict 1 and 2). JI is the recipient of
a National Health and Medical Research Council (NHMRC) Career Development Fellowship (#1162929). CvdW
was funded by ZonMW Priority Medicines for Rare Diseases and Orphan Drugs. ADK is supported by the
Canadian Institutes of Health Research (Grant RN380020-406814). CS is the recipient of a National Health and
Medical Research Council (NHMRC) Practitioner Fellowship (#1154992). SS and AAMW report support from the
E-Rare Joint Transnational Call for Proposals 2015 “Improving Diagnosis and Treatment of Catecholaminergic
Polymorphic Ventricular Tachycardia: Integrating Clinical and Basic Science.” RCD was funded by NIH grant

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ng et al.

Page 14

DP2HL 123228, American Heart Association grant 171IRG33460152, and is currently funded by NIH grant
R01HL140731 and One Brave Idea. JDR acknowledges support from the Marianne Barrie Philanthropic Fund, the
Canadian Institutes of Health Research, the Heart and Stroke Foundation of Canada, and the Cardiac Arrhythmic
Network of Canada (CANet).

Non-standard Abbreviations and Acronyms

References

1.

CPVT catecholaminergic polymorphic ventricular tachycardia
SCD sudden cardiac death

IMCC International Multi-Center CASQ2

ACMG American College of Medical Genetics and Genomics
gnomAD Genome Aggregation Database

SEC size exclusion chromatography

ICD implantable cardioverter-defibrillator

ACA aborted cardiac arrest

Leenhardt A, Lucet V, Denjoy I, Grau F, Ngoc DD, Coumel P. Catecholaminergic polymorphic
ventricular tachycardia in children. A 7-year follow-up of 21 patients. Circulation. 1995;91:1512—
1519. [PubMed: 7867192]

. Hayashi M, Denjoy |, Extramiana F, Maltret A, Buisson NR, Lupoglazoff J-M, Klug D, Hayashi M,

Takatsuki S, Villain E, Kamblock J, Messali A, Guicheney P, Lunardi J, Leenhardt A. Incidence and
risk factors of arrhythmic events in catecholaminergic polymorphic ventricular tachycardia.
Circulation. 2009;119:2426-2434. [PubMed: 19398665]

. Roston TM, Vinocur JM, Maginot KR, Mohammed S, Salerno JC, Etheridge SP, Cohen M,

Hamilton RM, Pflaumer A, Kanter RJ, Potts JE, LaPage MJ, Collins KK, Gebauer RA, Temple JD,
Batra AS, Erickson C, Miszczak-Knecht M, Kubu$ P, Bar-Cohen Y, Kantoch M, Thomas VC,
Hessling G, Anderson C, Young M-L, Cabrera Ortega M, Lau YR, Johnsrude CL, Fournier A,
Kannankeril PJ, Sanatani S. Catecholaminergic polymorphic ventricular tachycardia in children:
analysis of therapeutic strategies and outcomes from an international multicenter registry. Circ
Arrhythm Electrophysiol. 2015;8:633-642. [PubMed: 25713214]

. Leenhardt A, Denjoy I, Guicheney P. Catecholaminergic polymorphic ventricular tachycardia. Circ

Arrhythm Electrophysiol. 2012;5:1044-1052. [PubMed: 23022705]

. Priori SG, Napolitano C, Tiso N, Memmi M, Vignati G, Bloise R, Sorrentino V, Danieli GA.

Mutations in the cardiac ryanodine receptor gene (hRyR2) underlie catecholaminergic polymorphic
ventricular tachycardia. Circulation. 2001;103:196-200. [PubMed: 11208676]

. Lahat H, Pras E, Olender T, Avidan N, Ben-Asher E, Man O, Levy-Nissenbaum E, Khoury A,

Lorber A, Goldman B, Lancet D, Eldar M. A missense mutation in a highly conserved region of
CASQ?2 is associated with autosomal recessive catecholamine-induced polymorphic ventricular
tachycardia in Bedouin families from Israel. Am J Hum Genet. 2001;69:1378-1384. [PubMed:
11704930]

. Lieve KV, van der Werf C, Wilde AA. Catecholaminergic Polymorphic Ventricular Tachycardia.

Circ J. 2016;80:1285-1291. [PubMed: 27180891]

. Faggioni M, Knollmann BC. Calsequestrin 2 and arrhythmias. Am J Physiol Heart Circ Physiol.

2012;302:H1250-1260. [PubMed: 22198169]

. Franzini-Armstrong C, Kenney LJ, Varriano-Marston E. The structure of calsequestrin in triads of

vertebrate skeletal muscle: a deep-etch study. J Cell Biol. 1987;105:49-56. [PubMed: 3497158]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ng et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 15

Perni S, Close M, Franzini-Armstrong C. Novel details of calsequestrin gel conformation in situ. J
Biol Chem. 2013;288:31358-31362. [PubMed: 24025332]

Kim E, Youn B, Kemper L, Campbell C, Milting H, Varsanyi M, Kang C. Characterization of
human cardiac calsequestrin and its deleterious mutants. J Mol Biol. 2007;373:1047-1057.
[PubMed: 17881003]

Tanaka M, Ozawa T, Maurer A, Cortese JD, Fleischer S. Apparent cooperativity of Ca2+ binding
associated with crystallization of Ca2+-binding protein from sarcoplasmic reticulum. Arch
Biochem Biophys. 1986;251:369-378. [PubMed: 3789742]

Titus EW, Deiter FH, Shi C, Wojciak J, Scheinman M, Jura N, Deo RC. The structure of a
calsequestrin filament reveals mechanisms of familial arrhythmia. Nat Struct Mol Biol In Press.

di Barletta MR, Viatchenko-Karpinski S, Nori A, Memmi M, Terentyev D, Turcato F, Valle G,
Rizzi N, Napolitano C, Gyorke S, Volpe P, Priori SG. Clinical phenotype and functional
characterization of CASQ2 mutations associated with catecholaminergic polymorphic ventricular
tachycardia. Circulation. 2006;114:1012-1019. [PubMed: 16908766]

Rizzi N, Liu N, Napolitano C, Nori A, Turcato F, Colombi B, Bicciato S, Arcelli D, Spedito A,
Scelsi M, Villani L, Esposito G, Boncompagni S, Protasi F, Volpe P, Priori SG. Unexpected
structural and functional consequences of the R33Q homozygous mutation in cardiac
calsequestrin: a complex arrhythmogenic cascade in a knock in mouse model. Circ Res.
2008;103:298-306. [PubMed: 18583715]

Viatchenko-Karpinski S, Terentyev D, Gyorke I, Terentyeva R, Volpe P, Priori SG, Napolitano C,
Nori A, Williams SC, Gyorke S. Abnormal calcium signaling and sudden cardiac death associated
with mutation of calsequestrin. Circ Res. 2004;94:471-477. [PubMed: 14715535]

Terentyev D, Nori A, Santoro M, Viatchenko-Karpinski S, Kubalova Z, Gyorke I, Terentyeva R,
Vedamoorthyrao S, Blom NA, Valle G, Napolitano C, Williams SC, Volpe P, Priori SG, Gyorke S.
Abnormal interactions of calsequestrin with the ryanodine receptor calcium release channel
complex linked to exercise-induced sudden cardiac death. Circ Res. 2006;98:1151-1158.
[PubMed: 16601229]

Knollmann BC, Chopra N, Hlaing T, Akin B, Yang T, Ettensohn K, Knollmann BEC, Horton KD,
Weissman NJ, Holinstat 1, Zhang W, Roden DM, Jones LR, Franzini-Armstrong C, Pfeifer K.
Casq2 deletion causes sarcoplasmic reticulum volume increase, premature Ca2+ release, and
catecholaminergic polymorphic ventricular tachycardia. J Clin Invest. 2006;116:2510-2520.
[PubMed: 16932808]

Song L, Alcalai R, Arad M, Wolf CM, Toka O, Conner DA, Berul CI, Eldar M, Seidman CE,
Seidman JG. Calsequestrin 2 (CASQ2) mutations increase expression of calreticulin and ryanodine
receptors, causing catecholaminergic polymorphic ventricular tachycardia. J Clin Invest.
2007;117:1814-1823. [PubMed: 17607358]

Postma AV, Denjoy |, Hoorntje TM, Lupoglazoff J-M, Da Costa A, Sebillon P, Mannens MMAM,
Wilde AAM, Guicheney P. Absence of calsequestrin 2 causes severe forms of catecholaminergic
polymorphic ventricular tachycardia. Circ Res. 2002;91:e21-26. [PubMed: 12386154]
Kirchhefer U, Wehrmeister D, Postma AV, Pohlentz G, Mormann M, Kucerova D, Miiller FU,
Schmitz W, Schulze-Bahr E, Wilde AA, Neumann J. The human CASQ2 mutation K206N is
associated with hyperglycosylation and altered cellular calcium handling. J Mol Cell Cardiol.
2010;49:95-105. [PubMed: 20302875]

Gray B, Bagnall RD, Lam L, Ingles J, Turner C, Haan E, Davis A, Yang P-C, Clancy CE, Sy RW,
Semsarian C. A novel heterozygous mutation in cardiac calsequestrin causes autosomal dominant
catecholaminergic polymorphic ventricular tachycardia. Heart Rhythm. 2016;13:1652-1660.
[PubMed: 27157848]

Milstein ML, Houle TD, Cala SE. Calsequestrin isoforms localize to different ER
subcompartments: evidence for polymer and heteropolymer-dependent localization. Exp Cell Res.
2009;315:523-534. [PubMed: 19059396]

McFarland TP, Milstein ML, Cala SE. Rough endoplasmic reticulum to junctional sarcoplasmic
reticulum trafficking of calsequestrin in adult cardiomyocytes. J Mol Cell Cardiol. 2010;49:556—
564. [PubMed: 20595002]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ng et al.

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Page 16

Knollmann BC. A “rough” journey to the sarcoplasmic reticulum--implications of altered
calsequestrin trafficking for cardiac arrhythmia. J Mol Cell Cardiol. 2010;49:554-555. [PubMed:
20603128]

van der Werf C, Lieve KV, Bos JM, Lane CM, Denjoy |, Roses-Noguer F, Aiba T, Wada Y, Ingles
J, Leren IS, Rudic B, Schwartz PJ, Maltret A, Sacher F, Skinner JR, Krahn AD, Roston TM, Tfelt-
Hansen J, Swan H, Robyns T, Ohno S, Roberts JD, van den Berg MP, Kammeraad JA, Probst V,
Kannankeril PJ, Blom NA, Behr ER, Borggrefe M, Haugaa KH, Semsarian C, Horie M, Shimizu
W, Till JA, Leenhardt A, Ackerman MJ, Wilde AA. Implantable cardioverter-defibrillators in
previously undiagnosed patients with catecholaminergic polymorphic ventricular tachycardia
resuscitated from sudden cardiac arrest. Eur Heart J. 2019;

Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C, Blom N, Brugada J, Chiang C-E,
Huikuri H, Kannankeril P, Krahn A, Leenhardt A, Moss A, Schwartz PJ, Shimizu W, Tomaselli G,
Tracy C. HRS/EHRA/APHRS expert consensus statement on the diagnosis and management of
patients with inherited primary arrhythmia syndromes: document endorsed by HRS, EHRA, and
APHRS in May 2013 and by ACCF, AHA, PACES, and AEPC in June 2013. Heart Rhythm.
2013;10:1932-1963. [PubMed: 24011539]

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW, Hegde M, Lyon E,
Spector E, Voelkerding K, Rehm HL, ACMG Laboratory Quality Assurance Committee.
Standards and guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association
for Molecular Pathology. Genet Med. 2015;17:405-424. [PubMed: 25741868]

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alféldi J, Wang Q, Collins RL, Laricchia
KM, Ganna A, Birnbaum DP, Gauthier LD, Brand H, Solomonson M, Watts NA, Rhodes D,
Singer-Berk M, England EM, Seaby EG, Kosmicki JA, Walters RK, Tashman K, Farjoun Y, Banks
E, Poterba T, Wang A, Seed C, Whiffin N, Chong JX, Samocha KE, Pierce-Hoffman E, Zappala Z,
O’Donnell-Luria AH, Minikel EV, Weisburd B, Lek M, Ware JS, Vittal C, Armean IM, Bergelson
L, Cibulskis K, Connolly KM, Covarrubias M, Donnelly S, Ferriera S, Gabriel S, Gentry J, Gupta
N, Jeandet T, Kaplan D, Llanwarne C, Munshi R, Novod S, Petrillo N, Roazen D, Ruano-Rubio V,
Saltzman A, Schleicher M, Soto J, Tibbetts K, Tolonen C, Wade G, Talkowski ME, Genome
Aggregation Database Consortium, Neale BM, Daly MJ, MacArthur DG. The mutational
constraint spectrum quantified from variation in 141,456 humans. Nature. 2020;581:434-443.
[PubMed: 32461654]

Adzhubei 1A, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, Kondrashov AS,
Sunyaev SR. A method and server for predicting damaging missense mutations. Nat Methods.
2010;7:248-249. [PubMed: 20354512]

Kumar P, Henikoff S, Ng PC. Predicting the effects of coding non-synonymous variants on protein
function using the SIFT algorithm. Nat Protoc. 2009;4:1073-1081. [PubMed: 19561590]
Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M. CADD: predicting the deleteriousness
of variants throughout the human genome. Nucleic Acids Res. 2018;

The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC.

Beitz E TEXshade: shading and labeling of multiple sequence alignments using LATEX2 epsilon.
Bioinformatics. 2000;16:135-139. [PubMed: 10842735]

Blanco-Verea A, Ramos-Luis E, Garcia-Seara J, Carracedo A, Gonzalez-Juanatey JR, Brion M. A
Novel Calsequestrin 2 Deletion Causing Catecholaminergic Polymorphic Ventricular Tachycardia
and Sudden Cardiac Death. Rev Espanola Cardiol. 2019;72:681-683.

Park H, Park 1Y, Kim E, Youn B, Fields K, Dunker AK, Kang C. Comparing skeletal and cardiac
calsequestrin structures and their calcium binding: a proposed mechanism for coupled calcium
binding and protein polymerization. J Biol Chem. 2004;279:18026-18033. [PubMed: 14871888]
Bal NC, Jena N, Sopariwala D, Balaraju T, Shaikh S, Bal C, Sharon A, Gyorke S, Periasamy M.
Probing cationic selectivity of cardiac calsequestrin and its CPVT mutants. Biochem J.
2011;435:391-399. [PubMed: 21265816]

Krissinel E, Henrick K. Inference of macromolecular assemblies from crystalline state. J Mol Biol.
2007;372:774-797. [PubMed: 17681537]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ng et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 17

Nannenberg EA, van Rijsingen IAW, van der Zwaag PA, van den Berg MP, van Tintelen JP, Tanck
MWT, Ackerman MJ, Wilde AAM, Christiaans |. Effect of Ascertainment Bias on Estimates of
Patient Mortality in Inherited Cardiac Diseases. Circ Genomic Precis Med. 2018;11:e001797.

Moss AJ, Schwartz PJ, Crampton RS, Tzivoni D, Locati EH, MacCluer J, Hall WJ, Weitkamp L,
Vincent GM, Garson A. The long QT syndrome. Prospective longitudinal study of 328 families.
Circulation. 1991;84:1136-1144. [PubMed: 1884444]

Roux-Buisson N, Rendu J, Denjoy |, Guicheney P, Goldenberg A, David N, Faivre L, Barthez O,
Danieli GA, Marty I, Lunardi J, Fauré J. Functional analysis reveals splicing mutations of the
CASQ?2 gene in patients with CPVT: implication for genetic counselling and clinical management.
Hum Mutat. 2011;32:995-999. [PubMed: 21618644]

Li Q, Guo R, Gao L, Cui L, Zhao Z, Yu X, Yuan Y, Xu X. CASQ2 variants in Chinese children
with catecholaminergic polymorphic ventricular tachycardia. Mol Genet Genomic Med.
2019;e949. [PubMed: 31482657]

Gao L, Cui L, Zheng L, Zhao Z, Li Q, Yu X, Wang J, Yuan Y. A novel variant of the CASQ2 gene
in a Chinese family with catecholaminergic polymorphic ventricular tachycardia. Cardiol J.
2018;25:756-758. [PubMed: 30600839]

Bal NC, Sharon A, Gupta SC, Jena N, Shaikh S, Gyorke S, Periasamy M. The catecholaminergic
polymorphic ventricular tachycardia mutation R33Q disrupts the N-terminal structural motif that
regulates reversible calsequestrin polymerization. J Biol Chem. 2010;285:17188-17196. [PubMed:
20353949]

Valle G, Galla D, Nori A, Priori SG, Gyorke S, de Filippis V, Volpe P. Catecholaminergic
polymorphic ventricular tachycardia-related mutations R33Q and L167H alter calcium sensitivity
of human cardiac calsequestrin. Biochem J. 2008;413:291-303. [PubMed: 18399795]

Zhang J-C, Wu H-L, Chen Q, Xie X-T, Zou T, Zhu C, Dong Y, Xiang G-J, Ye L, Li Y, Zhu P-L.
Calcium-Mediated Oscillation in Membrane Potentials and Atrial-Triggered Activity in Atrial
Cells of Casq2R33Q/R33Q Mutation Mice. Front Physiol. 2018;9:1447. [PubMed: 30450052]
Brunello L, Slabaugh JL, Radwanski PB, Ho H-T, Belevych AE, Lou Q, Chen H, Napolitano C,
Lodola F, Priori SG, Fedorov VV, Volpe P, Fill M, Janssen PML, Gyorke S. Decreased RyR2
refractoriness determines myocardial synchronization of aberrant Ca2+ release in a genetic model
of arrhythmia. Proc Natl Acad Sci USA. 2013;110:10312-10317. [PubMed: 23733959]

Liu B, Walton SD, Ho H-T, Belevych AE, Tikunova SB, Bonilla I, Shettigar V, Knollmann BC,
Priori SG, Volpe P, Radwanski PB, Davis JP, Gydrke S. Gene Transfer of Engineered Calmodulin
Alleviates Ventricular Arrhythmias in a Calsequestrin-Associated Mouse Model of
Catecholaminergic Polymorphic Ventricular Tachycardia. J Am Heart Assoc. 2018;7:e008155.
[PubMed: 29720499]

Denegri M, Bongianino R, Lodola F, Boncompagni S, De Giusti VC, Avelino-Cruz JE, Liu N,
Persampieri S, Curcio A, Esposito F, Pietrangelo L, Marty 1, Villani L, Moyaho A, Baiardi P,
Auricchio A, Protasi F, Napolitano C, Priori SG. Single delivery of an adeno-associated viral
construct to transfer the CASQ2 gene to knock-in mice affected by catecholaminergic
polymorphic ventricular tachycardia is able to cure the disease from birth to advanced age.
Circulation. 2014;129:2673-2681. [PubMed: 24888331]

Valle G, Boncompagni S, Sacchetto R, Protasi F, Volpe P. Post-natal heart adaptation in a knock-in
mouse model of calsequestrin 2-linked recessive catecholaminergic polymorphic ventricular
tachycardia. Exp Cell Res. 2014;321:178-189. [PubMed: 24370574]

Eckey K, Strutz-Seebohm N, Katz G, Fuhrmann G, Henrion U, Pott L, Linke WA, Arad M, Lang F,
Seebohm G. Modulation of human ether a gogo related channels by CASQ2 contributes to
etiology of catecholaminergic polymorphic ventricular tachycardia (CPVT). Cell Physiol
Biochem. 2010;26:503-512. [PubMed: 21063088]

Terentyev D, Kubalova Z, Valle G, Nori A, Vedamoorthyrao S, Terentyeva R, Viatchenko-
Karpinski S, Bers DM, Williams SC, Volpe P, Gyorke S. Modulation of SR Ca release by luminal
Ca and calsequestrin in cardiac myocytes: effects of CASQ2 mutations linked to sudden cardiac
death. Biophys J. 2008;95:2037-2048. [PubMed: 18469084]

de la Fuente S, Van Langen IM, Postma AV, Bikker H, Meijer A. A case of catecholaminergic
polymorphic ventricular tachycardia caused by two calsequestrin 2 mutations. Pacing Clin
Electrophysiol. 2008;31:916-919. [PubMed: 18684293]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ng et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 18

Josephs K, Patel K, Janson CM, Montagha C, McDonald TV. Compound heterozygous CASQ2
mutations and long-term course of catecholaminergic polymorphic ventricular tachycardia. Mol
Genet Genomic Med. 2017;5:788-794. [PubMed: 29178653]

Al-Hassnan ZN, Tulbah S, Al-Manea W, Al-Fayyadh M. The phenotype of a CASQ2 mutation in a
Saudi family with catecholaminergic polymorphic ventricular tachycardia. Pacing Clin
Electrophysiol. 2013;36:€140-142. [PubMed: 22650415]

Kawamura M, Ohno S, Naiki N, Nagaoka I, Dochi K, Wang Q, Hasegawa K, Kimura H, Miyamoto
A, Mizusawa Y, Itoh H, Makiyama T, Sumitomo N, Ushinohama H, Oyama K, Murakoshi N,
Aonuma K, Horigome H, Honda T, Yoshinaga M, Ito M, Horie M. Genetic background of
catecholaminergic polymorphic ventricular tachycardia in Japan. Circ J. 2013;77:1705-1713.
[PubMed: 23595086]

Ross S, Holliday M, Lim S, Semsarian C. Characterization of the first induced pluripotent stem
cell line generated from a patient with autosomal dominant catecholaminergic polymorphic
ventricular tachycardia due to a heterozygous mutation in cardiac calsequestrin-2. Stem Cell Res.
2019;37:101450. [PubMed: 31039485]

Nouira S, Chabrak S, Ouragini H. Clinical and genetic investigation of catecholaminergic
polymorphic ventricular tachycardia in a consanguineous Tunisian family. Acta Cardiol. 2019;1-4.

Proost D, Saenen J, Vandeweyer G, Rotthier A, Alaerts M, Van Craenenbroeck EM, Van
Crombruggen J, Mortier G, Wuyts W, Vrints C, Del Favero J, Loeys B, Van Laer L. Targeted
Next-Generation Sequencing of 51 Genes Involved in Primary Electrical Disease. J Mol Diagn.
2017;19:445-459. [PubMed: 28341588]

Maizels L, Huber I, Arbel G, Tijsen AJ, Gepstein A, Khoury A, Gepstein L. Patient-Specific Drug
Screening Using a Human Induced Pluripotent Stem Cell Model of Catecholaminergic
Polymorphic Ventricular Tachycardia Type 2. Circ Arrhythm Electrophysiol. 2017;10:e004725.
[PubMed: 28630169]

Kurtzwald-Josefson E, Yadin D, Harun-Khun S, Waldman M, Aravot D, Shainberg A, Eldar M,
Hochhauser E, Arad M. Viral delivered gene therapy to treat catecholaminergic polymorphic
ventricular tachycardia (CPVT2) in mouse models. Heart Rhythm. 2017;14:1053-1060. [PubMed:
28336343]

Novak A, Barad L, Lorber A, Gherghiceanu M, Reiter I, Eisen B, Eldor L, Itskovitz-Eldor J, Eldar
M, Arad M, Binah O. Functional abnormalities in iPSC-derived cardiomyocytes generated from
CPVT1 and CPVT2 patients carrying ryanodine or calsequestrin mutations. J Cell Mol Med.
2015;19:2006—2018. [PubMed: 26153920]

Katz G, Shainberg A, Hochhauser E, Kurtzwald-Josefson E, Issac A, EI-Ani D, Aravot D, Afek A,
Seidman JG, Seidman CE, Eldar M, Arad M. The role of mutant protein level in autosomal
recessive catecholamine dependent polymorphic ventricular tachycardia (CPVT2). Biochem
Pharmacol. 2013;86:1576-1583. [PubMed: 24070655]

Novak A, Barad L, Zeevi-Levin N, Shick R, Shtrichman R, Lorber A, ltskovitz-Eldor J, Binah O.
Cardiomyocytes generated from CPVTD307H patients are arrhythmogenic in response to -
adrenergic stimulation. J Cell Mol Med. 2012;16:468-482. [PubMed: 22050625]

Kalyanasundaram A, Viatchenko-Karpinski S, Belevych AE, Lacombe VA, Hwang HS,
Knollmann BC, Gyorke S, Periasamy M. Functional consequences of stably expressing a mutant
calsequestrin (CASQ2D307H) in the CASQ2 null background. Am J Physiol Heart Circ Physiol.
2012;302:H253-261. [PubMed: 21984545]

Katz G, Khoury A, Kurtzwald E, Hochhauser E, Porat E, Shainberg A, Seidman JG, Seidman CE,
Lorber A, Eldar M, Arad M. Optimizing catecholaminergic polymorphic ventricular tachycardia
therapy in calsequestrin-mutant mice. Heart Rhythm. 2010;7:1676-1682. [PubMed: 20620233]
Kalyanasundaram A, Bal NC, Franzini-Armstrong C, Knollmann BC, Periasamy M. The
calsequestrin mutation CASQ2D307H does not affect protein stability and targeting to the
junctional sarcoplasmic reticulum but compromises its dynamic regulation of calcium buffering. J
Biol Chem. 2010;285:3076-3083. [PubMed: 19920148]

Faber GM, Rudy Y. Calsequestrin mutation and catecholaminergic polymorphic ventricular
tachycardia: a simulation study of cellular mechanism. Cardiovasc Res. 2007;75:79-88. [PubMed:
17531962]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ng et al.

Page 19

69. Dirksen WP, Lacombe VA, Chi M, Kalyanasundaram A, Viatchenko-Karpinski S, Terentyev D,
Zhou Z, Vedamoorthyrao S, Li N, Chiamvimonvat N, Carnes CA, Franzini-Armstrong C, Gyo6rke
S, Periasamy M. A mutation in calsequestrin, CASQ2D307H, impairs Sarcoplasmic Reticulum
Ca2+ handling and causes complex ventricular arrhythmias in mice. Cardiovasc Res. 2007;75:69—
78. [PubMed: 17449018]

70. Hong RA, Rivera KK, lJittirat A, Choi JJ. Flecainide suppresses defibrillator-induced storming in
catecholaminergic polymorphic ventricular tachycardia. Pacing Clin Electrophysiol. 2012;35:794—
797. [PubMed: 22553997]

71. Fujisawa T, Aizawa Y, Katsumata Y, Udo A, Ito S, Hatakeyama K, Hirose M, Miyama H,
Nakajima K, Nishiyama T, Kimura T, Nitta M, Misumi K, Takatsuki S, Kosaki K, Fukuda K. A
Homozygous CASQ2 Mutation in a Japanese Patient with Catecholaminergic Polymorphic
Ventricular Tachycardia. Case Rep Genet. 2019;2019:9056596. [PubMed: 30729048]

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ng et al.

Page 20

Clinical Perspective
What is new?

. Pathogenic heterozygous CASQZ2 variants may manifest with a CPVT
phenotype, indicating a need to clinically screen these individuals, though
penetrance is variable.

. A dominant mode of inheritance appears intrinsic to certain missense variants
owing to their location and function within the CASQ?2 filament structure.

What are the clinical implications?

. All individuals possessing a pathogenic CASQZ rare variant should undergo
clinical evaluation to screen for a CPVT phenotype

. Among individuals heterozygous for a pathogenic CASQZrare variant,
medical therapy and exercise restriction is likely not necessary in the absence
of a CPVT phenotype, though intermittent clinical screening to ensure they
remain phenotype negative may be reasonable
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Figure 1:
Clinical Phenotypes of CASQZ2heterozygotes. A) Treadmill test of CASQ2-p.R251H

heterozygous proband revealing non-sustained polymorphic ventricular tachycardia during
exertion. B) Pedigree of the CASQ2-p.E39* family, C) Treadmill tests during the exertion
phase of the CASQ2-p.E39* proband revealing non-sustained polymorphic ventricular
tachycardia and evidence of prominent ventricular ectopy observed in his 42 year old brother
(D) and 68 year old mother (E). F) Pedigree of the CASQ2-p.E39* family, Treadmill tests
during the exertion phase of CASQ2-p.E39* proband (G) and family members revealing
prominent ventricular ectopy (H, I). J) Treadmill test of the CASQ2-p.D325E proband
revealing non-sustained polymorphic ventricular tachycardia during exertion.

Circulation. Author manuscript; available in PMC 2021 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ng et al.

————— Heterozygote (refy HR:3.2,95% CI: 1.3-8.0

>

p=0.013

100 Homo/Comp Het
&5
8-
€30
haB
58
268
=5 | | e
27 o
28s
082
o E
aeg
o ©
250
zon
gg
£2
o
T T T T
30 45 60 75
Age (years)
No. at Risk
Heterozygote 12 6 5 3 1 0
Homo/Comp Het 24 2 1 1 1 0
c 100 ) )
----- Heterozygote (ref) HR: 0.9, 95% CI:0.2-3.5
5 90 Homo/Comp Het ~ P=0.856
§ 2 80
T8 704
2358
S 2 504
200
o =E 404
25
58 7 mm=========------
28" 201 N - H
3& 101 -1
0
T T T T T T
0 15 30 45 60 75
Age (years)
No. at Risk
Heterozygote 12 8 6 3 1 0
Homo/Comp Het 24 16 5 1 1 0
Figure 2:

Page 22
B
g 1009 . Heterozygote (ref) HR: 38.8, 95% CI: 5.6-269.1
860 90 <0.001
g2 Homo/Comp Het ~ P<0.
cI2
>0
naE
<2
B
F0E
R =T
agk
02
aes
08E
Z28<
S2n
£88
3 <
o
T T
0 15 30 45 60 75
Age (years)
No. at Risk
Heterozygote 66 55 40 19 6 1
Homo/Comp Het 10 2 1 0 0 0
D
- 1009 .. Heterozygote (ref) HR: 8.7, 95% CI: 0.7-112.3
S » 90 Homo/Comp Het ~ P=0.097
g B
o8 80
2<E
T'auf;s 704
282 g0
Y
° 8 w 50
2= 9
8g§ 4
=0
BEg %
39
G058 201
X7
< 10 r
0_ P
T T T T T T
0 15 30 45 60 75
Age (years)
No. at Risk
Heterozygote 66 55 41 20 6 1
Homo/Comp Het 10 5 2 0 0 0

Arrhythmic Events Among Probands and Genotype Positive Family Members Possessing
Putative Pathogenic Homozygous, Compound Heterozygous, or Heterozygous CASQZ2
Variants. Outcome of Syncope, Appropriate ICD Shock, ACA, or SCD Among Probands
(A) and Genotype Positive Family Members (B) and Outcome of ICD Shock, ACA, or SCD
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CASQ2 Y55C Turbidity
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Dominant-acting CPVT-associated CASQ2 variants are associated with impaired
filamentation as measured using a turbidity assay under physiologic-like ionic conditions.
The previously reported recessive CASQ2-p.R33Q variant, known to impair filamentation
by interfering with dimerization, is assayed as a control (A). Putative Dominant-Acting
CASQ2 variants: Y55C (B), S173I (C), K180R (D), R251H (E), R251H assayed at pH 5.6
(F), P308L (G), D325E (H). Turbidity assays performed at 85mM KCI, 2mM MgCI2, and
1mM CaCl2. CPVT = catecholaminergic polymorphic ventricular tachycardia
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Size-exclusion chromatography (SEC) provides evidence that putative dominant-acting
CASQ?2 CPVT variants have similar dimer/tetramer equilibria in the non-filamented state,
with no evidence for interference with dimerization, in contrast to the recessive CASQ2-
p.R33Q variant. R33Q (A), Y55C (B), S173I (C), K180R (D), R251H (E), R251H assayed
at pH 5.6 (F), P308L (G), D325E (H). SEC at 85mM KCI and 1mM EDTA. CPVT =
catecholaminergic polymorphic ventricular tachycardia
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Figure 5:

Visualization of known and putative dominant-acting CPVT-associated CASQZ variants
within the CASQ?2 protein filament structure. (A) Dominant-acting CPVT-associated
CASQ?2 variants p.S173l, p.K180R, and p.D325E disrupt the inter-dimer interface of
CASQ2 filaments. (B) and (C) Other putative dominant-acting variants (R251H, P308L) are
hypothesized to act via a different mechanism. (D) Overlay of a loosely-packed CASQ2
dimer (color) onto a tightly-packed dimer (gray), showing that the loosely-packed dimer is
expanded, with its larger dimension possibly incompatible with robust filamentation. The
cardiac calsequestrin structure from Protein Data Bank ID: 1SJI was used as a loosely-
packed prototype for structural alignment. Magenta spheres indicate likely calcium positions
identified by lanthanide substitution in Protein Data Bank structure 60WW. 60WV and
60WW = Protein Data Bank IDs assigned to our newly reported human cardiac
calsequestrin crystal structures'3, 1SJI = Protein Data Bank 1D of a previously reported
cardiac calsequestrin structure36, RMSD = root-mean-square deviation of atomic positions.
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Figure 6:
Locations of CPVT-Associated Missense Variants within the Cardiac Calsequestrin Protein

and its Associated Domains. A) Rendering of protein domains associated with recessive
CPVT variants. These include the intra-dimer interface and the hydrophobic core. B)
Rendering of protein domains associated with known and putative dominant CPVT variants.
These include residues hypothesized to contribute to dimer packing, as well as residues at
the inter-dimer interface. C) CASQ2 protein sequence with delineation of amino acids
present within the aforementioned domains (hydrophobic core, intra- and inter-dimer
interfaces). Domains are indicated by colors corresponding to panels A and B. For interfaces
that are symmetry related, only one set of colors is used. Pathogenic CASQ2 mutations
implicated in CPVT are highlighted and categorized by putative functional effect. Buried
surface area, as calculated by PISA, was used to assign residues to interfaces. Residues with
< 4 square angstroms of solvent-exposed surface area in the CASQ2 monomer were
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assigned to the hydrophobic core. CPVT = catecholaminergic polymorphic ventricular
tachycardia, Not Observed (Disordered) = region not observed due to disorder in the crystal
structure, Ph+ = phenotype positive. PISA = Proteins, Interfaces, Structures and Assemblies
program.38
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Table 1:

Clinical Features of Probands and Genotype Positive Family Members from Homozygous/Compound
Heterozygous and Heterozygous Families with CASQZ2-Catecholaminergic Polymorphic Ventricular

Tachycardia

Clinical Variable

CASQ2 Homo/Comp Het Families

CASQ2 Het Families

Probands Homo/Comp Het FM Het FM Probands HetFM

n=24 n=10 n=>52 n=12 n=14

Male (%) 14 (58.3) 4(66.7) 20(62.5)  7(58.3)  6(42.9)
European Ancestry (%) 19 (79.2) 7(70) 41 (78.8) 11(91.7) 13(92.9)
Treadmill Test, Epi Infusion, or Holter Performed 24 (100) 9 (90) 37(71.2) 12 (100) 14 (100)
Adrenergic-Induced PVCs 24 (100) 8/9 (88.9) 8/37 (21.6)  12(100) 9 (64.3)

Adrenergic-Induced V Big 22 (91.7) 8/9 (88.9) 3/37 (8.1) 12 (100) 7 (50)

Adrenergic-Induced PVT or BiD VT 22 (91.7) 5/9 (55.6) 2/37 (5.4) 12 (100) 2(14.3)

Cardiac Event 21 (87.5) 5 (50) 2(3.8) 6 (50) 2(14.3)
Age at first event (years) 7.9+3.3 8.8+3.0 525+219 107+6.7 20+85

Cardiac Syncope 21 (87.5) 5 (50) 2(3.8) 6 (50) 2(14.3)

Aborted Cardiac Arrest 5 (20.8) 0(0) 0(0) 3(25) 1(7.1)

Sudden Cardiac Death 0(0) 1(10) 0(0) 0(0) 0(0)

Data are n (%) or mean + SD. Homo = homozygous, Comp Het = compound heterozygous, Het = heterozygous, FM = family member, Epi =
epinephrine, PVVC = premature ventricular contraction, V Big = ventricular bigeminy, PVT = polymorphic ventricular tachycardia, BiD VT =

bidirectional ventricular tachycardia
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