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Interplay between Triadin and Calsequestrin
in the Pathogenesis of CPVT in the Mouse

Marine Cacheux,"*> Jérémy Fauconnier,” Jérome Thireau,> Alexis Osseni,' Jacques Brocard,'
Nathalie Roux-Buisson,! Julie Brocard,' Julien Fauré,! Alain Lacampagne,”* and Isabelle Marty'*

IGrenoble Institut Neurosciences, INSERM, Grenoble Alpes University, U1216, CHU Grenoble Alpes, 38700 La Tronche, France; 2University of Montpellier, INSERM

U1046, CNRS 9214, CHU Montpellier, 34295 Montpellier, France

Recessive forms of catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT) are induced by mutations in genes
encoding triadin or calsequestrin, two proteins that belong
to the Ca®" release complex, responsible for intracellular
Ca®* release triggering cardiac contractions. To better un-
derstand the mechanisms of triadin-induced CPVT and to
assay multiple therapeutic interventions, we used a triadin
knockout mouse model presenting a CPVT-like phenotype
associated with a decrease in calsequestrin protein level.
We assessed different approaches to rescue protein expres-
sion and to correct intracellular Ca** release and cardiac
function: pharmacological treatment with kifunensine or a
viral gene transfer-based approach, using adeno-associated
virus serotype 2/9 (AAV2/9) encoding the triadin or calse-
questrin. We observed that the levels of triadin and calse-
questrin are intimately linked, and that reduction of both
proteins contributes to the CPVT phenotype. Different com-
binations of triadin and calsequestrin expression level were
obtained using these therapeutic approaches. A full expres-
sion of each is not necessary to correct the phenotype; a
fine-tuning of the relative re-expression of both triadin
and calsequestrin is required to correct the CPVT phenotype
and rescue the cardiac function. AAV-mediated gene deliv-
ery of calsequestrin or triadin and treatment with kifunen-
sine are potential treatments for recessive forms of CPVT
due to triadin mutations.

INTRODUCTION

Catecholaminergic polymorphic ventricular tachycardia (CPVT)
is an inherited sudden cardiac death (SCD) syndrome. This disor-
der is characterized by bidirectional/polymorphic ventricular
tachycardia triggered in conditions of intense physical exercise
or emotional stress, without any associated structural alterations
of the heart or electrocardiogram (ECG) abnormalities at rest.
SCD occurs in 30% of patients under the age of 30 years when
CPVT is not promptly diagnosed and treated."* B-Blockers and
flecainide are, to date, the main pharmacological treatments,
although not fully effective, and can be combined with cardi-
overter-defibrillator implantation or left cardiac sympathetic
denervation.” Nevertheless, these treatments remain preventive
rather than curative.

The sarcoplasmic Ca" release required for cardiac contraction is
achieved by the Ca** release complex (CRC). CRC is composed of
the ryanodine receptor type 2 (RyR2), calsequestrin 2 (CSQ2), and
associated proteins such as triadin, FKBP12.6, calmodulin, and junc-
tin. The pathophysiological mechanism described for CPVT is a
stress-induced adrenergic stimulation leading to an enhanced sarco-
plasmic reticulum (SR) Ca** reuptake responsible for a SR Ca** over-
load and an increased RyR2 permeability to Ca**. The resulting
RyR2-mediated Ca®" leak may trigger spontaneous SR Ca*" release
responsible for ventricular tachycardia (VT), which in the worst cases
leads to SCD.

The underlying genetic causes of dysregulation in intracellular Ca**
handling mainly involve mutations in genes encoding CRC proteins.
About 50% of CPVT cases have been attributed to mutations in the
RYR2 gene” and 5% to mutations in the CASQ2 gene.” More recently,
other genes have been associated with CPVT: the TRDN gene, encod-
ing triadin, in which mutations lead to CPVT associated with skeletal
muscle weakness,”® and the calmodulin genes.” Finally, approxi-
mately one-third of CPVT cases have not been linked to any genetic
cause so far.

Even with genetic screening of CPVT and the availability of preven-
tive treatments, absence of recurring ventricular tachycardia events
and SCD are not guaranteed. Therefore, a better understanding of
the pathophysiological mechanisms and the development of new
therapies are needed. Gene therapy appears to be a promising tool
to consider as a therapeutic application in the treatment of this dis-
ease. Indeed, encouraging results were observed in different recessive
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Figure 1. Proteins and mRNA Levels in TRDN KO Cardiac Muscle before
and after Triadin Re-expression

(A and B) Representative immunoblots (A) and quantification of the relative amount
of proteins of the CRC (B), compared with WT, in cardiac muscle homogenates of
triadin KO mice (five WT and five KO mice, and for each mouse, the value presented
is the mean of two to three western blots). Student’s t tests corrected for multiple
comparisons using the Holm-Sidak method: RyR2, p = 0.003; DHPR, p = 0.525;
FKBP12, p = 0.590; CSQ2, p < 0.001; T32, p < 0.001. (C and D) Representative
immunobilots (C) and quantification of CSQ2 and T32 expression in triadin KO mice
(D) after AAV2/9-T32 injection (3-4 mice in each group), Student’s t tests corrected
for multiple comparisons using the Holm-Sidak method: CSQ2, p = 0.002; T32, p =
0.001. (E) Relative T32 mRNA expression (QPCR) in triadin KO mice after AAV2/9-
T32 injection. Data obtained from gPCR were analyzed with the AACt method.
Quantification is displayed relative to WT mice (three mice in each group). GAPDH
was used as a reference gene. ANOVA followed by Holm-Sidak selected com-
parisons tests: WT versus KO, p < 0.001; KO versus KO+T32, p < 0.001.

CPVT mouse models. The CPVT phenotype in CSQ2R**YR*3Q op
calsequestrin null mouse models was reversed by injection of an ad-
eno-associated virus (AAV) coding for the normal CSQ2."""'* More
recently, a promising approach based on the gene transfer of an engi-
neered calmodulin has been described."”

Triadin is a protein associated with RyR2, which together with
junctin anchors calsequestrin to the junctional SR.'* Triadin is
expressed in striated muscle, and the alternative splicing of this
single gene TRDN results in the production of different isoforms,
the shorter one (Trisk 32 also called CT1) being expressed in
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cardiac and skeletal muscles.” Knockout of triadin has been

shown to cause cardiac arrhythmias and muscle weakness in

mouse models.'*™'® CPVT patients with TRDN mutations all expe-
rienced cardiac arrest at a very young age (<6 years), suggesting a
severe CPVT phenotype caused by triadin mutations.”® To date,
each TRDN mutation identified in CPVT patients, present either
as homozygous or compound heterozygous, resulted in the total
absence of the proteins.®™

Here, we show that triadin and calsequestrin, both responsible for
recessive forms of CPVT, are intimately linked in the pathophysiolog-
ical mechanisms leading to arrhythmias because of their reduced
expression or complete deletion. Based on the mechanisms identified,
we tested the hypothesis that either a pharmacological treatment with
kifunensine, or cardiac delivery of exogenous Trisk 32 (T32) or CSQ2
by viral gene transfer in our triadin knockout (KO) mouse model
would, at least partially, rescue protein expression levels, leading to
in vitro restoration of Ca** homeostasis and in vivo reversion of
ECG abnormalities. Here we provided a proof of concept whereby
either a pharmacological approach or a viral-induced gene therapy
could be a viable approach for clinical application in TRDN and
CASQ2 mutation-induced recessive CPVT.

RESULTS

T32 and CSQ2 Expressions Are Intimately Linked in the Heart
The molecular consequences of triadin deletion on the cardiac
CRC proteins were first studied using quantitative western blot
(Figures 1A and 1B) and qRT-PCR (Figure S1). As expected for
a TRDN KO model, T32 protein and mRNA levels were virtually
null. A moderate reduction of 33% + 4% in RyR2 protein amount
was detected in triadin KO mice, whereas no modification of dihy-
dropyridine receptor (DHPR-Ca,1.2) or FKBP12.6 protein expres-
sions was observed (Figure 1B). Transcript levels of RyR2,
FKPB12.6, and junctin were not significantly modified (Figure S1).
In contrast, triadin deletion induced an 80% reduction of CSQ2
expression (CSQ2 protein level compared with wild-type [WT]:
20.5% =+ 3%) (Figure 1B), although the transcript level of CSQ2 re-
mained unchanged (Figure S1). This result points out a possible
instability of CSQ2 protein in the absence of triadin due to ineffi-
cient mRNA translation or increased protein degradation. Similar
CSQ2 and RyR2 reductions were previously reported in another
triadin KO mouse model,'® in which triadin deletion was associ-
ated with slightly different compensatory modifications of the
CRC proteins.

We next injected an AAV2/9 virus encoding the rat cardiac T32 into
the triadin KO mice to re-express the triadin protein. As previously
reported, triadin re-expressed in the heart was correctly targeted to
the dyads and co-localized with RyR2.° The triadin re-expression level
was quantified in heart homogenates and showed a level of T32
transcript of 35.5% + 5.1% (Figure 1E), as well as a 18% =+ 2% re-
expression of the protein compared with absence of expression in
KO (Figures 1C and 1D). This T32 expression level was sufficient
to induce a 2-fold increase in CSQ2 protein expression, from
27% + 6% to 56% =+ 2% (Figures 1C and 1D), demonstrating a tight
link between these two proteins in the heart.
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Figure 2. Ca®* Homeostasis in Triadin KO Cardiomyocytes after In Vivo WT
and Mutant T32 Re-expression

(A) Representative Ca* transient measured in cardiomyocytes isolated from WT
mice (n =50 cardiomyocytes analyzed from five different mice), triadin KO mice (KO,
n = 44 cardiomyocytes analyzed from six mice), triadin KO injected with normal
triadin (KO+T32, n = 71 cardiomyocytes from six mice), and triadin KO injected with
mutated triadin (KO+T32T59R, n = 73 cardiomyocytes from seven mice), with a
magnification in the upper inset. (B) Mean Ca?* transient amplitude, ANOVA fol-
lowed by Holm-Sidak multiple comparisons tests: WT versus KO, p < 0.05; KO
versus KO+T32, p < 0.05; KO versus KO+T32T59R, not significant (ns). (C) Mean
Ca?* transient rise time, ANOVA followed by Holm-Sidak multiple comparisons
tests: WT versus KO, p < 0.001; KO versus KO+T32, p < 0.01; KO versus
KO+T32T59R, p < 0.05. (D) Mean Ca* transient decay time, non-significantly
different using an ANOVA. (E) Average Ca®* sparks frequency from WT mice (n = 50
cardiomyocytes), triadin KO mice (KO, n = 44 cardiomyocytes), triadin KO injected
with normal triadin (KO+T32, n = 71 cardiomyocytes), and triadin KO injected with
mutated triadin (KO+T32T59R, n = 59 cardiomyocytes), ANOVA followed by Holm-
Sidak multiple comparisons tests: WT versus KO, ns; KO versus KO+T32, p < 0.05;
KO versus KO+T32T59R, ns. (F) SR Ca2" load represented by mean values of peak
amplitude of caffeine-induced SR-Ca®* release measured onn =7 WT mice, n = 7
KO mice, n = 7 KO+T32 mice, and n = 7 KO+T32T59R mice. ANOVA followed by
Holm-Sidak multiple comparisons tests, compared with KO: WT versus KO, p <
0.05; KO versus KO+T32, p < 0.01; KO versus KO+T32T59R, ns.

The Expression of a CPVT Mutant Triadin T32-T59R Impairs
Cardiac Ca®** Homeostasis

We previously identified the first triadin mutation (mutation p.T59R)
in a CPVT family and demonstrated that this mutation most probably
resulted in the absence of triadin.” We further analyzed the functional
consequences of this mutation on Ca®* homeostasis in basal condi-
tions. Ca** transients, sparks, and the SR Ca>* content were measured
in isolated cardiomyocytes from non-transduced triadin-KO mice or
from triadin-KO mice transduced with the WT T32 (KO+T32) or
with the mutant T32-T59R (KO+T32T59R) (Figure 2). Both viral
gene transfers have the same efficiency and resulted in similar tran-
script level for T32 and T32-T59R.® We first confirmed that in this
triadin KO mouse model, the cardiomyocytes clearly displayed a re-
modeling in Ca®" handling (Figure 2A), as already observed in the
other triadin KO model,'® with a decrease in Ca** transient amplitude
(Figure 2B) and a slowdown in SR Ca®" release (Figure 2C). The decay
time of Ca®" transient was not affected by triadin modifications (Fig-
ure 2D), the SR Ca®* content was reduced (Figure 2F), and a non-sig-
nificant increase in sparks frequency (Figure 2E) was observed. All of
these alterations were reversed by the re-expression of T32, but not by
the mutant T32-T59R. Therefore, re-expression of only 19% of
normal triadin levels is sufficient to normalize the Ca** cycling as
well as the SR Ca®" content (Figure 2, KO+T32).

A Pharmacological Approach to Correct Cardiac Arrhythmias

We previously reported that the CPVT mutation T32-T59R induces
protein instability and proteasomal degradation of the mutant,” as
demonstrated by increased protein levels in transfected cells incu-
bated with the proteasome inhibitor MG132. In order to further
assess the possible in vivo therapeutic benefit of blocking protein
degradation, we used kifunensine instead of MG132 to reduce the
in vivo side effects. Kifunensine is an inhibitor of mannosidase-I, a
key enzyme in the eukaryotic N-glycosylation pathway that targets
misfolded proteins for proteasomal degradation. Inhibitors of man-
nosidase-I have been shown to improve the folding and activity of
a number of unstable mutant proteins'® and may represent a thera-
peutic approach for certain mutations.”® After an in vitro validation
of the kifunensine efficiency to correct the mutant triadin instability,
the kifunensine treatment was applied in vivo to the AAV2/9-T32-
T59R-injected mice. Twenty days after AAV injection, the mice
were treated with kifunensine for 12 days and then ECGs were moni-
tored in conscious animals (Figure 3; Figures S2 and S3). The protein
expression was quantified in cardiac muscle homogenates by western
blot (Figure 4; Figure S4). No epinephrine-induced CPVT was de-
tected in any of the 12 WT mice (Figure 3A). In the absence of kifu-
nensine treatment, 9 out of 11 triadin KO mice (82%; Figures 3B and
3C) exhibited epinephrine-induced CPVT. T32 re-expression signif-
icantly abolished the arrhythmias (p = 0.012), whereas T32-T59R did
not (Figures 3C and S2B). After kifunensine treatment, triadin re-
expression in the KO+T32-T59R mice was unchanged (Figure 4A);
however, we observed that only two out of six T32-T59R-injected
mice triggered arrhythmias after epinephrine stimulation (non-
adjusted p = 0.046, this value did not reach the level of significance
set to 0.05, after correction for multiple comparison), whereas
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Figure 3. In Vivo ECG Recordings after Kifunensine Treatment

(A) Representative ECG recording in WT mice. In the WT mice, none of the 12 mice
developed CPVT after epinephrine injection. (B) Representative ECG recording of
CPVT in triadin KO mouse after epinephrine injection (2 mg/kg i.p.). (C) Percentage
and number of mice developing CPVT in KO (n = 9/11), KO+T32 (n = 3/12),
KO+T3259R (n = 4/6), KO+T32-T59R+kifunensine (n = 2/6), and KO+kifunensine
(n = 7/10). Chi-square tests: KO versus KO+T32, p = 0.0064; KO versus
KO+T32T59R, ns; KO versus KO+T32T59R+kifu, p = 0.046, non-significant after
correction for multiple comparisons; KO versus KO+kifu, not significant (ns).

kifunensine alone was ineffective in KO mice (Figure 3C; Figures S2C
and S2D).

Because kifunensine gave promising results in the reduction of CPVT
occurrence, and because of the relationship between triadin and
CSQ2, we further studied the impact of this treatment on CSQ2
expression (Figures 4B and 4C; additional western blots are presented
in Figure S4). Although AAV2/9-T32-T59R injection did not enhance
triadin expression to a detectable amount (Figure 4A), it increased the
CSQ2 protein expression level from 28% =+ 3% to 45% + 6% compared
with WT level. In T32-T59R-expressing mice, kifunensine treatment
induced a further increase of CSQ2 protein expression to 144% =+
8.5%. Similarly, kifunensine treatment in triadin KO mice (Figure 4,
KO+Kifu) was also able to increase CSQ2 expression to 117% + 32%.
This could point out the instability of CSQ2 in the absence of triadin,
probably due to incorrect folding of the protein. Triadin may act as a
chaperone, interacting with CSQ2 and promoting its correct folding
in the SR and anchoring to the triad. Based on this assumption, we
hypothesized that the mutant triadin T32-T59R would be expressed
at sufficient levels to perform part of its chaperone function before be-
ing targeted for degradation. To test this hypothesis, HEK293 cells
were transfected with both CSQ2 and triadin (WT-T32 or mutant
T32-T59R), and the interaction between CSQ2 and triadin was as-
sessed by immunoprecipitation. As observed in Figure S5, T32 or
T32-T59R co-immunoprecipitated with CSQ2, thus confirming that
the mutation T59R did not abolish the ability of triadin to interact
with CSQ2 and perform its putative chaperone function on CSQ2.

CSQ2, a Possible Option for Gene Therapy in Triadin Mutation-
Induced CPVT

Because CSQ2 seems to mediate the functional effect observed after tri-
adin injection and kifunensine treatment, we directly re-expressed
CSQ2 in the triadin KO mice. After injection of an AAV2/9 encoding
calsequestrin, cardiac arrhythmia was monitored by in vivo ECG
recording (Figure 5). The amount of CSQ2 protein expressed after
this AAV-CSQ2 injection was evaluated in cardiac muscle homoge-
nates and found to be an average of 63% + 9% of the WT level (Figures
5A and 5B), which is similar to the CSQ2 amount found after T32 re-
expression in triadin KO mice (Figure 1D). It represents a 2-fold
increase compared with CSQ2 expression level in KO mice. CSQ2 re-
expression was able to increase the amplitude of calcium transient
(Figure 5C) and to prevent the slowing of Ca** transient rise time (Fig-
ure 5D) compared with KO mice. This shows that CSQ2 was able to
partially compensate for the lack of triadin and was sufficient to rescue
the Ca®" homeostasis in cardiomyocytes. As a confirmation, ECG
recording demonstrated that CSQ2 re-expression reduced CPVT
(only 3 mice out of 10 triggered CPVT compared with 9 out of 11 for
KO mice, p = 0.0165) after epinephrine injection (Figures 5F and 5G).

DISCUSSION

Alterations of CSQ2 and Triadin Are Associated in the Different
Recessive CPVT Models

Because we have identified the first mutations in the TRDN gene in
CPVT patients,’ this gene has been further involved in other very
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Figure 4. Effect of Kifunensine Treatment on T32 and CSQ2 Expression
Levels

(A and B) Representative immunoblot of the triadin (A) expressed at baseline level in
cardiac muscle homogenates of WT mice, KO mice, or KO mice injected with AAV2/
9-T32 or AAV2/9-T32T59R =+ treatment with kifunensine, and of CSQ2 (B) in the
same conditions. (C) Relative amount of CSQ2 compared with myosin evaluated
with western blot as represented in (B) on n = 5 KO mice, n = 4 KO+T32 mice,n=5
KO+T32T59R mice, n = 3 KO+T32T59R+Kifu mice, and n = 3 KO+Kifu mice.
ANOVA followed by Holm-Sidak selected comparisons tests: KO versus KO+T32,
not significant (ns); KO versus KO+T32T59R, ns; KO versus KO+T32T59R+Kifu, p <
0.001; and KO versus KO+Kifu, p < 0.001.

severe CPVT”® or long-QT syndrome patients.”' Most of the triadin
mutations identified to date result in the absence of the protein.*®
Numerous recessive CPVT mouse models have been studied within
the last decade. Decrease in, or complete absence of, CSQ2 resulted
in an increase of RyR2 and calmodulin expression, as well as a reduc-
tion of triadin and junctin in the hearts of CSQ2-related CPVT mouse
models.'”'**"** Here we show in our triadin-deficient mouse model
that the loss of triadin is associated with an 80% reduction in CSQ2
protein and a 30% reduction in RyR2, without modification of the
other proteins tested in the CRC. This probably explains why this tri-
adin KO model shares so many similarities with CSQ2 KO models.
Because of the lack of commercially available specific anti-junctin

antibody, junctin was assessed in our model only at the mRNA level,
and no modification was observed. Our model is therefore slightly
different from the other triadin KO model, in which a 60% reduction
in the amount of CSQ2 and a 50% reduction in the amount of RyR2
was associated with triadin deletion.' In line with the other CPVT
mouse models developed previously with CSQ2 mutations,”*** our
triadin KO mouse model presents a reduction in the SR Ca®* load,

pointing out a common pathophysiological mechanism.

We previously showed that the T32-T59R mutation induces the insta-
bility of the protein and its degradation by proteasome.® However, we
observed here that the amount of CSQ?2 is increased from 20% in tri-
adin-deficient mice to 45% after viral gene transfer of the mutant T32-
T59R, although the amount of triadin was too low to be detected by
western blot. Therefore, this triadin mutant is involved in the folding
and stability of CSQ2 before being targeted to degradation. As it has
been shown in vitro, the trafficking and translation of triadin and
CSQ2 are codependent.”” Here, our results suggest that the deficiency
of CSQ2 alone would be responsible for the cardiac arrhythmia, as
proposed recently,'* and triadin would be involved in CSQ2 folding
and/or trafficking and anchoring.

A Common Mechanism for Triadin- and CSQ2-Related CPVT

At the cellular level, it is commonly reported that CPVTs occur via a
mechanism of store overload-induced calcium release (SOCIR; for re-
view, see Priori and Chen’®). In our model, the absence of triadin and
the reduction in CSQ2 result in a reduction in the SR content (both
CSQ2-buffered calcium and free luminal calcium) and SR calcium
release process (i.e., kinetics of release and transient amplitude). Ac-
cording to the model of SOCIR, lack of SR calcium buffering due to
the absence of CSQ2 contributes, during catecholaminergic stress,
to an excess of free luminal calcium leading to SOCIR. Nevertheless,
decrease in SR Ca”* release kinetics can be interpreted as an alteration
of RyR2 gating properties. According to the work of Gyorke et al.,”’
CSQ2 represents a major luminal Ca** sensor responsible for the
regulation of RyR2 by luminal Ca®*. The proposed mechanism is
that CSQ2 monomers inhibit RyR2 at low SR Ca®>" concentrations
by binding to the complex formed by RyR2, triadin, and junctin. At
high SR Ca®* concentrations, CSQ2 dissociates from the RyR2 macro-
molecular complex and polymerizes, leading to RyR2 activation and
desynchronization in SR Ca** release.”® The absence of CSQ2 inter-
action with RyR2 may also account for a reduced duration of Ca*
signaling refractoriness (for review, see Gyorke””) and lower SOCIR
threshold as is commonly reported for RyR2-mediated CPVT.*

Both T32 and CSQ2 Proteins Are Required for Optimal Function

At the functional level, all of the CSQ2-related CPVT mouse models
showed an alteration in Ca>* homeostasis, as well as stress-induced
Ca®" release leading to CPVT.'>'""**"** We find similar cardiac alter-
ations in our triadin KO mice, which are corrected by T32 re-expres-
sion. A balance between the relative expression level of triadin and
CSQ2 seems to be a key point for functional restoration, and the pre-
cise triadin-to-CSQ2 protein ratio has already been demonstrated as
instrumental in an optimal heart function.”® An interplay between the
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Figure 5. Effect of CSQ2 Re-expression in TRDN KO Mice

(A and B) Representative immunoblot (A) and quantification of the amount of CSQ2
(B) expressed at baseline level in WT (n = 2) and KO (n = 3) mice and re-expressed in
cardiac muscle homogenates of triadin KO mouse 6 weeks after injection of AAV2/
9-CSQ2 (n = 4 mice). Student t test: KO versus KO+CSQ2, p = 0.030. (C-E) Cal-
cium homeostasis in isolated cardiomyocytes of KO+CSQ2 mice. The addition of a
new group of four mice KO+CSQ2 to data previously displayed in Figure 2 did not
modify the significance of any ANOVA. Data for WT and KO groups from Figure 2 are
recalled here. (C) Mean calcium transient amplitude. The Holm-Sidak post hoc
comparison following the same ANOVA as performed in Figure 2C indicated that the
KO+CSQ2 group was significantly different from the KO group, p < 0.05. (D) Mean
Ca?* transient rise time. The Holm-Sidak post hoc comparison following the same
ANOVA as performed in Figure 2C indicated that the KO+CSQ2 group was
significantly different from the KO group, p < 0.001. (E) Average Ca?* sparks fre-
quency (KO+CSQ2: n = 39 cardiomyocytes from four mice). (F) Percentage and
number of mice triggering CPVT in KO+CSQ2 (n = 3/10), chi-square test compared
with the KO data presented in Figure 3C, p = 0.0165. (G) Representative ECG
recording in triadin KO + CSQ2 mouse after epinephrine injection (2 mg/kg i.p.).

expressions of these two proteins seems to exist in the heart as
observed in many studies,’”” because the modification of one of
these proteins results in the concomitant modification of the other.
Most notably, for an optimal heart function, the full expression of

each protein may not be necessary. Only 18% of T32 expression
almost fully restored Ca** homeostasis. This functional recovery is
not only due to T32 re-expression but also to the simultaneous in-
crease of CSQ2 from 27% to 56%. However, CSQ2 alone, re-expressed
at 63% of the WT level after AAV-CSQ2 gene transfer in TRDN KO
mice, improves Ca®* homeostasis and arrhythmia, but to a lower
extent than in the presence of a small amount of T32, confirming
that triadin not only improves the expression level of CSQ2 but
also allows the correct CSQ2 anchoring to the triad and thus improves
the whole function of the CRC. Because triadin mutations leading to
triadin deletion are associated with very severe CPVT with early onset
(2-3 years), it can be hypothesized that patients with the T59R muta-
tion present with a less severe form of the disease (onset around 10
years)(’ because of the higher amount of CSQ2. On the other side,
excess in CSQ2 has been shown to be deleterious for heart func-
tion,”>** and it has been proposed that triadin helps to hold CSQ2
in a condensed configuration in the junctional SR and therefore main-
tained normal SR Ca** content and release. Along this line, kifunen-
sine treatment, which induced a higher increase in CSQ2, reaching
WT level or above, seems either inefficient or only slightly efficient
in restoring normal heart function, possibly depending on the
amount of triadin. It could be hypothesized that kifunensine treat-
ment might slightly improve the cardiac phenotype only in the pres-
ence of unstable mutant triadin because it induced a small increase in
triadin expression resulting in improved targeting and folding of
CSQ2. In the case of a full triadin KO, with the overexpressed
CSQ2 after kifunensine treatment being not associated to any triadin
molecule, it would have no beneficial effect.

These data show that a fine threshold of CSQ2 expression at approx-
imately 50% of WT protein expression level reverses the CPVT-like
phenotype. Furthermore, this threshold is lowered in the presence
of triadin, which seems to profoundly compensate and restore Ca>"
homeostasis and the cardiac function.

The involvement of CSQ2 in CPVT was highlighted years ago, and
since then, more clinically applicable, advanced studies have been un-
dertaken. Indeed, the efficiency of viral gene transfer has been shown
in vitro in human-induced pluripotent stem cell (hiPSC)-derived car-
diomyocytes from a CSQ2-deficient CPVT patient.”> Recently,
AAV9-based gene transfer with a modified calmodulin has also
been shown to improve the CPVT-phenotype in a CSQ2"**? mouse
model."” This supports the concept that gene therapy is a promising
clinical approach to cure recessive CPVTs. Our work enables hypoth-
esizing that the viral gene transfer of CSQ2 in recessive CPVT patients
presenting with a mutation in either CASQ2 or TRDN genes could be
considered as an efficient therapeutic approach. In conclusion, either
pharmacological treatment with kifunensine in the presence of muta-
tions leading to an unstable protein or gene therapy, as reported here,
are possible alternatives to current therapeutic strategies in CPVT.
Kifunensine deserved additional investigations, specifically assessing
CPVT-related CSQ2 mutations. Although kifunensine appears as a
promising molecule in those initial experiments, its use in humans
could be restrained by low efficiency and/or side effects. Indeed, the



improvement was not as efficient as gene transfer, or it was masked by
deleterious side effects. Among the deleterious effects, the uncon-
trolled kifunensine-induced overexpression of CSQ2 in the absence
of triadin might play a major role and could be responsible for the
low efficiency of kifunensine treatment, because large overexpression
of CSQ2 has previously been shown to be deleterious.””** Neverthe-
less, in the presence of a mutant form of triadin, the overexpression of
CSQ2 induced by kifunensine appears protective, highlighting the
interplay between triadin and CSQ2 in the pathogenesis of CPVT.
In the situation described here, gene transfer seems to be a better op-
tion. Gene transfer using AAV appears safe and is already used in
many clinical trials,”® and the major concern is the reduced efficiency
of gene transfer by immune response, which has to be taken into ac-
count and handled correctly.””*®

MATERIALS AND METHODS

Study Approval

All procedures using animals were approved by the institutional
ethics committee (CEEA-GIN 04, N°134) and followed the guidelines
from Directive 2010/63/EU of the European Parliament on the pro-
tection of animals used for scientific purposes.

Plasmids and AAV

Rat cardiac triadin T32 and human CSQ2 (GenBank: NM_001232.3)
were cloned into pcDNA3.1 (Invitrogen) for cell transfection and
pZac2.1 for AAV development as previously described.” Three re-
combinant AAVs of serotype 2/9, encoding the WT T32 (AAV-
T32), the mutant T32-T59R (AAV-T32-T59R), or the human
CSQ2 (AAV-CSQ2) were produced by the Penn Vector Core (Phila-
delphia, PA, USA).

Antibodies

Anti-RyR antibody,” anti-Triadin N-terminal end antibody,
anti-T32 C-terminal end antibody*' have been described previously.
Anti-Ca,1.2 was obtained from Alomone (ACC-003), anti-CSQ2
from Abcam (ab3516), and anti-FKBP12 from Thermo Scientific
(PA1-026A).

40
and

qRT-PCR

Total RNA was isolated from WT and Triadin KO hearts or isolated
cardiomyocytes using TRIzol reagent (Life Technologies, Saint Au-
bin, France) and PureLink RNA Mini Kit (Life Technologies, Saint
Aubin, France). First-strand ¢cDNA was obtained using oligo(dT)
primed reverse transcription from 500 ng of RNA. mRNAs real-
time quantification was performed using iQ SYBR Green Supermix
(Bio-Rad, Marnes la Coquette, France) with an IQ iCycler detection
system (Bio-Rad, Marnes la Coquette, France). Genes and primer se-
quences are listed in Table S1. The following experimental protocol
was used: denaturation at 95°C for 3 min followed by 40 cycles of
95°C for 10 s and 55°C for 45 s. Melting curve analysis showed spe-
cific melting temperatures. Data were analyzed with the AACt
method. Relative gene expression was quantified as follows: fold
change = 2 — A(ACt), where ACt = Cturget — Clreference and
A(ACt) = ACtgmple — ACteonirol. Ct is the fractional cycle number

at which the fluorescence passes the fixed threshold. The target
gene represents TRDN, CASQ2, RYR2, JCN, and FKBPIB genes,
and the reference gene is the GAPDH.

HEK293 Cell Transfection and Immunoprecipitation

HEK293T cells (ATCC) were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin (Invitrogen). Cells were
transfected with pcDNA3.1-CSQ2 alone or cotransfected with either
pcDNA3.1-T32 or pcDNA3.1-T32-T59R using Exgen 500 (Eurome-
dex). Cells were collected 28 h later. Solubilization and immunopre-
cipitation were performed as previously described” using anti-T32
antibody and Dynabeads Protein-G (Life Technologies). The immu-
noprecipitated proteins were analyzed by western blot.

Mouse In Vivo Transduction and Kifunensine Treatment

Triadin KO mice were previously described.'” Two-week-old triadin
KO male mice (5-7 g) were injected intraperitoneally with 1.5 x 1011
viral genome copies diluted in 100 pL. The mice were used after
6 weeks of transgene expression, and transgene expression has been
checked by western blot analysis. Kifunensine (Enzo Life Sciences)
was diluted at 0.8 mg/mL in water, and the mice were treated daily
by gastric feeding at 4 mg/kg/day for the last 12 days before

experiments.

Western Blot

Western blot analysis has been performed on isolated cardiomyocytes
or on cardiac muscle homogenates as stated in the figure legends.
Whole cardiac muscle homogenates were prepared by homogeniza-
tion as previously described.” One hundred micrograms of cardio-
myocyte homogenates or 40 pg of cardiac muscle homogenates was
analyzed by quantitative western blot analysis as described previ-
ously'” using myosin heavy chain as a reference protein and horse-
radish peroxidase (HRP)-labeled secondary antibodies (Jackson
ImmunoResearch Laboratories). The quantification was performed
on a ChemiDoc XRS apparatus using Quantity One software (Bio-
Rad). For each lane, the protein amount measured was normalized
by that of myosin. For each blot, WT homogenates were used as
the reference, i.e., their mean protein amount was set to 100% while
every individual homogenate of the blot was given a value relative
to 100%. The value presented for each mouse is the mean of two to
three independent western blots. For each protein of interest, the final
value is the mean + SEM of the n animals tested.

Measurement of Intracellular Ca?* Transients, Ca?* Sparks, and
SR Ca** Content

Heart excisions were performed after cervical dislocation of mice by
authorized personnel. According to “The AVMA Guidelines for the
Euthanasia of Animals: 2013 Edition,” this method allows a rapid
loss of consciousness and does not chemically contaminate tissue.
Cardiac ventricular myocytes were enzymatically dissociated as pre-
viously reported.** Freshly isolated cardiomyocytes were then loaded
with Fluo-4 AM (5 uM; Molecular Probes) and field stimulated at
1 Hz with 1-ms current pulse. To obtain a similar dye loading, the
cell concentration was set to 40,000 cells/pL during the loading,



and the few cells with a very low intensity (none responsive to stim-
ulation) or very high fluorescence and calcium waves were discarded.
Changes in fluorescence (AF/F0) were recorded using an LSM 510
Meta Zeiss confocal microscope at room temperature with identical
settings (pinhole, PMT, offset) in line-scan mode (1.5 ms/line) during
field stimulation or after caffeine application (10 mM) to assess the SR
Ca®" load. Ca** transients were analyzed using PeakInspector soft-
ware (https://asalykin.github.io/PeakInspector/). Spontaneous Ca**
sparks were recorded in quiescent cells following 5-min stimulations
in order to reach steady-state SR-Ca*" content and analyzed with the
SparkMaster plug-in under Image] software (https://imagej.nih.gov/
ij/plugins/).

Telemetric ECG Recording and Analyses

ECGs were recorded using subcutaneous teletransmitters (TAE-F20;
Data Sciences International) in accordance to the Lambeth conven-
tions from the housing of animals to determination of arrhythmic
events.”? After a preanesthetic (physical) evaluation, the transmitter
(TAE-F20; Data Sciences International, St. Paul, MN, USA) was in-
serted in mice subcutaneously along the back under general anes-
thesia (2% inhaled isoflurane/O,; Aerrane, Baxter, France), and two
ECG electrodes were placed hypodermically in the region of the right
shoulder (negative pole) and toward the lower left chest (positive
pole) to approximate lead II of the Einthoven surface ECG. During
the procedure, respiratory and cardiac rate and rhythm, adequacy
of anesthetic depth, muscle relaxation, body temperature, and anal-
gesia were monitored to avoid anesthesia-related complications.
ECG monitoring was performed 2 weeks after recovery from surgery
in the home cage with a signal transmitter-receiver (RPC-1) con-
nected to a data acquisition system (IOX, EMKA, France). The data
were collected continuously over 24 h at a sampling rate of
2,000 Hz. Continuous digital recordings were analyzed off-line with
version 1.5.12 of the software ECG-auto (EMKA Technologies, Paris,
France) after to be digitally filtered between 0.1 and 1,000 Hz. ECG
were scanned by hand in blind conditions to detect catecholamine-
induced polymorphic ventricular tachycardia after epinephrine injec-
tion (intraperitoneally [i.p.], 2 mg/kg body weight in 0.9% NaCl sterile
solution; Baxter, France) over 1.5-h ECG.**

Statistical Analysis

The statistical analysis has been done with GraphPad Prism 6.0 soft-
ware. The number of samples and the name of the parametric test
applied are indicated in each figure legend. Because most results
were obtained after multiple comparisons or from scarce samples, sig-
nificant results are presented as *p < 0.05, whatever the real value for
p, indicated in the figure legends. All data are shown as mean + SEM.
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