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ABSTRACT

Rationale: Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare disease, manifested
by syncope or sudden death in children or young adults under stress conditions. Mutations in the Ca**
release channel/ryanodine receptor (RyR2) gene account for about 60% of the identified mutations.
Recently, we found and described a mutation in RyR2 N-terminal domain, RyR2%*%,

Objective: to determine the arrhythmogenic mechanisms of this mutation.

Methods _and Results: Ventricular tachycardias under stress conditions were observed in both CPVT
patients and KI mice. During action potential recording (by patch-clamp in KI mouse cardiomyocytes and
by microelectrodes in mutant hiPSC-CM) we observed an increased occurrence of delayed after-
depolarizations (DADs) under isoproterenol stimulation, associated with increased Ca*" waves during
confocal Ca** recording in both mouse and human RyR2****? cardiomyocytes. In addition, Ca**-induced
Ca*'-release, as well as a rough indicator of fractional Ca*" release, were higher and Ca®" sparks longer in
the RyR2R**Q expressing cells. At the ultrastructural nanodomain level, we observed smaller RyR2 clusters
and widened junctional sarcoplasmic reticulum (jSR) measured by g-STED super-resolution and electronic
microscopy, respectively. The increase in jSR width might be due to the impairment of RyR2***°? binding
to junctophilin-2, as there were less junctophilin-2 co-immunoprecipitated with RyR2R4*% At the single
current level, the RyR2%*2°? channel dwells longer in the open state at low [Ca®'];, but there is predominance
of a subconductance state. The latter might be correlated with an enhanced interaction betWegn the.N-
terminus and the core solenoid, a RyR2 inter-domain association that has not been previously imlglic‘gf‘%dﬁﬁ
the pathogenesis of arrhythmias and sudden cardiac death.

Conclusions: the RyR2*?°? CPVT mutation modifies the interdomain interaction of the channel and
weaken its association with junctophillin-2: These defects may underlie both nanoscale disarrangement of
the dyad and channel dysfunction.

Keywords: CPVT, RyR2, cardiomyocyte calcium handling, calcium induced calcium release, ryanodine
receptor, calcium sparks, cardiac myocyte, arrhythmia (mechanisms).
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Nonstandard Abbreviations and Acronyms:

ANOVA: Analysis of Variance

AP: action potential

ART: Aligned Rank Transformed

BCA: bicinchoninic acid

BW: Body weight

CaMKII: Ca** /Calmodulin Kinase II
CICR: Ca*"-induced Ca*" release

Cm: Membrane capacitance

co-IP: Co-immunoprecipitation

CPVT: Catecholaminergic polymorphic ventricular tachycardia
CRUs: Ca*" release units

CSQ: calsequestrin

CSQ2: Calsequestrin-2

DADs: Delayed After-Depolarizations
EC: excitation-contraction

ECG: Electrocardiogram

EF: Left ventricular ejection fraction
EM: electron microscopy

F: fluorescence

FO: basal fluorescence

FKBP: FK506 binding protein

FS: Left ventricular fractional shortening
GLM: Generalized linear mixed model
g¢STED: gated Stimulated Emission Depletion

hiPSC-CM: human Induced Pluripotent Stem Cell-derived Cardiomyocytes

HR: heart rate

HW: Heart weight

Ica: Ca*' current

ISO: Isoproterenol

JPH2: Junctophilin-2

jSR: junctional Sarcoplasmic Reticulum
KI: Knock In

LTCC: L-type Ca** channels

LV: Left ventricular

ME: Mixed Effects

NCX: sodium calcium exchanger
NTD: N-terminal domain

PKA: Protein Kinase A

PLB: phospholamban

RM: Repeated Measures

RyR2: Type 2 Ryanodine Receptor
SCD: Sudden Cardiac Death

SR: sarcoplasmic reticulum

STED: Stimulated Emission Depletion
TA: triggered activity

VT: ventricular tachycardia

WT: wild-type
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INTRODUCTION

Sudden Cardiac Death (SCD) represents about 15% of all deaths in developed countries'. It may occur
in a structurally diseased heart, but also in apparently normal hearts where a channelopathy, i.e., a genetic
disease affecting ion channel activity, is at the origin of the lethal tachyarrhythmia. Catecholaminergic
polymorphic ventricular tachycardia (CPVT)? is an inherited disease characterized by exercise- or stress-
induced ventricular polymorphic tachycardia episodes in the absence of apparent structural heart disease.
The disease is highly malignant, often manifesting for the first time in childhood or adolescence as syncopal
events and/or SCD. CPVT patients have a mortality rate of ~30-50% by the age of 35 years when untreated.
Mutations in the type 2 ryanodine receptor (RyR2) gene account for about 60% of the identified mutations
and they are inherited following an autosomal dominant trait. Other CPVT-related genes encode for proteins
which may bind to and modulate the RyR2 channel®’. Thus CPVT is clearly an arrhythmogenic disorder
affecting directly or indirectly RyR2 function, pointing to intracellular Ca*" mishandling as the origin of
the disease.

The RyR2 is a homotetramer with hydrophobic segments of the four identical subunits forming a central
pore®. Usually pathogenic RyR2 CPVT mutations are arbitrarily clustered into three discrete protein regions
or “hot spots”, including the N-terminus (32%), central (30%) and C-terminus domain (38%)*°. While a
loss-of-function RyR2 mutation has been described® ’, the vast majority of the mutations studied so far
induce gain-of-function changes in RyR2. Different molecular mechanisms underlying defective RyR2
channel regulation have been proposed, including increased sensitivity to cytosohc and sarcoplasmic

reticulum (SR) luminal'® Ca?*, abnormal regulation by FKBP12.6'! or calmodulin'? and defective intfa‘and
inter-subunit '* 4,

Recently, we described a new mutation in the RyR2 N-terminal domain (NTD), RyR2%**°?, in a Spanish
family diagnosed for CPVT'’, Remarkably, this mutation has also been found in other CPVT families'®"?,
and other pathogenic mutations at the same amino acid have also been identified'*?° suggesting that Arg420
forms part of a critical domain that controls RyR2 function. The molecular and cellular mechanisms
underlying pathogenicity of this domain are. still elusive despite several attempts to shed light on the
subject?' %,

Herein we analyzed the arrhythmogenic mechanism of the N-terminal mutation RyR2****? using cardiac
myocytes from mice harboring this mutation as well as induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM) from a RyR2**?°€ CPVT patient. Using multiple state-of-the-art approaches,
we show that the RyR2***°? mutation induces: a) alterations of channel intrinsic properties, with increased
interaction between the NTD and the core solenoid, which may underlie enhanced subconductance state
open probability at low Ca**; and b) impairs the channel association with junctophilin-2, which affects both
the ultrastructural organization of the dyads, and the distribution and size of the RyR2 clusters.

METHODS

Data Availability.
The authors declare that all supporting data are available within the article and its supplementary files.

Data was obtained from human, mouse, and heterologous system (HEK293 cell culture) expressing the
RyR2**°C CPVT mutation, using the methods detailed in the Online Supplement.

The Spanish family diagnosed with CPVT due to RyR2***? mutation'® underwent familial evaluation with
a protocol conforming to the ethical guidelines of the 1975 Declaration of Helsinki previously approved by
the local research ethics committee. Informed consent was obtained from each individual. Human induced
pluripotent stem cells derived cardiomyocytes (hiPSC-CM) were obtained from patients’ blood samples
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(after personal consent and ethical approval) in Nantes iPSC core facility, (https:/sfrsante.univ-
nantes.fr/plates-formes/modeles-cellulaires-et-geniques/plate-forme-ipsc-nantes-cellules-souches-
pluripotentes-induites-1101640.kjsp) and differentiated into cardiac myocytes in the laboratory.

Murine experiments were performed in male and female mice heterozygous RyR2***°? knock in (KI) mice
and wild-type (WT) littermates (4- 6 months old) in accordance with the ethics principles laid down by the
French Ministry of Agriculture and ECC directive 86/609/ECC under protocol agreement n° B9201901.

Please see the Major Resources Table in the Supplemental Materials.

Statistical Analysis.

Statistical analysis were conducted using OriginPro and R statistical computing software. First we
performed normality tests (which include the Kolmogorov-Smirnov, the Kolmogorov-Smirnov-Lilliefors,
the Anderson-Darling, D'Agostino K-Squared, the Chen-Shapiro and the Shapiro-Wilk tests providing
“can’t reject normality” or “reject normality” output) to determine whether each group constitutes a
normally distributed population. When every tests gave “Can’t reject normality” output, we pursued with
Levene's Test to check the homogeneity of variance between groups. If both criteria were met, we used
either Student’s t-test or two way ANOVA or a conditional hierarchical linear mixed effect model used
(Ime4 R package®®) to compare continuous variables between groups to take into account the multiple
observations per animal. The group with or without treatment was the fixed effects, and animals were a
random effect nested in the group; in the case of repeated measurements on cells, we added a random effect
for cell in animal. When conditions of parametric tests were not met, we used either a Mann-WhitnA%ﬁctgst
or the data were submitted to an Aligned Rank Transform procedure in ARTool R package (https://ctan.t-
project.org/web/packages/ AR Tool/readme/README .html,*;*), which allowed a non-parametric factorial
ANOVA to be performed taking into account the multiple observations per animal and repeated
measurements, when appropriated. Post hoc pairwise multiple comparisons were adjusted with Benjamini
and Hochberg method. For proportions we used either Fisher's Exact Test for Count Data or Generalized
linear mixed model fit by maximum likelihood in case of repeated measures. Specific procedure analysis
and output for each figure panels and tables are given in-online Table III and no outliers were eliminated.
Data are presented either as mean £ se-or as box (with median and 25-75% range) and whisker (Min-Max).
Differences were considered statistically significant if p<0.05 and presented in figures as *for p<0.05, **for
p<0.005 and ***for p<0.0005. When p was found not statistically significant (p> 0.05), the exact p value
is also provided in online Table III, and no sign is shown in the Figures.

The representative examples are chosen the closer to mean or median.

RESULTS
Alteration of Ca’" homeostasis in RyR2***"? induces ventricular arrhythmias.

Knock-in mice carrying the RyR2**?? mutation found in CPVT patients'> presented a CPVT phenotype
under stress challenges®’. Compared to WT littermates, KI mice showed normal ventricular cardiac
function, as assessed by M-Mode echocardiography (Online Table I) in line with the findings in RyR2R**Q
patients'®. Under basal conditions, telemetry-obtained electrocardiograms in freely moving KI and their
WT littermates did not reveal significant changes, except lower heart rate (HR) in female KI mice, as
previously shown?’ (Online Table II). However, under emotional stress induced by short episodes (15s) of
warm air blowing with a hairdryer, the occurrence of evoked ventricular tachycardia (VT) was higher in KI
compared to WT (p<0.05 for genotype x hairdryer stress interaction, Fig. 1A). Likewise, Isoproterenol
(ISO) injection elicited more episodes of VT in KI than in WT mice (p<0.05 for genotype x Iso treatment
interaction, Fig. 1B). Thus, the KI mice recapitulate the main phenotype of human RyR2****? mutation
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carriers, namely, a normal cardiac structure and function, and stress-triggered ventricular arrhythmias.
Consistent with this in vivo phenotype, delayed afterdepolarizations (DADs) and/or triggered activity (TA)
were present in almost all patch-clamped ISO-stimulated KI ventricular cardiomyocytes, whereas less than
half WT cardiomyocytes showed those pro-arthythmic events (Fig. 1C). In the presence of Ca*" chelator
BAPTA (5 mM) into the patch pipette, [ISO-induced DADs and TA were completely prevented in all
myocytes (Fig. 1C, right), assigning a critical role to intracellular Ca’" handling in the generation of this
proarrhythmic cellular behavior. Of translational importance, we observed similar electrical abnormalities
upon ISO perfusion (1 uM) during action potential (AP) recording (by a microelectrode technique) in cell
monolayers of human hiPSC-CM from a carrier patient (III:7 from?®’) whose stress ECG is presented in
Fig.1D. Compared to the hiPSC-CMs from his genotype- and phenotype-negative brother (Ctl) (III:4
from?’), hiPSC-CMs from the RyR2***Q patient (Mu) presented higher incidence of DADs after ISO
treatment (Fig. 1E&F).

To gain mechanistic insights, we next analyzed RyR2****? function in situ by recording spontaneous
Ca”" sparks in intact quiescent cardiomyocytes. Figure 2A shows examples of line scan confocal images
displaying Ca?" sparks in ventricular cells from WT and KI littermates under basal conditions and during
100 nM ISO perfusion. The spontaneous Ca*" sparks frequency was slightly (~1.5 fold) but significantly
higher in KI than in WT cells (Fig. 2B), with ISO enhancing this parameter in both cell types (Fig. 2C).
This overactivity of RyR2%*2%? function was accompanied by Ca?* sparks with higher peak amplitude that
lasted significantly longer in cardiomyocytes from KI mice (full duration at half maximum amplitude),
albeit no significant difference was observed in width (full width at half maximum amplitude) (Online Fig.
I). These alterations in Ca®* spark characteristics during diastolic periods in KI cells resultedgn-enhanced
Ca*" release per Ca*" spark (Ca’" spark mass, Online Fig. I) and in enhanced Ca*" spark-mediated CaZ::leak
from the SR as evaluated in each cell through averaged Ca®* spark mass multiplied by Ca®" spark frequency
(Fig. 2D). Of note, ISO significantly augmented those Ca®" sparks parameters in both cell groups in a similar
manner (Fig 2 C&E, Online Fig. I, no significant difference).

The exacerbated RyR2%*?%? activity at rest might underlie the increased occurrence of arrhythmogenic
events observed in AP recordings during patch-clamp experiments, which were completely blunted by
intracellular Ca*" chelation (Fig. 1C). Indeed, K1 cardiomyocytes exhibited a strikingly higher incidence of
Ca*" waves following 4-Hz burst pacing, after 100 nM ISO exposure (Fig. 2F & G). Similarly, in 1-Hz
electrically paced hiPSC-CMs from a RyR2*% carrier patient, which expresses RyR2s in a striated pattern
(Fig. 2H), ISO elicited aberrant diastolic Ca®" release during the diastolic periods (Fig. 21, left), consistent
with the DAD occurrence (Fig. 1E). Pooled data (Fig. 21, right) showed a higher incidence of these aberrant
diastolic Ca** releases in mutant RyR2%***? hiPSC-CMs compared to control cells.

The above data shows that RyR2%*'? increases diastolic SR Ca?" leak under resting conditions and
increases propensity for Ca®’-dependent triggered arrhythmic activities, which are exacerbated by ISO,
pointing out a pivotal role for SR Ca*" mishandling. We next analyzed global intracellular Ca** ([Ca®'];)
handling in intact mouse cells by confocal microscopy. Examples of [Ca®"]; transients evoked at 2 Hz and
then exposed to rapid 10 mM caffeine (as an index of the SR Ca** load) in WT or KI cardiomyocytes before
and under ISO application are presented in Figure 3A. Consistent with the normal heart function detected
with echocardiography in mice (Online Table I) and patients'’, cardiomyocytes from KI mice showed
normal [Ca®"]; transient amplitude and decay kinetics compared to WT, both at 2 and 4 Hz (Fig. 3B,C; no
significant difference was observed between genotypes). B-adrenergic stimulation with ISO increased the
[Ca”"]; transient amplitude and accelerated its decay time in both cell types (p<0.05 in each case assessed
using paired t-test, Fig. 3D). While the ISO effect in accelerating [Ca®']; transient decay time was similar
between WT and KI, the increase in its peak was significantly smaller in KI mice (Fig. 3D). In regard to
the SR Ca?* load, KI cardiomyocytes had lower SR Ca®" content than WT cells, but B-adrenergic stimulation
blurred that difference (p<0.05 for genotype x Iso treatment interaction, Fig. 3A&E). Time of decay of the
caffeine evoked [Ca®']; transient was not different between the two groups (Fig. 3F), suggesting similar
Na'/Ca?" exchanger (NCX) function in the forward mode. Consistent with the kinetics of electrically and
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caffeine-evoked [Ca”']; transients that suggest normal SERCA and NCX function, the protein levels of
these proteins were similar in WT and KI hearts (Online Fig. II A,B). Likewise, the protein levels of the
SERCA regulator phospholamban, total and phosphorylated, were not statistically different between WT
and KI hearts (Online Fig. II D-F). The enhanced Ca*" leak in KI cells correlated with decreased Post-rest
Potentiation (defined as the first [Ca®']; transient amplitude after a period of 1 minute rest normalized by
the [Ca?"); at steady state during electrical stimulation at 4 Hz: 1.41£0.067 in 10 WT cells, vs 1.19£0.06 in
11 K1 cells, p<0.05). Taking into consideration the limitation of the non ratiometric fluorescence Ca*" dye,
these results suggest lower SR Ca®" load with normal [Ca®']; transients resulting in enhanced “fractional
release” (roughly calculated by dividing the amplitudes of caffeine-evoked [Ca®']; transient by the
electrically-evoked [Ca?']; transient) in KI cardiomyocytes (Fig. 3G), i.e., for a given amount of Ca*" stored
in the SR, there was greater Ca”' release during each twitch. Similar findings occurred in hiPSC-CMs from
a RyR2%?%Q carrier compared to hiPSC-CMs from his genotype-negative brother (Fig 3H & I).

Taken together, these data indicate that in a normal twitch, the amount of Ca*" release as a function of
the SR Ca*" stored is higher in RyR2**?Q expressing cardiomyocytes. We then wondered whether
arrhythmogenic Ca®" waves also occur at a lower SR Ca** load. We monitored SR Ca** in permeabilized
myocytes using SR-entrapped Fluo-5N, while bathed in an internal solution that induces Ca** waves. As
shown in Figure 3 J&K, the SR [Ca®'] threshold (SR Ca’* baseline) that evokes Ca*" waves was significantly
lower in RyR2%*°Q cardiomyocytes than in control cells.

As the presence of the RyR2***°? mutation increases Ca”" release at a given SR Ca" load (“fractional
release”), we analyzed whether the RyR2R**°? mutation also alters Ca®" influx-triggered Ca’' release. Figure
4A shows simultaneous recordings of Ca®* current (Ic.) and its evoked [Ca®']; transient at 0V itz W'T
cell (top) and a KI cell (bottom, red traces). Summary data (Fig. 4B) reveal that the RyR2™*% mutation
had no effect on the Igs density-voltage relationship relative to, WT cardiomyocytes (the maximal Ic,
conductance was similar between both groups (in pS): 205.7+25.1 in 10 WT cells, vs. 219.7£14.8 in 15 KI
cells), while the [Ca®']; transient amplitude in KI cells was significantly increased throughout the entire
voltage range. As a result, the Ca*-induced Ca’’ release (CICR) gain, calculated by normalizing the [Ca*'];
transient amplitude by the integral of Ic,, was higher in KI cells, as exemplified at -20 mV in Figure 4C.
Hence, there was a greater Ca®' release flux through RyR2%*°? than WT channels over a given Ca®" influx.
The higher Ca®" release could induce faster Ca**-dependent inactivation of the Ic.. Indeed, the Ca*'-
dependent fast time constant of inactivation was accelerated in KI cardiomyocytes (Fig. 4D), while there
were not significant differences in the slow time constant of inactivation (not shown). Of note, Ic. voltage
dependent activation and inactivation properties (Fig. 4E) showed no significant differences among groups
(activation: Vos=-13.5+1.7 mV and K=5.0+£0.4 in 10 WT cells, and V(5= -14.6+1.1 mV and K= 5.6+0.4
in 15 KI cells; inactivation: Vos= -25.1£0.8 mV and K= 4.3+0.1 in 7 WT cells, and V(5= -26.8+0.9 mV
and K=4.240.3 in 11 KI cells). Consequently, the “window” current, determined by the voltage dependence
of activation and inactivation overlap, is not altered in KI mice. The latter is important because the
“window” current produces a sustained Ca*" influx during the AP, contributes to SR load, and may also
underlie arrhythmogenic events®®. Upon B-adrenergic challenge by 100 nM ISO, no difference neither on
genoype nor in ISO effect was observed for Ica (p>0.05 for genotype x Iso treatment interaction, Fig. 4F).
However, the elicited [Ca®"]; transient amplitude, which was higher in KI cells at basal conditions, showed
less ISO effect in this group (p<0.05 for genotype x Iso treatment interaction, Fig. 4G).

RyR2 clustering and ultrastructure of the dyad.

CICR is initiated at the dyads, where clusters of RyR2 channels located at the junctional SR (jSR)
are in close proximity to the L-type Ca®" channels (LTCC), located at the transverse tubules. In order to test
whether the RyR2**Q affects clustering, we acquired super-resolution images of immuno-labelled RyR2
channels. Figure 5A shows deconvoluted images of RyR2 Ca®" release units (CRUs) after threshold
analyses on a WT (left) and a KI (right) samples. We found that the distribution of cluster size was different
between groups (Fig.5B) with higher relative frequency of smaller clusters in KI cells, resulting in clusters
mean size significantly smaller in the KI cardiomyocytes (in pm?*: 0.034+1.76E-4, n=46393 CRU in WT,
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vs 0.032+1.32E-4 in 84553 CRU in KI). The reduction in the RyR2 cluster size could reflect a decreased
number of expressed channels, if the mutation would interfere with protein expression. However, the
measured total RyR2 expression level by Western Blots (Fig. 5C) showed that both WT and KI similarly
express RyR2, ruling out this hypothesis. In addition to the smaller cluster size, CRUs distribution in KI
cells showed greater dispersion along the Z line, with lower relative frequency of clusters closer to the line,
and higher relative frequency of clusters less aligned (Fig. 5D).

Data presented in Figure 4 shows alteration in CICR gain in RyR2***'? KI cardiomyocytes. We
previously found reduced CICR gain in heart failure* and proposed changes in the structure of dyads as a
mechanism to explain the decreased CICR gain™. To provide an additional and independent test to robustly
support our super-resolution approach, we used electron microscopy (EM) to analyze the structure of CRUs,
which are specialized intracellular junctions located between the SR (labeled in yellow in Fig. 5 Ea) and
the T-tubules (labeled in green in Fig.5 Ea). CRUs are the structures containing clusters of RyR2 channels
and constitute the elemental functional units for Ca?* release at the nanoscopic level during EC coupling.
The cytoplasmic domain of RyR2 channels, i.e. the “feet”, were visible as evenly spaced densities spanning
the gap between jSR and the T-tubules in EM images at high magnification (pointed by the arrows in Fig.
5Eb and 5Ed). In WT cardiomyocytes, CRUs were almost exclusively positioned in proximity to the Z-
lines and the T-tubule presents often a wide profile (Fig. 5 Ea & c¢) with the jSR being wrapped around it
(Fig 5 Ea), or associated to it forming multiple (two or more) couplons (Fig. SEb showing 1 CRU with 2
couplons). We also evaluated the (number/area) of CRUs (a T-tubule associated to jSR, one or more) and
of couplons, (consisting of individual jSR profiles associated to T-tubules) in both WT and KI cardiac cells.
CRUs and couplons were significantly reduced in KI cells (by ~30%; Table 1A, columns:Ayand.B),
indicating that about 1/3 of release sites were missing. As we saw differences in the SR memiaragleér,éiwe
assessed caveolin content, to see if it could be an unnoticed defect on caveolae, but both WT and KI had
similar caveolin content (Online Fig. Il G)

We then analyzed the morphology of the CRUs. In WT cardiomyocytes, couplons were usually quite
extended (one in Fig. SEaand two in Fig. 5SEb). However, in KI cardiomyocytes the shape of couplons
ranged from fairly normal to shorter in length (Fig. SEc & e) and/or apparently fragmented jSR (Fig. SEd,
f, g & h). Thus, we measured the length of the jSR/T-tubule contacts, i.e. length of couplons, and found
that the average size of individual couplons is shorter in KI cardiac cells (Table 1A, column C). Based on
these data we then estimated: a) the average area of contact between jSR and T-tubule in each couplon
(Table 3, column D) by assuming that their shape is approximately round and that the EM sections cut a
random cord of this circle (see Methods in Online Supplement for more detail); and b) the approximate
number of RyR2-feet which would be contained in a couplon of such a size (Table 1A, column E), assuming
that the whole area of a couplon is filled with RyR2*'. These estimates indicated that couplons in KI
cardiomyocytes were significantly smaller and therefore probably contain a significantly lower number of
RyR2-feet (Table 1A, columns D and E respectively), in agreement with our super-resolution data. Since
RyR2 expression levels were not different in the two groups (Fig.5C), this could imply that there might be
more orphaned RyR2 in the KI model, which may produce SR Ca** leak not visible as Ca*" sparks. As
matter of fact, the SR Ca®’ leak assessed by the tetracaine protocol** (Online Fig. III), was higher in KI
cardiomyocytes than in WT.

We also analyzed jSR volume. Whereas the jSR cisternae were narrow and flat in WT (Fig. 5E a & b),
they had a more variable/irregular profile in KI (Fig. SEc-f), with slightly wider sections. To confirm this
visual observation and to verify possible changes in total SR volume, we measured the mean width of the
JSR and quantified the percentage of fiber volume occupied by the free SR (i.e. longitudinal SR). This
analysis indicated that the mean jSR lumen is on average wider in KI than in WT cardiomyocytes but free-
SR volume is smaller in KI mice (Table 1B).

We next explored potential mechanisms by which a RyR2 mutation could alter CRU clustering.
Junctophilin-2 (JPH2) has recently emerged as a junctional protein that directly affects the CRU clustering
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of RyR2, as well as the Ca®" release function®>. We thus hypothesized that the RyR2***°? mutation could
hamper RyR2-JPH2 interaction and hence disturb RyR2 clustering. Co-immunoprecipitation (co-IP) of
JPH2 and RyR2**Q was strongly reduced while co-IP with the L-type Ca*" channel (Cav1.2) was not
significantly modified (Fig. 5F). The disturbed interaction of RyR2****? with JPH2 could partly explain the
ultrastructural changes observed in KI cardiomyocytes. Likewise, JPH2 co-IP of RyR2 was weaker in the
mutant than in the non-mutant control hiPSC-CM (Fig. 5G). Expression of other important RyR2 binding
proteins such as calsequestrin, calmodulin and FKBP12/12.6, were not altered in KI mice (Online Fig. II
C,H.I). Co-IP analyses showed that their binding to RyR2%**°? was not significantly different than to WT
RyR2 (Online Fig. IV A-E). As FKBP12/12.6 has been shown to bear weaker binding to other CPVT RyR2
mutations®*, we repeated the co-IP experiments in human context. Our data from 4 different differentiations
of each control and mutant hIPSC-CM showed similar FKBP12/12.6 binding in both groups (Online Fig.
IVF)

We also analyzed the appearance of the jSR content. The jSR cisternae in WT contained the classic
chain-like electron dense polymer that runs parallel to the SR membrane (Fig. SEb, single arrows),
representing Calsequestrin-2 (CSQ2). In KI myocytes, the chain-like polymer of condensed CSQ2 was
present in some CRUs (Fig. 5 Ec & d), and missing in others, while the jSR lumen was either empty or
containing some electron-dense material not well organized/clustered as in normal jSR/T-tubule junctions
(Fig. 5 Ee-h). This observation suggested an inadequate assembly of CSQ2 inside the jSR lumen. Indeed,
a similar reduction in the size of junctional domains was also observed in other mouse models carrying
mutations or ablations of excitation-contraction (EC) coupling proteins® *® such as CSQ2R¥RHBQ 37,
However, evaluation of CSQ2 protein expression in both groups did not shown significant difference
(Online Fig. 11 C). W e ion

RyR2*%C function.

The alterations in the dyad ultrastructure outlined above for KI cardiomyocytes are supposed to result
in conspicuous changes in Ca?" spark duration (Online Fig. I). This finding may be explained by the theory
of Ca”" spark termination by local depletion of Ca®" in the jSR **. In this scenario, local depletion of Ca**
in KI cells during a Ca*" spark would take longer, since their jSR is wider and hence, its local volume
bigger. We addressed this hypothesis analyzing the effect of intracellular hypo-osmolarity (assuming a
subsequent SR swelling) on Ca®" sparks characteristics in permeabilized rat ventricular cardiomyocytes
(Online Fig. V). Changing the internal solution from normal to hypo-osmotic internal solution didn’t
significantly modify Ca®" spark frequency (Online Fig. V A) nor Ca®" spark duration (although showed a
tendency to prolong it: p=0.09, Online table III, Online Fig. V B,) but reduced Ca** spark amplitude (Online
Fig. V C) without affecting Ca®* spark width (Online Fig V D). Thus, increased jSR width alone does not
completely explain all the RyR2%***?_related functional alterations, although it may contribute to Ca** spark
prolongation. Furthermore, in permeabilized KI mouse cells under hypoosmotic solution, the Ca*" spark
duration was not prolonged but reduced compared to WT myocytes (Online Fig. V F), supporting the
hypothesis that alteration of this property may be the result of SR swelling. However, KI permeabilized
cells still presented higher Ca?" sparks frequency than WT (Online Fig. V E) and decreased in all
characteristics (Online Fig. V F-H), which may be the reflect of higher RyR2 open probability, and smaller
clusters, respectively. Thus, our data shows that increased jSR width alone does not completely explain all
the RyR2***related functional alterations, although suggest that it may contribute. A complementary
and/or alternative mechanism that might account for the increased Ca®’ spark frequency could be an
enhanced Ca®" sensitivity of RyR2%**°?_ analogous to that of some C-terminal RyR2 mutations”®. We used
[*H]ryanodine binding to compare the Ca®-dependent activation of RyR2 channels from WT and KI SR
microsomes, an index of RyR2 open probability, as [*H]ryanodine binds only to the open state of RyR2
channels. The Ca**-dependent [*H]ryanodine binding curve was not different among groups, normalized to
either the total amount of RyR2 present in each sample (Fig. 6A) or to the maximum binding at pCa5 (Fig.
6B). Likewise, similar Ca** spark frequency was observed at different [Ca®']; in permeabilized ventricular
WT and KI cardiomyocytes (Fig. 6C)
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RyR2*%C show intrinsic functional alteration

Taken together, our results suggest that the Ca®* sensitivity of the RyR2***°? is not drastically different
to that of the WT RyR2, and open the possibility that other molecular mechanisms contribute to the
pathogenicity of this mutation. To directly assess RyR2%**°? function, we reconstituted cardiac SR
microsomes from WT and homozygous KI mice (to ensure that all RyR2 channels bear the mutation) in
planar lipid bilayers and recorded single channel activity. Figure 6D&F shows examples of unitary current
activity from WT and RyR2%*?°? channels at two different cytosolic Ca’*" concentrations. Channel
transitions to sub-conductance states were rare for WT RyR2 when Ca*" is used as ion carrier (Fig. 6E). In
contrast, RyR2*?°? openings to sub-conductance states of variable dwell times were common (Fig. 6F&G).
We detected transitions to sub-conductance states of ~one- or two-thirds of the main conductance, which
were evident components of the amplitude distribution histograms (Fig. 6 E&G, n=4). Furthermore, the
probability of occurrence of sub-conductance states was inversely proportional to the cytosolic [Ca*'], i.e.,
the sub-conductance events were more frequent at lower cytosolic [Ca**], and less frequent at higher [Ca®']
(Fig. 6 H&I, Online VI). Of note, the phosphorylation state of RyR2-Ser2814 (phosphorylated by CaMKII)
and RyR2-Ser2808 (phosphorylated by both CaMKII and PKA), which could purportedly generate sub-
conductance states®’, did not differ in ventricular protein extracts from WT and KI mice (Online Fig.VII
A-C). Likewise, RyR2 phosphorylation at $2367 and SPEG content*’ was similar in WT and KI hearts
(Online Fig. VII D&E).

The altered biophysical properties of RyR2R**°? may originate from defective intermolecular
interactions caused by the mutation. Indeed, the NTD regulates the activity of the homotetrametic RyR2
channel via two distinct inter-domain interactions: it forms an interface with a neighboring NTD:ztid" a
separate interface with the core solenoid® *!. Having previously demonstrated that the arrhythmogenic
mutations R176Q and L433P disrupt RyR2 N-terminus self-association but not NTD interaction with the
core solenoid,'* *' we hypothesize that a similar scheme might be at work for the RyR2**?°? mutation. To
ascertain the involvement of R420Q in RyR2 NTD tetramerization'* *!, we expressed the cMyc-tagged
RyR2 N-terminus (NT, residues 1-906) in HEK293 cells, . subjected it to chemical cross-linking with
glutaraldehyde, and analyzed oligomer formation by immunoblotting. Surprisingly, the R420Q mutation
did not disrupt N-terminus tetramer formation, as indicated by quantification of the anti-cMyc
immunoreactive bands corresponding to monomer and tetramer using densitometry analysis (p>0.05 for
genotype x time interaction, Fig. 7A). To assess the effect of R420Q-in RyR2 N-terminus interaction with
the core solenoid"', we co-expressed NTV /NTR**%? with HA-tagged RyR2-CT (residues 3529-4967). HA
tagged-RyR2-CT was then immunoprecipitated with Ab™ and the presence of NTVT or NTR*Q was
analyzed by immunoblotting using Ab*™°, Immunoprecipitation of RyR2-CT with anti-HA resulted in
successful co-precipitation of both NTVT and NT?*°?, Notably, the R420Q mutation resulted in statistically
significant 2-fold increase in NT interaction with RyR2-CT (Fig. 7B). It is possible that the tighter
interaction between the NTD and the core solenoid slightly changes the conformation of the channel,
altering its binding to accessory proteins, as for JPH2 (Fig. 5F&G). In addition, we observed that the
RyR2R*%Q ¢o-IP with FKBP 12/12.6 was poorer than WT RyR2, but normal for calmodulin (Online
Fig. VII).

DISCUSSION

This integrated study combining human and mouse cardiomyocyte data on the RyR2****? CPVT
mutation is the first comprehensive description of an ultrastructural defect underlying ventricular
arrhythmias in type 1 CPVT. This disease is regarded as a type of channelopathy, for which no cardiac
structural abnormality is supposed to be present. Our results directly challenge that definition at a
nanostructural level. Specifically, we find that RyR2***°? channel binding to JPH2 is disturbed and that this
defect can underlie both the ultrastructural remodeling of the dyad, displaying smaller CRUs/couplons and
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wandering edges of the junctional SR, and functionally the enhanced Ca?* release through Ca*" sparks in
RyR2R**°Q compared to the WT RyR2. Moreover, we identify a molecular defect underlying RyR2R42Q
dysregulation, namely a tighter interaction between the N-terminus and core solenoid domains, which may
underlie channel openings to subconductance states.

We created a mouse model bearing the RyR2***°? mutation we previously identified in CPVT patients'™
27" as well as hiPS cells differentiated into cardiomyocytes obtained from volunteer family members, and
experimented with channel domains directly affected by the mutation. This multi-level approach yielded
remarkable mechanistic insight and allowed us to correlate data obtained in both human and mouse cardiac
cells. We found in both mouse and human cardiomyocytes that RyR2%**°Q induced VT under emotional
stress, which might be the result of DADs. These electrical proarrhythmic alterations were dependent on
spontaneous Ca*" release during diastolic periods both in mouse and human cardiomyocytes. Overall, these
are consistent findings in CPVT models, but the molecular mechanism underlying RyR2****? channel
dysfunction is unprecedented.

We previously found enhanced Ca?" sensitivity of the RyR2%***“ CPVT mutation® °, which is located
at the C terminal portion of the channel. Hence, we tested this possible mechanism in RyR28?°? which is
located at the N-terminal portion. However, our analysis by two different approaches failed to
unequivocally point to a difference in Ca®* sensitivity of this mutation. A surprising finding was the longer
lasting Ca?" sparks, a characteristic of the mutation that we hypothesized could be due to enlarged jSR
cisterna, since local SR Ca”* depletion at the CRU is a potential mechanism for Ca*" spark termination®®.
The enlarged jSR width in KI may thus induce a delay in local Ca*" depletion. We mlmlcked this ]SR
enlargement with experimentally-induced SR swelling and, Ca** sparks tend to last
(p=0.09 online Table III) in permeabilized cardiomyocytes bathed in hypo-osmotic solution compared” f
normo-osmotic solution. It-is possible that the experimental settings of permeabilized cells, where Ca*"
spreads faster away from local sources due to unlimited diffusional barriers, makes that the small increase
in Ca®" spark duration by lowering osmolarity didn’t reach statistical significance. Enlargement of SR was
shown in a model of CSQ2 KO mice, and proposed to bea compensatory mechanism to the lack ot this
intraluminal protein, were the expression of triadine was also almost absent®>. However, our CPVT model
does not show any significant alteration in the expression of these intraluminal proteins, so the origin of the
enlargement should differ, and could be due to less tight interaction between TT and jSR membranes by
JPH2 weaker interaction to the RyR2"**?. Bathing permeabilized cells from WT and KI mouse in
hyposomotic solution reversed the prolongation in Ca®" spark duration, suggesting that this ultrastructural
reorganization may contribute to this alteration. However, Ca** spark frequency was still higher, and all
characteristics were smaller in KI cardiomyocytes (the latter could be the reflect of smaller CRUs), showing
that other mechanisms, as intrinsic altered function, or binding to accessory proteins, which modulate RyR2
activity, need to be considered.

In fact, a salient question from the ultrastructural alteration of the dyad is, how can a point mutation in
RyR2 alter the jSR shape? We examined the role of JPH2, a protein associated with both SR and
plasmalemmal membranes that maintains the integrity of the dyads*. The amount of JPH2 that could be
co-immunoprecipitated with RyR2 was severely decreased in RyR2**°?, This is consistent with the reduced
size of CRU/couplons and CRU cluster size. In fact, JPH2 overexpression induces opposite effects to those
we found here, namely, an enlargement of the couplon size*. Further, JPH2 has been reported to affect
RyR2 function, since downregulation of JPH2 enhances Ca*" spark frequency, whereas its overexpression
induces an opposite effect’>*. Thus, the decreased binding of RyR2***°? to JPH2 could not only explain
the ultrastructural alteration, but also the functional alteration (enhanced Ca®" spark occurrence) of the
RyR2R*%Q_ At present, it still remains unclear how the R420Q mutation impairs the RyR2 interaction with
JPH2 but it is unlikely that the R420 residue directly participates in the interaction with JPH2 because it is
not surface-exposed. The structure of the RyR2 NTD carrying the R420Q mutation has been resolved by
X-ray crystallography and shown to induce local conformational alterations*. Our data thus suggest that
the conformational disturbance of the RyR2%**%Q results in an increased NTD interaction with the core
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solenoid, favors unbinding of JPH2 and finally produces nano-disturbances in CRUs with uneven and on
average wider jSR containing less polymerized CSQ2, which by itself has also been implied to contribute
to RyR2 closure and Ca*" spark termination®. Loss of JPH2 binding to the RyR2 is also known to increase
Ca*" spark occurrence, and has been related to atrial fibrillation*’. Thus, the altered binding of RyR2%**Q
to JPH2 produces both ultrastructural and functional alterations in this CPVT mutation. Functionally, the
Ca?" spark probability is enhanced on one hand, and the Ca** spark duration is additionally prolonged on
the other, favoring propagation of Ca®" release and initiation of arrhythmogenic Ca*" waves.

In our clinical description of this mutation, we first performed an in vitro analysis of the mutant protein'>.
RyR2R*%°Q expressed in HEK293 cells showed enhanced activity at low [Ca®']; and lower activity at high
[Ca*']; suggesting gain of function at low [Ca®']; and loss of function at high [Ca®'];. The enhanced activity
at low [Ca’']i can manifest in cardiac myocytes as an increase in the Ca®" spark and wave frequency.
HEK?293 cells are not known to express JPH2 and thus the dysfunction found in those heterologous systems
cannot be attributed to dyadic alterations and may not be extrapolated to human pathophysiology. In fact,
the RyR2%*2*? channel also exhibits functional alterations as detected in single channel analyses. At low
[Ca”'];, the RyR2R**%Q channel is preferentially open in sub-conductance states with higher open probability
than the WT RyR2. The RyR2****?induced subconductance state, although of smaller amplitude than full
openings, may induce greater Ca®" flux per unit time, thus enhancing Ca?" spark frequency, since the
opening of one RyR2*?°?, even at lower conductance, may trigger the opening of other RyRs in the same
cluster (mutated or not) and produce a full Ca’*" spark. Further, the intrinsic alteration in RyR2R*%Q
openings, which favors sub-conductance states at low [Ca®'];, suggests that the ultrastructural alteration in
the RyR2**2*Q channel* alters its gating properties even though it still remains unclear how agmutation in

rican
Heart

the NTD can alter the channel’s conductance. W

The R420 site appears-as an important residue for RyR2 function. While most of the CPVT RyR2
mutations have been found in a single family, the RyR2**2°? mutation has been reported, as far as we know,
in four apparently unrelated families'>'"?’, and the RyR2%*?®Y in two families'® '°. Unlike other RyR2 NTD
mutations (e.g. R176Q, L433P)'* ! the R420Q does not perturb the N-terminus self-association. Instead,
R420Q strengthens the interaction of the N-terminus with the core solenoid within the C-terminal pore-
forming region. Residue 420, which is buried within the NTD structure, does not form part of the NTD-
core solenoid (nor NTD-NTD) interface(s)*. Thus, substitution of Arg420 by glutamine does not directly
impact inter-domain interactions but rather-induces local conformational changes enabling the NTD to
make more stable contacts with the core solenoid, which probably reduces the channel conductance. These
alterations may also render a weaker association to FKBP12/12.6 and JPH2, which destabilizes the channel
in the closed state, increasing its activity. However, this enhanced Ca** leak does not induce macroscopic
heart remodeling in RyR2%*?%? KI mice as in CPVT patients and other CPVT models, neither at cardiac
imaging (echocardiography) nor at pathological examination even at 1 year of age.

In conclusion, our data show that the CPVT mutation RyR2***°? induces a tighter interaction between
the NTD and the core solenoid domains of the channel, which yields both a dysfunction at the single channel
level and an impaired association with JPH2 responsible for nanostructural alterations of the dyad and
functional channel alterations, representing a new mechanism for the genesis of CPVT.
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FIGURE LEGENDS

Figure 1. RyR2R*%Q induces arrhythmias. A. Left. Example of an ECG recording of KI mice showing
ventricular tachycardia (VT) (arrows) after emotional stress (hairdryer blowing protocol). Right. VT
episodes during 10 minutes recording in mice before and under emotional stress in 6 WT and 7 KI mice.
B. Left. VT occurrence in KI mouse after 1 mg/Kg ISO injection. Right. Incidence of VT after ISO injection
in 14 WT and 15 KI mice. C. Left. Representative AP recordings from WT and KI myocytes with no Ca**
chelator (left) or with 5 mM BAPTA (right) in the intracellular solution during 100 nM ISO perfusion. The
extra AP, consistent with triggered activity (TA) is marked by an arrow. The other arrow points to a DAD.
Right. The occurrence of DADs / Triggered Activity (TA) measured in WT and KI myocytes, either without
Ca?' chelator in the intracellular solution (left panels) or in the presence of 5 mM BAPTA (right) expressed
as % of cells displaying at least one event during 1 Hz stimulation. Numbers on the bars indicates n of
positive cells/total. D. Exercise-induced ventricular arrhythmias during a Bruce protocol exercise testing
(third and fourth stage) in a patient carrying the mutation RyR2***°? (speed recording at 25mm/s) showing
ventricular ectopic beats, bidirectional couplets and non-sustained ventricular tachycardia. E. AP recorded
in an hiPSC-CM from the same patient (in D) showing DADs (marked by red arrows) during ISO perfusion
(1 uM). F. DADs incidence in human hiPSC-CMs in basal conditions and during ISO perfusion in 19
control cells (Ctl) and 30 RyR2R**? carrier cells (Mu). *p<0.05; **p<0.05; ***p<0.005. Statistical tests
and exact p values are provided in Online Table III.

Figure 2. Mice and human cardiomyocytes expressing RyR2R42%Q present more diastolic Ca* release.
A. Line scan confocal images showing Ca”" sparks in ventricular cardiomyocytes isolated from@ WT and
a KI mouse in basal conditions and during 100 nM ISO perfusion. B. Ca*" sparks frequency méasuied as
number of events recorded per second in a 100 um line of scan in 31 WT and 31 KI cells. C. Ca’ Sssgpcérk
frequency increase by 100nM ISO in 9 WT and 18 KI cells. D. Estimation of total Ca*" release as Ca*"
sparks, calculated by multiplying the Ca** spark mass by the Ca®' spark frequency in 27 WT and 28 KI
cells. E. Percentage of increase in Ca®’ release through Ca** sparks by ISO in 8 WT and 18 K1 cells. F. Line
scan images of mouse ventricular cardiomyocytes from WT and Kl cells without and with ISO. G.
Percentage of arrhythmic cells during protocol such as in F. H. Example of RyR2 immunolabelling of an
h-iPS-CM. 1. Left. Line scan images of'a h-iPS-CM from the CPVT patient electrically stimulated at 1 HZ
in absence and presence of 1 uM ISO. Spontaneous diastolic Ca*" release as Ca*" waves are marked by the
red arrows. Right. Percentage of arrhythmic cells in the presence of ISO in hiPS-CM control (Ctl) and
mutant carrier (Mu). *p<0.05; **p<0.05; ***p<0.005. Statistical tests and exact p values are provided in
Online Table III..

Figure 3. Mouse and human cardiomyocytes expressing RyR2R**Q¢ show enhanced release per SR
Ca”" load. A Line scan images of a cardiomyocyte isolated from a WT and a KI mouse before and during
100nM ISO perfusion. The thick line over the images represent 10 mM caffeine perfusion. B. [Ca®'];
transient amplitude represented as the maximum value of F/Fy, where F is the fluorescence signal and Fy
the diastolic fluorescence during field stimulation at 2 Hz in 39 cells WT (black open circles) and 40 KI
cells (red open circles); and at 4 Hz (triangles) in 16 WT and 12 KI cells. C. Decay time constant of the
[Ca”"]; transients from the same cell groups than in B obtained by fitting the descending portion of the
fluorescence trace to a single exponential function. D. ISO effect on [Ca®]; transient amplitude (left bars)
and on decay time (right bars) obtained by normalizing in each cell the values in the presence of ISO to the
values before ISO application in 16 WT and 18 KI cells during stimulation at 2 Hz. Independently, each
group showed a significant ISO effect . E. Ca®" transient evoked by rapid caffeine application (10 mM)
provided as peak fluorescence evoked by caffeine (F) during electrical stimulation at 2 Hz, normalized to
the resting fluorescence (Fo) in cardiomyocytes from both groups in absence and presence of ISO (20 WT
cells, 16 WT cells after ISO, 19 KI cells, red hatched bar, 14 KI cells in the presence of ISO). F. Decay
time constant obtained as in C but during caffeine application in the same cells than in E. G. “Fractional
release”, calculated as the peak F/F( evoked by electrical stimulations at 4 Hz, normalized by the caffeine-
evoked peak F/Fy in absence (open circles) or presence (filled circles) of 100nM ISO. H. Left, line scan of
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h-iPS-CM from a control (CTL) and mutant carrier (Mu) during filed stimulation at 1 Hz. Right, line scan
images from h-iPS-CM during caffeine application (time of caffeine presence is noted by the thick line). 1.
“Fractional release” (obtained as in G) for 37 control (black) and 40 RyR2***? carriers (red) hiPS-CMs. J.
Representative line-scans and traces of cytosolic (upper traces) and luminal (SR) Ca*" signal (bottom traces)
in permeabilized cardiomyocytes from WT and KI mice. 10 mM caffeine was used to determine the
minimal fluorescence signal when the SR is empty. K. Quantitative analysis of SR Ca?" wave threshold in
permeabilized cardiomyocytes with a [Ca®"]eye of 100 nM in 36 WT and 34 KI cells. *p<0.05; **p<0.05;
***p<(0.005 Statistical tests and exact p values are provided in Online Table III.

Figure 4. Ic, in KI mice is normal but triggers more Ca®* release. A Representative examples of Ic,
traces and their evoked intracellular [Ca®']; transients simultaneously recorded in WT and KI myocytes. B
Average Ca®" transient amplitude (Top panel) and Ic, density (lower panel) voltage dependence
relationships in 8 WT and 16 KI myocytes. Peak fluorescence signal at each depolarizing step (F) was
normalized by basal fluorescence measured at -80 mV (Fs). C Average Ca*" induced Ca*" release gain,
measured in each cell as peak of F/F_g) normalized to the I¢, integral during depolarization at -20 mV. D
Fast constant time of inactivation, obtained by fitting the inactivation of the I, trace to a double exponential.
E. Average Ica activation/inactivation curves. Activation in 8 WT and 16 KI cells. Inactivation in 7 WT
and 11 KI cells. F. Ic, density at -20 mV before (open circles) and during (closed circles) 100 nM ISO
perfusion in 5 cells from each group. G. [Ca*']; transient amplitude (F/F_gomv) elicited by the Ic, from the
same cell groups than in F. Color code: WT myocytes= black; KI myocytes= red. * p<0.05; **p<0.05;
***p<(0.005. Statistical tests and exact p values are provided in Online Table III.

American
| Heart
Association

Figure 5. RyR2R*%Q jnduces nanodomain structural alterations. A. Deconvoluted super-resolution
image of RyR2 in a cardiomyocyte from a WT mouse and a KI mouse. B. Cluster size relative frequency
distribution in WT (open bars) and KI cells (red bars) (9516 clusters in 49 cells from 3 WT, 14165 clusters
in 147 cells from 5 KI). C. Representative examples of Western Blot of RyR2 and GAPDH in WT and KI
mice, as indicated. Right panel shows the quantification of the RyR2 bands, normalized to GAPDH in the
two experimental groups (18-WT hearts, and 20 KI mice hearts). D. Relative frequency distribution of the
distance of each cluster to the line connecting most, measured in WT cells (white wider bars), and KI cells
(red narrower bars) from the same cell groups than in B. E. CRUs, specialized intracellular junctions
between the jSR (labeled in yellow in a) and T-tubules (labelled in green in a). The cytoplasmic domains
of RyR2, i.e. the feet, are visible as evenly spaced densities (pointed by a series of arrows in panel b)
spanning the gap between jSR and T-tubule. The jSR is wrapped around the T-tubule to form a CRU (panel
a), or associated to form a CRU with multiple (two or more) couplons (panel b). In WT, couplons are
usually quite extended (panels a & b), while in KI cardiomyocytes we may find couplons, which appear
fairly normal in length (panels ¢ & ¢), and other ones in which the jSR is either shorter or apparently
fragmented (panels d, f, g & h). The jSR contains a classic chain-like electron dense polymer (single arrows
in panels b and d), representing CSQ2. In KI myocytes, the chain-like polymer of condensed CSQ2 may be
sometimes missing in some portions of the jSR. F. Left: Western blot of immunoprecipitated proteins with
JPH2 antibody from WT and KI hearts and then exposed successively (after stripping) to RyR2, Cav1.2
and JPH2 antibodies. Middle: Quantitative analysis of RyR2 co-IP with JPH2 in hearts from 5 WT mice
and 12 KI mice. Right: Quantitative analysis of LTCC (Cavl.2) co-IP with the RyR2 in 5 WT and 8 KI
hearts. G. Western blot of immunoprecipitated proteins with JPH2 antibody from control and RyR2R**%Q
(Mu) h-iPS-CM and then exposed successively (after stripping) to RyR2, and JPH2 antibodies. On the right,
quantitative analyses from 6 different differentiations each. H. Western Blot of JPH2 immunoprecipitated
CSQ2in 6 WT and 11 KI hearts. **p<0.05 and ***p<0.0005 Statistical tests and exact p values are provided
in Online Table III.
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Figure 6. RyR2R*?Q ynitary current recordings show alterations. A and B [°’H]Ryanodine binding to
SR microsomes from 4 WT (black open circles) and from 4 KI hearts (red open circles) normalized to the
protein content in A and the binding of each sample at pCa5 in B. C. Ca*" spark frequency (measured as in
Fig. 2B) recorded in permeabilized cells (46 WT and 41 KI cells from 4 animals in each group) plotted as
a function of the [Ca®'];. Symbols as in A. D. WT RyR2 single-channel conducting Ca**. Traces obtained
at 0 mV of membrane potential, in the cytosolic presence of 500 nM free Ca** (top) and 1 uM free Ca*"
(bottom). E Amplitude histograms obtained from 3-min single-channel recordings and fitted with multi-
Gaussian functions (ordinate shown as square root of the bin counts). F Single-channel recordings of
RyR2R**Q conducting Ca®’, as in D. In all traces ¢ denotes the closed state. Filtering, 800 Hz. G. As in E
but for RyR2***°?_ H. Single-channel recordings of RyR2%*2% recorded at +30 mV of membrane potential,
in symmetrical 250 mM Cs-methanesulfonate, 20 mM HEPES, 1 mM BAPTA, and at the indicated
cytosolic free [Ca*'], Channel openings shown as positive deflections with dashed lines indicating the sub-
conductance states, and the solid lines the current levels for the closed and open states. I. Open probability
of the full conductance (black squares) and added sub-conductance (blue circles) states plotted as a function
of the cytosolic free [Ca?']. Full conductance open probability fitted with a sigmoidal function. Statistical
tests outcome are provided in Online Table III.

Figure 7. A. RyR2R4%Q N terminal domain shows tighter interaction with the core solenoid. Chemical
cross-linking assays of HEK293 cell homogenates expressing cMyc-tagged NTVT (RyR2 residues 1-906)
or NT?*Q Cell homogenates were incubated with glutaraldehyde for the indicated time points under
reducing (10 mM DTT) conditions and analyzed by immunoblotting using Ab™¥; monofner (M) end
tetramer (T) are indicated with the arrows. Densitometry analysis (n = 10 in each group) performed ofi the
bands corresponding to tetramer and monomer moieties was used to calculate tetramer formation. Data are
normalized for WT and given as mean value £ SEM; B. Co-immunoprecipitation assays from HEK293
cells co-expressing NTVT (n=8) or NT***? (n=10) together with HA-tagged RyR2-CT (residues 3529-
4967). HA-RyR2-CT was immunoprecipitated with Ab"* from CHAPS-solubilized cell lysates and the
presence of co-precipitated NTV/NT®*Q was analyzed by immunoblotting using Ab*™¥* (top). To detect
immuno-isolated HA-RyR2-CT, 1/10" of TP samples was analyzed by immunoblotting using Ab™
(bottom). Non-immune rabbit IgG served as negative control. An aliquot of HEK293 cell lysate
corresponding to 1% of the amount processed in the co-IP assay was included in the gels to assess protein
expression. Data summary (n > 8) for NT specific binding (non-immune IgG IP signal subtracted from anti-
HA IP signal) following densitometry analysis and normalization to each construct’s respective lysate
(taken as 100%). * p<0.05 Statistical tests and exact p values are provided in Online Table III.
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NOVELTY AND SIGNIFICANCE

What Is Known?

e Catecholaminergic Polymorphic Ventricular Tachycardia, CPVT, is a rare disease causative of
syncope and sudden cardiac death in apparently healthy children and young adults.

e Most of identified mutations affect the calcium (Ca”") release channel, the ryanodine receptor
type 2 (RyR), and are categorized as CPVT]I.

e Proposed mechanisms in CPVT1 mostly point to enhanced RyR2 sensitivity to Ca*" either
cytosolic or luminal.

e We identified a family with a mutation in the Ca** release channel, the RyR2R***Q,

What New Information Does This Article Contribute?

e .Our data show that the CPVT mutation RyR2%**°?, which induces a tighter interaction between the
N terminal and core solenoid domains of the channel, produces both dysfunction at the single
channel level and impaired association with the junctophilin-2 protein, responsible for nano
structural alterations of the dyad, representing a new mechanism for the genesis of CPVT.

e  Thus, our multi-level approach allowed us to correlate data obtained in both human and mouse
cardiac cells, being the first identification of an ultrastructural defect underlying ventricular,
arrhythmias in type 1 CPVT. W e ion

e The molecular mechanism underlying RyR2%*°? channel dysfunction opens new areas to better
understand mechanisms of cardiacsudden death not-only in CPVT1 patients, but in other acquired
diseases where RyR2 function is altered such as in heart failure, or diseases affecting organs where
RyR2 is expressed, such as brain and pancreas.

Catecholminergic Polymorphic Ventricular Tachycardia (CPVT) type 1 is caused by mutations in the
ryanodine receptor (RyR2). Using integrated methods ranging from the molecule to the whole living being,
we elucidated new arrhythmogenic mechanisms in the RyR28***? CPVT mutation, both in a RyR2R*Q K1
mouse model and in induced pluripotent stem cell-derived cardiomyocytes from a RyR2%*?°? CPVT carrier
patient. Our molecular analyses identified a tighter association between the N terminal domain and the core
solenoid of the RyR2"***? channel, which produces longer openings in subconductances states. Moreover,
we revealed of a lesser affinity for Junctophilin 2, producing a nano structural disarrangement at the dyad
with wider junctional SR and disarranged Ca** release units. These molecular and subcellular defects
produce more and longer Ca®" sparks, with higher propensity of arrhythmogenic Ca** waves associated
with delayed after depolarizations under f—adrenergic stimulation both in human and murine studies. These
findings are the first comprehensive description of an ultrastructural defect underlying ventricular
arrhythmias in CPVT type 1.

DOI: 10.1161/CIRCRESAHA.121.319094 21



T202 ‘ST aung uo Aq Bio'sjeulnofeye//:dny wouy pepeojumoq

e

American
Heart
Association.

Circulation
Research

DOI: 10.1161/CIRCRESAHA.121.319094 22



T20¢Z ‘ST {unC uo /(q Bios feuino _@L|E'//Id11L| wioJj papeo jumoqg

TABLES

A
A B C D E
No. CRUs No. of couplons Average leng(h Estimated Fstimated
. . No. of
120 pm? 120 um? of each couplon average area of RYR2- feet
(nm) each couplon /couplon
WT 2.94+0.11 2.60 +£0.17 3444 +£22.2 0.151 um? 179
(136) (66) (104)
Ki 194 +0.15%%* 376 £0.20%** 285.5 £12.0% 0.104 pm? 123
(135) (214) (252)
B A B | ﬂmerticch
. . Free SR Volume/Total
JSR width Volume, %
28.7+0.3 2.13+£0.06
WT/WT
RYR (244) (114)
33.6 £ 0:4* 1.34 + 0.08**
R420Q/WT
RYR (290) (118)

Table 1: EM data. A. Quantitative analysis of frequency and size of calcium release units (CRUs).
Column A, the number of CRUs per surface unit; Column B, the number of contacts between SR and T-
tubules or couplons; Column C, the average length of each couplon; Columns D and E, the estimated the
average area of each couplon and the approximate number of RyR2-feet that could be contained in each
couplon, respectively. In parenthesis, the number of fibers analyzed (columns A and B), and total number
of couplons analyzed (column C). B. jSR width and total SR volumes in CRUs. Column A, the width of
junctional SR (nm) and Column B, the fraction of free SR to the total SR volume. In parenthesis, the number
of CRUs (A) and number of fibers analyzed (B). All data were collected from 4 hearts in RYRY"™T and 4
hearts in RYR®*¥WT Data are shown as mean = SE. *p<0.05; **p<0.005. See Online table III for

statistical test and exact p value.
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