&

ISSCR

OPEN ACCESS

Characterization of N-terminal RYR2 variants outside CPVTI hotspot
regions using patient iPSCs reveal pathogenesis and therapeutic potential

Stem Cell Reports

Article

Marissa J. Stutzman,! C.S. John Kim,! David J. Tester,-2 Samantha K. Hamrick,! Steven M. Dotzler,!
John R. Giudicessi, -2 Marco C. Miotto,* Jeevan B. GC,°> Joachim Frank,> Andrew R. Marks,*

and Michael J. Ackerman!.2.3.*

Department of Molecular Pharmacology and Experimental Therapeutics; Windland Smith Rice Sudden Death Genomics Laboratory, Mayo Clinic,
Rochester, MN 55905, USA

2Department of Cardiovascular Medicine/Division of Heart Rhythm Services; Windland Smith Rice Genetic Heart Rhythm Clinic, Mayo Clinic, Rochester,
MN 55905, USA

3Department of Pediatric and Adolescent Medicine/Division of Pediatric Cardiology, Mayo Clinic, Rochester, MN 55905, USA

4Department of Physiology and Cellular Biophysics, Vagelos College of Physicians and Surgeons, Columbia University, New York, NY 10032, USA
SDepartment of Biochemistry and Molecular Biophysics, Columbia University, New York 10032, USA

*Correspondence: ackerman.michael@mayo.edu

https://doi.org/10.1016/j.stemcr.2022.07.002

SUMMARY

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a cardiac channelopathy causing ventricular tachycardia following
adrenergic stimulation. Pathogenic variants in RYR2-encoded ryanodine receptor 2 (RYR2) cause CPVT1 and cluster into domains
I-1V, with the most N-terminal domain involving residues 77-466. Patient-specific induced pluripotent stem cell-derived cardiomyocytes
(iPSC-CMs) were generated for RYR2-F13L, -L14P, -R15P, and -R176Q variants. Isogenic control iPSCs were generated using CRISPR-Cas9/
PiggyBac. Fluo-4 Ca** imaging assessed Ca®* handling with/without isoproterenol (ISO), nadolol (Nad), and flecainide (Flec) treatment.
CPVT1 iPSC-CMs displayed increased Ca** sparking and Ca®* transient amplitude following ISO compared with control. Combined Nad
treatment/ISO stimulation reduced Ca** amplitude and sparking in variant iPSC-CMs. Molecular dynamic simulations visualized the
structural role of these variants. We provide the first functional evidence that these most proximal N-terminal localizing variants alter
calcium handling similar to CPVT1. These variants are located at the N-terminal domain and the central domain interface and could

destabilize the RYR2 channel promoting Ca®* leak-triggered arrhythmias.

INTRODUCTION

Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is a potentially lethal cardiac channelopathy char-
acterized by exercise- or stress-induced bidirectional or
polymorphic ventricular tachycardia (VT) capable of
precipitating syncope and sudden cardiac death in the
absence of structural heart abnormalities (Leenhardt
et al., 1995; Swan et al., 1999; Medeiros-Domingo et al.,
2009). Identification of CPVT clinically can be difficult
and is complicated by unremarkable resting electrocardio-
grams (ECGs). Consequently, exercise stress testing is
crucial to establishing a CPVT diagnosis as it can unmask
bidirectional VT and induce worsening arrhythmias with
increased activity (Leenhardt et al., 1995; Liu et al., 2008;
Giudicessi and Ackeman, 2019).

Gain-of-function (GOF) variants in the RYR2-encoded
ryanodine receptor 2 (RYR2) cause autosomal dominant
type 1 CPVT (CPVT1) (Laitinen et al., 2001; Priori et al.,
2001). Currently, 60% of CPVT can be explained by vari-
ants in established genes, indicating that other unknown
genetic causes may exist (Leenhardt et al., 1995; Priori
etal., 2002; Medeiros-Domingo et al., 2009). In cardiomyo-
cytes, RYR2 is responsible for systolic calcium release from
the sarcoplasmic reticulum (SR), which is critical for excita-

tion-contraction coupling (Medeiros-Domingo et al.,
2009). Under normal physiological conditions, RYR2 is
nearly inactive during diastolic periods (Bers 2002). How-
ever, CPVT1-causative RYR2 variants increase diastolic
spontaneous Ca** release from the SR, which can then
trigger ventricular arrythmias (Swan et al., 1999; Wehrens
et al., 2003; Lehnart et al., 2004; Paavola et al., 2007).
RYR2 consists of 105 exons, and RYR2 comprises 4,967
amino acids, making it the largest known ion channel in
the human cardiomyocyte (Medeiros-Domingo et al.,
2009). The transmembrane pore-forming region is located
at the C-terminal end, while the majority of the protein is
found in the cytoplasm and senses cellular changes. The
cytoplasmic domains relay information to the transmem-
brane region for channel response (Ludtke et al., 2005;
Samso et al., 2005; George et al., 2007). Pathogenic variants
are most commonly localized to four well-conserved,
distinct domains spanning from amino acids 77-466,
2,246-2,534, 3,778-4,201, and 4,497-4,959 (domains I,
11, I1I, and IV, respectively) (George et al., 2007).
RYR2-R176Q, located in hotspot N-terminal domain I,
has been previously described as a pathogenic, classical
CPVT1-causative variant resulting in increased spontaneous
Ca** oscillations and VT episodes both with and without
adrenergic stimulation in mice (Kannankeril et al., 2006).
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Figure 1. Pedigree co-segregation analysis and clinical stress testing for the three novel CPVT1 variants in index cases I, II, and III

and a reference classical, domain I-localizing CPVT1 variant

(A and B) RYR2-F13L co-segregates with a CPVT phenotype (A), and exercise stress testing of index case I demonstrates PVCs in bigeminy

progressing to couplets and bidirectional couplets (B).

(Cand D) RYR2-L14P co-segregates with a CPVT phenotype (C), and stress testing of index case II demonstrates onset of monomorphic

PVCs progressing to bigeminy and couplets (D).

(Eand F) RYR2-R15P co-segregates with a CPVT phenotype (E), and stress testing of index case III demonstrates monomorphic PVCs pro-

gressing to bigeminy (F).

(G and H) The classical CPVT variant RYR2-R176Q was de novo in the index case (G), and the patient demonstrates the classic stress test

findings observed in CPVT (H).

Despite this, the functional sequelae of missense variants
found outside the canonical variant clusters is largely
uncharacterized.

Herein, we present three novel N-terminal (N-term)
RYR2 variants of uncertain significance (VUSs) located
far proximal to the domain I variant hotspot (p.F13L,
p-L14P, and p.R15P) identified in three unrelated pedigrees
with clinical phenotypes consistent with CPVT1. In this
study, we functionally characterized all three of these novel
N-term variants compared with a classical CPVT1 variant
(p-R176Q). Using patient-specific induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs), we assessed
the functional mechanism of disease while evaluating po-
tential variant-specific pharmacological therapies.

RESULTS

Patients with suspected CPVT type 1 index cases and
extreme N-term RYR2 VUSs

Three unrelated patients with suspected CPVT were referred
to the Mayo Clinic Windland Smith Rice Genetic Heart
Rhythm Clinic after commercial genetic testing identified
heterozygous RYR2 N-term-localizing missense variants.
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Each variant was classified originally as a VUS, in part
because of their novelty, location outside the 4 established
CPVTl1-associated hotspots, and lack of either pedigree-
based co-segregation or functional evidence for CPVT1
causality.

Index case 1 was a 20-year-old female who experienced a
sentinel sudden cardiac arrest (SCA) at the age of 17. Of
note, this occurred in the context of sudden unexplained
deaths of the patient’s mother and maternal uncle before
the age of 40 (Figure 1A). Commercial CPVT genetic testing
obtained prior to the index case’s Mayo Clinic evaluation
identified an ultra-rare VUS in RYR2 (c.37T>C; p.F13L)
that was subsequently found in multiple family members
(Figure 1B). A treadmill exercise stress test obtained at the
time of the index case’s Mayo Clinic evaluation displayed
the onset of premature ventricular contractions (PVCs)
in bigeminy ~120 beats per minute (bpm) with progression
to couplets and bidirectional couplets at peak exercise
(~140 bpm; Figure 1B). The patient is currently well
controlled on nadolol and has had no breakthrough events
recorded since implantable cardioverter defibrillator (ICD)
placement following her sentinel SCA.

Index case 2 was a 27-year-old female who presented for
evaluation after experiencing several swimming-related



syncopal episodes. No family history of unexplained SCD
was identified, but the patient’s father and two of her sisters
were diagnosed subsequently with CPVT (Figure 1C). A
treadmill exercise stress test obtained at the time of the in-
dex case’s initial Mayo Clinic evaluation displayed the
onset of occasional monomorphic PVCs ~110 bpm with
progression to bigeminy and couplets at peak exercise
(~120 bpm; Figure 1D). Commercial CPVT genetic testing
subsequently identified an wultra-rare VUS in RYR2
(c.41T>C; p.L14P) that was also present in the patient’s fa-
ther and two sisters (Figure 1C). Currently, the proband is
well controlled after left cardiac sympathetic denervation
(LCSD) and nadolol treatment.

The third index case was a 21-year-old male who pre-
sented following an exertion-induced syncopal episode
at age 17. Commercial genetic testing obtained prior to
the index case’s Mayo Clinic evaluation identified an
ultra-rare RYR2 VUS (c.44G>C; p.R15P). Of note, RYR2-
R15P was also identified in the index case’s father and
brother, who were subsequently diagnosed with CPVT
on the basis of abnormal exercise stress tests (Figure 1E).
A treadmill exercise stress test obtained at the time of
the index case’s initial Mayo Clinic evaluation displayed
the onset of occasional monomorphic PVCs ~120 bpm
with progression to bigeminy ~140 bpm (Figure 1F).
Following LCSD and ongoing treatment with nadolol,
the index case has not experienced any additional cardiac
events.

The known classical CPVT1-causative variant, RYR2-
R176Q (c.527G>A; p.R176Q), was identified de novo in a
16-year-old male presenting with more than 20 syncopal
episodes before the age of 15, when he experienced an exer-
tion-related SCA (Figure 1G). A representative treadmill ex-
ercise stress test series for the RYR2-R176Q-positive index
case is depicted in Figure 1H for comparison purposes.
Following LCSD and ongoing treatment with nadolol and
flecainide, the patient has not experienced any additional
cardiac events.

Exacerbated Ca?* amplitude and spontaneous Ca>*
sparking activity in RYR2-L14P compared with its
CRISPR-Cas9-corrected isogenic control

Fluo-4 based Ca** imaging was performed using isogenic
control and RYR2-L14P iPSC-CMs. The calcium transient
amplitude normalized by (AF/FO) was increased in RYR2-
L14P iPSC-CMs compared with isogenic control both at
baseline (BL; isogenic control clone 1: 0.32 + 0.01;
isogenic control clone 2: 0.38 + 0.02; L14P clone 1: 0.50
+ 0.03; L14P clone 2: 0.49 + 0.02) and following treat-
ment with 1 uM isoproterenol (ISO; isogenic control clone
1: 0.40 + 0.02; isogenic control clone 2: 0.51 + 0.02; L14P
clone 1: 0.73 + 0.03; L14P clone 2: 0.68 + 0.03) (Table S1;
Figure 2A). Following ISO treatment, RYR2-L14P iPSC-

CMs displayed faster upstroke velocity than isogenic con-
trols (isogenic control clone 1: 0.83 + 0.05; isogenic con-
trol clone 2: 1.1 + 0.07; L14P clone 1: 1.3 + 0.09, n =
26; L14P clone 2: 1.3 = 0.05) (Table S1; Figure S4A).
Peak to 50% and 90% decay and calcium transient dura-
tion 50 and 90 were decreased in RYR2-L14P iPSC-CMs
when compared with isogenic control with/without ISO
(Table S1; Figures S4B-S4E). Ca** imaging using Fluo-4 in-
dicator displayed elevated spontaneous Ca** release (Ca**
sparks) in RYR2-L14P iPSC-CMs before (L14P clone 1: 46%
+ 15%; L14P clone 2: 25% = 6%) and after treatment with
ISO (L14P clone 1: 49% + 5%; L14P clone 2: 42% + 3%);
however, isogenic control iPSC-CMs did not produce
sparking activity (isogenic control clone 1: 0% =+ 0%,;
isogenic control clone 2: 0% + 0%) (Table S1; Figure 2B).
Spontaneous Ca" release was highlighted in representa-
tive tracings from Ca®* transients (Figure 2C), representa-
tive splice-view images (Figure 2D), and a time-lapse video
recording (Videos S1 and S2).

N-term variants RYR2-F13L and -R15P and classical
CPVT1 variant RYR2-R176Q showed identical
signatures of Ca®* transient kinetics and Ca**
sparking activity

Similar to RYR2-L14P iPSC-CMs, N-term variants RYR2-
F13L and -R15P and classical CPVT variant RYR2-R176Q
iPSC-CMs also displayed increased Ca** amplitude profiles
and upstroke velocity compared with control (L14P
variant-corrected isogenic control) at BL (F13L clone 1:
0.60 + 0.04 and 1.6 + 0.09; F13L clone 2: 0.47 + 0.02
and 1.4 + 0.09; R15P clone 1: 0.47 + 0.03 and 1.3 +
0.09; R1S5P clone 2: 0.40 + 0.01 and 0.90 + 0.02; R176Q:
0.63 + 0.03 and 1.9 + 0.05) and after ISO treatment
(F13L clone 1: 0.76 + 0.04 and 2.1 + 0.1; F13L clone 2:
0.57 + 0.02 and 1.7 + 0.08; R15P clone 1: 0.58 + 0.03
and 1.6 = 0.1; R15P clone 2: 0.52 + 0.02 and 1.2 + 0.03;
R176Q: 0.84 + 0.03 and 2.8 + 0.1) (Table S1; Figures 3A
and S5A). Additionally, peak to 50% and 90% decay and
calcium transient duration 50 and 90 were decreased in
RYR2-F13L, -R15P, and -R176Q, following the same trend
as RYR2-L14P iPSC-CMs (Table S1; Figures S5B-SSE).
Behavior of N-term variants RYR2-F13L and -R15P and
classical CPVT variant RYR2-R176Q iPSC-CMs’ sponta-
neous Ca** sparking activity was also comparable to
RYR2-L14P at BL (F13L clone 1: 21% + 7%; F13L clone
2: 38% + 10%; R15P clone 1: 57% + 15%; R15P clone 2:
44% + 29%; R176Q: 26% + 8%) and with the addition
of ISO (F13L clone 1: 63% + 4%, n = 19; F13L clone 2:
68% =+ 5%; R15P clone 1: 54% = 7%; R15P clone 2: 62%
+ 3%; R176Q: 47% + 5%) (Table S1; Figure 3B). Ca?* tran-
sient representative tracings, splice view images, and a
time-lapse videos revealed sparking activity in variant
iPSC-CMs (Figures 3B-3D; Video S3).
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Figure 2. RYR2-L14P iPSC-CMs display changes in Ca®* transient measurements and sparking activity compared with isogenic control

(A) Calcium transient amplitude normalized by (AF/FO).
(B) Percentage of area of 40x microscopic field displaying calcium
treatment with 1 uM IS0.

sparking activity using Fluo-4 Ca?* imaging at baseline and following

(C) Representative calcium transient tracings in isogenic control (black) and RYR2-L14P (orange) iPSC-CMs at BL and after ISO.

(D) Representative splice-view images of calcium transients after ISO treatment.

Data presented as mean + SEM. n = 5-72 per group (Table S1). 3-8 independent experiments were conducted. A two-way ANOVA was
performed with post hoc Tukey-Kramer testing. *p <0.05, **p<0.01, ***p<0.001, ****p <0.0001. iPSC-CMs used were 30 to 50 days old.

See also Figure S4.

Nadolol, flecainide, and combination treatment
rescued Ca®* handling kinetics in N-term and classical
CPVT1 iPSC-CMs

Next, we evaluated the efficacy of nadolol (Nad) and flecai-
nide (Flec) in rescuing abnormal L14P variant-related Ca%*
handling kinetics. Nad significantly reduced Ca®* transient
amplitude both at BL (L14P: 0.47 + 0.01; L14P + Nad: 0.36
+ 0.01, p < 0.0001) and following ISO stimulation (L14P:
0.70 + 0.02; L14P + Nad: 0.45 + 0.02, p < 0.0001). The re-
sulting L14P Ca** amplitude was not significantly different
from isogenic control (Table S2; Figures 4A and 4B). Flec
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and combination treatment of Flec and Nad also rescued
the Ca®" amplitude profile after ISO treatment in L14P
iPSC-CMs (Figures 4A and 4B). Spontaneous Ca** release
was reduced following separate Nad and Flec treatment as
well as combination treatment before ISO (L14P: 31% =+
6%; L14P + Nad: 11% + 3%; L14P + 10 uM Flec: 5% + 4%;
L14P + 25 uM Flec: 2% + 2%; L14P + Nad + Flec: 4% =+
4%) and after ISO (L14P: 44% + 3%; L14P + Nad: 11% =
2%; L14P + 10 uM Flec: 13% + 3%; L14P + 25 uM Flec:
15% + 4%; L14P + Nad + Flec: 15% + 2%) (Table S2;
Figures 4C-4G).
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Figure 3. Altered Ca®* handling kinetics and sparking activity in RYR2-F13L, -R15P, and -R176Q iPSC-CMs

(A) Calcium transient amplitude normalized by (AF/F0).

(B) Percentage of area of 40X microscopic field displaying calcium sparking activity using Fluo-4 Ca®* imaging at baseline and following

treatment with 1 puM ISO.

(C) Representative calcium transient tracings in control (black), F13L (red), R15P (blue), and R176Q (green) iPSC-CMs at BL and after ISO.
(D) Representative splice-view images of calcium transients after ISO treatment.

Data presented as mean + SEM. n = 2-67 per group (Table S1). 3-7 independent experiments were conducted. A two-way ANOVA was
performed with post hoc Tukey-Kramer testing. *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001. iPSC-CMs used were 30 to 50 days old.

See also Figure S5.

We further analyzed the rescuing effects of Nad in N-term
and classical CPVT iPSC-CMs. Nad treatment of N-term
iPSC-CMs reduced Ca?* transient amplitude to the level
of control iPSC-CMs at BL (control: 0.34 = 0.01; F13L +
Nad: 0.33 + 0.02; R15P + Nad: 0.36 + 0.02, p > 0.05) and
following ISO (control: 0.44 + 0.02; F13L + Nad: 0.45 +
0.02; R15P + Nad: 0.41 + 0.01, p > 0.05) (Table S3;
Figures 5A and 5B). Though the Ca** amplitude profile in
Nad-treated classical CPVT iPSC-CMs was significantly
reduced compared with untreated classical CPVT iPSC-
CMs, it was not decreased to the control iPSC-CM level at
BL or with ISO treatment (Figures SA and 5B). Following

ISO stimulation, all N-term and classical CPVT iPSC-CMs
treated with Nad displayed a significant reduction in Ca**
sparking activity (F13L: 65% =+ 3%; F13L + Nad: 20% =+
3%, p < 0.0001; R15P: 58% =+ 4%; R15P + Nad: 5% + 2%,
p < 0.0001; R176Q: 47% + 5%; R176Q + Nad: 5% + 2%,
p < 0.0001) (Table S3; Figures 5C-5G).

Lastly, we tested the electrophysiological profile of these
novel RYR2 variants compared with classical CPVT1 and
isogenic control iPSC-CMs using microelectrode array
(MEA)-based local extracellular action potential (LEAP)
measurements. RYR2-L14P iPSC-CMs displayed irregular
beating periods significantly more frequently than isogenic
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Figure 4. Ca®* transient amplitude and sparking activity in RYR2-L14P compared with its isogenic control after CPVT1 pharma-

cotherapy

(A-G) Calcium transient amplitude normalized by (AF/F0), percentage of area of 40X microscopic field displaying calcium sparking
activity, and representative tracings in isogenic control (black); RYR2-L14P (orange); RYR2-L14P + 10 uM Nad (purple); RYR2-L14P +
10 uM Flec (blue); RYR2-L14P + 25 uM Flec (green); and RYR2-L14P + 10 uM Nad +25 pM Flec (red) iPSC-CMs at BL (A, C, and E), and

following 1 uM ISO (B, D, F, and G).

Data presented as mean + SEM. n =3-97 per group (Table S2). independent experiments were conducted. A one-way ANOVA was performed
with post-hoc Tukey-Kramer testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. iPSC-CMs used were 30-50 days old.

control iPSC-CMs (control: 2.7% + 1.2%; L14P: 73.9% =+
5.1%, p < 0.0001). Irregularities in beat period were signif-
icantly decreased in L14P iPSC-CMs after treatment with
10 uM Nad (L14P + Nad: 27.6% + 7.4%, p < 0.0001) (Fig-
ure 6A). Spontaneous beat rate was significantly decreased
in L14P iPSC-CMs compared with isogenic control (Fig-
ure 6B). Representative tracings of action-potential dura-
tion (APD) and beat period displayed inconsistent beating
in RYR2-L14P iPSC-CMs while showing normal beating
patterns in isogenic control iPSC-CMs and RYR2-L14P
iPSC-CMs treated with Nad (Figures 6D-6F).

Molecular dynamic simulations demonstrate

potential critical function of N-term region

To gain insight into the structural modification of this
most proximal N-term region in RYR2 function, we used
molecular modeling of RYR2 protein. We hypothesize
that the three novel N-term variants (RYR2-F13L, -L14P,
and -R15P) we characterized may cause similar biophysi-
cal changes as those seen with the classical RYR2-R176Q
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variant. Previous studies have demonstrated that RYR2-
R176Q, which occurs in the B8-B9 loop, results in loss
of N-term mediated RYR2 tetramerization (Amador
et al., 2013). Although the novel N-term variants we
describe are not part of the B8-B9 loop and are in fact
more proximal to B1l, we predict that this region causes
a similar disruption in channel function as seen with var-
iants in the B8-p9 loop (Figure 7A) (Humphrey et al.,
1996). The variants studied here also are in the proximity
of residue K174 belonging to the B8-B9 loop. K174 is a key
residue of the interface between the N-term domain and
the central domain. K174 is a modulator of the opening
of the channel by interacting with residues D3943 and
E4006 of the central domain in the closed conformation
(Figure 7B) but only with D3943 in the open conforma-
tion (Figure 7C). We observe that F13 is at a distance
below 5 A from both K174 and R176, suggesting that in-
teractions could occur (Figure 7). To test this hypothesis,
we performed explicit water and all-atom molecular
dynamics simulations of the N-term domain (residues
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Figure 5. Calcium transient amplitude and sparking activity in RYR2-F13L, -R15P, and -R176Q after nadolol treatment
Calcium transient amplitude normalized by (AF/F0) and percent area of 40X microscopic field displaying calcium sparking activity in
control, -F13L, -R15P, and -R176Q iPSC-CMs before and after 10uM Nad treatment at BL.

(A and E) and following addition of ISO.

(B, F, and G). Representative tracings shown for control (black), -F13L with (purple) and without (red) 10 uM Nad treatment, and -R15P
with (purple) and without (blue) 10 uM Nad treatment at BL (C) and after ISO (D). Data presented as mean + SEM n = 5-97 per group
(Table S3). 3-7 independent experiments were conducted. A one-way ANOVA was performed with post-hoc Tukey-Kramer testing.
*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001. iPSC-CMs used were 30-50 days old.

10-220) for a total simulation time of 0.5 us (Figure S7;
Video S4). The timescale is good enough to investigate
the side-chain flexibility of the residues. We observed
that there are frequent contacts among the three residues
F13, K174, and R176 and that the range of motion of the
three side chains is surprisingly narrow. The R176 side
chain forms a metastable hydrogen bond with the K174
backbone oxygen (occupancy of 43%), which would limit
the dynamics of the K174 backbone (Figure S7C). Also,
the F13 aromatic ring interacts, during most of the simu-
lation, with the —CH, groups of both R176 and K174,
limiting the side chains’ range of motion of both residues
(Figures S7D and S7E).

DISCUSSION

RYR2 functions to control calcium-induced calcium
release and is mainly active during systole. During the car-
diac action potential, small amounts of calcium traversing
through voltage-dependent L-type calcium channels
(LTCCs) trigger the opening of RYR2s, which conse-

quently release Ca®* from the SR into the cytoplasm (Me-
deiros-Domingo et al., 2009; Landstrom et al., 2017).
RYR2 GOF variants cause CPVT1, a rare arrhythmogenic
syndrome characterized by bidirectional or polymorphic
VT following adrenergic stimulation in the setting of a
structurally normal heart and resting ECG (Leenhardt
et al., 1995; Swan et al., 1999; Medeiros-Domingo et al.,
2009). Clinically, CPVT1 presents with premature ventric-
ular complexes or VT manifest during an exercise stress
test and progressively worsen as activity level increases,
improving as heartrate returns to resting (Leenhardt
et al., 1995; Liu et al., 2008). Currently, it is hypothesized
that GOF of RYR2 creates an uncontrolled Ca** leak from
the SR into the cytosol, thereby triggering spontaneous
membrane depolarizations leading to ventricular arrhyth-
mias and a CPVT1 phenotype (Swan et al., 1999; Paavola
et al., 2007; Liu et al., 2008). Consistent with the typical
clinical presentation of patients with CPVT1, several
mouse studies have demonstrated that GOF RYR2 variants
lead to delayed afterdepolarizations (DADs) at BL with in-
creases in severity following B-adrenergic stimulation
(Kannankeril et al., 2006; Liu et al., 2006).
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Figure 6. Beat period irregularities in RYR2-L14P iPSC-CMs reduced with 10uM nadolol treatment

Percent of irregular 20 s beat periods in isogenic control, L14P, and L14P iPSC-CMs treated with Nad.

(A) Average spontaneous beat rate (B) and Microelectrode Array (MEA) based local extracellular action potential (LEAP) corrected APD
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(D), L14P (E), and L14P + Nad (F) iPSC-CMs. Data presented as mean + SEM. 3 independent experiments were conducted. A two-way ANOVA
was performed with post hoc Tukey-Kramer testing. ****p < 0.0001. iPSC-CMs used were 30 to 50 days old.

Genetic studies have revealed that CPVT1-associated
RYR2 variants cluster in four pathogenic hotspot do-
mains. These four cluster regions have been implicated
in domain-domain interaction and calcium handling
(George et al., 2007). Although previously characterized
pathogenic variants impact channel function, no
CPVT1 variants have been discovered in the pore region,
suggesting disruptions to the pore itself may result in a
non-functional channel and cause calcium-release chan-
nel deficiency syndrome (George et al., 2007). Outside
the four hotspot domains, several benign polymor-
phisms are present at high population frequencies;
however, no rare pathogenic variants residing outside
these domains have thus far been conclusively character-
ized (Laitinen et al., 2001; Tiso et al., 2001; Milting et al.,
2006).
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Genetic testing is useful in diagnosis of CPVT1 when
pathogenic or likely pathogenic variants are identified.
However, a significant number of genetic tests result in
the identification of a VUS, which produces a clinical
conundrum. Variants identified outside of these aforemen-
tioned hotspot domains tend to be classified as VUSs since
functional characterization studies have largely not been
performed but are necessary to aid in variant interpreta-
tion. Here, we characterized the three most proximal
RYR2 missense variants identified to date (p.F13L, p.L14P,
and p.R15P) compared with a well-established CPVT1-
causative variant (p.R176Q) that localizes to the first
domain.

RYR2 is a large, homotetrameric ion channel consisting
of a large cytoplasmic region (residues 1-4,207) and a
transmembrane region (4,486-4,968), also referred to as
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(C) conformations. Alignment and distance measurements were performed with ChimeraX software (Pettersen et al., 2021).

See also Figures S6 and S7.

the channel domain (Peng et al., 2016). The cytoplasmic
region contains the N-term domain, the handle domain,
two helical domains (HD1 and HD2), the central domain,
three SPRY domains, and two RyR domains. The patho-
genic CPVT1-associated domains I, II, III, and IV (residues
77-466, 2,246-2,534, 3,778-4,201, and 4,497-4,959) are
located inside the N-term domain (residues 1-642), the
HD1 domain (residues 2,111-26,79), the central domain
(residues 3,593-4,207), and the channel domain (residues
4,486-4,967), respectively. Calmodulin (CaM) interacts
with the central domain and the HD1 domain of RYR2
and regulates release of Ca®* from the SR by inhibiting
the channel activity (Balshaw et al., 2001; Gong et al.,
2019). Reduced binding of CaM to RYR2 disrupts
N-term domain and central domain interactions, leading
to spontaneous Ca®" release and heart failure (Ono
et al., 2010).

One proposed mechanism of CPVT1-causing RYR2 GOF
variants implicates channel-stabilizing interdomain inter-
actions between the N-term and central domains (Tateishi
et al., 2009; Suetomi et al., 2011). In this model, variants
found at domain interfaces may disrupt normal stabilizing
interactions between domains, leading to channel hyper-
sensitivity (Tateishi et al., 2009; Suetomi et al., 2011). The
four variants studied here are located close to the interface
between the N-term domain and the central domain and
could explain the pathogenic channel hypersensitivity to
activation. Prior to this study, no definitive CPVT1-causi-
tive pathogenic variants have been demonstrated to reside
more proximally to the variant domain hotspot I (amino
acids 77-466). However, there is biological plausibility for
variants in this most proximal N-term region (amino acids
1-77) to impact channel function.

RYR2-R176Q is a previously described CPVT1-causitive
variant residing in the N-term domain (Kannankeril
et al, 2006; Amador et al., 2013). Interestingly, in
HEK293 cells, RYR2-R176Q yielded findings consistent
with GOF RYR2 variants including decreased Ca®* content
in the endoplasmic reticulum (ER) along with increased
open probability of RYR2 and increased spontaneous
Ca®* leak; however, there were no significant alterations
in the channel’s conformation of the closed RYR2 state
(Iyer et al., 2020). Studies using RYR2-R176Q heterozygous
mice demonstrated increased VT with adrenergic stimula-
tion, and cardiomyocytes isolated from the mice demon-
strated increased spontaneous Ca®* release with and
without ISO (Kannankeril et al., 2006). Taken together,
these findings suggest that RYR2-R176Q results in GOF in
the channel and thus provide a biological substate for
CPVT1 that is also consistent with our findings in IPSC-
CMs expressing this classical RYR2-R176Q variant.

Interestingly, our findings for the three novel N-term var-
iants in iPSC-CMs also demonstrate increased Ca>* spark-
ing activity with and without ISO treatment similar to
that seen with the classical RYR2-R176Q variant. Overall,
the iPSC-CMs derived from these three most proximal
N-term variants displayed alterations in calcium handling
kinetics similar to classical CPVT1 variant RYR2-R176Q.
These findings provide functional evidence that in iPSC-
CMs, these variants result in a significant disruption in
channel function analogous to pathogenic CPVT1 vari-
ants. Weakening of these interactions, by mutations F13L
or R176Q, could result in destabilization of the interaction
between the N-term domain and the central domain (due
to increased flexibility of K174). Additionally, residues
L14 and R15 are necessary to stabilize F13 in the correct
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position. Mutation of L14 and R15 to proline residues,
which are well-known secondary-structure disruptors,
would destabilize F13, leading to similar or slightly weaker
effects as shown in this study.

Typically, pharmacotherapy for CPVT1 consists of
B-blockers and/or Flec (Leren et al.,, 2016; Preininger
et al., 2016). Previous studies in patients have shown Nad
treatment to be more effective at decreasing incidence
and severity of arrhythmias than B-selective B-blockers
(Leren et al., 2016; Peltenburg et al., 2021). An iPSC-CM
study highlighted the efficacy of Flec in cell lines generated
from patients with CPVT1 unsuccessfully treated by
B-blockers, thereby suggesting that iPSC-CMs are capable
of reproducing patient-specific drug responses (Preininger
et al.,, 2016). In our study, all three proximal N-term
variant-containing iPSC-CMs displayed reductions in cal-
cium transient amplitude and sparking activity following
Nad treatment. Interestingly, all three patients harboring
the RYR2-F13L, -L14P, and -R15P variants are currently
well controlled with daily Nad treatment. Overall, these
novel N-term cardiomyocyte lines displayed rescues in cal-
cium handling kinetics following B-blocker treatment
similar to the classical CPVT variant RYR2-R176Q.

Here, we characterized what we believe are the most
proximal N-term-localizing RYR2 variants to date found
in three unrelated pedigrees with clinical phenotypes
consistent with CPVT1 using patient-specific iPSC-CM
models. Our functional studies showed convincingly that
all three novel variants (p.F13L, p.L14P, and p.R15P) lead
to dysfunctional RYR2 channels, thus enabling us to
further promote their status from a VUS to a CPVT1-causa-
tive pathogenic variant. Similar to the previously well-
described pathogenic RYR2-R176Q variant, these novel
N-term iPSC-CMs displayed GOF calcium handling alter-
ations, which were resolved in isogenic control iPSC-
CMs. Interestingly, 3 dimensionally, these novel N-term
variants are located near the classical CPVT variant
(RYR2-R176Q). By using patient-specific iPSCs, the func-
tional mechanism and potential pharmacological thera-
pies for these novel CPVT1-causative variants have been
established.

These data provide sufficient evidence that these N-term
variants have functional implications on channel function
and subsequent calcium handling. However, the limita-
tions of the assay used must be acknowledged. Since cal-
cium was measured using Fluo-4 dye, which is a non-ratio-
metric dye whose emission intensity depends on the
calcium concentration, it thus gives a measure of change
in calcium concentration by comparing AF/FO. This relies
on FO remaining constant between groups. In disease
models such as CPVT or with ISO treatment, SR and cyto-
solic calcium levels may differ, impacting FO. To further
evaluate the spontaneous calcium release and diastolic
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calcium level, a ratiometric calcium-sensitive dye such as
Fura-2 must be used. In addition, these findings utilize an
in vitro model system with treatment of Flec on a mono-
layer of cells. The Flec concentration used on cells is not
necessarily representative of the concentration in the
biophase of patients treated with Flec. Due to inherent
variability in iPSC-CMs, additional experimentation is
necessary to further evaluate effect of drug treatment on
beating rate.

EXPERIMENTAL PROCEDURES

Generation of patient-specific iPSCs

Blood (RYR2-F13L, -L14P, and -R15P) or dermal (RYR2-R176Q)
samples were obtained from patients following informed consent
in accordance to this Mayo Clinic IRB (09-006465) approved
study. See supplemental experimental procedures for additional
details.

Mutation correction of RYR2-L14P using CRISPR-Cas9
An isogenic control line was generated by correcting patient-derived
RYR2-L14P variant iPSCs using a CRISPR-Cas9/PiggyBac gene-correc-
tion system. Briefly, a guide RNA (gRNA) was designed online using
the GPP sgRNA Designer from Broad Institute (https://portals.
broadinstitute.org/gpp/public/analysis-tools/sgrna-design) and was
inserted into the pSpCas9(BB)-2A-Puro (v.2.0) vector (Addgene:
62988) using a modified cloning protocol generated by our lab. To
construct the targeting vector, a left homologous arm (LHA;
~500 bp fragment with p.14L) and a right homologous arm (RHA;
~500 bp fragment) were PCR amplified with P1, P2, and PB1 using
Platinum PCR Super-Mix High Fidelity (Invitrogen, 12532-024)
and cloned into MV-PGK-Puro-TK PiggyBac vector obtained from
System Biosciences (Mountain View, PB200A-1). The schematic stra-
tegies of designing gRNA, generating targeting vector, and screening
for gene-corrected iPSC colonies are shown in Figure S1.

To produce targeted clones, 3.5 x 10° iPSCs from the patient’s
RYR2-L14P-positive cells were seeded into two wells of a Matrigel
(Corning, Corning, NY, USA) coated 6-well plate in mTeSR1 media
(STEMCELL Technologies, 85,851). The following day, each well
was transfected with 1.6 pg CRISPR-Cas9 and 5.4 pg PiggyBac
targeting vectors using Lipofectamine 3000 (ThermoFisher,
L3000008) according to the protocol. 48 h post transfection, iPSCs
were cultured with selection medium containing 0.2 pg/mL puro-
mycin for 10-14 days (Wang et al., 2017; Ma et al., 2018). Surviving
colonies were manually picked, expanded, and screened for inser-
tion of PiggyBac cassette. For removal of the PiggyBac cassette,
variant-corrected iPSCs were seeded into two wells of a 6-well plate
and transfected with 0.9 pg Excision only PiggyBac Transposase
Expression Vector (System Biosciences, PB220PA-1) using Lipofect-
amine 3000 (Wang et al., 2017; Ma et al., 2018). In the next 48 h
after transfection, 8 uM Ganciclovir (Sigma, cat#: G2536) was
added to medium for 7-10 days to eliminate PiggyBac-cassette-
containing cells. Surviving colonies were manually selected for ex-
panding and screening. The established clones were confirmed for
removal of PiggyBac cassette by PCR (Figure S1B) and Sanger
sequencing (Figure S1D).


https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design

Differentiation into iPSC-CMs

iPSCs were differentiated and selected for cardiomyocytes accord-
ing to previously reported strategies (see supplemental experi-
mental procedures) (Mummery et al., 2012; Burridge et al., 2014;
Fuerstenau-Sharp et al., 2015).

Dissociation of iPSC-CMs

iPSCs were dissociated according to previously reported strategies
(see supplemental experimental procedures) (Froese et al., 2018).

Quality-control assessment of iPSC lines

Karyotyping was completed by the Mayo Clinic Cytogenetics Lab-
oratory according to Mayo Clinic IRB (1216-97) for each isogenic
control and variant-containing iPSC clone. All iPSC clones dis-
played a normal karyotype (Figure S2A). RYR2 variants were
confirmed in patient-derived iPSCs using sanger sequencing
(Figure S2C).

Immunocytochemistry of iPSCs and iPSC-CMs

See supplemental experimental procedures for additional details.
Briefly, fluorescent intensity within the cell area was quantified,
and background fluorescence was subtracted, followed by normal-
izing to the cell area. Acquisition settings were kept constant across
images. All patient clones and isogenic control iPSC clones were
confirmed to express Oct4 (ThermoFisher, PAS5-27438) and
SSEA-4 (ThermoFisher, MA1-021) pluripotent markers (Figure S2B).
All N-term lines RYR2-F13L, -L14P, and -R15P, classical CPVT line
RYR2-R176Q, and isogenic control were confirmed to express
cTnT and RYR2 (Figures S3A and S3B).

Western blot for RYR2 and qRT-PCR of iPSC-CMs

See supplemental experimental procedures for methods. There
was no change in RYR2 gene or protein expression between
isogenic control and RYR2 missense-variant-containing iPSC-
CMs (Figures S3C-S3F).

Live-cell imaging

Fluo-4-based Ca** imaging

iPSC-CMs were harvested at 30-50 days post differentiation using
the STEMCELL Technologies protocol previously described and
plated onto Matrigel-coated 35 mm glass-bottom dishes (MatTek,
P35G-1.5-10-C) at a density of 400,000 cells per plate and allowed
to grow for 3 to 5 days. Cells were loaded with 5 M Fluo-4 AM
(ThermoFisher, F14201) and 0.02% F-127 (ThermoFisher,
P3000MP) in 1 mL Tyrode’s Solution and incubated for 30 min. Af-
ter incubation, cells were rinsed once with fresh Tyrode’s Solution
and then washed with fresh Tyrode’s Solution for a 10 min incuba-
tion. Medium was then changed to fresh Tyrode’s solution, and
dishes were taken for imaging. Cells were either untreated or
treated with Flec, Nad, or combination of the two for 1 h prior to
imaging. Tyrode’s Solution was prepared with or without the
appropriate drug treatment to allow for continued incubation
throughout dyeing and imaging. During imaging, the dishes
were kept in a heated 37°C stage-top environment chamber sup-
plied with 5% CO,. Imaging of Ca®* transients was taken under a
40x objective using a Nikon Eclipse Ti light microscope under
BL conditions, and then the same dish was stimulated with ISO

for 1 to 10 min. Time-lapse videos of multiple, individual beating
isogenic control, RYR2-L14P, RYR2-F13L, RYR2-R15P, and RYR2-
R176Q iPSC-CMs, paced at 0.5 Hz, were recorded at a speed of
20 ms per frame for 20 s at 10% LED power. Single regions of
interest were selected for every beating iPSC-CM captured in the
recordings. The raw data were exported to Excel software
(Microsoft, Redmond, WA, USA) and then analyzed with a
custom “in-lab”-developed Excel-based program. Lastly, the data
were uploaded to GraphPad Prism 9.01 software (GraphPad,
San Diego, CA, USA) for comparison. In the analysis, n represents
the regions of interest that correspond to single cells. For each
group, an average of 3 to 5 differentiations were used with mea-
surements across different experiments to ensure reproducibility.

MEA

Thirty-day-old iPSC-CMs were harvested using the STEMCELL
Technologies protocol previously described and seeded at 50,000
cells per well on 48-well Biocircuit MEA plate (Axion BioSystems,
M768-BIO-48) pre-coated with Matrigel. Cells were cultured in a
humidified incubator at 37 °C and 5% CO,, for 7 to 10 days after
dissociation, and media were changed every 2 days. Cells were
treated with Nad for 1 h. MEA plate was assessed in Maestro MEA
device (Axion BioSystems) with automatically adjusted and
controlled environment (37 °C and 5% CO,) and equilibrated for
2 to 5 min. MEA-based APD was recorded after LEAP induction us-
ing the AxIS Navigator software (Axion BioSystems,). Data analysis
was done using Cardiac Analysis Tool (Axion BioSystems, v.3.1.4).

Statistical analysis

All data points are shown as dots, and bars represent the mean
value. Error bars show the standard error of the mean. A Student’s
t test was performed to determine statistical significance between
two groups. A one-way ANOVA and Tukey-Kramer post hoc test
was performed for comparisons among three or more groups,
and a two-way ANOVA and Tukey-Kramer post hoc test was per-
formed for comparisons with two or more categorical variables
using GraphPad Prism v.9.1.0. A p <0.05 was considered to be
significant.

Graphical abstract
The graphical abstract was made using BioRender.com.

Conformational dynamics of RYR2 N-term gomain
using molecular dynamics (MD) simulations RYR2
N-term domain structure preparation

We used the cryoelectron microscopy (cryo-EM) structure of RYR2
(PDB: 5GO9) to study the conformational changes in RYR2. Due to
the large size of the receptor, only the N-term domain with residues
in the range 10-220 was used for MD simulations. See supple-
mental experimental procedures for methods.

MD simulations

We used all-atom explicit solvent MD simulations to investigate
the conformational changes of RYR2 N-term domain residues.
For these simulations, the CHARMM-GUI solution builder
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(Lee et al., 2016) was used to prepare the system. See supplemental
experimental procedures for methods.

Analysis

MD simulation trajectory analysis was done using Visual Molecu-
lar Dynamics (VMD 1.9.3) (Humphrey et al., 1996). See supple-
mental experimental procedures for analysis methods.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.07.002.
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