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Significance

Sudden cardiac death (SCD) is 
a major public health issue. 
Inherited arrhythmias account for 
a large portion of SCDs in 
adolescents. We established a 
mouse pedigree that exhibits 
severe inherited arrhythmias with 
SCD after electrocardiographically 
screening a large-scale randomly 
mutagenized mouse library. The 
present model harbors a Ryr2 
missense mutation that is 
regarded as a gain-of-function 
mutation with high Ca2+ sensitivity 
that induces spontaneous Ca2+ 
leak at the subcellular level. 
Spontaneous ventricular 
arrhythmias leading to SCDs were 
observed, and flecainide and 
dantrolene were effective at 
suppressing arrhythmias in this  
model, which were similar  
characteristics of catecholaminergic  
polymorphic ventricular 
tachycardia. The present model 
can be applied to investigate the 
pathophysiological mechanisms of 
SCD and to assess therapeutic 
strategies, especially drugs.
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Inherited arrhythmia syndromes (IASs) can cause life-threatening arrhythmias and are 
responsible for a significant proportion of sudden cardiac deaths (SCDs). Despite pro-
gress in the development of devices to prevent SCDs, the precise molecular mechanisms 
that induce detrimental arrhythmias remain to be fully investigated, and more effective 
therapies are desirable. In the present study, we screened a large-scale randomly muta-
genized mouse library by electrocardiography to establish a disease model of IASs and 
consequently found one pedigree that exhibited spontaneous ventricular arrhythmias 
(VAs) followed by SCD within 1 y after birth. Genetic analysis successfully revealed a 
missense mutation (p.I4093V) of the ryanodine receptor 2 gene to be a cause of the 
arrhythmia. We found an age-related increase in arrhythmia frequency accompanied 
by cardiomegaly and decreased ventricular contractility in the Ryr2I4093V/+ mice. Ca2+ 
signaling analysis and a ryanodine binding assay indicated that the mutant ryanodine 
receptor 2 had a gain-of-function phenotype and enhanced Ca2+ sensitivity. Using this 
model, we detected the significant suppression of VA following flecainide or dantrolene 
treatment. Collectively, we established an inherited life-threatening arrhythmia mouse 
model from an electrocardiogram-based screen of randomly mutagenized mice. The 
present IAS model may prove feasible for use in investigating the mechanisms of SCD 
and assessing therapies.

inherited arrhythmia syndrome | forward genetics | animal model | ryanodine receptor 2 |  
catecholaminergic polymorphic ventricular tachycardia

Sudden cardiac death (SCD) is a significant public health problem accounting for approx-
imately 4.25 million deaths per year worldwide (1). Although myocardial infarction and 
cardiomyopathies are major causes of SCD, inherited arrhythmia syndromes (IASs) are the 
leading cause in adolescents (2). IASs include several genetic heart disorders, mainly primary 
arrhythmia syndromes, also called ion channelopathies. The majority of genes causative of 
IASs encode components of ion channels or regulatory proteins that modify ion channel 
functions, mutations of which cause abnormalities in action potential (AP) and, subse-
quently, induce life-threatening arrhythmias (3). Genetic testing for IASs is recommended 
because of the high probability of detecting the causative genes in some diseases (4).

Recent progress in sequencing technologies and biological analyses has provided novel 
insights into the pathogenic mechanisms of IASs (5–7). However, molecular mechanisms 
underlying the spontaneous onset of arrhythmia and subsequent SCD remain to be 
fully elucidated. Furthermore, disease-specific treatments, such as molecular-targeting 
drugs, have not yet been developed, although implantable cardioverter-defibrillators 
have been established as effective therapies for secondary prevention in IAS patients 
with aborted cardiac arrest (7, 8). To overcome the challenges of studying SCD in 
inherited arrhythmia diseases, a suitable animal model that recapitulates the human 
disease is desirable.

Phenotype-driven forward genetics—a research strategy that provides an estimation of the 
identity of causative genes from the heritability of the objective phenotype—has been success-
fully applied in several fields (9–11). This method has the advantage of not being constrained 
by a specific working hypothesis and therefore has the potential to lead to highly novel dis-
coveries (12). We previously identified novel sleep- and wakefulness-regulating genes via an 
electroencephalogram/electromyogram-based screen of a large-scale chemical-mutagen-induced 
mutagenized mouse library (13). Here, we screened a mutagenized mouse library using elec-
trocardiography (ECG) to identify mice with the target phenotype: hereditary arrhythmia. 
We thus established a mouse pedigree harboring a novel ryanodine receptor 2 gene (Ryr2) 
missense mutation that exhibited bidirectional ventricular tachycardia (BVT) spontaneously 
leading to SCD as a model of IASs.D
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Results

Spontaneous Ventricular Arrhythmia Mouse Pedigree Harbors 
Ryr2 Missense Mutation. To elucidate the unrevealed genetic 
mutations behind the inherited arrhythmia, we screened a 
randomly mutagenized F1 mouse library generated from male 
C57BL/6J (B6J) mice harboring point mutations induced by 
ethylnitrosourea (ENU) and female C57BL/6N (B6N) mice (G0) 
(SI Appendix, Fig. S1). ECG screening of more than 7,000 F1 
mice identified one mouse with spontaneous BVT. The pedigree 
of this founder showed distinct heritability for the arrhythmia 
phenotype. The arrhythmic mice of this pedigree manifested 
various types of spontaneous ventricular arrhythmias (VAs), 
i.e., BVT, polymorphic ventricular tachycardia (PVT), and 
premature ventricular complex (PVC) bigeminy, contrary to the 
wild-type littermates, which had only sinus rhythm without VA 
(Fig. 1A). Linkage analysis of the B6J×B6N N2 generation from 

the arrhythmic founder produced a single LOD score peak on 
chromosome 13, upstream of D13SNP30 (rs3722313, chr13: 
41538155) (Fig. 1 B and C). Whole-exome sequencing in four 
mice with spontaneous BVT and two wild-type mice (B6J and 
B6N) and direct DNA sequencing of the phenotype-positive 
and -negative mouse genomes identified a heterozygous single-
nucleotide substitution in the Ryr2 gene (c.12277A>G) (Fig. 1 
D and E). The identified mutation resulted in an amino acid 
substitution from isoleucine to valine at position 4093.

Ryr2 encodes ryanodine receptor 2 (RyR2), a cardiac isoform 
of the ryanodine receptor, which is a Ca2+ channel located in the 
membrane of the sarcoplasmic reticulum (SR). The release of 
stored Ca2+ through RyR2 is initiated by an increase in intracel-
lular Ca2+ via L-type Ca2+ channels, called Ca2+-induced Ca2+ 
release (CICR) (14). RyR2 is a homotetramer, with each monomer 
comprising the large cytoplasmic domains and the channel 
domains connected by the central domain (15), where the I4093V 
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Fig. 1.   Forward-genetics approach identifies one ventricular-arrhythmia pedigree harboring a Ryr2 missense mutation. (A) Representative ECGs of +/+ and m/+ 
mice. The Left panel shows +/+ mouse ECG with regular sinus rhythm (i). The Right panel shows m/+ mouse ECG with VA initiation (i), BVT (ii), PVT (iii), and PVC 
bigeminy (iv). (B) Quantitative trait locus (QTL) analysis of VT pedigree (n = 42) for the frequency of VAs. The graph shows a logarithm of the odds (LOD) score 
peak located upstream of D13SNP30 in chromosome 13. (C) Haplotype analysis of VT pedigree by VA frequency. Semiquantitative parameters of VA frequency: 
Grade 0, no arrhythmia; Grade 1, only a single arrhythmia event (single, nonconsecutive PVC and/or RR interval irregularity); Grade 2, PVC bigeminy and/or 
VT. (D) Exome sequencing in four mice from VT pedigree (E025#201–#204) and two wild-type mice (B6J and B6N) within LOD score peak region. (E) Direct DNA 
sequencing of the Ryr2 gene in Ryr2+/+ and Ryr2m/+ mice.D
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mutation resides (SI Appendix, Fig. S2). The amino acids sur-
rounding the identified isoleucine mutation in RyR2 are highly 
conserved phylogenetically (SI Appendix, Fig. S3). The pathogenic 
mutations of RyR2 have been reported to be associated with the 
IASs catecholaminergic polymorphic ventricular tachycardia 
(CPVT) (16) and idiopathic ventricular fibrillation (17).

Arrhythmia Characteristics and Electrocardiographic Findings 
in Ryr2I4093V/+ Mice. We conducted surface ECG and continuous 
24-h ECG to investigate the VA frequency and ECG parameters 
of Ryr2I4093V/+ mice. Interestingly, the mutant mice showed a clear 
increase in VA frequency with age (Fig. 2A). At the age of 2 mo, 
the Ryr2I4093V/+ mice rarely showed VA under basal conditions, 
similar to the wild type; however, low-dose epinephrine (1 mg/
kg) injections easily evoked VA, but only in the Ryr2I4093V/+ 
mice (Fig.  2B). Continuous ECG recordings revealed that the 
dark–light cycle did not affect the VA frequency of Ryr2I4093V/+ 
mice at 4 to 5 mo old (Fig. 2C). The mean heart rate (HR) also 
showed no significant difference between the two groups (Fig. 2D). 

Furthermore, we found that ECG morphology was similarly 
affected by age. The study group was divided into young (Yng) 
mice (2 to 3 mo old) and old (Old) mice (5 to 7 mo old) to 
clarify age-related alterations in ECG parameters. In young mice, 
these parameters were not significantly different between Ryr2+/+ 
and Ryr2I4093V/+ groups. In contrast, QRS and QTc durations 
were significantly prolonged in old Ryr2I4093V/+ mice compared 
with those in old Ryr2+/+ mice (Fig. 2 E–G). Comparably, the R 
wave amplitude was higher in old Ryr2I4093V/+ mice than in old 
Ryr2+/+ mice, but not significantly (Fig. 2 E and H). These results 
indicate that the Ryr2I4093V/+ mice developed catecholaminergic 
arrhythmogenicity at a younger age, similar to CPVT patients. 
Furthermore, older Ryr2I4093V/+ mice were more vulnerable to VAs 
accompanied by QRS complex and T wave alterations.

Increased Incidence of Sudden Death in Ryr2I4093V/+ Mice. We 
hypothesized that Ryr2I4093V/+ mice had a poorer prognosis than 
their wild-type littermates, as this is characteristic of CPVT 
(18). We prospectively assessed the incidence of sudden death 
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Fig. 2.   Ryr2I4093V/+ mice show age-related VA susceptibility with electrocardiographic morphological changes. (A) VA frequency by age in Ryr2I4093V/+ mice (n = 40, 
55, 35, 59, and 46 at 2, 3, 4, 5, and 6 mo old, respectively). Data are shown in violin plots. White lines and white dotted lines indicate the medians and the quartiles, 
respectively. **P < 0.01 and ****P < 0.0001 by the Kruskal–Wallis test with Dunn’s post hoc test. (B) VA frequency before (Base) and after epinephrine (EPI) 
administration in Ryr2+/+ (n = 5) and Ryr2I4093V/+ (n = 12) mice at 2 mo of age. (C) VA frequency and ventricular tachycardia (VT) rate comparison of the dark–light 
cycle in 24-h ECG of Ryr2I4093V/+ mice (n = 4). Means were compared by the paired t-test. (D) Mean HR during 24-h ECG recording in Ryr2+/+ and Ryr2I4093V/+ mice  
(n = 4 in each group). Means were compared by the t-test. (E) Exemplar signal-averaged ECG traces using QRS maximum for the alignment. Mice aged 2 to 3 and 
5 to 7 mo old were defined as young (Yng) and old (Old), respectively. The lowest row shows superimposed QRS complexes at expanded time scales. (F–H) QRS 
(F) and QTc (G) duration and R wave amplitude (H) comparing young (n = 7) and old (n = 8) Ryr2+/+ mice and young (n = 7) and old (n = 8) Ryr2I4093V/+ mice. **P < 
0.01 by Welch’s ANOVA with Dunnett’s T3 post hoc test.D
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in Ryr2I4093V/+ mice and their wild-type littermates. A greater 
incidence of sudden death was observed in Ryr2I4093V/+ mice 
(13/13; 100%) than in wild-type mice (2/29; 6.9%) (P < 0.0001) 
(Fig. 3A). All deaths of Ryr2I4093V/+ mice occurred when they were 
6 to 12 mo of age. To observe the onset of arrhythmia followed 
by SCD, we examined a 7-mo-old Ryr2I4093V/+ mouse challenged 
with epinephrine (2 mg/kg). After epinephrine administration, 
incessant VT collapsed into PVT and the mouse died 10 min 
after the injection (SI Appendix, Fig. S4). Because of a previous 
report describing that RyR2 mutation is associated with seizures 
(19), electroencephalography of Ryr2I4093V/+ mice was performed 
to examine the possibility that central nervous system disorders, 
including epilepsy, were involved in the death in Ryr2I4093V/+ mice. 
The screening of their records for 3 consecutive days showed 
no abnormal waveforms associated with epilepsy (SI Appendix, 
Fig. S5). Altogether, these results demonstrated that the mutant 
mice recapitulated the phenotype of SCD from severe IASs.

Cardiac Structural and Histological Phenotypes of Ryr2I4093V/+ 
Mice. We measured the heart weight and performed echocardiography 
and histological analysis in Ryr2I4093V/+ mice to determine the 
physiological influence of the I4093V RyR2 mutation. We also 
compared the parameters of the two age groups mentioned above. 

Old Ryr2I4093V/+ mice showed evident cardiac enlargement compared 
with old Ryr2+/+ mice (Fig.  3B). Heart weight was significantly 
greater in old Ryr2I4093V/+ mice than in their age-matched wild-
type littermates (Fig. 3C), and lung weight showed a similar trend 
(Fig. 3D). Furthermore, old Ryr2I4093V/+ mice had a significantly 
lower left ventricular (LV) ejection fraction (LVEF) and larger LV 
posterior wall diameter and mass than young Ryr2I4093V/+ mice and 
old wild-type mice (Fig. 3 E and F and SI Appendix, Table S1). 
Cardiomyocyte dimensions were quantified and showed a significant 
increase in the old Ryr2I4093V/+ group compared with those in the 
young Ryr2I4093V/+ or wild-type group (Fig. 3 G and H), indicating 
that myocyte hypertrophy significantly contributed to the ventricular 
remodeling in Ryr2I4093V/+ heart. We also examined the proportion of 
the fibrotic area in the LV axial sections from the old mouse groups 
and found no significant increase in fibrosis in Ryr2I4093V/+ mice 
compared with that in wild-type mice (Fig. 3I and SI Appendix, 
Fig. S6). Taken together, these findings indicate that Ryr2I4093V/+ 
hearts exhibited ventricular hypertrophy and dysfunction associated 
with aging, similar to the ECG findings.

Abnormal Ca2+ Handling in Isolated Ryr2I4093V/+ Cardiomyo­
cytes. We examined the Ca2+-signaling properties of 
cardiomyocytes derived from Ryr2I4093V/+ mice and their 
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Fig. 3.   Ryr2I4093V/+ mice show significantly high mortality and age-related increase in heart weight and cellular dimension and decrease in left ventricular systolic 
function. (A) Kaplan–Meier survival curve for Ryr2+/+ (n = 29) and Ryr2I4093V/+ (n = 13) mice (P < 0.0001 by the log-rank test). (B) Representative heart histology 
of Ryr2+/+ and Ryr2I4093V/+ mice. (Scale bar denotes 2 mm.) (C and D) Heart weight (HW)/body weight (BW) (B) and lung weight (LW)/BW (C) in young (Yng: 2 to 3 
mo old) and old (Old: 5 to 7 mo old) mice (n = 7 in each group). *P < 0.05 by Welch’s ANOVA with Dunnett’s T3 post hoc test for HW/BW, and one-way ANOVA 
with Tukey’s post hoc test for LW/BW. (E and F) Echocardiographic measurements in young (n = 7) and old (n = 5) Ryr2+/+ mice and young (n = 7) and old (n = 9) 
Ryr2I4093V/+ mice. (E) Representative M-mode echocardiograms recorded at the tip of the papillary muscles. The graph shows the result of ejection fraction (EF) (F). 
*P < 0.05, **P < 0.01, and ****P < 0.0001 by one-way ANOVA with Tukey’s post hoc test. (G) Representative images of Masson’s trichrome–stained axial sections 
of Ryr2+/+ and Ryr2I4093V/+ left ventricles. (Scale bar denotes 50 µm.) (H) Quantification of the cardiomyocyte cross-sectional area from Ryr2+/+, young (Yng: 2 to 3 
mo old) Ryr2I4093V/+, and old (Old: 5 to 7 mo old) Ryr2I4093V/+ left ventricles (n = 5 in each group). *P < 0.05 and ***P < 0.001 by one-way ANOVA with Tukey’s post 
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wild-type littermates to investigate how the I4093V mutation 
affects the channel activity of RyR2 at the subcellular level. 
To investigate the systolic Ca2+ properties of the single 
cardiomyocytes, Ca2+ transients under electrical stimulation at 
0.33 Hz were analyzed by confocal microscopy. We observed the 
altered Ca2+ transient waveforms in Ryr2I4093V/+ cardiomyocytes: 
The F/F0 was slightly lower and the time to peak (TtP) and half 
decay time (DT50) were significantly prolonged compared with 
those in Ryr2+/+ cells (Fig. 4 A–D and SI Appendix, Fig. S7A). 
These findings were present to the same extent at both young 
and old ages (2 and 5 mo).

To determine the properties of diastolic Ca2+ leak, intracellular 
Ca2+ recordings were performed after field pacing at 3 Hz to apply 
the full SR Ca2+ load. We observed the well-organized, cell-wide 
Ca2+ waves with increasing frequency over time in the wild-type 
cardiomyocytes (Fig. 4 E and F). In contrast, Ryr2I4093V/+ cardi-
omyocytes exhibited unstructured local Ca2+ increases that did 
not emerge in the form of cell-wide waves in the early diastolic 
phase (Fig. 4 E and G). Remarkably, we also found unstructured 
local Ca2+ increases with localized Ca2+ waves and Ca2+ sparks 
(SI Appendix, Fig. S7B) and ectopic Ca2+ activities, including 
early afterdepolarization (EAD) like Ca2+ signals (SI Appendix, 
Fig. S7C), in the decay phase of transients during field stimula-
tion. For further elucidation of abnormal Ca2+ leak, spontaneous 
Ca2+ sparks with or without isoproterenol (ISO) were analyzed 
in quiescent cardiomyocytes. Spark frequency was significantly 
increased in Ryr2I4093V/+ cardiomyocytes compared with that in 
Ryr2+/+ cardiomyocytes under ISO exposure (SI Appendix, Fig. S8 
A and B). Meanwhile, we found no significant differences in the 
spark mass, observable Ca2+ flux during one spark, between the 
two groups both without and with ISO treatment (SI Appendix, 
Fig. S8 A and C). We further measured SR Ca2+ leak and load by 
the Shannon’s protocol (20) to determine the magnitude of total 
SR-[Ca2+]-dependent Ca2+ leak via RyR2, including the part not 
observed as sparks. Diastolic Ca2+ leak from SR and SR Ca2+ load 
were significantly increased and decreased, respectively, in the 

mutant cardiomyocytes compared with those in wild-type cardi-
omyocytes, reflecting the enhancement of Ca2+ leak through the 
mutant RyR2 channels even in the context of reduced SR Ca2+ 
load throughout the postpacing diastolic phase (SI Appendix, 
Fig. S9 A–D).

For direct assessment of the Ca2+ sensitivity of heterotetrameric 
RyR2 in situ, we also performed recordings of spontaneous Ca2+ 
release events in permeabilized cardiomyocytes at the same intra-
cellular Ca2+ concentration. In Ryr2I4093V/+ cardiomyocytes, the 
number of Ca2+ release events was increased and the individual 
events were smaller than those in Ryr2+/+ cardiomyocytes (SI Appendix, 
Fig. S10 A–C), probably as a result of enhanced cytosolic Ca2+ 
sensitivity in RyR2 mixmers.

Substantial Links between Ca2+ Dysregulation and APs in  
Ryr2I4093V/+ Cardiomyocytes. To ascertain the direct relationship 
between abnormal subcellular Ca2+ kinetics and electrophysiological 
defects in the mutant cells, we proceeded to perform simultaneous 
recordings of APs and their evoked Ca2+ transients in single 
cardiomyocytes paced at 1 Hz under current-clamp mode. 
Ryr2+/+ cardiomyocytes exhibited normal AP and Ca2+-transient 
waveforms (Fig.  5A). In contrast, Ryr2I4093V/+ cardiomyocytes 
exhibited cytosolic Ca2+ ([Ca2+]cyt) elevation in the decay 
phase between transients accompanied by abnormal [Ca2+]cyt 
oscillations. This [Ca2+]cyt irregularity was concurrent with 
prolonged depolarized potentials followed by triggered activities 
(Fig.  5B). Aging aggravated the occurrence of aberrant Ca2+ 
leak and simultaneous afterdepolarizations in the Ryr2I4093V/+ 
cells (Fig.  5C). The incidence of the events, including early 
and/or delayed afterdepolarization and/or triggered activities, 
was significantly higher in both young and old Ryr2I4093V/+ 
cardiomyocytes than in Ryr2+/+ cardiomyocytes (Fig. 5 D and E). 
Individual AP duration (APD) was longer in the Ryr2I4093V/+ cells 
than in the Ryr2+/+ cells, and also similarly affected by age (Fig. 5 
F and G). Detailed AP profiles are presented in SI  Appendix, 
Fig. S11.
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Taking these findings together, the aberrant Ca2+ fluctuations 
during both systole and diastole in Ryr2I4093V/+ cardiomyocytes 
were likely to be a crucial driving factor in the susceptibility of 
the mutant mice to arrhythmia. Moreover, aging-aggravated APD 
prolongation elevated the level of aberrant electrical substrate in 
the mutant cardiomyocytes.

Frequent Ca2+ Oscillations with Decreased [Ca2+]ER in HEK293 
Cells Expressing I4093V Ryr2. To gain insight into the molecular 
basis behind the detrimental arrhythmias in Ryr2I4093V/+ mice, wild-
type and mutant Ryr2 (c.12277A>G, p.I4093V) were inducibly 
expressed in HEK293 cells, and [Ca2+]cyt and ER Ca2+ ([Ca2+]ER) 
signals were measured using our routine method (21–23). After 
24 h of induction, cells expressing wild-type RyR2 exhibited 
spontaneous [Ca2+]cyt oscillations accompanied by a concomitant 
decrease in [Ca2+]ER signal from the threshold to the nadir level 
(Fig. 6A), which indicated that Ca2+ was released from the ER via 
the RyR2 channels. Cells expressing I4093V RyR2 manifested more 
frequent and smaller Ca2+ oscillations and lower [Ca2+]ER levels than 
the wild-type RyR2 cells (Fig. 6 A and B). Massive Ca2+ release 
from the ER was induced by caffeine treatment in the wild-type 
RyR2 cells, whereas the I4093V RyR2 cells exhibited a diminished 
response to caffeine as a reflection of the markedly lower [Ca2+]ER 
(Fig. 6A). The threshold and nadir of [Ca2+]ER were significantly 
decreased in the I4093V RyR2 cells compared with those in the 
wild-type RyR2 cells (Fig. 6C). The greater decrease in [Ca2+]ER in 

the I4093V RyR2 cells compared to the wild-type was confirmed 
even at shorter induction times (SI  Appendix, Fig.  S12), which 
indicates that ER Ca2+ release from I4093V RyR2 severely reduces 
[Ca]ER in an expression-dependent manner. These I4093V RyR2 
characteristics have been suggested to represent the strong gain-of-
function phenotype of CPVT mutants (23, 24).

Channel Dysfunction of I4093V RyR2. We subsequently measured 
the amount of Ca2+-dependent [3H]ryanodine binding to 
microsomes derived from RyR2-transfected HEK293 cells. Because 
ryanodine specifically binds to the open channel, [3H]ryanodine 
binding is used to quantitatively evaluate the activity of RyR2 
channels (22, 25). I4093V RyR2 showed biphasic Ca2+ dependence 
with enhanced Ca2+ sensitivity to activation compared with wild-
type RyR2 (Fig. 6D). In particular, the increase in Ca2+ sensitivity 
caused by the I4093V mutation was quite large compared with 
previously reported CPVT-linked mutations (23). In addition, the 
three parameters for CICR activity were significantly changed in the 
mutant RyR2 (SI Appendix, Fig. S13). The estimated CICR activity 
of the mutant RyR2 using these parameters and Equation 1 (see 
the Materials and Methods in SI Appendix) was significantly greater 
than that of wild-type RyR2 at resting Ca2+ (pCa 7), supporting the 
profoundly high Ca2+ sensitivity of I4093V RyR2 (23) (Fig. 6E). 
These results suggest that the markedly enhanced sensitivity to 
cytosolic Ca2+ plays a vital role in the substantial arrhythmogenic 
potential of the I4093V mutation.
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We also confirmed the expression level and degree of post-
translational modification of intracellular Ca2+-regulatory mol-
ecules in Ryr2I4093V/+ cardiomyocytes. There was no significant 
difference between the wild-type and mutant groups 
(SI Appendix, Fig. S14), which suggests that the most dominant 
contributor to the disruption of Ca2+ regulatory mechanisms 
in Ryr2I4093V/+ cardiomyocytes is the aberrant function of 
I4093V RyR2 channels.

Drug Efficacy Assessment using Ryr2I4093V/+ Mice. We examined 
the applicability of Ryr2I4093V/+ mice in evaluating antiarrhythmic 
drug efficacy. A drug already proven to be effective for CPVT, 
flecainide (26), and the direct RyR-targeting drug, dantrolene (27), 
were selected for this experiment. Because our model exhibited 
spontaneous VAs, we employed a simple protocol in which ECG 
recordings of the anesthetized Ryr2I4093V/+ mice at 5 to 6 mo of age 
were performed for 5 min immediately before (Pre) and after (Post) 
intraperitoneal injection of each drug. Fig. 7A shows representative 
ECG and HR results obtained from each test period. VAs were 
observed as the coincidence of ECG amplitude change and HR 
deviation. The frequencies of VAs were significantly reduced by 
treatment with flecainide (Fig. 7B) or dantrolene (Fig. 7C). These 
test results suggest that the present model can be utilized for the 
evaluation of drug efficacy.

Discussion

In the present study, an ECG-based screen of a randomly mutage-
nized mouse library identified one pedigree that exhibited sponta-
neous BVT and a poor prognosis of less than 1 y. Our mouse model 
harbors a mutation of Ryr2, which showed a high incidence of VT 
without electrical or pharmacological stimulation, followed by spon-
taneous SCD. Genetic analysis successfully revealed a missense 
mutation in Ryr2 (c.12277A>G, p.I4093V) as the causative factor. 
Vulnerability to VA in Ryr2I4093V/+ mice was exacerbated with age. 
Furthermore, the mutant pedigree had age-related cardiac enlarge-
ment and decreased cardiac contractions with myocyte hypertrophy. 

Ryr2I4093V/+ cardiomyocytes showed excessive Ca2+ leakage at the 
systolic and diastolic phases observed as postpacing Ca2+ leak and 
Ca2+-transient waveform changes. This defect of Ca2+ homeostasis 
was confirmed to directly induce triggered activities as a source of 
arrhythmia. The channel-opening activity of I4093V RyR2 showed 
prominently higher cytosolic Ca2+ sensitivity than wild-type RyR2. 
As a result of abnormal Ca2+ leakage through the mutant channel, 
small, frequent Ca2+ oscillations were observed and ER Ca2+ loads 
were diminished in the I4093V RyR2-expressing HEK293 cells. 
Ryr2-I4093V was found to be a gain-of-function mutation that 
could be the main cause of the detrimental VA. In addition, we 
demonstrated the applicability of the present model for evaluating 
the efficacy of drugs in vivo to prevent VAs in IASs.

A forward-genetics study using a large-scale mutagenized 
vertebrate cohort has been conducted to unveil the genes caus-
ative of various cardiac phenotypes (28, 29). We previously 
performed an electroencephalogram/electromyogram-based 
screen of an ENU-mutagenized mouse library and identified the 
sleep-regulating genes SIK3 and NALCN (13). Our arrhythmia 
pedigree was established from the same library using a 
forward-genetics strategy. Although only one pedigree showed 
evidence of heritability of the VT, genetic analysis comprising 
linkage analysis and whole-exome sequencing accurately revealed 
the causative mutation. Several mutations causative of IASs have 
been reported to date, and the Ryr2 mutations account for 65% 
of the genetic causes of CPVT (4). However, the present Ryr2 
mutation has not been reported as a cause of cardiac phenotypes. 
The corresponding missense mutation I4094V in human RYR2 
was reported to be a cancer-promoting mutation in a cohort 
study, as cataloged in the COSMIC database (30). Another study 
described I4138T, the homologous mutation in human RYR1, 
as causing malignant hyperthermia (31), which is a skeletal mus-
cle disorder that primarily results from gain-of-function RYR1 
mutations. The phenotype of the Ryr2I4093V/+ pedigree remained 
the same after more than 20 generations of backcrossing with 
wild-type C57BL/6N mice, which rules out the possible involve-
ment of ENU-induced variations in other genetic loci. Altogether, 
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we conclude that Ryr2-I4093V mutation is the malign genetic 
defect behind the life-threatening arrhythmias.

The IAS mouse model showed age-related susceptibility to VAs: 
Young mice (2 mo old) exhibited arrhythmia under adrenergic stress, 
resembling CPVT, while older mice developed frequent, spontane-
ous VAs. This age-related vulnerability to arrhythmia in Ryr2I4093V/+ 
mice possibly exacerbated the ventricular hypertrophy, which might 
explain the QRS and T morphological changes with age (32, 33). 
At the cellular level, Ryr2I4093V/+ cardiomyocytes showed APD pro-
longation without changes in AP amplitude or dV/dt max (Fig. 5 
F and G and SI Appendix, Fig. S11), suggesting that this repolari-
zation abnormality was additionally responsible for QTc prolonga-
tion. The cell size of the Ryr2I4093V/+ cardiomyocytes was enlarged, 
supported by the increased capacitance (SI Appendix, Fig. S11) and 
dimensional increment (Fig. 3 G and H). This is considered to be 
a cause of the cardiomegaly. We also found impairment of LV con-
traction with age and high cardiac mortality in the Ryr2I4093V/+ mice. 
Numerous studies aimed at analyzing arrhythmias have described 
the use of mouse models, including several models harboring Ryr2 
mutations (34). With most established models, some form of stim-
ulation is required for the induction of VT in in vivo experiments 
(35–37). Conversely, although age-related cardiac remodeling may 
be a contributing factor, BVT was spontaneously observed with a 
high frequency in Ryr2I4093V/+ mice. Therefore, this mouse model 
appears to be one of the most ventricular-arrhythmia-prone mice. 
Certain human RYR2 mutations have been described as causing 
arrhythmogenic right ventricular cardiomyopathy or dilated cardi-
omyopathy in previous reports (38, 39), although no mouse models 
with Ryr2 mutations have been reported to have a reduced LVEF. 
We postulated that the model’s tissue level and cellular remodeling 
in the heart might be rooted in the tremendously high frequency 
of VAs mediated by abnormal Ca2+ homeostasis, similar to the 
pathology of arrhythmia-induced cardiomyopathy (40). This defect 
might lead to cardiac overload and consequential pulmonary edema, 
which would exacerbate the arrhythmogenicity. Although a further 

confirmation study is required, the Ryr2I4093V/+ mouse pedigree 
appears to be an excellent model of a critically severe form of IASs.

The likely explanation for the severe arrhythmogenicity of the 
I4093V mutation is that the RyR2 activity of I4093V is greatly 
enhanced. From the result of [3H]ryanodine binding assay, we 
observed a great shift of the binding activity of the mutant RyR2 
in the direction of the channel opening dependent on cytosolic 
Ca2+ sensitivity compared with that of the wild-type RyR2 
(Fig. 6D). The profound increase in Ca2+ sensitivity at physiolog-
ical Ca2+ concentration is evidence for the I4093V mutation as a 
strong gain-of-function. We have previously reported that mutant 
RyR2 activities at resting Ca2+ concentration (Arest), determined 
by the [3H]ryanodine binding assay, correlate well with arrhythmia 
severity in patients (23). The Arest of the I4093V mutation is about 
60 times higher than that of the wild type and is predicted to be 
extremely severe, suggesting that the present mutation is highly 
pathogenic. Correspondingly, HEK293 cells expressing I4093V 
RyR2 show severe ER Ca2+ depletion 24 h after induction. In 
addition, permeabilized cardiomyocytes also show small and fre-
quent fast Ca2+ waves and are also prone to Ca2+ leak, supporting 
the high channel activity of mixmers of wild-type and I4093V 
RyR2 in myocardial cells. In terms of the molecular structural 
aspects of RyR2, I4093 is located in a helix of the central domain, 
which is alongside the helices where the residues comprising the 
Ca2+ binding pocket, E3847 and E3921, reside (SI Appendix, 
Fig. S2) (41). Since I4093V RyR2 exhibited an increased Ca2+ 
sensitivity for activation (Fig. 6D), the mutation might shift the 
positions of the helices to increase the Ca2+ binding affinity for 
the channel opening.

In the Ca2+ signaling analysis, cardiomyocytes from typical 
CPVT model mice with RyR2 mutations are known to show 
increased frequencies of Ca2+ waves and Ca2+ sparks during the 
diastolic phase of Ca2+ transients, which causes delayed afterde-
polarization (19). Surprisingly, in the I4093V cardiomyocytes, 
no clear Ca2+ wave was observed, but EAD and EAD-triggered 
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Fig. 7.   Utilization of Ryr2I4093V/+ mice for drug efficacy assessment. (A) Representative ECG traces with HR changes in each drug test period. Time-expanded 
ECGs show BVT (i), sinus rhythm (ii and iv), and PVC bigeminy (iii). (B and C) VA frequency for 5 min before (Pre) and after (Post) intraperitoneal injection (i.p.) 
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activity were frequently observed during the repolarizing phase 
of the APs. However, closer examination revealed characteristic 
Ca2+ abnormalities, i.e., amorphous local Ca2+ increases and 
incomplete small Ca2+ waves, were frequently observed after 
high-frequency stimulation. This observation is very similar to 
the abnormal Ca2+ signals reported in cardiomyocytes from 
homozygous R33Q-calsequestrin 2 knock-in mice, one of the 
severely pathogenic models of CPVT (42). A study has reported 
that EAD can be generated by the Na+/Ca2+ exchanger (NCX) 
in situations where spontaneous SR Ca2+ release tends to develop 
before repolarization is complete (43, 44). Taking these findings 
together, it would be considered that RyrI4093V/+ cardiomyocytes 
generate EADs induced by forward-mode NCX due to excessive 
SR Ca2+ release from profoundly activated I4093V RyR2, even 
during the systolic period.

Heart failure is associated with electrical remodeling causing 
APD prolongation (45), and thus the cardiac overload that the 
Ryr2I4093V/+ mice exhibited would accelerate the generation of 
EADs. We also consider that prolonged APD partially contrib-
utes to the delayed Ca2+ transient decay. However, young 
Ryr2I4093V/+ cardiomyocytes already exhibited a prolonged decay 
time of Ca2+ transients equivalent to that in old Ryr2I4093V/+ 
cardiomyocytes (Fig. 4D). In addition, the prolongation of 
APD was worse in the old mutant cells than in the young ones 
(Fig. 5 F and G), which indicated that Ca2+-kinetic abnormal-
ity may precede AP aberrancy. Because the expression levels of 
Ca2+ regulatory proteins did not differ significantly between 
Ryr2+/+ and Ryr2I4093V/+ ventricles, the Ryr2-I4093V mutation 
is likely to be the main cause of the Ca2+ dysregulation under-
lying arrhythmogenesis. Overall, these findings suggest that 
Ryr2I4093V/+ mice have aberrant Ca2+ homeostasis and electrical 
properties at the subcellular level.

SCD remains an important public health problem worldwide, 
and previously described genetic autopsies of victims of SCD have 
identified RYR2 as a major candidate gene in young people (46, 
47). Genetic defects in RYR2 have been reported to be the major 
cause of CPVT (16) and one of the causes of arrhythmogenic right 
ventricular cardiomyopathy (38). Hence, the Ryr2I4093V/+ mouse 
should be advantageous in research into SCD, IASs, and even 
arrhythmia-induced cardiomyopathy. On this basis, we tested 
whether the present model could be applied in drug efficacy assess-
ments. A major antiarrhythmic drug for CPVT, flecainide, success-
fully reduced VA burden in our test protocol. Dantrolene, which 
has more direct effects on RyR, also suppressed arrhythmogenicity 
in our model mice. The clinical applicability of this mouse model 
is partially limited by the absence of the corresponding RyR2 variant 
in humans and by some features of baseline ECG abnormalities, 
ventricular systolic dysfunction, and age-related aggravation of car-
diac defects, which are different from those of the typical CPVT. 
Nevertheless, the results of the drug tests suggest that Ryr2I4093V/+ 

mice are a practical option for assessing the efficacy of therapies for 
SCD from severe IASs.

In conclusion, using a forward-genetics strategy, we successfully 
established a mouse model of IASs that exhibits spontaneous BVT 
and SCD within 1 y after birth. Analysis suggested that the pri-
mary pathogenesis is caused by excessive Ca2+ leak due to the novel 
missense mutation in Ryr2. We believe that the Ryr2I4093V/+ mice 
may prove useful for research into arrhythmogenic mechanisms 
and the development of new therapies for IASs with an emphasis 
on unveiling drug mechanisms and the preclinical testing of drugs.

Materials and Methods

The detailed methods are available in SI Appendix. All supporting data from this 
study are available from the corresponding author upon reasonable request.

The animal study was approved by the Institutional Animal Care and Use 
Committee of the University of Tsukuba. A randomly mutagenized mouse library was 
established by in vitro fertilization with the sperm of C57BL/6J (B6J) mice treated 
with ENU and eggs from C57BL/6N (B6N) mice. The obtained F1 offspring were 
screened by ECG for an arrhythmia phenotype. N2 offspring from the F1 arrhythmia 
mice were examined by linkage analysis and whole-exome sequencing to identify 
a gene causative of the arrhythmia. The detailed methods of mouse genotyping 
and phenotyping, Ca2+ imaging, patch-clamp recording, ryanodine binding anal-
ysis, and drug efficacy assessment are described in Supplementary Information. 
Statistical analysis was performed in SPSS version 26 (IBM Co. Ltd.) or Prism 9 
(GraphPad Software), and the tests used are indicated in each figure legend.

Please see the Expanded Methods in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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