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Inositol 1,4,6-Trisphosphate Receptor 1 Gain-
of-Function Increases the Risk for Cardiac
Arrhythmias in Mice and Humans
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BACKGROUND: Ca?* mishandling in cardiac Purkinje cells is a well-known cause of cardiac arrhythmias. The Purkinje cell
resident inositol 1,4,5-trisphosphate receptor 1 (ITPR1) is believed to play an important role in Ca?* handling, and ITPR1 gain-
of-function (GOF) has been implicated in cardiac arrhythmias. However, nearly all known disease-associated ITPR1 variants
are loss-of-function and are primarily linked to neurological disorders. Whether ITPR1 GOF has pathological consequences,
such as cardiac arrhythmias, is unclear. This study aimed to identify human ITPR1 GOF variants and determine the impact of
ITPR1 GOF on Ca?" handling and arrhythmia susceptibility.

METHODS: There are a large number of rare ITPR1 missense variants reported in open data repositories. Based on their
locations in the ITPR1 channel structure, we selected and characterized 33 human ITPR1 missense variants from open
databases and identified 21 human ITPR1 GOF variants. We generated a mouse model carrying a human ITPR1 GOF
variant, ITPR1-W1457G (W1447G in mice).

RESULTS: We showed that the ITPR1-W1447G*" and recently reported ITPR1-D2594K*- GOF mutant mice were susceptible
to stress-induced ventricular arrhythmias. Confocal Ca?" and voltage imaging in situ in heart slices and Ca?" imaging and
patch-clamp recordings of isolated Purkinje cells showed that ITPR1-W1447G** and [TPR1-D2594K*” variants increased
the occurrence of stress-induced spontaneous Ca?* release, delayed afterdepolarization, and triggered activity in Purkinje
cells. To assess the potential role of ITPR1 variants in arrhythmia susceptibility in humans, we looked up a gene-based
association study in the UK Biobank data set and identified 7 rare ITPR1 missense variants showing potential association
with cardiac arrhythmias. Remarkably, in vitro functional characterization revealed that all these 7 ITPR1 variants resulted in
GOFR.

CONCLUSIONS: Our studies in mice and humans reveal that enhanced function of /ITPR1, a well-known movement disorder
gene, increases the risk for cardiac arrhythmias.
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Clinical Perspective

What Is New?

* In vitro analyses identified, from open data reposi-
tories, novel gain-of-function variants in the inositol
1,4,5-trisphosphate receptor 1 (ITPR1) gene that
has been implicated in cardiac arrhythmias.

* Mouse models with ITPR1 gain-of-function variants
exhibited increased spontaneous calcium release,
delayed afterdepolarization, triggered activity, and
risk of stress-induced ventricular arrhythmias.

* Many rare human ITPR1 gain-of-function variants
identified in the UK Biobank data set were associ-
ated with an increased risk of cardiac arrhythmias.

What Are the Clinical Implications?

e [TPRI1, a well-known movement disorder gene, is
also a risk gene for cardiac arrhythmia.

» Consideration should be given to include /TPRT
gene in clinical genetic testing for cardiac
arrhythmias.

* Targeting ITPR1 function may represent a novel
therapeutic strategy for reducing cardiac arrhyth-
mia risk.

Nonstandard Abbreviations and Acronyms

Cntn2 contactin 2

DAD delayed afterdepolarization

ET-1 endothelin-1

GOF gain-of-function

1P, inositol 1,4,5-trisphosphate

IP,.BM myo-inositol 1,4,5-trisphosphate hexakis
(butyryloxymethyl)

ITPR1 inositol 1,4,5-trisphosphate receptor 1

RyR2 cardiac ryanodine receptor

SCR spontaneous Ca** release

VA ventricular arrhythmia

cellular Ca?* release channel located primarily on the

sarco/endoplasmic reticulum membrane. It governs the
release of Ca?* fromthe intracellular storesin avariety of cells
under the control of inositol 1,4,5-trisphosphate (IP,), the
endogenous ligand that opens Inositol 1,4,5-trisphosphate
receptors (ITPRs)."* ITPR1-mediated Ca** release plays
an important role in many cellular functions, including move-
ment coordination, learning and memory, muscle contrac-
tion, fertilization, gene expression, apoptosis, etc.5® Given
its critical roles in numerous signaling pathways, defective
ITPR1 function would be expected to contribute to dis-
eases of multiple systems. Surprisingly, naturally occurring
mutations in ITPR1 have mainly been associated with neu-

I nositol 1,4,5-trisphosphate receptor 1 (ITPR1) is an intra-
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rological disorders, such as spinocerebellar ataxias, seizure,
intellectual disability, or Gillespie syndrome®'" The pre-
dominant association of ITPR1 with neurological disorders
is consistent with the abundant expression of [TPR1 in the
brain, especially in the cerebellum.'>'* Besides the brain,
ITPR1 expression is also enriched in many other cells/
tissues."'®2" However, the pathological consequences of
defective ITPR1 function in other ITPR1-expressing cells/
tissues are poorly understood.

In the heart, ITPR1 is predominantly expressed in Pur-
kinje fibers of the cardiac conduction system and only
weakly expressed in other areas of the heart?>% In addi-
tion to ITPR1, cardiac Purkinje cells also express another
intracellular Ca®* release channel, RyR2 (cardiac ryano-
dine receptor). ITPR1- and RyR2-mediated Ca?* release
plays a major role in Ca** homeostasis in Purkinje cells. It
is important to note that Purkinje cell Ca?* dysregulation is
believed to be a major cause of cardiac arrhythmias.?*293°
Enhanced RyR2 function promotes spontaneous sar-
coplasmic reticulum Ca?* release in Purkinje cells. This
spontaneous Ca?* release (SCR) in the form of Ca?*
waves can activate the electrogenic Na*/Ca?* exchanger
and produce delayed afterdepolarizations (DADs). Supra-
threshold DADs can evoke triggered activity leading to
arrhythmias.2'%¢ Indeed, naturally occurring RyR2 gain-
of-function (GOF) mutations promote SCR to cause
catecholaminergic polymorphic ventricular tachycardia,
an inherited arrhythmogenic disorder characterized by
physical/emotional stress—induced polymorphic or bidi-
rectional ventricular tachycardias.®% Enhanced ITPR1-
mediated Ca®* release is also known to significantly
contribute to SCR in Purkinje cells.?325% Given the close
link between SCR, DADs, and triggered activity, enhanced
ITPR1 function in Purkinje cells may also contribute to
stress-induced cardiac arrhythmias. Although the roles of
ITPRs in cardiac arrhythmias have been investigated for
decades,* direct evidence for the involvement of the spe-
cific ITPR isoform, ITPR1, in cardiac arrhythmia is lacking.

To specifically assess the role of enhanced ITPR1
function in arrhythmia susceptibility, we performed
ECG stress testing on a recently reported ITPR1-
D2694K*- GOF mutant mouse model*' and found that
the D2594K*" mutant mice were vulnerable to stress-
induced ventricular arrhythmias (VAs).*' We then iden-
tified 28 human ITPR1 GOF mutants from open data
repositories and generated a novel mouse model harbor-
ing the human ITPR1 GOF variant W1457G (W1447G
in mice). The W1447G*" mice also showed susceptibil-
ity to stress-induced VAs. We further found that ITPR1
GOF increases the susceptibility to stress-induced VAs
by promoting SCR-evoked triggered activity in Purkinje
cells. Analysis of the UK Biobank data set further identi-
fied human ITPR1 GOF variant carriers with an increased
risk of cardiac arrhythmias. Thus, our work suggests that
ITPR1, a well-known neurological disorder gene, may
also be a risk gene for cardiac arrhythmias.
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METHODS

The data supporting the findings of this study are available from
the corresponding author upon reasonable request.

Animal Studies

All animal studies were approved by the institutional animal
care and use committees at the University of Calgary and
were performed in accordance with US National Institutes of
Health guidelines and the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) reporting guidelines. Adult (5-8
months of age) genetically engineered ITPR1 mutant mice
(ITPR1-W1447G*" and ITPR1-D2594K*") and wild-type mice
of both sexes were used. All animal models were housed in
the mouse facility of Cumming School of Medicine, University
of Calgary. All animal experiments were performed blind to
genotype. Animals were assigned randomly to the experimental
groups, and both male and female animals were used in experi-
ments. No animals were excluded from analyses. A minimum
sample size (n=6 per group) for animal studies was estimated
using the G*Power3.1 program with an effect size of 2, a sig-
nificance level (o) of 0.05, and power of 0.8. Sample sizes and
Pvalues can be found in the figures and figure legends.

General Methods

We first searched 5 open data repositories of variants from
exome or genome sequenced samples for potential GOF ITPR1
variants. Selected missense variants were functionally charac-
terized using IP_-induced Ca®" release assays in HEK293 cells.
We generated mouse models harboring GOF ITPR1 variants
and assessed their susceptibility to stress-induced VAs using
pharmacological challenges and ECG recordings. In addition,
we established a mouse line expressing both the ITPR1 GOF
variant and the Purkinje cell marker contactin 2 (Cntn2)-GFP
(green fluorescent protein) to assess Ca?* dynamics and mem-
brane potentials in Purkinje cells. To determine the potential role
of ITPR1 GOF variants in arrhythmias susceptibility in humans,
we exploited a gene-based phenome-wide association analysis
performed among 50000 exome sequenced participants from
UK Biobank. The 7 top associated variants were functionally
characterized to investigate their impact on IP -induced Ca**
release in HEK293 cells. Detailed methods are provided in the
Supplemental Material.

Statistical Analysis

All experiments were performed blind to genotype, age and
treatment. Normality of data distribution was assessed using
the Shapiro-Wilk test. All data shown are meantSEM unless
indicated otherwise. For normally distributed data sets, para-
metric tests were performed. For non—Gaussian-distributed
data sets, nonparametric methods were used. With respect to
nonparametric analyses, the Mann-Whitney U test (2-sided)
was used for 2 groups; the Kruskal-Wallis test with Dunn post
hoc test was used for 23 groups. The Wilcoxon signed-rank
test was used for paired samples. With respect to parametric
analyses, the Student f test (2-sided) was used for 2 groups;
1-way ANOVA followed by the Tukey post hoc test was used
for >3 groups. The y? test was used to determine significant dif-
ferences in frequencies between different groups. The paired
t test was used for paired samples. Statistical analyses were

Circulation. 2025;151:847-862. DOI: 10.1161/CIRCULATIONAHA.124.070563
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performed using GraphPad Prism 8 (GraphPad Software).
Hierarchical statistical analysis was performed in RStudio.
Details can be found in the supplemental methods. Sample
sizes and Pvalues can be found in figure legends or figures. P
values <0.05 were considered statistically significant.

RESULTS
Identification of ITPR1 GOF Variants in Humans

To assess the potential association between [TPR1 GOF
and VAs, we searched for ITPR1 GOF variants in humans.
To date, there are many known disease-linked ITPR1 vari-
ants reported in the literature®"424% and in ClinVar (https://
www.ncbinlm.nih.gov/clinvar/). There are also hundreds of
rare ITPR1 missense variants reported in the public data
repositories (Table S1). However, the functional ramifica-
tions of most of these ITPR1 rare variants are unknown.
In contrast, many disease-associated RyR2 mutations are
known to cause GOF, and a majority of these are clus-
tered in disease-mutation hotspots® (Figure 1A). Given
the structural and functional homology between ITPRs and
RyRs, we focused on ITPR1 variants located in regions cor-
responding to the known RyR2 disease-mutation hotspots.
Using this screening strategy, we identified 33 human
ITPR1 variants (Figure 1B through 1D; Table S1). Each of
these variants was expressed in HEK293 cell lines, and
the median effective concentration (EC, ) to IP, activa-
tion was measured and compared with the wild type (WT)
(Figure 1B and 1C; Table S1; Figure S1). This comparative
functional analysis revealed 21 GOF and 6 loss-of-function
ITPR1 variants as well as 6 variants with WT-like function.
The GOF phenotypes of some ITPR1 variants were con-
firmed using the Inositol 1,4,b-trisphosphate receptor null
human embryonic kidney 293 (HEK-3KO) cells in which
all 3 ITPR isoforms have been knocked out (Figure S2).
These in vitro functional analyses indicate that ITPR1 GOF
variants exist in humans.

ITPR1 GOF Increases the Susceptibility to
Stress-Induced VAs in Mice

To determine whether human ITPR1 GOF variants in-
crease the susceptibility to stress-induced VAs, we
generated a mouse model harboring the human ITPR1-
W1457G* (mouse W1447G*") GOF variant (Figure 2).
This variant is located in the central domain of the ITPR1
channel, which corresponds to a known RyR2 disease
hotspot (Figure 1A).2° The mouse W1447G* variant
markedly increased the sensitivity of ITPR1 to IP, ac-
tivation (EC5O=26 nM compared with the 59 nM of WT
channels; £<0.0001; Figure 2; Table S1).

We then assessed the susceptibility of the ITPR1-
W1447G*- (human W1457G*") mice to stress-induced
VAs by performing ECG recordings before and after
administering a mixture of epinephrine and caffeine,
a commonly used method for inducing VAs in mouse
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Figure 1. Identification, location, and in vitro functional characterization of human ITPR1 variants.

A, Schematic diagram of the linear sequences of RyR2 and ITPR1. Major domains of RyR2 are shown as solid blue boxes. The orange boxes
indicate 4 disease-associated mutation clusters (hotspots) of RyR2. Major domains of ITPR1 are shown as solid gray/black boxes. The
corresponding homologous regions of ITPR1 and RyR2 are indicated by yellow-shaded areas. Human ITPR1 variants characterized are grouped
under domains they reside in and are color-coded as those shown in B and €. B and C, EC,  values of IP, induced Ca?* release in HEK293
cells expressing ITPR1 WT or mutants with the range of EC, values color-coded. Data shown are mean+SEM (n=3 or 4; 1-way ANOVA with
Dunnett post hoc test for obtaining P values shown in B and C). Three ITPR1 variants, D1154G, T1474l, and E1490K, are also present in the UK
Biobank. D, Locations of ITPR1 variants in the 3-dimensional structure of ITPR1 (PDB: 6MU2). The ITPR1-D2594K mutation was generated in
our structure-function relationship analysis of the channel pore (not a human variant). The 3-dimensional structural locations of ITPR1 variants,
D1154G, E1329K, P1380T, T1474l, and H1479L, have not been resolved and thus were not shown in the 3-dimensional structure (D). GOF
indicates gain-of-function; and LOF, loss-of-function.
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Figure 2. Generation of ITPR1-W1447G*- GOF mutant knock-in mice.

HEK293 cells expressing ITPR1-WT (A) and the human ITPR1-W1457G mutant (B) were transfected with an ER luminal fluorescent
Ca?*-sensing protein, G-CEPIA1er. Representative traces of ER Ca?" (G-CEPIATer) signals at baseline (0 IPa), after addition of different
concentrations of IP, (10-300 nM), and after addition of 1 uM IP, plus 4 pM CPA are shown. C, The dose-response curves of IP_-induced
fractional Ca?* release in ITPR1 WT and ITPR1-W1457G mutant cells were determined by measuring the signal drop in ER Ca?* level after a
given IP, dose and normalized to the total ER Ca®* store (the drop in ER Ca®* level after addition of 1 pM IP, plus 4 uM CPA). Data shown are
mean+SEM (n=3; 1-way ANOVA with Dunnett post hoc test for obtaining P values shown in C). D, Location of residue ITPR1-W1447 in exon
34 of the mouse ifpr1 gene and the crRNA and PAM sequences used for the CRISPR-mediated mutagenesis of the IP,R1-W1447G mutation. E,
Sequence of the single-strand oligodeoxynucleotides (ssODNs) used for homologous DNA repair. F, Genotyping of the ITPR1-W1447G mutant
allele using PCR. G, Confirmation of the W1447G*" mutation in heterozygous mouse samples by DNA sequencing.
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models.*49 ITPR1-W1447G* GOF mutant mice dis-
played significantly increased duration and inducibility
of VA, especially bidirectional ventricular tachycardia,
compared with ITPR1-WT mice (Figure 3A through 3D;
Table S2). Bidirectional ventricular tachycardia was not
observed when epinephrine or isoproterenol were admin-
istered without caffeine (Table S2). It is also important to
note that the expression level of the ITPR1 protein in the
ITPR1-WT and ITPR1-W1447G*- GOF mutant hearts
was similar (Figure S3).

We also performed ECG recordings on the ITPR1-
D2694K* GOF mutant mice that we recently reported,*’
both before and after injection of a mixture of epineph-
rine and caffeine. Like ITPR1-W1447G +~ GOF mice,
the ITPR1-D2594K*" GOF mice also exhibited stress-
induced VAs with significantly increased VA duration and
inducibility compared with WT mice (Figure 3E through
3H; Table S2). Taken together, these results show that
ITPR1T GOF increases the susceptibility to stress-
induced VAs in mice.

ITPR1 GOF Increases the Occurrence of
Spontaneous Ca?* Waves in Purkinje Fibers but
Not in Ventricular Myocytes in Heart Slices

We next investigated how enhanced ITPR1 function in-

creases the propensity for stress-induced VAs in mice.
It is well-established that under stress conditions, en-

Circulation. 2025;151:847-862. DOI: 10.1161/CIRCULATIONAHA.124.070563

hanced RyR2 function increases the propensity for
spontaneous Ca*" waves, which in turn promotes DADs
and triggered activity in Purkinje fibers and consequently
stress-induced VAs.#4%9%* Because ITPR1 is primarily
expressed in Purkinje fibers in the heart,?>?® enhanced
ITPR1 function may contribute to Ca?* waves, DADs,
and triggered activity in Purkinje fibers. Purkinje fibers
are located in the subendocardium and constitute only a
very small proportion of cells in the heart. To be able to
specifically identify and study Purkinje fibers in the heart,
we used a mouse model expressing the Cntn2-GFP, a
specific marker for Purkinje fibers.®% We cross-bred
the ITPRTMGOF mice with the Cntn2-GFP mice to pro-
duce the Cntn2-GFP/ITPR1-W1447G*", Cntn2-GFP/
ITPR1-D2694K*", and Cntn2-GFP/ITPR1-WT mice.

To assess the effect of ITPR1 GOF on intracellu-
lar Ca?* handling in Purkinje fibers, heart slices were
prepared and loaded with Rhod-2 acetoxymethyl
(AM) esters for confocal in situ Ca?" imaging. Under
baseline conditions (ie, in the absence of epinephrine
and caffeine), Cntn2-GFP—-labeled ITPR1-WT Purkinje
fibers or ITPR1-WT ventricular myocytes in heart slices
displayed few or no spontaneous Ca** waves (Figure
S4A, S4D, S4E, and S4H). In contrast, spontaneous Ca?*
waves were readily observed in Cntn2-GFP-labeled
ITPR1-W1447G*" and -D2594K*" Purkinje fibers
under baseline conditions (Figure S4B through S4D).
To determine the impact of ITPR1 GOF on intracellular
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Figure 3. ITPR1 GOF increases the susceptibility to stress-induced VAs in mice.

Representative ECG recordings of WT (A) and W1447G*~ (human W1457G) mutant (B) mice before and after injection of epinephrine (1.6 mg/

kg) and caffeine (120 mg/kg). VA duration (%) in WT and W1447G*~ mice within each 3-minute (C) or 30-minute (D) period of ECG recordings.
Data shown are mean£SEM (n=24 for WT, and 24 for W1447G*"; Mann-Whitney U test for obtaining P values shown in D). Representative ECG
recordings of ITPR1-WT (E) and ITPR1-D2594K*" (F) mice before and after injection of epinephrine (1.6 mg/kg) and caffeine (120 mg/kg).

VA duration (%) in ITPR1-WT and ITPR1-D2594K*" mice within each 3-minute (G) or 30-minute (H) period of ECG recordings. Data shown are

meanzSEM (n=20 for ITPR1-WT and 20 for ITPR1-D2594K*""; Mann-Whitney U test for obtaining P values shown in H). Bidirectional ventricular

tachycardias (BiVTs) displaying beat-to-beat alternations in QRS morphology and axis are indicated by red arrowheads.

Ca?* handing specifically in ventricular myocytes without
the influence by neighboring Purkinje cells, we selected
ventricular myocytes in an area without the presence of
neighboring Cntn2-GFP-labeled Purkinje cells in heart
slices for confocal Ca?" imaging. It is interesting that,
unlike Purkinje fibers, there were few or no spontaneous
Ca?" waves in ITPR1-W1447G*" or -D2594K*" ventric-
ular myocytes in heart slices (Figure S4F through S4H),
which is consistent with the low level of ITPR1 expres-
sion in ventricular myocytes.?2-28

Under stress conditions (ie, during epinephrine and
caffeine challenge), the frequencies of spontaneous Ca?*
waves were markedly increased in Cntn2-GFP—labeled
ITPR1-W1447G* and ITPR1-D2594K*" Purkinje fibers
(Figure 4A through 4E) but not in ITPR1-D2594K*"
and ITPR1-W1447G*" ventricular myocytes (Figure 4F
through 4l1). On the other hand, Cntn2-GFP—labeled
ITPR1-WT Purkinje fibers or ITPR1-WT ventricular myo-
cytes in heart slices showed few or no spontaneous Ca?*
waves in the presence of epinephrine and caffeine (Fig-
ure 4A, 4B, 4E, 4F, and 4l).

We also determined the effect of ITPR1 GOF on Ca?*
transient properties. There were no major differences in
the amplitude or decay time of Ca?* transients in Purkinje
fibers or ventricular myocytes between Cntn2-GFP/

852  March 25, 2025

ITPR1-WT and -W1447G*" or -D25694K*" heart slices
in the absence or presence of epinephrine/caffeine (Fig-
ure Sb). Taken together, our data show that enhanced
ITPR1 function increases the propensity for stress-
induced spontaneous Ca?* waves in Purkinje fibers, but
not in ventricular myocytes.

ITPR1-W1447G* GOF Variant Increases
Spontaneous Ca?* Release in Isolated Purkinje
Cells

To further investigate the arrhythmogenic mechanism of
ITPR1 GOF in Purkinje fibers, we assessed the effect of
the ITPR1-W1447G*" GOF variant on spontaneous Ca®
release at the level of isolated Cntn2-GFP—labeled Pur-
kinje cells using confocal line scanning Ca?* imaging. We
found that, under baseline conditions, there was no signifi-
cant difference in the frequency of Ca?* waves between
isolated Cntn2-GFP/ITPR1-W1447G*" and Cntn2-
GFP/ITPR1-WT Purkinje cells (Figure BA, 5C, and 5E),
whereas, the frequency of Ca?" sparks in isolated Cntn2-
GFP/ITPR1-W1447G*~ Purkinje cells was significantly
increased compared with isolated Cntn2-GFP/ITPR1-WT
cells (Figure bA, 5C, and 5F). On the other hand, under
stress conditions, the frequencies of Ca?* waves and Ca?*
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Figure 4. ITPR1 GOF variants increase spontaneous Ca?* release in Purkinje fibers but not in ventricular myocytes in heart

slices.

Confocal x-y images of Cntn2-GFP/ITPR1-WT (left), Cntn2-GFP/ITPR1-D2594K*" (middle), and Cntn2-GFP/ITPR1-W1447G*" (right)
mouse heart slices loaded with Rhod-2 AM, showing the GFP-labeled Purkinje fibers and Rhod-2 AM—loaded Purkinje fibers and ventricular
myocytes (A). The red dashed lines indicate the occurrence of pacing-induced Ca?" transients. Heart slices were perfused with 300 nM
epinephrine and 150 pM caffeine. Ca?* dynamics (Rhod-2 signals) in ITPR1-WT (B), ITPR1-D2594K*~ (C), and ITPR1-W1447G*~ (D) Cntn2-
GFP-labeled Purkinje fibers and in ITPR1-WT (F), ITPR1-D2594K*" (G), and ITPR1-W1447G*" (H) ventricular myocytes were recorded using
line-scanning confocal imaging during electrical field stimulation (6 Hz; indicated by a black line) and after the cessation of stimulation. Frequency
of spontaneous Ca?* waves in ITPR1-WT, ITPR1-D2594K*", and ITPR1-W1447G*~ Cntn2-GFP-labeled Purkinje fibers (E) and ventricular
myocytes (I) in the presence of epinephrine and caffeine. Data shown are mean£SEM (n=8 hearts for ITPR1-WT, 8 hearts for ITPR1-D2594K*",
and 9 hearts for [TPR1-W1447G*"; Kruskal-Wallis test with Dunn post hoc test for obtaining the adjusted P values shown in E and ).

sparks in isolated Cntn2-GFP/ITPR1-W1447G*" Purkin-
je cells were markedly increased compared with those in
isolated Cntn2-GFP/ITPR1-WT Purkinje cells (Figure 5B,
5D, BE, and 5F). Furthermore, ryanodine treatment (10
pM) abolished these spontaneous Ca** waves and Ca?
sparks (Figure S6), revealing a critical role of RyR2 in

Circulation. 2025;151:847-862. DOI: 10.1161/CIRCULATIONAHA.124.070563

these spontaneous Ca?*" release events. Moreover, the
sarcoplasmic reticulum Ca?" content did not differ be-
tween Cntn2-GFP/ITPR1-WT and Cntn2-GFP/ITPR1-
W1447G* Purkinje cells, as revealed by caffeine-induced
Ca?* release and the integrated Na*/Ca?" exchanger cur-
rent measurements (Figures S7 and S8). Therefore, ITPR1
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Figure 5. The ITPR1-W1447G*- GOF variant increases the propensity for spontaneous Ca?* release in isolated Purkinje cells.
Representative line-scan Ca?* images of isolated Cntn2-GFP-labeled ITPR1-WT Purkinje cells before (A) and after the treatment of 300 nM
epinephrine plus 150 pM caffeine (B) or isolated Cntn2-GFP-labeled ITPR1-W1447G*~ Purkinje cells before (C) and after the treatment of 300
nM epinephrine plus 150 pM caffeine (D) during electrical field stimulation (3 Hz; indicated by a black line) and after the cessation of stimulation.
The frequency of spontaneous Ca?* waves (E) and Ca?* sparks (F) in isolated Cntn2-GFP/ITPR1-WT and Cntn2-GFP/ITPR1-W1447G*"
Purkinje cells in the control condition or in the presence of epinephrine and caffeine. Red arrowheads and white dashed line circles indicate the
occurrence of spontaneous Ca** sparks. Data shown are mean+SEM (for ITPR1-WT, n=73 Purkinje cells in the control condition, and n=70 cells
in the presence of epinephrine and caffeine from 9 hearts; for ITPR1-W1447G*", n=66 Purkinje cells in the control condition and n=88 cells in
the presence of epinephrine and caffeine from 9 hearts; Kruskal-Walllis test with Dunn post hoc test for obtaining the adjusted P values shown in
E and F).

GOF enhances stress-induced, ryanodine-sensitive, spon-  markedly suppressed by a low concentration of ITPR
taneous Ca®* release in isolated Purkinje cells. inhibitor, 2-aminoethoxydiphenyl borate (2-APB) (2 uM;

We also assessed the effect of the ITPR1-W1447G*~  Figures S9 and S10), or were diminished by ryanodine
GOF variant on spontaneous Ca?* release upon addi- (50 pM; Figure S11). These data indicate that the ITPR1-

tion of a membrane-permeable IP, ester (myo-inositol ~ W1447G*~ GOF variant can also enhance the occur-
1,4,5-trisphosphate hexakis [butyryloxymethyl], |P3BM) rence of IP,-induced Ca’* release that involves both the
or aknown IP_-generating hormone, ET-1 (endothelin-1), ITPRs and ryanodine receptors (RyRs). This is consistent
in isolated Cntn2-GFP/ITPR1-WT and Cntn2-GFP/  with previous studies?3-252856-59

ITPR1-W1447G*" Purkinje cells. Both IP,BM and ET-1 It has previously been shown that [TPR1 is predomi-

increased Ca?* spark frequency in both Cntn2-GFP/  nantly located at the cell periphery underneath the sarco-
ITPR1-WT and Cntn2-GFP/ITPR1-W1447G*" GOF  lemmaand the perinuclear region of Purkinje cells."%5% |n
mutant Purkinje cells (Figures S9 and S10). The IP,BM- line with this subcellular localization of ITPR1, IP,-induced
or ET-1-induced increase in Ca®*" spark frequency in  Ca?* release events in Purkinje cells were primarily
Cntn2-GFP/ITPR1-W1447G*~ GOF mutant Purkinje  observed at the cell periphery and perinuclear region.23-252
cells was significantly higher than that in Cntn2-GFP/  Consistent with those reported previously, we found that
ITPR-WT cells (Figures S9 and S10). Furthermore, the ITPR1 staining and IP,-induced Ca* release events were
frequency of IP,BM- or ET-1-induced Ca®* sparks were  predominantly located at the cell periphery and perinuclear
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region of ITPR1-WT and ITPR1-W1447G*" GOF mutant
Purkinje cells with a similar pattern of subcellular distribu-
tion (Figures S12 and S13).

ITPR1 GOF Increases Spontaneous Membrane
Depolarizations in Purkinje Fibers but Not in
Ventricular Myocytes in Heart Slices

Spontaneous intracellular Ca?* waves can alter mem-
brane potentials in cardiac cells.32%% An important ques-
tion is whether ITPR1 GOF-enhanced spontaneous Ca®*
waves can evoke membrane depolarizations in Purkinje
fibers. To this end, we performed confocal line-scanning
membrane potential imaging of voltage-sensitive dye

ITPR1 GOF and Cardiac Arrhythmia Risk

(RH237)—loaded heart slices prepared from Cntn2-
GFP-labeled ITPR1-WT, -W1447G*", and -D2594K*"
mice. No spontaneous membrane depolarizations were
observed in Cntn2-GFP/ITPR1-WT or Cntn2-GFP/
ITPR1-mutant Purkinje fibers or ventricular myocytes in
the absence of epinephrine and caffeine (Figure S14).
However, upon stimulation with epinephrine and caffeine,
spontaneous membrane depolarizations were readily ob-
served in Cntn2-GFP/ITPR1-W1447G*" and Cntn2-
GFP/ITPR1-D2594K*~ mutant Purkinje fibers, but not
in Cntn2-GFP/ITPR1-WT Purkinje cells (Figure BA, 6B,
and 6D through 6F). In contrast, epinephrine and caffeine
did not evoke spontaneous membrane depolarizations
in ITPR1-WT, ITPR1-W1447G*", or ITPR1-D2594K*"
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W
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Figure 6. ITPR1 GOF variants enhance spontaneous depolarizations in Purkinje cells but not in ventricular myocytes in heart
slices.

Confocal x-y images of Cntn2-GFP/ITPR1-WT (left), Cntn2-GFP/ITPR1-D2594K*" (middle), and Cntn2-GFP/ITPR1-W1447G*~ (right)
mouse heart slices loaded with RH237 voltage-sensing dye, showing the GFP-labeled Purkinje cells and RH237-loaded Purkinje cells and
ventricular myocytes (A). Heart slices were perfused with 300 nM epinephrine plus 150 puM caffeine. The RH237 signals (membrane potential)
in ITPR1-WT (D), ITPR1-D2594K*" (E), and ITPR1-W1447G*~ (F) Cntn2-GFP-labeled Purkinje cells and in ITPR1-WT (G), ITPR1-D2594K*
(H), and ITPR1-W1447G*~ (I) ventricular myocytes were recorded using line-scanning confocal imaging during electrical field stimulation (6

Hz; indicated by a black line) and after the cessation of stimulation. Frequency of spontaneous membrane depolarizations in ITPR1-WT, ITPR1-
D2594K*", and ITPR1-W1447G*- Cntn2-GFP-labeled Purkinje cells (B) and ventricular myocytes (C) in the presence of epinephrine and
caffeine. The trace underneath each RH237 line-scan image represents the average intensity of the RH237 fluorescence signal along the entire
scan-line. Data shown are mean+SEM (n=11 hearts for ITPR1-WT, 6 hearts for [TPR1-D2594K*~, and 4 hearts for ITPR1-W1447G*"; Kruskal-
Wallis test with Dunn post hoc test for obtaining the adjusted Pvalues shown in B and C).
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ventricular myocytes devoid of neighboring Purkinje cells
in heart slices (Figure 6C and 6G through 6l). Note that
ventricular myocytes in intact hearts are coupled to Pur-
kinje cells through the Purkinje-muscle junctions. How-
ever, in thin heart slices, some of these Purkinje-muscle
junctions may have been removed, leading to patches of
ventricular myocytes disconnected from Purkinje cells.
The loss of this coupling between Purkinje cells and
cardiomyocytes would prevent effective transmission
of action potentials generated in Purkinje cells to the
ventricular myocytes in thin heart slices. Taken togeth-
er, these data indicate that ITPR1 GOF increases the
propensity for stress-induced spontaneous membrane
depolarizations in Purkinje fibers, but not in ventricular
myocytes, which is again consistent with the low level of
ITPR1 expression in ventricular myocytes.?>™28

ITPR1-W1447G* GOF Variant Increases the
Propensity for Triggered Activity in Isolated
Purkinje Cells

Spontaneous Ca?" waves can evoke DADs and trig-
gered activity (ie, DAD-provoked action potentials) in
Purkinje cells and consequently stress-induced VAs 32736
To determine whether spontaneous membrane depolar-
izations observed in Purkinje fibers resulted from DAD-
provoked triggered activity, we performed whole cell
current-clamp recordings of isolated Cntn2-GFP-la-
beled Purkinje cells. There was no significant difference
in the frequency of DADs between Cntn2-GFP/ITPR1-
W1447G* and Cntn2-GFP/ITPR1-WT Purkinje cells
under the baseline condition (Figure 7A, 7C, and 7E).
However, under stress condition, the frequency of DADs
in Cntn2-GFP/W1447G*" Purkinje cells was markedly
increased compared with that in the Cntn2-GFP/ITPR1-
WT Purkinje cells (Figure 7B, 7D, and 7E). Similarly, the
frequency of triggered activity was not significantly differ-
ent between Cntn2-GFP/ITPR1-W1447G*" and Cntn2-
GFP/ITPR1-WT Purkinje cells under baseline conditions
(Figure 7A, 7C, and 7F), but it was markedly enhanced
in Cntn2-GFP/ITPR1-W1447G*~ Purkinje cells under
stress conditions (Figure 7B, 7D, and 7F). The ITPR1-
W1447G*" mutation also significantly increased the
fraction of Cntn2-GFP-labeled Purkinje cells that dis-
played triggered activities under both baseline and stress
conditions (Figure 7G). Collectively, these data suggest
that ITPR1 GOF predisposes to stress-induced VAs by
increasing the propensity for spontaneous Ca?* waves,
DADs, and triggered activities in Purkinje cells.

Human ITPR1 GOF Variants Are Associated
With Increased Risk for Cardiac Arrhythmias
Our animal studies demonstrate that ITPR1 GOF in-

creases the susceptibility to cardiac arrhythmias in mice.
This raises an important question of whether ITPR1

8566  March 25, 2025
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GOF is also associated with increased risk for cardiac
arrhythmias in humans. To this end, we analyzed the
exome sequence data for 10% of the cohort (referred
to as 50000 UK Biobank participants exome data set)
released by the UK Biobank,® a large-scale biomedical
database and research resource containing genotypes
and health information from half a million United King-
dom participants.' It is interesting that, among the 33
human ITPR1 missense variants we have functionally
characterized (Figure 1; Table S1), 3 variants were also
in the 50000 UK Biobank participants exome data set:
2 weak GOF variants (D1154G and T14741, also present
on the Affymetrix array and therefore genotyped in the
full UK Biobank data set) and one moderate GOF vari-
ant (E1490K). None of the strong GOF variants we have
functionally characterized were present in the 50000 UK
Biobank participants exome data set. A question arises:
Are these moderate and weak ITPR1 GOF variants as-
sociated with increased risk for cardiac arrhythmias? It is
interesting that there are 2 carriers of the moderate GOF
ITPR1-E1490K variant within the 50000 UK Biobank
participants exome data set, one of which was diagnosed
with atrial fibrillation and flutter. The clinical diagnoses of
the other E1490K carrier were unremarkable. For the
weak ITPR1 GOF variants (D1154G and T1474l), there
are 854 and 680 carriers, respectively, among the UK
Biobank participants with white British ancestry. Our ge-
netic analysis (adjusted for age and sex) showed that
carriers of the [TPR1-D1154G variant had a nominally
significantly increased risk for tachycardia (International
Classification of Diseases, 10th Revision, R00.0) with an
odds ratio of 1.97 (P=3.6x1072). For the ITPR1-T1474|
variant, no association was observed.

Because rare variants are notoriously difficult to link
to phenotypes in association studies (because of low
statistical power), a gene-based burden analysis combin-
ing all rare coding variants into a single test has been
performed by Lee et al for 791 phenotypes, and the
results were made available through a browser (http://
ukb-50kexome.leelabsg.org/gene/ITPR1). ITPR1 was
found to be associated with the following partially over-
lapping phenotype codes: paroxysmal tachycardia (427.1;
overall P=2.4x10), paroxysmal supraventricular tachy-
cardia (427.11; overall P=1.6x107%), and cardiac arrest
and ventricular fibrillation (427.4; overall P=0.014; Table
S3). These associations were driven by missense variants
and not by stop-gain or frame-shift variants. To assess
the potential association between [TPR1 GOF and
increased risk for arrhythmias, we selected top ITPR1
variants identified in each of these diagnoses, which are
highly conserved in all 3 ITPR1 isoforms across different
species. These include ITPR1 variants V802M, V13b3L,
[1297M, H1421Q, K2134Q, P2747S, and 11297V. We
then generated HEK293 cell lines expressing each of
these variants and determined the EC, of each variant
to IP, activation using the IP,-induced Ca** release assay
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Figure 7. The ITPR1-W1447G*- GOF variant enhances triggered activity in isolated Purkinje cells.

Membrane potentials in Cntn2-GFP/ITPR1-WT Purkinje cells before (A) and after the treatment of epinephrine and caffeine (B) or in Cntn2-
GFP/ITPR1-W1447G*~ Purkinje cells before (C) and after the treatment of epinephrine and caffeine (D) were recorded using whole cell patch-
clamp recordings in the current clamp mode. E, The frequency of delayed afterdepolarizations (DADs), (F) the frequency of triggered activity, and
(G) the fraction of cells displaying triggered activity in Cntn2-GFP/ITPR1-WT and Cntn2-GFP/ITPR1-W1447G*~ Purkinje cells before (control)
and after epinephrine and caffeine treatment. Red arrowheads indicate the presence of DADs, red asterisks triggered activity, and red vertical
bars pacing stimulations. Data shown are meantSEM (n=22 cells from 7 ITPR1-WT hearts, n=24 cells from 8 [TPR1-W1447G*" hearts; 2-way
ANOVA with Tukey post hoc test was performed for obtaining P values shown in E and F and x* test for determining P values shown in G).

in HEK293 cells. Remarkably, we found that all these 7
ITPR1 variants exhibited significantly increased sensitivity
to IP, activation (ie, GOF; Figure 8). The GOF phenotype
of ITPR1 variants, ITPR1-V802M, -11297M, and -11297V,
were confirmed using the HEK-3KO cells in which all 3
ITPR isoforms have been knocked out (Figure S2). These
data are consistent with the notion that ITPR1 GOF
increases the risk for cardiac arrhythmias in humans.

Circulation. 2025;151:847-862. DOI: 10.1161/CIRCULATIONAHA.124.070563

DISCUSSION

Despite its widespread tissue expression, mutations in
the ITPR1 gene have primarily been linked to movement
disorders.®" 14243 The pathological ramifications of ITPR1
dysfunction in nonneuronal tissues are poorly understood.
For instance, ITPR1 is expressed in cardiac Purkinje fi-
bers and has been implicated in cardiac arrhythmias,>?~®
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Figure 8. Human ITPR1 variants associated with increased risk for cardiac arrhythmias increase the sensitivity of ITPR1 to

activation by IP,.

A, A schematic diagram of the linear sequences of RyR2 and ITPR1. Major domains of RyR2 are shown as solid blue boxes. The orange

boxes indicate 4 disease-associated variant clusters (hotspots) of RyR2. Major domains of ITPR1 are shown as solid gray/black boxes. The
corresponding homologous regions of ITPR1 and RyR2 are Indicated by yellow-shaded areas. Human ITPR1 variants characterized are grouped
under domains they reside in and are color-coded as those shown in C. B, Locations of ITPR1 variants in the 3-dimensional structure of ITPR1
(PDB: 6MU2). C, EC, values of IP, induced Ca?* release in HEK293 cells expressing ITPR1 WT or variants with the range of EC, values color-
coded. Data shown are mean+SEM (n=3 or 4; 1-way ANOVA with Dunnett post hoc test for obtaining Pvalues shown in C). D through F, The
dose-response curves of IP -induced fractional Ca** release in HEK293 cells expressing ITPR1 WT, V802M, [1297M, and V1353L (D), 11297V
and H1421Q (E), and K2134Q and P2747S (F) were determined by measuring the signal drop in ER Ca?* level after a given IP, dose and
normalized to the total ER Ca®" store (the drop in ER Ca®* level after addition of 1 uM IP, plus 4 pM CPA). Data shown are mean£SEM (n=3 or

4). GOF indicates gain-of-function; and LOF, loss-of-function.

but direct evidence for the role of ITPR1 in Purkinje-
related arrhythmias has yet to be demonstrated. It is
interesting that nearly all disease-linked ITPR1 variants
characterized to date are loss-of-function,® 4243 |eav-
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ing the pathological significance of ITPR1 GOF largely
unknown. Here, we used ITPR1 mutant mouse models
to assess the role of enhanced ITPR1 function in car-
diac arrhythmias. We performed confocal in situ Ca?" and
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voltage imaging on Purkinje fibers in heart slices and
Ca?* imaging and patch-clamp recordings on isolated
Purkinje cells. We revealed, for the first time, that ITPR1
GOF variants enhanced the propensity for spontaneous
Ca?* waves, DADs, and triggered activity in Purkinje cells,
and increased the susceptibility to stress-induced VAs in
mice. Given that Ca?* mishandling in Purkinje cells is a
major source of cardiac arrhythmia,?32%306263 oyr findings
suggest that ITPR1 is a potential risk gene for cardiac
arrhythmias.

An important question is whether ITPR1 GOF also
increases cardiac arrhythmia risk in humans. To address
this, we first determined whether ITPR1 GOF variants
exist in humans. We performed a systematic in vitro
functional characterization of a large number of known
human ITPR1 variants and identified 28 GOF variants.
Unfortunately, information about arrhythmia susceptibil-
ity of these human ITPR1 GOF variants is not available,
and there is no access to these ITPR1 GOF variant
carriers for further clinical evaluations. Hence, the
arrhythmia susceptibility of these human ITPR1 GOF
variant carriers remains to be investigated. Recently,
Lee et al exploited the UK Biobank exome data set and
conducted gene-based burden testing (or gene-based
collapsing analysis) to identify potential associations
of genes with rare disorders (http://ukb-50kexome.
leelabsg.org). Lee et al (http://ukb-50kexome.leelabsg.
org/gene/ITPR1) reported that there are potential
associations of rare ITPR1 missense (but not stop-
gain or frame-shift) variants with cardiovascular events,
including paroxysmal tachycardia (overall P=2.4x10
%), paroxysmal supraventricular tachycardia (overall
P=1.6x107), and cardiac arrest and ventricular fibril-
lation (overall P=0.014; Table S3). We performed in
vitro functional characterization of those ITPR1 rare
variants that are most highly associated with one or
more of these diagnoses and that are conserved in
all 3 ITPR isotypes (Table S3). Remarkably, all ITPR1
rare variants characterized, including V802M, V1353L,
[1297M, H1421Q, K2134Q, P2747S, and 11297V, are
GOF. Therefore, these findings are consistent with the
predisposition of ITPR1 GOF variants to increased risk
for cardiac arrhythmias in humans. It is, however, impor-
tant to note that the gene-based collapsing analyses
performed and reported by Lee et al are based on small
number of carriers and only show potential association
of ITPR1 GOF variants with increased risk for cardiac
arrhythmias with certain probabilities (overall P values)
in humans, which is consistent with our observations in
mice. To definitively establish the association between
ITPR1 GOF and cardiac arrhythmias, large case and
control samples (not population-based samples) that
have undergone sequencing or identification and char-
acterization of a large pedigree where an ITPR1 GOF
variant is segregating with the cardiac arrythmia phe-
notype in multiple generations would be required. Cur-

Circulation. 2025;151:847-862. DOI: 10.1161/CIRCULATIONAHA.124.070563

ITPR1 GOF and Cardiac Arrhythmia Risk

rently, the /TPRT gene is included in the gene panel for
clinical genetic testing of ataxia. Including the ITPRT
gene in the gene panel for clinical genetic testing of
cardiac arrhythmias would help to determine the role of
ITPR1 in cardiac arrhythmias.

Cardiac Purkinje cells express both the ITPR1 that is
located beneath the sarcolemma and the RyR2 that is
located predominantly in the interior of the cell.23-252856
It is believed that local Ca?" release by ITPR1 serves
as an initiator of a larger Ca?* release from RyR2 that
leads to propagating Ca?" waves.?32528% Physical and
emotional stresses can activate the $-adrenergic recep-
tor—-cAMP-PKA (protein kinase A) signaling pathway
that enhances RyR2 mediated Ca?* release in Purkinje
cells. These stresses can also activate the a-adrenergic
receptor—PLC (phospholipase C)-IP, signaling path-
way that increases ITPR1-mediated Ca®* release in the
same cells.29303683°67 Thys, enhanced ITPR1 and RyR2
function may synergistically promote the initiation of
local spontaneous Ca?* release and the generation/
propagation of arrhythmogenic Ca?* waves in Purkinje
cells. This in turn would increase the propensity for trig-
gered activity. Consistent with this view, we found that
pretreatment with ryanodine completely abolished epi-
nephrine/caffeine-induced Ca?* waves and Ca?" sparks
in ITPR1-W1447G*" GOF mutant Purkinje cells. This
dual ITPR1- and RyR2-controlled Ca?* release mecha-
nism may make the Purkinje cells highly vulnerable to
stress-induced Ca?" dysregulation and Ca?*-triggered
VAs. This vulnerability of Purkinje cells to Ca?* dys-
regulation highlights the importance of targeting both
the B- and a-adrenergic receptors as well as both the
RyR2- and ITPR1-mediated abnormal Ca?* release for
suppressing stress-induced VAs.

Ca?* handling in Purkinje cells is often studied at the
level of isolated cells.>~®3 Our present work demon-
strated the feasibility of studying Ca®* handling in Pur-
kinje cells in situ in heart slices. We used the Cntn2-GFP
mice in which Purkinje cells are fluorescently labeled.
Line-scanning confocal imaging was used to assess
Ca?* dynamics in individual Purkinje cells and ventricular
myocytes within these heart slices. It is interesting that
there were few or no spontaneous Ca?* release events
in Purkinje cells or ventricular myocytes in heart slices
prepared from WT mice under either rest or stimulating
conditions. In contrast, spontaneous Ca?* release events
were readily observed in Purkinje cells, but not in ven-
tricular myocytes, in heart slices from [TPR1-W1447G*"
or -D2594K*" GOF mutant mice under both the rest
and stimulating conditions. We also performed mem-
brane voltage imaging of Purkinje cells and ventricular
myocytes in situ in heart slices and demonstrated that
pharmacological stress (epinephrine and caffeine) only
evoked membrane depolarizations in Purkinje cells, but
not in ventricular myocytes, in the ITPR1-W1447G*" or
-D2594K*~ GOF mutant heart slices. Thus, this heart
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slice preparation represents a reliable approach to study-
ing Ca?* handling in Purkinje cells.

The ITPR1-D2594K*" GOF mutation enhanced
ITPR1 activation at low Ca?* levels and suppressed
Ca?*-dependent inhibition at high levels.®® However, the
effects of other ITPR1 GOF mutations on the Ca®" and
IP, dependence of channel activation remain unexplored.
Future studies on the mechanisms by which ITPR1 GOF
affects channel function are needed.

In summary, the present study identified many novel
human ITPR1 GOF variants and generated the first
mouse model of human ITPR1 hyperactivity. We showed,
for the first time, that ITPR1 GOF enhances spontane-
ous Ca?* release and triggered activity in Purkinje cells
and arrhythmia susceptibility in mice. Furthermore, gene-
based collapsing analysis suggests that ITPR1 GOF also
increases the risk for cardiac arrhythmias in humans.
Given that ITPR1 is expressed in a variety of cells and
tissues, our novel ITPR1 GOF mutant mouse models
may provide the much-needed tool for investigating the
significance of ITPR1 hyperactivity in a wide range of
disorders.
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