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Abstract: The inherited mutation (R14del) in the calcium regulatory protein phospholamban (PLN)
is linked to malignant ventricular arrhythmia with poor prognosis starting at adolescence. However,
the underlying early mechanisms that may serve as prognostic factors remain elusive. This study
generated humanized mice in which the endogenous gene was replaced with either human wild type
or R14del-PLN and addressed the early molecular and cellular pathogenic mechanisms. R14del-PLN
mice exhibited stress-induced impairment of atrioventricular conduction, and prolongation of both
ventricular activation and repolarization times in association with ventricular tachyarrhythmia,
originating from the right ventricle (RV). Most of these distinct electrocardiographic features were
remarkably similar to those in R14del-PLN patients. Studies in isolated cardiomyocytes revealed RV-
specific calcium defects, including prolonged action potential duration, depressed calcium kinetics
and contractile parameters, and elevated diastolic Ca-levels. Ca-sparks were also higher although
SR Ca-load was reduced. Accordingly, stress conditions induced after contractions, and inclusion
of the CaMKII inhibitor KN93 reversed this proarrhythmic parameter. Compensatory responses
included altered expression of key genes associated with Ca-cycling. These data suggest that R14del-
PLN cardiomyopathy originates with RV-specific impairment of Ca-cycling and point to the urgent
need to improve risk stratification in asymptomatic carriers to prevent fatal arrhythmias and delay
cardiomyopathy onset.
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1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is a rare disease with a prevalence of about
1:1000 to 1:5000. Early characteristics include predisposition to ventricular arrhythmias
even in the absence of overt functional or structural abnormalities. At later stages, clinical
manifestations are associated with the development of progressive heart failure [1,2]. ACM
is mainly a genetically linked disease and a key etiology of sudden cardiac death in young
carriers, usually linked to exercise or adrenergic stimulation [2]. The underlying cellular
etiologies are not well defined and delineation of the early pre-pathogenic mechanisms for
preventative care remains a challenge. Although ACM is mainly associated with mutations
in desmosomal genes, it is becoming increasingly apparent that non-desmosomal proteins
may also lead to similar clinical phenotypes [1]. Indeed, mutations in genes that regulate
calcium homeostasis, such as ryanodine receptor and phospholamban (PLN), have been
shown to result in ACM [3–5]. A mutation in PLN, entailing deletion of Arg-14 (R14del), a
highly conserved basic amino acid in the coding region, has been receiving interest recently
as carriers develop abnormal characteristic electrocardiogram (ECG) with an increased risk
for malignant ventricular arrhythmias at an early age [3,5]. PLN is a prominent regulator
of SR Ca-cycling and contractility. In the dephosphorylated state, PLN is an inhibitor of
the Ca-affinity of SERCA2a, and upon its phosphorylation by β-adrenergic agonists, the
inhibitory effects are relieved [6]. The R14del-PLN mutation has only been found in the
heterozygous state, and carriers have been identified in several European countries, US
and Canada [3,7]. The carriers have prompted the formation of the PLN Foundation [8]
as prognosis remains poor, starting at late adolescence, and mortality is usually observed
between the ages of 25–35 years [3,5,7]. Cardiomyocytes, derived from human R14del-PLN
induced pluripotent stem cells (iPSC-CMs), displayed irregular Ca-handling [9], but the
contribution of this mutation to ACM remains elusive.

Previous overexpression studies of R14del-PLN in either heterologous systems or
in mouse models indicated super-inhibition of SERCA2a activity that led to cardiac re-
modeling and early death [3]. Interestingly, when the R14del-PLN was expressed in the
PLN-deficient background, the mutant did not localize to SR and there was no inhibition of
SERCA2a activity [10]. Recently, a mouse model with insertion of the R14del mutation in
the endogenous PLN locus was generated, and while homozygous mice died young with
dilated cardiomyopathy (DCM), heterozygous mice showed a propensity to arrhythmia
only at an old age (18 months) [11]. However, these findings do not reflect the human
phenotype, since there are no homozygous R14del-PLN patients identified and the het-
erozygous carriers exhibit abnormal ECG characteristics even at a young age [3,5]. In
addition, human PLN contains Lys instead of Asn at position 27, and this introduces an
additional positive charge in the inhibitory domain of PLN, consisting of amino acids (AA)
21–30, which may alter the structure of the protein. Indeed, previous NMR studies of AA
1–36 suggested that the spatial conformation of human PLN is significantly different from
that in mouse or other mammalian species [12]. Furthermore, Asn27 in PLN was reported
to interact with Leu321 in SERCA2a, and alterations in this residue are expected to have
significant effects on the SERCA2a affinity. Indeed, cardiac overexpression of human PLN
in the mouse heart resulted in increased inhibitory activity compared to mouse PLN [12].

Thus, there is a pressing need to better understand the molecular mechanisms associ-
ated with the human R14del-PLN mutation and develop a mechanistic insight of potential
Ca-cycling defects that precede structural alterations, which may have important thera-
peutic implications. In this regard, we generated humanized mouse models in which the
endogenous PLN was replaced by human wild type (WT-PLN) or human R14del-PLN in
the heterozygous state, to mimic the human carriers. Our findings indicate that R14del-PLN
was associated with infrequent premature ventricular contractions under basal conditions,
while stress caused delayed ventricular activation, prolonged repolarization, and a high
burden of premature ventricular contractions and ventricular tachyarrhythmia, originat-
ing from the right ventricle in vivo. At the cellular level, action potential duration was
prolonged, Ca-cycling was depressed, and contractile parameters were inhibited only in
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right ventricular mutant myocytes. These findings reveal that RV-specific Ca-impairment
is an early defect associated with R14del-PLN mutation and point to the importance in
stratification of asymptomatic carriers to prevent the risk of sudden death and/or delay
overt cardiac disease.

2. Materials and Methods
2.1. Humanized WT-PLN and R14del-PLN Knock-in Mice

Mice harboring the human WT and R14del-PLN coding sequence were created by in-
serting LoxP-H2B-GFP-4XpolyA-FRT-Neo-FRT-LoxP-hPLNWT/R14del cassette into the PLN
start codon at exon 2 through gene targeting. Chimeric males (129/Sv-CP; C57Bl/6J) were
bred to Sox2-Cre mice to establish a hybrid line for WT and R14del mice. The animals were
genotyped by tail PCR using a primer set (forward: AAGCTGTGCATATCTACCCAGAGA;
reverse: AGCTGAGTTGGCATGTTGCAGGT) to amplify a ~500 bp fragment containing
the human coding sequence of PLN. To confirm the presence of the mutation, the PCR
product was purified and sequenced by Sanger sequencing. To establish the R14del het-
erozygous colony, the WT homozygous mice were crossed with R14del homozygous mice.
The progenies were genotyped using isolated tail DNA samples and PCR methodology.
The male heterozygous mice (R14del/WT), as well as WT controls, were used for experi-
mental studies. Reagents’ usage, animal procedures, and animal care were approved by
the Institutional Animal Care and Use Committee of the University of Cincinnati. The
investigation followed the guidelines by Association for Assessment and Accreditation
of Laboratory Animal Care and Guide for the Care and Use of Laboratory Animals by
National Institutes of Health. Animals were euthanized by carbon dioxide (CO2) inhalation
followed by cervical dislocation.

2.2. Histology

Hearts were excised from anesthetized (Euthasol, 200 mg/kg ip, Virbac AH, Inc.,
Fort Worth, TX, USA) 12-week-old mice (WT, n = 6; R14del, n = 6) and immediately fixed
in 10% neutral buffered formalin (Sigma, Saint Loius, MO, USA). Paraffin-embedment
cardiac sections were prepared at 5 µm of thickness. Sections were deparaffinized with two
washes in fresh xylene for five minutes and then rehydrated through a series of washes in
decreasing concentrations of ethanol (100%, 95%, 80%, 70%, 50%) for 5 min at each step.
Following rehydration, sections were incubated in 0.1% Sirius red in saturated picric acid
for 1 h, then washed in acidified water. The picrosirius red-stained sections of the hearts
were checked for the presence of fibrosis. Fast Green solution was used in combination
with the picrosirius red, which stains non-collagenous proteins. Whole-heart images were
obtained using Axio Scan.Z1 (Zeiss).

2.3. In Vivo Stress-Induced Arrhythmias

Mice were anesthetized using 2.5% Avertin (2,2,2 Tribromoethanol, Sigma; 100 mg/kg,
ip). Avertin was selected as anesthetic reagent because it is appropriate for acute and
short experiments in mice as well as due its ability to maintain stable cardiac rhythmic
function (physiological blood pressure, heart rate and no bradycardic effect), compared
to ketamine or ketamine/xylazine mix [13–15]. After stabilization and a baseline ECG
recording for 5 min, a simultaneous intraperitoneal injection of caffeine (20 mg/kg, Sigma)
and epinephrine (2 mg/kg, Sigma) was administered, which was followed by a subsequent
recording period of 10–20 min. An equivalent of lead I and II surface ECG recording
(PowerLab, AD Instruments, Colorado Springs, CO, USA) was performed. Image pro-
cessing and data analysis were performed using LABCHART software (AD Instruments,
Colorado Springs, CO, USA). The ECG waveforms’ morphology was manually reviewed
and analyzed using custom software (MathWorks, Inc., Natick, MA, USA).
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2.4. Human R14del-PLN Electrocardiogram Studies

From the dataset of all resting 12-lead ECGs acquired in the nursing wards or out-
patient clinic of the University Medical Center Utrecht (UMCU) from January 1991 until
December 2020, 105 R14del-PLN patients were identified. ECGs were obtained using
General Electric MAC 5500 (GE Healthcare, Chicago, IL, USA), and only the first ECG
was included. All ECGs of insufficient quality, with supra (ventricular) arrhythmias or
paced rhythms or acquired after implantation of a left ventricular assist device (LVAD) or
heart transplantation were excluded. Conduction intervals and median beat ECGs were
extracted from the MUSE ECG system and used to calculate the peak R-wave voltage in the
extremity leads using in-house software. Extracted data were de-identified in accordance
with EU General Data Protection Regulation. Thus, written informed consent was not
required by the ethical committee.

2.5. Electrophysiological Recordings

Isolated RV and LV myocytes from WT-PLN and R14del-PLN hearts were perfused
with Tyrode’s solution containing (in mM): NaCl 140, KCl 5.4, MgCl2 1, CaCl2 1.8, Hepes 5,
and glucose 10 (PH = 7.4). Action potentials were recorded using whole-cell patch clamp
recording under current clamp mode and were triggered with just-threshold 2 ms current
steps at a stimulation rate of 1 Hz at room temperature (24 °C). Glass pipettes were filled
with a solution containing (in mM) K-aspartate 110, KCl 20, EGTA 10, Hepes 10, MgCl2
2.5, NaCl 8, CaCl2 1, Na2-ATP 2, and Na-GTP 0.1 (pH adjusted to 7.2 with KOH) and
had a resistance of 1.5–2.0 MΩ. All recordings were performed with an Axopatch-200B
amplifier (Axon Instruments Inc., Foster City, CA, USA). Data collection and analysis were
performed using PCLAMP 9 software.

2.6. Mouse Myocyte Mechanics, Ca Kinetics

To isolate RV and LV myocytes from 12-week-old anesthetized WT-PLN and R14del-
PLN mice, the hearts were harvested and mounted in a Langendorff perfusion apparatus.
The hearts were perfused with Ca-free Tyrode solution (described above) at 37 ◦C for 3 min.
Subsequently, the hearts were perfused with Ca-free Tyrode solution, which contained
the digestion enzyme liberase lendzyme I (0.25 mg/mL, Roche) until the hearts became
flaccid (8–15 min). The RV and LV tissues were individually cut and shredded with two
fine-tipped tweezers. Myocytes were released by pipette-dissociation followed by filtering
through a 240 µm screen. The cell suspensions were transferred into 15 mL conical tubs,
and the cells were allowed to settle for about 10–15 min. Then, the cell pellets were washed
in 25, 100, 200 µM and 1 mM Ca-Tyrode. The cells were kept in 1 mM Ca-Tyrode buffer
until the experiments were performed. For analysis, 10 uL of the cell suspension was
transferred into a Plexiglas chamber containing 500 uL of 1.8 mM Ca-Tyrode buffer, which
was positioned on the stage of an inverted epifluorescence microscope (Nikon Diaphot
200). Cell shortening and Ca-transients were measured at room temperature (24 ◦C) in RV
and LV myocytes, stimulated at 0.5 Hz (+/−100 nM isoproterenol) [16]. For Ca transients,
cells were loaded with Fura-2 (2 µM) and alternately excited at 340 and 380 nm by a Delta
Scan dual-beam spectrophotofluorometer (Photon Technology Interbnational, Monmouth
Junction, NJ, USA ) at baseline and upon rapid application of 10 mM caffeine. To examine
SR Ca load and the contribution of Na/Ca exchanger during [Ca2+]i decline, the Fura2
loaded cells were stimulated at 0.5 Hz, and upon stabilization of twitches, 10 mM caffeine
was rapidly applied and recording was continued for 20 s [16,17]. The caffeine-induced Ca
transient amplitude was used as an indicator of SR Ca content. Decline of [Ca2+]i during a
caffeine-induced Ca transient was attributed to Na/Ca exchange. In addition, myocyte
mechanics were evaluated in the presence of 100 nmol/L isoproterenol at 0.5 Hz. Data
were analyzed by Felix software (Photon Technology International, Birmingham, NJ, USA).
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2.7. Measurement of Calcium Sparks

Ca sparks were recorded in quiescent LV and RV myocytes loaded with fluo-4 AM
(10 µM; Molecular Probes, Eugene) and washed with Tyrode’s solution. Myocytes were
superfused with Tyrode solution containing 1.8 mM CaCl2 and spontaneous Ca sparks
were obtained in the absence or presence of 100 nmol/L isoproterenol [16,17]. Fluorescence
images were recorded using a Zeiss LSM 710 inverted confocal microscope through a 40×
water-immersion objective lens with excitation wavelength of 488 nm and the signals were
measured at >515 nm with line-scan imaging at 3.07 ms intervals. Image processing and
data analysis were performed using ImageJ PLUG IN (Wayne Rasband, National Institute
of Health, USA).

2.8. Aftercontractions and CaMKII Inhibitor KN93 in Isolated Cardiomyocytes

Rod-shaped quiescent LV and RV myocytes were paced at 2 Hz in the presence of
1 µmol/L isoproterenol in 1.8 mmol/L Ca-Tyrode’s solution at room temperature. After
stimulating the myocytes for a short time, pacing was stopped and spontaneous after-
contractions were recorded within 5 s. In some experiments, myocytes were incubated
with the calmodulin-dependent protein kinase II (CaMKII) inhibitor KN-93 (1 µmol/L,
Sigma) or its analog KN92 (1 µmol/L, Sigma) as a control [16,17].

2.9. Immunofluorescence Staining and Quantitative Immunoblotting

Isolated RV and LV myocytes from WT-PLN and R14del-PLN hearts were plated in a
laminin-coated Lab-Tek chamber slides (Thermo Scientific, Waltham, MA, USA). Myocytes
were fixed with 1.2 mmol/L Ca-Tyrode solution containing 4% Paraformaldehyde (Electron
Microscopy Sciences) for 30 min at room temperature and permeabilized with saline
solution containing 0.1% Triton-X at 37 ◦C for 15 min. Non-specific binding was limited by
4 h incubation with blocking solution containing 2% goat serum in order to prevent the
non-specific binding. Myocytes were stained with monoclonal anti-PLN (1:500; Thermo
Fisher, Waltham, MA, USA) and polyclonal anti-SERCA2a (1:500; Badrilla, UK) overnight
(4 ◦C), followed by incubation with Alexa flour 488 goat anti-rabbit (Licor, USA) and Alexa
flour 594 goat anti-mouse (Licor, USA) secondary antibodies overnight at 4 ◦C. Images
were acquired using a confocal microscope (Zeiss LSM 710 Live DUO). For quantitative
immunoblotting, appropriate amount of protein from RV and LV tissue homogenates were
separated in 12% SDS PAGE gels, blotted, and transferred to 0.1 to 0.2 µm nitrocellulose
membrane. Subsequently, immunoblots were blocked using the Odyssey TBS blocking
buffer (LI-COR Biosciences, Lincoln, NE, USA) at room temperature for 1 h. Next, blots
were washed with TBS buffer 3 times for 10 min interval, followed by probing with primary
antibodies. The primary antibodies were: PLN (1:1000; OriGene), SERCA2a (1:1000;
Thermo Fisher), HRC (1:1000; Sigma), CSQ (1:1000; Affinity Bioreagent), HAX-1 (1:1000; BD
Biosciences), and NCX (1:1000; Cell Signaling). For visualization of the proteins of interest,
the blots were incubated with appropriate secondary antibodies (IRDye® 680/800; Licor
Biosciences; 1:5000), and images were obtained using the Odyssey® CLx Imaging System.

2.10. RNA Sequencing Analysis

RNA sequencing was performed by the Cincinnati Children’s Hospital Medical Center
DNA sequencing and genotyping core using an RNA polyA stranded library prepara-
tion [18]. CLC Genomics Workbench (v 20.0.2, Qiagen) was used to map sequenced reads
to the mouse genome (GRCm38), perform principal component analysis, and identify dif-
ferential expression changes (statistical significance threshold defined as an FDR-corrected
p-value ≤ 0.05 and a fold change of ≥1.5).

2.11. Statistical Analysis

Twelve- to fourteen-week-old male mice were used. Data are expressed as
mean ± standard error of the mean (SEM) for the number of mice, hearts or myocytes, and
statistical analyses were performed by two-tailed unpaired t-test using GraphPad Prism
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version 8.4.3. Cardiomyocyte data are presented as individual data points, except for the
frequency of Ca-sparks and the percent of cells showing after-contractions, which were
presented as individual hearts [16,19]. All myocyte data were generated using LV and RV
cells from the same mouse on any specific day.

A p-value of <0.05 was set for the level of significance. Significance is presented
throughout as: * p ≤ 0.05, ** p ≤ 0.001, *** p ≤ 0.0001. For the differential gene expression
studies, statistical significance was defined as an FDR-corrected p-value of ≤0.05 and a
fold-change of ≥1.5.

3. Results
3.1. Ventricular Ectopy Originating in the Right Ventricle of Humanized Mice Harboring the
R14del-PLN Mutation

To elucidate the early role of R14del-PLN in cardiac function, we generated and
characterized knock-in mice expressing human WT or mutant PLN (Figure 1A) at a young
age (12–14 weeks). Morphological and histological examination revealed no alterations
(Figure 1B,C).
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Figure 1. Generation of humanized knock-in R14del-PLN mice and cardiac histology. (A) Humanized
wild-type (WT) and mutant (R14del) mouse models were generated by inserting the human wild-type
and mutant PLN coding sequence (h-cds) into exon 2 of mouse PLN (mPLN; cds) gene-by-gene
targeting methodology. (B) Representative cross-sections and (C) RV and LV sections from 3-month-
old WT and R14del mice stained with Picro-Sirius Red and Fast Green solution. Magnification 20×;
scale bar; 500 µm and 50 µm. N = 6 hearts for WT and N = 6 hearts for R14del.
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Since R14del-PLN is associated with arrhythmogenic RV cardiomyopathy in humans,
we investigated whether there were any cardiac arrhythmias in vivo. The surface ECG
was monitored before (baseline) and after caffeine and epinephrine administration (stress)
(Figure 2A–C). At baseline, infrequent premature ventricular contractions (PVCs) were
noted in 20% of WT or mutant mice. By contrast, stress caused a high frequency of PVCs
in all (5/5) mutant mice, including ventricular bigeminy (Figure 2B). The stress-induced
PVC burden, quantified over a 3-min period, was greater (10 ± 2 per min) in mutant
than WT-PLN mice (3 ± 1 per min). Furthermore, episodes of non-sustained ventricular
tachycardia (VT) occurred in all five mutant mice (Figure 2C) whereas, these were observed
in only one of the five WTs. Despite similar heart rate responses to stress, the mutant
exhibited prolongation of atrial and atrioventricular conduction, ventricular activation
(QRS) and ventricular repolarization (JT) times (Table 1). These led to prolongation of the
entire process from ventricular activation to repolarization (QT and QTc) (Table 1). The
peak amplitude of ventricular depolarization was also reduced in R14del-PLN (Figure 2D).
In addition, we noted significant heterogeneity in the beat-to-beat changes in ventricular
repolarization (Figure 2E), which is known to be a strong independent predictor of VT and
sudden cardiac death in humans [20,21].

Table 1. Cardiac electrocardiographic assessment in WT-PLN and R14del-PLN mice under in vivo
stress conditions.

WT-PLN R14del-PLN

Heart rate (bpm) 498 ± 28 483 ± 15
PR interval (ms) 41.6 ± 1.7 50.3 ± 1.9 *

QRS interval (ms) 9.6 ± 0.2 10.8 ± 0.3 *
Peak QRS voltage (mV) 1.53 ± 0.05 0.42 ± 0.09 **

JT interval (ms) 12.2 ± 2.3 49.2 ± 2.2 **
QT interval (ms) 21.8 ± 2.2 60.0 ± 2.5 **
QTc interval (ms) 19.7 ± 1.6 53.7 ± 1.9 **

R wave amplitude (mV) 1.29 ± 0.09 0.86 ± 0.09 *
Mice were anesthetized and monitored by surface ECG recordings after caffeine (120 mg/KG) and epinephrine
(2 mg/Kg) application. Data are expressed as mean ± SEM for number of mice (N = 4 WT and 3 R14del-PLN).
Statistical analyses were performed by unpaired t-test. * p ≤ 0.05 vs. WT-PLN, ** p ≤ 0.001 vs. WT-PLN.

The ECG findings on prolongation of PR and QT interval, as well as decreases in QRS
peak voltage and R wave amplitude in mutant mice reflected similarities to presymptomatic
R14del-PLN patients (Table 2). The prolongation of the PR interval observed in mice is a
new finding in PLN patients, and it is in line with an ECG feature detection study using
deep neural networks [22]. Interestingly, together with the R-wave attenuation, this was
one of the early signs in R14del-PLN patients (Table 2), suggesting that the humanized
mouse model recapitulates some of the patient characteristics. Although not found in
the current patient cohort, common ECG findings in ARVC, such as prolonged terminal
activation duration and epsilon waves, resemble the described QRS prolongation. These
ECG abnormalities also seem to develop more frequently during exercise ECG testing, in
both asymptomatic and symptomatic ARVC patients. A closer inspection of the distinct
electrocardiogram QRS morphologies in mice (Figure 2F,G) suggested that the PVC and
VT originated from at least two distinct regions, the basolateral RV free wall and the RV
outflow tract (Figure 2H), similar to arrhythmogenic right ventricular cardiomyopathy
(ARVC) patients [23].
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confidence intervals (shaded) are shown for 50 consecutive heartbeats at a steady state for WT and 
R14del mice. (E) Representative ECG traces are plotted for 50 consecutive heartbeats at a steady 
state as a function of time and heartbeat number. The R14del mice (left panel) had reduced R wave 
amplitudes, prolonged QT and increased dispersion of repolarization (arrows) compared to wild 
type (WT). (F) Representative ECG tracings of PVC and VT beats from R14del-PLN animals are 
shown from leads I and II. The presence of fusion beats (red arrow) is diagnostic of PVC and non-
sustained VT. Compared to the sinus beats (grey shaded areas), the morphology of the PVC and VT 
beats (yellow) suggests that these beats originated from or near the right ventricular outflow tract 
(RVOT). (G) Representative example of another common morphology of the PVC and VT beats from 
leads I and II for another R14del-PLN animal. The net QRS vector suggests these PVC and VT beats 
originated from the basolateral free wall of RV. (H) The two most common origin sites for PVC and 
VT in R14del-PLN mice are summarized in the 30° right anterior oblique (RAO) and 60° left anterior 
oblique (LAO) schematics of the heart (Ao = aorta; SVC = superior vena cava; IVC = inferior vena 
cava; PA = pulmonary artery; LV = left ventricle). 

Figure 2. In vivo electrophysiological characteristics and putative source of the ventricular arrhythmias in R14del-PLN
mutant mice. (A) ECG tracing under basal condition in R14del-PLN mice. (B,C) ECG tracings showing stress (caffeine
and epinephrine) induced arrhythmias in the forms of premature ventricular complexes (PVCs, #), and non-sustained
ventricular tachycardia (NSVT) in R14del-PLN mice (N = 5). (D) The mean R+S wave amplitudes with linear regression fit
(solid line) and 95% confidence intervals (shaded) are shown for 50 consecutive heartbeats at a steady state for WT and
R14del mice. (E) Representative ECG traces are plotted for 50 consecutive heartbeats at a steady state as a function of
time and heartbeat number. The R14del mice (left panel) had reduced R wave amplitudes, prolonged QT and increased
dispersion of repolarization (arrows) compared to wild type (WT). (F) Representative ECG tracings of PVC and VT beats
from R14del-PLN animals are shown from leads I and II. The presence of fusion beats (red arrow) is diagnostic of PVC and
non-sustained VT. Compared to the sinus beats (grey shaded areas), the morphology of the PVC and VT beats (yellow)
suggests that these beats originated from or near the right ventricular outflow tract (RVOT). (G) Representative example of
another common morphology of the PVC and VT beats from leads I and II for another R14del-PLN animal. The net QRS
vector suggests these PVC and VT beats originated from the basolateral free wall of RV. (H) The two most common origin
sites for PVC and VT in R14del-PLN mice are summarized in the 30◦ right anterior oblique (RAO) and 60◦ left anterior
oblique (LAO) schematics of the heart (Ao = aorta; SVC = superior vena cava; IVC = inferior vena cava; PA = pulmonary
artery; LV = left ventricle).
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Table 2. ECG characteristics of pre-symptomatic and symptomatic R14del-PLN mutation carriers
and their age and sex-matched controls.

Human

Controls Pre-Symptomatic
R14del-PLN

Symptomatic
R14del-PLN

N 272 15 53
Age, years 48 ± 0.8 46 ± 3.3 48 ± 1.7

Heart rate, bpm 71 ± 0.9 62 ± 3.5 * 74 ± 2.5
PR interval, ms 153 ± 1.3 162 ± 7.6 180 ± 7.1 **

QRS interval, ms 95 ± 1.0 89 ± 2.2 * 98 ± 3.5 *
Peak QRS voltage, mV 1.1 ± 0.02 0.7 ± 0.08 ** 0.6 ± 0.04 **

QT interval, ms 387 ± 1.9 419 ± 11.9 ** 398 ± 6.5 *
QTc interval, ms 418 ± 1.6 417 ± 5.5 433 ± 6.0 **

R wave amplitude, mV 1.0 ± 0.02 0.6 ± 0.07 ** 0.4 ± 0.04 **
For every patient, four controls were sampled from the same UMCU ECG database using propensity score match-
ing for age and sex. Asymptomatic R14del-PLNpatients had no cardiac symptoms, no history of (non-)sustained
ventricular tachycardia, premature ventricular complex burden of <500 beats per 24 h and left ventricular ejection
fraction >45%. Asymptomatic patients who became symptomatic later were categorized as pre-symptomatic.
Only ECGs of pre-symptomatic (n = 15) and symptomatic patients (n = 53) were analyzed. Data are expressed
as mean ± SEM for the number of human subjects. Statistical analyses were performed by one-way ANOVA.
* p ≤ 0.05, ** p ≤ 0.001.

3.2. R14del-PLN Associates with Prolongation of Action Potential in RV Myocytes

Since R14del is associated with arrhythmias, originating in the RV (Figure 3), we
isolated RV and LV myocytes from WT-PLN and R14del-PLN mice and recorded the
transmembrane AP waveforms under basal conditions (Figure 3A,B). As shown in Figure 3,
no differences were noted in the resting membrane potential (RMP), AP amplitude (APA)
and AP upstroke velocity (Vmax) from RV or LV myocytes between WT and R14del-PLN
mice (Figure 3E–H). However, a prolonged AP duration was observed selectively in RV
myocytes from R14del-PLN mice. The APD50 was not statistically prolonged, but the
APD90 was significantly longer in the RV myocytes from R14del-PLN (Figure 3D). In
contrast, such RV-sided APD prolongation was absent in LV myocytes (Figure 3C).

3.3. Calcium Kinetics and Contractile Parameters Are Depressed in RV Myocytes

To gain further insights into intracellular Ca-cycling, we assessed Ca-transients in
isolated cardiomyocytes by use of the Fura-2 AM fluorescence indicator (2 µM). In LV cells,
the Ca-kinetic parameters were similar between WT and mutant hearts (Figure 4A,B,D,F).
However, mutant PLN elicited decreases in the Ca-peak of the transient, prolongation of
the time constant for Ca-decay (tau) and increases in diastolic Ca levels in RV myocytes
(Figure 4A,C,E,G). Consistent with these findings, the fractional shortening (FS) and rates
of contraction (+dl/dt) and relaxation (−dl/dt) were all significantly reduced only in RV
mutant myocytes, while there were no parallel alterations in LV mutant cells (Figure 4H–N).
To examine the effects of β-adrenergic agonists, cardiomyocytes were subjected to maximal
isoproterenol (Iso; 100 nmol/L) stimulation. This resulted in enhanced contractility in both
LV and RV myocytes, but the maximally stimulated parameters were lower in mutant
RV cells (Figure S1A–F). Thus, R14del-PLN elicits depressed RV myocyte Ca-kinetics and
contractile parameters, which may not be fully relieved even upon iso-stimulation.
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90 repolarization. (E,F) Average resting membrane potential (RMP) and AP amplitude (APA). (G,H) 
Average maximal upstroke velocity (Vmax). n = 8 cells for LV and n = 10 cells for RV of WT (N = 3 
hearts) and n = 9 cells for LV and n = 9 cells for RV of R14del-PLN (N = 3 hearts). Data are expressed 
as mean ± SEM of the total number of cells/group and statistical analyses were performed by Stu-
dent’s unpaired t-test. ** p ≤ 0.001 vs. WT-PLN. 
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Figure 3. Action potential (AP) characteristics in cardiomyocytes from WT-PLN and R14del-PLN
mice. APs were recorded in isolated LV and RV myocytes under basal conditions using whole-
cell patch clamp recording under current clamp mode at room temperature. (A,B) Representative
traces of action potential (AP) measured at 1 Hz. (C,D) Average AP duration (APD) at APD 50 and
APD 90 repolarization. (E,F) Average resting membrane potential (RMP) and AP amplitude (APA).
(G,H) Average maximal upstroke velocity (Vmax). n = 8 cells for LV and n = 10 cells for RV of WT
(N = 3 hearts) and n = 9 cells for LV and n = 9 cells for RV of R14del-PLN (N = 3 hearts). Data are
expressed as mean ± SEM of the total number of cells/group and statistical analyses were performed
by Student’s unpaired t-test. ** p ≤ 0.001 vs. WT-PLN.
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the influence of this mutant on SR Ca-content. There were no significant differences in the 

Figure 4. Ca-kinetic and contractile parameters in isolated cardiomyocytes. (A) Representative traces of Ca-transients; (B,C)
Ca transient amplitude, indicated by fura-2 ratio (340:380 nm). (D,E) The relaxation time constant (Tau) of the Ca-transient
decay. (F,G) Intracellular diastolic Ca levels in LV and RV myocytes. N = 36 LV and 35 RV cells for WT (N = 4 hearts);
n = 34 LV and 41 RV cells for R14del-PLN (N = 4 hearts). (H) Representative cell shortening traces. (I–N) Contractile
parameters: Fractional shortening (FS%) and maximum rates of contraction (+dL/dt) and re-lengthening (−dL/dt) in LV
and RV myocytes at 0.5 Hz. N = 43 LV and 50 RV cells for WT (N = 4 hearts); n = 40 LV and 43 RV cells for R14del-PLN
(N = 4 hearts. Data are expressed as mean ± SEM for the number of cells, and statistical analyses were performed by
Student’s unpaired t-test. * p ≤ 0.05 vs. WT-PLN; ** p ≤ 0.001 vs. WT-PLN.
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The effects of R14del-PLN on intracellular Ca-cycling prompted further studies on
the influence of this mutant on SR Ca-content. There were no significant differences in
the amplitude of caffeine-induced Ca-release or the decay time of this transient (T50 or
Tau) between LV myocytes from mutant and WTs (Figure 5A,C,E). However, the caffeine-
induced Ca2+ transient peak was reduced in mutant RV myocytes compared to WT-PLN
cells, which indicates lower SR Ca-content (Figure 5B). In addition, the time to 50% decay
(T50) and the time constant of cytosolic Ca-decline (Tau) during the caffeine-induced Ca-
transient were increased in RV myocytes (Figure 5D,F). This suggests that the activity of the
sodium/calcium exchanger (NCX) regulating Ca extrusion was decreased. Furthermore, to
determine how much Ca is released at each twitch relative to the total amount of Ca stored,
we examined the fractional release by normalizing the electrically evoked Ca-transient to
the caffeine-evoked Ca-transient. Fractional release was not different between WT and
mutant myocytes from either the LV or the RV (data not shown).
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Figure 5. Sarcoplasmic reticulum Ca-load and NCX activity. SR Ca load and NCX function were
assessed under caffeine (20 mM/L) application. Caffeine transients were measured in LV and RV
cardiomyocytes loaded with the Fura-2 AM fluorescence indicator (2 µM). (A,B) Amplitude of
caffeine-induced Ca transients showing SR Ca load in LV and RV myocytes, as indicated by the
fura-2 ratio (340:380 nm). (C,D) T50: the time constant for 50% decay of the caffeine-induced Ca
transient. (E,F) Tau of caffeine-induced Ca transient decay. n = 27 LV and 28 RV cells for WT
(N = 3 hearts); n = 27 LV and 29 RV cells for R14del-PLN (N = 4 hearts). Data are expressed as mean
± SEM for the number of cells, and statistical analyses were performed by Student’s unpaired t-test.
** p ≤ 0.001 vs. WT-PLN.



J. Pers. Med. 2021, 11, 502 13 of 23

3.4. Calcium Sparks and After-Contractions Are Increased in RV Myocytes from
R14del-PLN Hearts

The effects of R14del-PLN on RV cardiomyocyte diastolic calcium prompted further
studies on its influence on the frequency of Ca-sparks (Figure 6A), which may serve as a
molecular trigger to arrhythmia [16]. Indeed, the frequency of Ca sparks was significantly
higher in mutant RV myocytes compared to LV (Figure 6B,C), indicating increased SR
Ca-leak and arrhythmogenic propensity. Isoproterenol stimulation increased the Ca-spark
frequency, and the enhancement was greater in RV cells (Figure 6D,E). Indeed, RV mu-
tant cardiomyocytes exhibited significantly higher spontaneous aftercontractions (2-Hz +
1 µmol/L isoproterenol) compared to WT counterparts (Figure 6H,I), while this was not ob-
served in LV mutant cardiomyocytes (Figure 6F,G). Interestingly, the inclusion of KN93 [16],
the selective inhibitor of CaM kinase II, abrogated the increased after-contractions in mutant
RV cells (Figure 6K), indicating that aberrant SR Ca release was associated with increased
CaMKII activity, contributing to ACs. Control studies used KN92, the inactive analog of
KN93 (Figure 6J,K).

3.5. Calcium Handling Protein Levels

The observed RV-specific alterations in Ca-kinetic and contractile parameters by
R14del-PLN prompted evaluation of the expression levels of PLN and other key SR Ca-
cycling proteins in RV and LV compartments. Quantitative immunoblotting indicated that
the PLN levels were similar between WT or R14del in either the LV or RV compartments
(Figure 7A,B,D,E). In addition, the SERCA2a levels were also similar (Figure 7A,C,D,F).
Thus, there were no differences in the PLN/SERCA2a relative ratio between LV or RV in
either WT or R14del-PLN hearts (Figure 7G,H). Furthermore, this ratio was evaluated using
transcriptomic analyses, and it was similar between LV and RV in either WT or mutant
hearts (0.6 ± 0.02 in RV and 0.6 ± 0.03 in LV of WTs; 0.63 ± 0.01 in RV and 0.58 ± 0.04 in
LV of mutants).

Analysis of other Ca-cycling proteins indicated no alterations in the levels of HAX-1,
HRC and NCX by R14del-PLN in either RV or LV compartments (Figure 8). Further
immunofluorescence examination of cardiomyocytes revealed that both WT and R14del-
PLN co-localized with SERCA2a in LV and RV myocytes (Figure S2A,B) although a few cells
showed a granulated pattern for mutant PLN (Figure S2C). This observed cell heterogeneity
and PLN aggresomes are consistent with findings in R14del-PLN patients’ hearts [5].

3.6. Gene Expression Profiles

To obtain a further unbiased view of potential pathway changes associated with the
RV-specific effects of R14del-PLN, global gene expression profiling was performed using
next-generation sequencing in LV and RV samples from WT and mutant hearts. Principal
component analysis showed independent clustering of each sample group, indicating a
unique gene expression signature within each group (Figure 9A). Collectively, the R14del-
PLN mutation was associated with significant expression changes of 515 genes in the LV
and 306 genes in the RV, with 233 being common between two ventricles. Gene Ontol-
ogy (GO) analysis revealed significant changes in genes related to Ca-cycling, membrane
potential and ion transport (Figure 9B). Among them, sarcolipin (Sln), which regulates
SERCA2a activity in a manner analogous to PLN, was significantly downregulated only in
LV. This observed decrease in Sln was also confirmed at the protein level (data not shown).
In addition, sarcolipin was also under-expressed in LV samples from human R14del-PLN
patients (unpublished data by Drs Pei, Harakalova and Folkert). Other LV-specific under
expressed genes included the Ca-binding proteins S100a8/S100a9, the purinergic recep-
tor P2ry10, which may be involved in calcium release from intracellular stores, and the
calcium-activated potassium channel Kcnma1, which contributes to hyperpolarization
of the cell membrane. These alterations in LV may serve as potential compensation to
normalize the inhibited SR Ca-cycling by mutant PLN. Parallel observations in RV revealed
underexpression of solute carrier family 26 member 3 (Slc26a3), which regulates intra-
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cellular pH and thus Ca, and overexpression of mucolipin 2 (Mcoln2), which belongs to
the transient receptor potential channel family and acts as a Ca-permeable cation channel.
These alterations in RV may contribute to impaired Ca-cycling, especially since Mcoln2
has been linked to arrhythmias in GWAS data from the GWASdb SNP-Phenotype Asso-
ciations dataset [24]. Notably, there were no alterations in myoregulin, endoregulin, any
other-regulin or DWORF, the newly identified SERCA2a regulatory proteins [25].
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Figure 6. Ca sparks and aftercontractions in R14de-PLN cardiomyocytes. Ca spark characteristics in isolated LV and RV
myocytes. (A) Representative line-scan images of Ca sparks in RV myocytes in the presence of 100 nmol/L isoproterenol.
(B,C) Mean data of Ca spark frequency under basal conditions. (D,E) Mean data of Ca spark frequency in presence of
100 nmol/L isoproterenol (Iso). n = 30 LV and 30 RV cells for WT (N = 3 hearts); n = 30 LV and 30 RV cells for R14del-PLN
(N = 4 hearts). (F–I) Aftercontractions were assessed in LV and RV myocytes under field stimulation of 2 Hz and in the
absence (F,G) or presence (H,I) of 1 µmol/L isoproterenol. n = 49 LV and 52 cells RV cells for WT (N = 3 hearts); n = 65 LV
and 58 RV cells for R14del-PLN (N = 4 hearts). (J,K) Assessment of aftercontractions in presence of CaMKII inhibitor KN93
(1 µmol/L) or its analog KN92 (1 µmol/L) as control. n = 57 LV and 54 RV cells for WT (N = 4 hearts and n = 54 LV and
63 RV cells for R14del-PLN (N = 4 hearts). Data are expressed as mean ± SEM, and statistical analyses were performed
by Student’s unpaired t-test. * p ≤ 0.05 vs. WT-PLN; ** p ≤ 0.001 vs. WT-PLN; *** p ≤0.0001 vs. KN92; **** p ≤ 0.00001
vs. KN92.
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Figure 7. Assessment of PLN levels in LV and RV. (A) Representative immunoblots of PLN and SERCA2a protein levels in
LV from WT-PLN and R14del-PLN. (B) Quantitative assessment of PLN protein levels in LV. (C) Quantitative assessment of
SERCA2a protein levels in LV. Calsequestrin (CSQ) was used as a loading control. N = 6 LV samples from WT and N = 6 LV
samples from R14del-PLN mice. (D) Representative immunoblots of PLN and SERCA2a protein levels in RV from WT-PLN
and R14del-PLN. (E) Quantitative assessment of PLN protein levels in RV. (F) Quantitative assessment of SERCA2a protein
levels in RV. Calsequestrin (CSQ) was used as a loading control. N = 6 RV samples from WT and N = 6 RV samples from
R14del-PLN mice. (G,H) The PLN/SERCA2a ratio in RV and LV samples. Twelve- to fourteen-week-old male mice were
used. Data are expressed as mean ± SEM for the number of hearts and statistical analyses were performed by two-tailed
unpaired t-test. A p-value of <0.05 was considered statistically significant.
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analyses were performed by two-tailed unpaired t-test. A p-value of <0.05 was considered statisti-
cally significant. 

  

Figure 8. Assessment of SR calcium cycling protein levels in RV and LV of WT and R14del-PLN mice.
(A) Representative immunoblots of Ca cycling protein levels in WT and R14del ventricles. (B,C)
Quantitative assessment of SERCA2a protein levels. (D,E) Quantitative assessment of HRC protein
levels. (F,G) Quantitative assessment of NCX protein levels. (H,I) Quantitative assessment of HAX-1
protein levels. Calsequestrin (CSQ) was used as a loading control. N = 4 RV and LV samples from
WT and N = 4 RV and LV samples from R14del-PLN mice. Twelve- to fourteen-week-old male mice
were used. Data are expressed as mean ± SEM for the number of hearts and statistical analyses were
performed by two-tailed unpaired t-test. A p-value of <0.05 was considered statistically significant.
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p-value ≤ 0.05 and fold ≥ |1.5|) detected between PLN-R14del LV and WT (Control) LV, or PLN-R14del RV and WT
(Control) RV. The table includes the gene symbol and level of fold change in the LV and RV, based on the provided color key.
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Analysis of other significantly altered GO categories included ER stress and UPR path-
ways, which may be associated with early responses in mutant hearts due to aberrant SR
Ca-handling. We observed downregulation of several genes, which were common between
LV and RV (Figure S3). The most prominent ones were thrombospondin-1 (Thbs1), which
is a Ca-binding protein that may control ER stress; several heat shock proteins (Hspa1a,
Hspa1b, Dnaja1 and Dnajb1), which act as molecular chaperones involved in protein qual-
ity control and correct folding; and glutathione specific gamma-glutamylcyclotransferase 1
(Chac1), which is a regulator of the unfolded protein response (UPR) pathway, downstream
of Atf3. Additional alterations, associated with apoptosis/cell death pathways (Figure S4)
in both ventricles, included downregulation of the anti-apoptotic proteins Bcl-2-like 1
(Bcl2l1), Pim-3 proto-oncogene serine/threonine kinase (Pim3), TIMP Metallopeptidase
Inhibitor 3 (TIMP3) and dual specificity phosphatase 1 (Dusp1). Collectively, the observed
decreases in ER-stress, UPR and apoptosis-related transcripts may contribute to early
impairment of protein quality control and reduced protection in the R14del-PLN hearts,
even though there is no apparent remodeling or a pathological phenotype at this early age.

Quantitative PCR was also performed to validate the findings for some of the genes
identified in the RNA sequencing (Slc106, Lpar6, Serpine, Adra1a, Thbs1 and Rrad) and
each gene showed the same trend in qPCR as in RNA sequencing although the values
were not significant for all the genes. In future studies, the observed alterations at the
transcriptional level presented above will need to be validated at the protein level and the
involvement verified of specific protein players and pathways in the R14del-PLN pheno-
type.

4. Discussion

This is the first study to show that an inherited mutation in a Ca-regulatory protein that
originates in RV-specific Ca-defects, leading to catecholaminergic malignant arrhythmia at
a young age. The R14del-PLN mutation causes impaired SR Ca-sequestration and increased
diastolic Ca levels, which trigger Ca-leak and arrhythmogenic action potential changes,
ensuing ectopy that originates in RV. A major new finding is that the distinct ECG features
in humanized models, including prolonged PR interval and attenuated R-waves, are
remarkably similar to those observed in pre-symptomatic R14del-PLN patients at high risk
for VT and sudden cardiac death [22,26]. In most genetically associated cardiomyopathy
cases, ventricular arrhythmias appear to occur through progression to advanced heart
failure. However, our current work suggests that the R14del-PLN mutation may increase
the propensity to arrhythmia even at an early age in mice, similar to the increased risk
of malignant VT in young patients [5]. As disease penetrance is incomplete and age-
dependent, follow-up frequency and timing of therapeutic interventions are still major
challenges in R14del-PLN patients [5]. The ECG changes and ventricular arrhythmias
described during isoproterenol testing in these young mice may have clinical utility for the
early identification of high-risk patients in asymptomatic carriers. While previous studies
have shown the utility of isoproterenol testing for early stratification of ARVC patients,
this study is the first to indicate its potential value specifically in R14del-PLN patients [26].

4.1. Ventricular Tachycardia and Its Origin in RV

The delayed ventricular activation and conduction times predispose the R14Rdel-PLN
mice to reentrant ventricular tachycardia (VT). In addition, the prolonged and heterogenous
ventricular repolarization predispose the mutant mice to triggered PVCs and VT [20].
Importantly, the PVCs and VT appeared to originate from the RV, consistent with delayed
Ca-transient decay/relaxation and action potential prolongation in these myocytes. The
triggered action potential in the RV myocytes (“source”) would produce a voltage gradient
with the other end of the heart (“sink”), and then the current flows from source to sink
to depolarize and trigger action potential in the cells downstream. Our data suggest
that multiple factors alter the source and sink properties in R14del-PLN hearts, thereby
dynamically regulating intercellular impulse propagation. The source is affected by the
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slower rate, reduced amplitude and prolonged duration of ventricular activation. The
sink is affected by reductions in ventricular repolarization reserve and liminal length [27],
the amount of tissue that must be depolarized above the threshold for action potential
propagation. Notably, the reduced repolarization reserve exaggerates the dispersion of
ventricular repolarization, thereby promoting ventricular arrhythmias [20]. In addition, our
studies employing ECG multi-lead vector analysis suggest that the PVCs in the R14del-PLN
mice originate from at least two distinct regions in the RV, the basolateral free wall and
outflow tract (Figure 1). These findings are similar to our prior observations in ARVC
patients [23]. Based on the remodeling of the source and sink described above, prolongation
of ventricular repolarization in RV, in the setting of normal LV repolarization, would allow
the triggered afterdepolarizations in RV to initiate PVCs that depolarize LV tissue (which
already have recovered) to initiate reentrant VT. These processes likely account for the
increased propensity of R14del-PLN mice to both triggered and reentrant VT under stress
conditions [20,28].

Although stress ECG studies in human PLN patients are scarce, studies in ARVC
patients showed that polymorphic PVCs, non-sustained VTs and sustained VTs originating
from the RV are common during isoproterenol infusion and exercise testing [29]. Moreover,
one study in PLN patients with ARVC phenotype showed that right ventricular VTs have
incidence rates of up to 79% [30]. In PLN patients with a DCM phenotype, ventricular
ectopy and arrhythmias are also common during exercise and exercise testing, but no
studies have described the origin of these arrhythmias in detail [5,26].

4.2. Right Ventricular Specificity of R14del-PLN

Cellular characterization studies have mainly been performed in LV myocytes, and
parallel studies in RV cells are overall limiting. Thus, potential compartment-specific
differences may have gone unnoticed regarding the function of specific genes. Interestingly,
R14del-PLN appeared to exert RV-specific depressive effects associated with prolonged
Ca-transient decay, decreased SR Ca-load, elevated diastolic calcium levels and increased
Ca-spark frequency, as well as aftercontractions. Potential explanations could include differ-
ences in PLN expression levels, the PLN/SERCA2a ratio or other key Ca-cycling proteins.
However, all these were similar between LV and RV in WT-PLN or R14del-PLN hearts.
Another possibility is the inherent differences between the two cardiac compartments
including wall thickness, preload, ionic currents, structural organization and compensatory
mechanisms. Indeed, NCX activity was decreased in RV myocytes, which may constitute
an important compensatory mechanism in the face of inhibited SERCA2a activity to in-
crease SR Ca-load but may also contribute to increased diastolic Ca [31]. Other RV-specific
transcriptional changes, which may contribute to the observed phenotype, included un-
derexpression of Slc26a3, which controls intracellular pH and may impact Ca-cycling,
and upregulation of Mcoln2, which may participate in Ca-overload and potential arrhyth-
mia [32,33]. Interestingly, Sln was significantly under-expressed only in LV of mutant mice,
and this was confirmed in human carriers. Sln is an inhibitor of SERCA2a, similar to PLN,
and decreases in its expression may partially offset the increased inhibitory effects of R14del
in LV, preventing aberrant Ca-cycling. Although Sln is predominantly expressed in atria,
its ablation significantly increased the Ca-affinity of SERCA2a in the ventricle [34], and its
downregulation by AAV treatment improved cardiac function in a Duchenne muscular
dystrophy model [35]. Overall, our findings on the RV-specific impact by R14del-PLN
point to the importance of this compartment in driving the in vivo phenotype on increased
propensity to arrhythmias, originating in RV.

4.3. Decreases in ER Stress and Apoptosis Pathways

Since alterations in Ca-cycling may affect cellular pathways involved in disease pro-
gression, we examined the expression of ER stress and UPR associated genes that may
impact remodeling at an early stage. There was significant under-expression of several
genes, including Thbs1, which is involved in ER stress responses and whose decreases
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may activate apoptotic mechanisms [36], and Hsp70 (Hspa1a and Hspa1b), which acts
as molecular chaperone and whose under-expression may associated with incorrect fold-
ing and compromised protein degradation. In addition, Chac1, which is a regulator of
the UPR pathway, downstream of Atf3 (transcriptional activator of UPR target genes)
was significantly downregulated. Other alterations associated with apoptosis/cell death
pathways were reflected in the under-expression of Bcl2l1, Dusp1 and Pim3, which have
important anti-apoptotic roles, and Timp3, which inhibits the activity of metalloproteases.
As a whole, the observed alterations suggest that the UPR, ER stress and apoptosis-related
genes may underlie early pathology, which is eventually associated with protein aggre-
gation, observed in R14del-PLN cardiomyopathy [5], and compromised cardioprotection
mechanisms. However, beyond the changes observed at the transcriptional level, there may
be post-transcriptional and/or post-translational modifications, introducing additional
layers of changes that could contribute to R14del-PLN pathogenesis.

4.4. Study Limitations

There are several limitations associated with the current findings: (a) other factors,
including environmental, genetic or epigenetic effects, may also contribute to the R14del-
PLN phenotype; (b) findings in mouse hearts may not reflect similar alterations in large
animal or human hearts as there are species differences, including heart rate, myosin
heavy chain isoforms, Ca-cycling properties and ion currents; (c) the studies in isolated
cardiomyocytes may be potentially biased by selection of the healthiest cells that survive
the isolation procedure; (d) the detrimental effects of R14del-PLN may be mediated by
additional pathways besides impaired SR Ca-cycling; and (e) the effects of gender were not
addressed in the current study, which was conducted only in male mice. Thus, translation
of the current findings and their implications for human females remain limited. Finally,
the specific involvement of RV in this non-desmosomal model of ARVC is not entirely clear,
although we speculate that inherent differences between LV and RV and compensatory
mechanisms may account for these observations. Overall, the current study has provided
significant insights into early cellular mechanisms associated with the naturally occurring
R14del genetic variant.

5. Conclusions

Our findings in young humanized R14del-PLN mice indicate increased propensity to
aftercontractions under stress conditions, resulting in delayed ventricular activation, pro-
longed repolarization and ventricular tachyarrhythmia, which appeared to originate from
the right ventricle in vivo. At the cellular level, the mechanisms underlying arrhythmia
involved increased inhibition of SR Ca-transport, increased SR Ca-leak and aftercontrac-
tions, as well as prolongation of action potential duration. Interestingly, the observed
Ca-defects were specific to right ventricular mutant myocytes and reveal that RV-specific
Ca-impairment is an early sign associated with R14del-PLN mutation. In addition, they
are in agreement with findings in classic ARVC, showing primarily malignant ventricular
arrhythmias during isoproterenol testing in the early stages of the disease. This mutant
Ca-regulatory protein elicited characteristics similar to those of desmosomal gene mu-
tations in intact animals. Furthermore, the observed ECG changes in young mice were
similar to the pre-symptomatic R14del-PLN probands at an early age [3,5]. These findings
highlight the importance of understanding early cellular defects that associate with R14del-
PLN, providing the opportunity for targeted therapy. They also point to the paramount
importance of genetic and cardiac screening for this rare exome variant, R14del-PLN, to
prevent the increased risk for arrhythmic events at an early age. Early detection of high-risk
mutation carriers, before the onset of symptoms, would allow for increased monitoring or
interventions to prevent life-threatening ventricular arrhythmias.



J. Pers. Med. 2021, 11, 502 21 of 23

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11060502/s1, Figure S1: Iso-stimulated contractile parameters; Figure S2: Assessment of
PLN and SERCA2a co-localization in isolated ventricular myocytes of WT and R14del-PLN mouse
hearts using immunofluorescence staining and confocal microscopy; Figure S3: ER and UPR gene
alterations; Figure S4: Apoptosis gene alterations.

Author Contributions: Conceptualization and study design, K.H., R.J.H. and E.G.K.; methodology
and investigation, K.H, G.G., E.V., M.K., L.C.G., J.M., S.K., R.v.d.L., F.S. and P.B; validation, K.H, F.S.,
D.D., and D.S.; formal analysis, K.H, G.G., E.V., M.K., L.C.G., J.M., J.S.C., S.K. and P.B; resources,
E.G.K., R.J.H., F.S., M.T., S.S. and P.A.D.; writing—original draft preparation, K.H., D.D. and E.G.K.;
writing—review and editing, G.G., E.V., M.K., L.C.G., J.M., J.S.C., S.K., D.A.A., P.B., J.R., R.v.d.L.,
P.A.D., F.G.A., M.T., H.-S.W., S.S., D.S., R.J.H. and F.S.; supervision, E.G.K., J.R., P.A.D., H.-S.W.,
D.D., S.S., D.S. and R.J.H.; project administration, E.G.K.; funding acquisition, E.G.K., R.J.H., F.S.,
D.D., M.T., P.A.D., H.-S.W. and F.G.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by CUREPLaN, a grant from the Leducq Foundation for
Cardiovascular Research (18CVD01 to E.G.K., P.A.D., D.S. and F.S.), American Heart Association
(18TPA34230062 to F.S.) and the National Institutes of Health (1R01 HL149344 to F.G.A).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee of
the University of Cincinnati (protocol code: 04-04-19-02 and date of approval: 11 April 2019). The
investigation followed the guidelines by Association for Assessment and Accreditation of Laboratory
Animal Care and Guide for the Care and Use of Laboratory Animals by National Institutes of Health.

Informed Consent Statement: Patient consent was waived since extracted data were de-identified
in accordance with EU General Data Protection Regulation. Thus, written informed consent was not
required by the ethical committee.

Data Availability Statement: All RNA-seq data are available in the NCBI Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) (GSE173684).

Acknowledgments: We are grateful to M. Harakalova, J. Pei, and F. W. Asselbergs from Department
of Cardiology, University of Utrecht, Netherlands for sharing their RNAseq data in human hearts.

Conflicts of Interest: EGK was a scientific co-founder of Nanocor. Nanocor did not play any role in
this study. PAD is the founder of LeadPharma and International Cardio Cooperation. These compa-
nies had no involvement in the study. The other authors declare that no conflicts of interest exist.

References
1. Austin, K.M.; Trembley, M.A.; Chandler, S.F.; Sanders, S.P.; Saffitz, J.E.; Abrams, D.J.; Pu, W.T. Molecular mechanisms of

arrhythmogenic cardiomyopathy. Nat. Rev. Cardiol. 2019, 16, 519–537. [CrossRef] [PubMed]
2. Luo, M.; Anderson, M.E. Mechanisms of altered Ca(2)(+) handling in heart failure. Circ. Res. 2013, 113, 690–708. [CrossRef]

[PubMed]
3. Haghighi, K.; Kolokathis, F.; Gramolini, A.O.; Waggoner, J.R.; Pater, L.; Lynch, R.A.; Fan, G.C.; Tsiapras, D.; Parekh, R.R.; Dorn,

G.W., 2nd; et al. A mutation in the human phospholamban gene, deleting arginine 14, results in lethal, hereditary cardiomyopathy.
Proc. Natl. Acad. Sci. USA 2006, 103, 1388–1393. [CrossRef] [PubMed]

4. Roux-Buisson, N.; Gandjbakhch, E.; Donal, E.; Probst, V.; Deharo, J.C.; Chevalier, P.; Klug, D.; Mansencal, N.; Delacretaz, E.;
Cosnay, P.; et al. Prevalence and significance of rare RYR2 variants in arrhythmogenic right ventricular cardiomyopathy/dysplasia:
Results of a systematic screening. Heart Rhythm 2014, 11, 1999–2009. [CrossRef] [PubMed]

5. van der Zwaag, P.A.; van Rijsingen, I.A.; Asimaki, A.; Jongbloed, J.D.; van Veldhuisen, D.J.; Wiesfeld, A.C.; Cox, M.G.; van Lochem,
L.T.; de Boer, R.A.; Hofstra, R.M.; et al. Phospholamban R14del mutation in patients diagnosed with dilated cardiomyopathy or
arrhythmogenic right ventricular cardiomyopathy: Evidence supporting the concept of arrhythmogenic cardiomyopathy. Eur. J.
Heart Fail. 2012, 14, 1199–1207. [CrossRef] [PubMed]

6. Kranias, E.G.; Hajjar, R.J. Modulation of cardiac contractility by the phospholamban/SERCA2a regulatome. Circ. Res.
2012, 110, 1646–1660. [CrossRef] [PubMed]

7. Doevendans, P.A.; Glijnis, P.C.; Kranias, E.G. Leducq Transatlantic Network of Excellence to Cure Phospholamban-Induced
Cardiomyopathy (CURE-PLaN). Circ. Res. 2019, 125, 720–724. [CrossRef] [PubMed]

8. Kranias, E.G.; Doevendans, P.A.; Glijnis, P.C.; Hajjar, R.J. PLN Foundation. Circ. Res. 2018, 123, 1276–1278. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jpm11060502/s1
https://www.mdpi.com/article/10.3390/jpm11060502/s1
https://www.ncbi.nlm.nih.gov/geo/
http://doi.org/10.1038/s41569-019-0200-7
http://www.ncbi.nlm.nih.gov/pubmed/31028357
http://doi.org/10.1161/CIRCRESAHA.113.301651
http://www.ncbi.nlm.nih.gov/pubmed/23989713
http://doi.org/10.1073/pnas.0510519103
http://www.ncbi.nlm.nih.gov/pubmed/16432188
http://doi.org/10.1016/j.hrthm.2014.07.020
http://www.ncbi.nlm.nih.gov/pubmed/25041964
http://doi.org/10.1093/eurjhf/hfs119
http://www.ncbi.nlm.nih.gov/pubmed/22820313
http://doi.org/10.1161/CIRCRESAHA.111.259754
http://www.ncbi.nlm.nih.gov/pubmed/22679139
http://doi.org/10.1161/CIRCRESAHA.119.315077
http://www.ncbi.nlm.nih.gov/pubmed/31513489
http://doi.org/10.1161/CIRCRESAHA.118.314014
http://www.ncbi.nlm.nih.gov/pubmed/30566043


J. Pers. Med. 2021, 11, 502 22 of 23

9. Karakikes, I.; Stillitano, F.; Nonnenmacher, M.; Tzimas, C.; Sanoudou, D.; Termglinchan, V.; Kong, C.W.; Rushing, S.; Hansen, J.;
Ceholski, D.; et al. Correction of human phospholamban R14del mutation associated with cardiomyopathy using targeted
nucleases and combination therapy. Nat. Commun. 2015, 6, 6955. [CrossRef]

10. Haghighi, K.; Pritchard, T.; Bossuyt, J.; Waggoner, J.R.; Yuan, Q.; Fan, G.C.; Osinska, H.; Anjak, A.; Rubinstein, J.; Robbins, J.; et al.
The human phospholamban Arg14-deletion mutant localizes to plasma membrane and interacts with the Na/K-ATPase. J. Mol.
Cell. Cardiol. 2012, 52, 773–782. [CrossRef] [PubMed]

11. Eijgenraam, T.R.; Boukens, B.J.; Boogerd, C.J.; Schouten, E.M.; van de Kolk, C.W.A.; Stege, N.M.; Te Rijdt, W.P.; Hoorntje, E.T.; van
der Zwaag, P.A.; van Rooij, E.; et al. The phospholamban p.(Arg14del) pathogenic variant leads to cardiomyopathy with heart
failure and is unreponsive to standard heart failure therapy. Sci. Rep. 2020, 10, 9819. [CrossRef] [PubMed]

12. Zhao, W.; Yuan, Q.; Qian, J.; Waggoner, J.R.; Pathak, A.; Chu, G.; Mitton, B.; Sun, X.; Jin, J.; Braz, J.C.; et al. The presence of
Lys27 instead of Asn27 in human phospholamban promotes sarcoplasmic reticulum Ca2+-ATPase superinhibition and cardiac
remodeling. Circulation 2006, 113, 995–1004. [CrossRef] [PubMed]

13. Chadda, K.R.; Ahmad, S.; Valli, H.; den Uijl, I.; Al-Hadithi, A.B.; Salvage, S.C.; Grace, A.A.; Huang, C.L.; Jeevaratnam, K.
The effects of ageing and adrenergic challenge on electrocardiographic phenotypes in a murine model of long QT syndrome type
3. Sci. Rep. 2017, 7, 11070. [CrossRef] [PubMed]

14. Ho, D.; Zhao, X.; Gao, S.; Hong, C.; Vatner, D.E.; Vatner, S.F. Heart Rate and Electrocardiography Monitoring in Mice. Curr Protoc
Mouse Biol. 2011, 1, 123–139. [CrossRef] [PubMed]

15. Wu, J.; Zhang, Y.; Zhang, X.; Cheng, L.; Lammers, W.J.; Grace, A.A.; Fraser, J.A.; Zhang, H.; Huang, C.L.; Lei, M. Altered sinoatrial
node function and intra-atrial conduction in murine gain-of-function Scn5a+/DeltaKPQ hearts suggest an overlap syndrome.
Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H1510–H1523. [CrossRef] [PubMed]

16. Singh, V.P.; Rubinstein, J.; Arvanitis, D.A.; Ren, X.; Gao, X.; Haghighi, K.; Gilbert, M.; Iyer, V.R.; Kim, D.H.; Cho, C.; et al. Abnormal
calcium cycling and cardiac arrhythmias associated with the human Ser96Ala genetic variant of histidine-rich calcium-binding
protein. J. Am. Heart Assoc. 2013, 2, e000460. [CrossRef] [PubMed]

17. Haghighi, K.; Pritchard, T.J.; Liu, G.S.; Singh, V.P.; Bidwell, P.; Lam, C.K.; Vafiadaki, E.; Das, P.; Ma, J.; Kunduri, S.; et al. Human
G109E-inhibitor-1 impairs cardiac function and promotes arrhythmias. J. Mol. Cell. Cardiol. 2015, 89, 349–359. [CrossRef]
[PubMed]

18. Green, L.C.; Anthony, S.R.; Slone, S.; Lanzillotta, L.; Nieman, M.L.; Wu, X.; Robbins, N.; Jones, S.M.; Roy, S.; Owens, A.P., 3rd; et al.
Human antigen R as a therapeutic target in pathological cardiac hypertrophy. JCI Insight 2019, 4, e121541. [CrossRef] [PubMed]

19. Liu, G.S.; Morales, A.; Vafiadaki, E.; Lam, C.K.; Cai, W.F.; Haghighi, K.; Adly, G.; Hershberger, R.E.; Kranias, E.G. A novel human
R25C-phospholamban mutation is associated with super-inhibition of calcium cycling and ventricular arrhythmia. Cardiovasc.
Res. 2015, 107, 164–174. [CrossRef] [PubMed]

20. DeMazumder, D.; Limpitikul, W.B.; Dorante, M.; Dey, S.; Mukhopadhyay, B.; Zhang, Y.; Moorman, J.R.; Cheng, A.; Berger, R.D.;
Guallar, E.; et al. Entropy of cardiac repolarization predicts ventricular arrhythmias and mortality in patients receiving an
implantable cardioverter-defibrillator for primary prevention of sudden death. Europace 2016, 18, 818–1828. [CrossRef] [PubMed]

21. Kleber, A.G.; Rudy, Y. Basic mechanisms of cardiac impulse propagation and associated arrhythmias. Physiol. Rev.
2004, 84, 431–488. [CrossRef] [PubMed]

22. van de Leur, R.R.; Taha, K.; Bos, M.N.; van der Heijden, J.F.; Gupta, D.; Cramer, M.J.; Hassink, R.J.; van der Harst, P.; Doevendans,
P.A.; Asselbergs, F.W.; et al. Discovering and Visualizing Disease-Specific Electrocardiogram Features Using Deep Learning:
Proof-of-Concept in Phospholamban Gene Mutation Carriers. Circ. Arrhythm. Electrophysiol. 2021, 14, e009056. [CrossRef]
[PubMed]

23. Keramati, A.R.; DeMazumder, D.; Misra, S.; Chrispin, J.; Assis, F.R.; Raghuram, C.; Dey, S.; Calkins, H.; Tandri, H. Anterior
pericardial access to facilitate electrophysiology study and catheter ablation of ventricular arrhythmias: A single tertiary center
experience. J. Cardiovasc. Electrophysiol. 2017, 28, 1189–1195. [CrossRef] [PubMed]

24. Li, M.J.; Wang, P.; Liu, X.; Lim, E.L.; Wang, Z.; Yeager, M.; Wong, M.P.; Sham, P.C.; Chanock, S.J.; Wang, J. GWASdb: A database
for human genetic variants identified by genome-wide association studies. Nucleic Acids Res. 2012, 40, D1047–D1054. [CrossRef]

25. Anderson, D.M.; Makarewich, C.A.; Anderson, K.M.; Shelton, J.M.; Bezprozvannaya, S.; Bassel-Duby, R.; Olson, E.N. Widespread
control of calcium signaling by a family of SERCA-inhibiting micropeptides. Sci. Signal. 2016, 9, ra119. [CrossRef] [PubMed]

26. van Rijsingen, I.A.; van der Zwaag, P.A.; Groeneweg, J.A.; Nannenberg, E.A.; Jongbloed, J.D.; Zwinderman, A.H.; Pinto, Y.M.; Dit
Deprez, R.H.; Post, J.G.; Tan, H.L.; et al. Outcome in phospholamban R14del carriers: Results of a large multicentre cohort study.
Circ. Cardiovasc. Genet. 2014, 7, 455–465. [CrossRef] [PubMed]

27. Fozzard, H.A.; Schoenberg, M. Strength-duration curves in cardiac Purkinje fibres: Effects of liminal length and charge distribution.
J. Physiol. 1972, 226, 593–618. [CrossRef] [PubMed]

28. Weiss, J.N.; Garfinkel, A.; Karagueuzian, H.S.; Nguyen, T.P.; Olcese, R.; Chen, P.S.; Qu, Z. Perspective: A dynamics-based
classification of ventricular arrhythmias. J. Mol. Cell. Cardiol. 2015, 82, 136–152. [CrossRef] [PubMed]

29. Denis, A.; Sacher, F.; Derval, N.; Martin, R.; Lim, H.S.; Pambrun, T.; Massoullie, G.; Duchateau, J.; Cochet, H.; Pillois, X.; et al.
Arrhythmogenic response to isoproterenol testing vs. exercise testing in arrhythmogenic right ventricular cardiomyopathy
patients. Europace 2018, 20, f30–f36. [CrossRef] [PubMed]

http://doi.org/10.1038/ncomms7955
http://doi.org/10.1016/j.yjmcc.2011.11.012
http://www.ncbi.nlm.nih.gov/pubmed/22155237
http://doi.org/10.1038/s41598-020-66656-9
http://www.ncbi.nlm.nih.gov/pubmed/32555305
http://doi.org/10.1161/CIRCULATIONAHA.105.583351
http://www.ncbi.nlm.nih.gov/pubmed/16476846
http://doi.org/10.1038/s41598-017-11210-3
http://www.ncbi.nlm.nih.gov/pubmed/28894151
http://doi.org/10.1002/9780470942390.mo100159
http://www.ncbi.nlm.nih.gov/pubmed/21743842
http://doi.org/10.1152/ajpheart.00357.2011
http://www.ncbi.nlm.nih.gov/pubmed/22287583
http://doi.org/10.1161/JAHA.113.000460
http://www.ncbi.nlm.nih.gov/pubmed/24125847
http://doi.org/10.1016/j.yjmcc.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26455482
http://doi.org/10.1172/jci.insight.121541
http://www.ncbi.nlm.nih.gov/pubmed/30668549
http://doi.org/10.1093/cvr/cvv127
http://www.ncbi.nlm.nih.gov/pubmed/25852082
http://doi.org/10.1093/europace/euv399
http://www.ncbi.nlm.nih.gov/pubmed/27044982
http://doi.org/10.1152/physrev.00025.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044680
http://doi.org/10.1161/CIRCEP.120.009056
http://www.ncbi.nlm.nih.gov/pubmed/33401921
http://doi.org/10.1111/jce.13296
http://www.ncbi.nlm.nih.gov/pubmed/28727191
http://doi.org/10.1093/nar/gkr1182
http://doi.org/10.1126/scisignal.aaj1460
http://www.ncbi.nlm.nih.gov/pubmed/27923914
http://doi.org/10.1161/CIRCGENETICS.113.000374
http://www.ncbi.nlm.nih.gov/pubmed/24909667
http://doi.org/10.1113/jphysiol.1972.sp009999
http://www.ncbi.nlm.nih.gov/pubmed/4637625
http://doi.org/10.1016/j.yjmcc.2015.02.017
http://www.ncbi.nlm.nih.gov/pubmed/25769672
http://doi.org/10.1093/europace/euy007
http://www.ncbi.nlm.nih.gov/pubmed/29401235


J. Pers. Med. 2021, 11, 502 23 of 23

30. Groeneweg, J.A.; van der Zwaag, P.A.; Olde Nordkamp, L.R.; Bikker, H.; Jongbloed, J.D.; Jongbloed, R.; Wiesfeld, A.C.; Cox, M.G.;
van der Heijden, J.F.; Atsma, D.E.; et al. Arrhythmogenic right ventricular dysplasia/cardiomyopathy according to revised 2010
task force criteria with inclusion of non-desmosomal phospholamban mutation carriers. Am. J. Cardiol. 2013, 112, 1197–1206.
[CrossRef] [PubMed]

31. Henderson, S.A.; Goldhaber, J.I.; So, J.M.; Han, T.; Motter, C.; Ngo, A.; Chantawansri, C.; Ritter, M.R.; Friedlander, M.;
Nicoll, D.A.; et al. Functional adult myocardium in the absence of Na+-Ca2+ exchange: Cardiac-specific knockout of NCX1. Circ.
Res. 2004, 95, 604–611. [CrossRef] [PubMed]

32. Falcon, D.; Galeano-Otero, I.; Calderon-Sanchez, E.; Del Toro, R.; Martin-Bornez, M.; Rosado, J.A.; Hmadcha, A.; Smani, T.
TRP Channels: Current Perspectives in the Adverse Cardiac Remodeling. Front. Physiol. 2019, 10, 159. [CrossRef] [PubMed]

33. Lev, S.; Zeevi, D.A.; Frumkin, A.; Offen-Glasner, V.; Bach, G.; Minke, B. Constitutive activity of the human TRPML2 channel
induces cell degeneration. J. Biol. Chem. 2010, 285, 2771–2782. [CrossRef] [PubMed]

34. Babu, G.J.; Bhupathy, P.; Timofeyev, V.; Petrashevskaya, N.N.; Reiser, P.J.; Chiamvimonvat, N.; Periasamy, M. Ablation of sarcolipin
enhances sarcoplasmic reticulum calcium transport and atrial contractility. Proc. Natl. Acad. Sci. USA 2007, 104, 17867–17872.
[CrossRef] [PubMed]

35. Voit, A.; Patel, V.; Pachon, R.; Shah, V.; Bakhutma, M.; Kohlbrenner, E.; McArdle, J.J.; Dell’Italia, L.J.; Mendell, J.R.; Xie, L.H.; et al.
Reducing sarcolipin expression mitigates Duchenne muscular dystrophy and associated cardiomyopathy in mice. Nat. Commun.
2017, 8, 1068. [CrossRef] [PubMed]

36. Lynch, J.M.; Maillet, M.; Vanhoutte, D.; Schloemer, A.; Sargent, M.A.; Blair, N.S.; Lynch, K.A.; Okada, T.; Aronow, B.J.; Osinska, H.;
et al. A thrombospondin-dependent pathway for a protective ER stress response. Cell 2012, 149, 1257–1268. [CrossRef] [PubMed]

http://doi.org/10.1016/j.amjcard.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/23871674
http://doi.org/10.1161/01.RES.0000142316.08250.68
http://www.ncbi.nlm.nih.gov/pubmed/15308581
http://doi.org/10.3389/fphys.2019.00159
http://www.ncbi.nlm.nih.gov/pubmed/30881310
http://doi.org/10.1074/jbc.M109.046508
http://www.ncbi.nlm.nih.gov/pubmed/19940139
http://doi.org/10.1073/pnas.0707722104
http://www.ncbi.nlm.nih.gov/pubmed/17971438
http://doi.org/10.1038/s41467-017-01146-7
http://www.ncbi.nlm.nih.gov/pubmed/29051551
http://doi.org/10.1016/j.cell.2012.03.050
http://www.ncbi.nlm.nih.gov/pubmed/22682248

	Introduction 
	Materials and Methods 
	Humanized WT-PLN and R14del-PLN Knock-in Mice 
	Histology 
	In Vivo Stress-Induced Arrhythmias 
	Human R14del-PLN Electrocardiogram Studies 
	Electrophysiological Recordings 
	Mouse Myocyte Mechanics, Ca Kinetics 
	Measurement of Calcium Sparks 
	Aftercontractions and CaMKII Inhibitor KN93 in Isolated Cardiomyocytes 
	Immunofluorescence Staining and Quantitative Immunoblotting 
	RNA Sequencing Analysis 
	Statistical Analysis 

	Results 
	Ventricular Ectopy Originating in the Right Ventricle of Humanized Mice Harboring the R14del-PLN Mutation 
	R14del-PLN Associates with Prolongation of Action Potential in RV Myocytes 
	Calcium Kinetics and Contractile Parameters Are Depressed in RV Myocytes 
	Calcium Sparks and After-Contractions Are Increased in RV Myocytes from R14del-PLN Hearts 
	Calcium Handling Protein Levels 
	Gene Expression Profiles 

	Discussion 
	Ventricular Tachycardia and Its Origin in RV 
	Right Ventricular Specificity of R14del-PLN 
	Decreases in ER Stress and Apoptosis Pathways 
	Study Limitations 

	Conclusions 
	References

