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Abstract 
Mutations in MINDBOMB 1 (MIB1), encoding an E3 ubiquitin ligase of the NOTCH 

signaling pathway, cause left ventricular noncompaction cardiomyopathy (LVNC) in mice 

and humans, increasing the risk of arrhythmia and left ventricular dysfunction. This study 

aimed to investigate the effect of MIB1 mutations on cardiac electrical activity. We exam-

ined male Mib1flox;Tnnt2Cre mice, a disease model of LVNC, and wildtype littermates on 

the C57BL/6J genetic background. Our results demonstrate that the gap-junction protein 

connexin43 was delocalized from the intercalated disks to the lateral long axis of Mib1flox-

;Tnnt2Cre cardiomyocytes. Cardiomyocyte electrophysiology revealed an increase in the 

Na (INa) peak density at potentials between -50 and -30 mV in Mib1flox;Tnnt2Cre mice, with 

no changes in INa activation or inactivation kinetics. Mib1flox;Tnnt2Cre cardiomyocytes also 

showed decreases in outward K+ peak currents and currents at the end of depolarizing 

pulses at potentials ≥−10 mV and ≥−20 mV, respectively, and this was accompanied by 

a lower charge density at ≥−20 mV. Action potential duration was increased in Mib1flox;T-

nnt2Cre cardiomyocytes. The cardiac stress, induced by swimming endurance training or 

β-adrenergic stimulation with isoproterenol, increases QTc duration in Mib1flox;Tnnt2Cre 

mice, accompanied by a decrease in T-wave amplitude and area. Swimming endurance 

training decreased heart rate in wildtype and Mib1flox;Tnnt2Cre mice but was unaffected 

by long-term isoproterenol treatment. These mouse findings are in agreement with an 

increased QTc duration found in LVNC patients carrying MIB1 mutations. These results 

provide insight into the outcomes of LVNC and relate its pathogenicity to impaired ventric-

ular repolarization.

Introduction
Left ventricular non-compaction (LVNC) is a heterogeneous cardiomyopathy with a poorly 
understood etiology and is believed to result from in utero alteration of ventricular chamber 
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development [1], although isolated cases of acquired and potentially reversible LVNC have 
also been reported [2]. LVNC is characterized by prominent trabeculations, deep endocardial 
recesses in the ventricular wall, and a thin compact myocardium layer [3]. The clinical con-
sequences of these structural abnormalities vary, ranging from mild effects with normal heart 
function to congestive heart failure, cardiac conduction abnormalities, ventricular tachyar-
rhythmia, and sudden cardiac death [3–6]. Ventricular arrhythmia and myocardial dysfunc-
tion in LVNC patients are predictors of premature death [6].

LVNC exhibits genetic heterogeneity, primarily following an autosomal-dominant inher-
itance pattern [7], and is strongly associated with sarcomere gene mutations, especially 
in MYH7 [7,8]. Additional mutations linked to LVNC involve genes encoding scaffold 
and nuclear proteins [8,9]. Its proposed developmental origin suggests that genetic alter-
ations impacting signaling pathways and transcription factors regulating cardiovascular 
development play a key role [10–13]. A key mediator of cell fate specification and tis-
sue patterning in metazoans is the highly conserved signaling pathway NOTCH [14,15], 
whose disruption in humans leads to developmental abnormalities affecting the heart and 
vessels [16–19]. Functional studies in mice have shown that NOTCH is crucial for the 
endocardium-to-myocardium signaling that governs the development of the cardiac valves 
and ventricular chambers and have shed light on the disease mechanisms associated with 
NOTCH dysfunction [reviewed in [20,21]]. We previously showed that LVNC in mice and 
humans can be caused by mutations in the gene encoding the ubiquitin ligase MINDBOMB1 
(MIB1) [22], which is required for NOTCH ligand endocytosis and signaling activation [23]. 
Myocardium-specific inactivation of Mib1 in mice disrupts ventricular maturation and pat-
terning, so that persistent trabeculae and thinner ventricular walls are found in the adult heart, 
severely impairing its function [22,24,25]. LVNC families carrying disease-co-segregating 
germline MIB1 mutations have large persistent trabeculae and severely reduced ventricular 
function [22]. LVNC is usually associated with abnormal electrocardiographic (ECG) pat-
terns, such as intraventricular conduction delays, voltage signs of left ventricular hypertrophy, 
left axis deviation, repolarization abnormalities, and QTc prolongation [26,27]. The aim of 
this study was to investigate the mechanisms underlying ECG alterations associated with 
LVNC, utilizing a previously described mouse model of this condition.

Materials and methods

Animal studies
Animal studies were approved by the CNIC Animal Experimentation Ethics Committee, the 
Complutense University of Madrid and the Community of Madrid (Ref. PROEX 155.7/20). 
All animal procedures conformed to EU Directive 2010/63EU and Recommendation 
2007/526/EC regarding the protection of animals used for experimental and other scientific 
purposes, enacted in Spanish law under Real Decreto 1201/2005. We used 20-week-old male 
Mib1flox/flox;Tnnt2Cre/+ (hereafter Mib1flox;Tnnt2Cre) mutants and their respective wildtype litter-
mates Mib1flox/flox;Tnnt2 +/+ (WT), congenic on the C57BL/6J background. Mice were housed 
in wire-bottomed cages in a temperature-controlled room (22±0.8°C) with a 12 h light–dark 
cycle and a relative humidity of 55±10%. Mice had free access to food and water. Mice were 
euthanized following institutional and national ethical guidelines using CO₂ inhalation fol-
lowed by cervical dislocation to ensure humane sacrifice.

Mouse electrocardiography
ECGs were recorded in anesthetized mice as previously described [28]. Briefly, mice were 
placed in a supine position on a temperature-controlled surface and were anesthetized with 
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1.5–2% isoflurane. Four needle electrodes were subcutaneously inserted into the limbs. ECG 
recordings were acquired with a MP36R Biopac System and analyzed offline with LabChart7 
(AD Instruments, Australia). A high-pass filter setting of 0.5 Hz was applied to remove the 
baseline wander using a bidirectional filtering strategy. The PR interval was measured from 
the beginning of the positive deflection of the P wave to the peak of the R wave, the QRS 
interval was measured from the start of the Q wave to the point where the S wave crosses the 
isoelectric line, and the QT interval was measured from the start of the Q wave to the point 
where the T wave reaches the 90% of the decline [28]. All these intervals were calculated as 
the mean of ~ 450 ECG measurements, and QTc duration was calculated by considering the 
correction for RR intervals according to Bazett’s formula for murine ECG [29]:

	 QTc QT

RR
=

( )/100
1
2

	

The T wave amplitude was measured as the T peak in mV and the area of the T wave was 
measured as the area under the curve averaging 5 T waves areas from each animal.

Human electrocardiography
ECGs from patients with LVNC were obtained in accordance with human subject 
guidelines and following the approved protocol by the Hospital Universitario Virgen de 
la Arrixaca, Murcia, Spain. All patients provided written informed consent. Human ECG 
measurements were recorded using standard methods in patients carrying the MIB1 muta-
tions and in healthy relatives to assess differences in ventricular repolarization. Data were 
accessed for research purposes in September 2023. ECG of subject V943F-2 was taken at 
clinical stable situation on medication (ACE inhibitor and spironolactone) during admis-
sion. Subject R530X-1 and R530X-2 were on betablockers at the time of the ECG recording. 
All patients (apart from subject V943F-2) and all the controls were evaluated in an outpa-
tient clinic area. ECG was performed after at least 3 min in supine position. Controls were 
off medications.

Lead II and precordial V5 traces, commonly used to diagnose repolarization abnormal-
ities3, were selected to assess temporal and morphological differences between patients and 
healthy relatives. QTc duration was calculated by considering the correction for RR intervals 
according to Bazett’s. Moreover, we have calculated the QTc values using the Hodges formula, 
QTc = QT + 1.75.(HR-60). The following short-term QT variability markers were calculated 
according to the formulas listed below: QT variance (QTvar), standard deviation of the QT 
intervals (SDqt), short-term variability of the QT intervals (STVqt), QT variance normalized 
to mean QT interval (QTVN), QT variability index (QTVIHR), and the root mean square of the 
successive QT interval differences (RMSSDqt).
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Mouse endurance training
The endurance training protocol was as described previously [30]. Briefly, mice were first 
acclimatized to water by being placed in glass container (60×30×45 cm) with shallow water 
at a constant warm temperature (~30ºC) to minimize environmental stress. The endurance 
training took place during the dark phase of the light-dark cycle, corresponding to peak 
mouse activity. After the adaption period, the mice gained swimming experience over 2 weeks, 
with the swimming duration increasing by 5 min per day until reaching 45 min at the end of 
the second week. Over the next 3 weeks (weeks 3–6), the swimming duration increased by 
15 min each week and was then maintained at 90 min per day during weeks 6–8 (Table 1).

Isoproterenol treatment
Isoproterenol is a synthetic non-selective β1- and β2-adrenergic receptor agonist that is widely 
used to measure the ability of the heart to respond to stress stimuli [31]. WT and Mib1flox;Tn-
nt2Cre mice received twice-weekly i.p. bolus injections of isoproterenol (3 mg/kg) over a period 
of 4 weeks. ECGs were recorded at baseline (before the first isoproterenol injection), and at 
the end of the isoproterenol administration protocol. Data were recorded and analyzed as 
described in §Mouse electrocardiography.

Blood pressure measurements
Blood pressure was measured with an automated tail-cuff device (Visitech System BP2000, 
NC). Mice received training for one week to adapt to the system. Weekly measurements were 
then taken at the same time of day. The first 10 measurements on each measurement day were 
rejected, and results are presented as the mean of the last 10 measurements.

Table 1.  ECG parameters from patients with the MIB1VF943F, MIB1R530X mutations and control.

Age Sex Diagnosis HR (bpm) QT (ms) QTc (ms) Bazett’s QTc (ms) Hodge RR (ms) PR (ms) QRS (ms) Cardiac axis
V943F-1 51 M LVNC 65 480 499 489 915 160 120 0º (Normal)
V943F-2 12 F LVNC 90 400 489 453 700 240 100 -53º (LAD)
R530X-1 60 M LVNC 95 400 503 461 665 200 100 49º (Normal)
R530X-2 21 M LVNC 59 488 483 486 865 160 100 -79º (LAD)
Control 1 26 F _ 68 440 468 454 880 160 100 60º (normal)
Control 2 29 M _ 52 440 409 426 1225 220 80 58º (normal)
Control 3 55 M _ 44 480 411 452 1330 220 60 21º (normal)
Control 4 29 F _ 71 400 435 419 800 200 80 59º (normal)

https://doi.org/10.1371/journal.pone.0314840.t001
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Single cell electrophysiology
Recording techniques: Single ventricular myocytes were isolated from cardiac tissue by enzy-
matic dissociation with collagenase type II (Worthington Biochemical Corporation Lakewood, 
NJ, USA) and protease (type XIV, Sigma Chemical Co. London, UK) [32,33]. Mice were hepa-
rinized (5000 U/kg i.p.) and anesthetized with ketamine (150 mg/kg i.p.) and xylazine (10 mg/
kg i.p.). Currents were recorded at room temperature (21–23ºC) by whole-cell patch clamping 
using an Axopatch-200B patch clamp amplifier (Molecular Devices, USA) [32,33]. Record-
ing pipettes were pulled from 1.0 mm o.d. borosilicate capillary tubes (GD1, Narishige Co., 
Ltd, Japan) using a programmable patch micropipette puller (Model P-2000 Brown-Flaming, 
Sutter Instruments Co., USA) and were heat-polished with a microforge (Model MF-83, 
Narishige). For measurements of micropipette resistance, the micropipette was filled with 
the internal solution and immersed in the external solution. Micropipette resistance was kept 
below 1.5 MΩ for the sodium currents (INa), below 3.5 MΩ for other currents, or above 7 MΩ 
for measurement of action potentials (AP). In all experiments, series resistance was compen-
sated manually by using the series resistance compensation unit of the Axopatch amplifier, 
and ≥80% compensation was achieved. Uncompensated access resistance was 2.2±1.8 MΩ 
(n=133). Thus, considering the myocyte capacitance, we expected no significant voltage errors 
(<5 mV) due to series resistance with the micropipettes used. To minimize the contribution 
of time-dependent shifts in channel availability during INa recordings, all data were collected 
20 min after establishing the whole-cell configuration. Under these conditions, current ampli-
tudes and voltage dependence of activation and inactivation were stable during recordings 
[32,33]. The current recordings were sampled at 4 kHz (except for INa, which was sampled 
at 50 kHz), filtered at half the sampling frequency, and stored on a computer hard disk for 
subsequent analysis.
Solutions: For recordings of INa, the external solution contained (mM): NaCl 4, MgCl2 1.0, 
CaCl2 1.0, CdCl2 1.0, CsCl1 33.5, HEPES 20, and glucose 11 (pH=7.35 with CsOH). Record-
ing pipettes were filled with an internal solution containing (mM): NaF 10, CsF 110, CsCl 20, 
HEPES 10, and EGTA 10 (pH 7.35 with CsOH). The L-type Ca+ currents (ICaL) were recorded 
in myocytes superfused with an external solution containing (mM): tetraethylammonium 137, 
CaCl2 1, MgCl2 0.5, HEPES 10, and glucose 10 (pH=7.4 with CsOH). The internal solution 
contained (mM): CsCl 125, TEA-Cl 20, MgATP 5, phosphocreatine 3.6, HEPES 10, and EGTA 
10 (pH=7.2 with CsOH). For recordings of inward rectifier currents (IK1), the external solution 
contained (mM): NaCl 140, 4 mM KCl, CaCl2 1, MgCl2 1, HEPES 10, 4-aminopyridine 2, 
glucose 10, and nifedipine 1 µM, atropine 0.1 µM, and glibenclamide 10 µM (pH=7.4 with 
NaOH). Recording pipettes were filled with an internal solution containing (mM): K-aspartate 
80, KCl 42, KH2PO4 10, MgATP 5, phosphocreatine 3, HEPES 5, and EGTA 5 (pH 7.2 with 
KOH). For outward K+ currents, the external and internal solutions were identical to those 
used for IK1 recordings, but without 4-aminopyridine in the external solution. For AP record-
ings, the external solution contained (mM): NaCl 136, KCl 4, CaCl2 1.8, MgCl2 1, HEPES 
10, and glucose 10 (pH 7.4 with NaOH). The internal solution contained (mM): K-aspartate 
80, KCl 42, KH2PO4 10, MgATP 5, phosphocreatine 3, HEPES 5, and EGTA 5 (pH=7.2 with 
KOH). The currents were not corrected for the liquid junction potentials.
Pulse protocols: To construct the current-voltage relationships for INa, we applied 50-ms pulses 
in 5 mV increments from −120 mV to potentials between −100 and +30 mV. INa amplitude 
was measured as the difference between the peak transient current and the current at the end 
of the pulses and was normalized to cell capacitance to obtain the density. To construct the 
inactivation curves, INa was recorded by applying 500-ms pulses from −120 mV to poten-
tials between −140 and -20 mV in 10 mV increments followed by a test pulse to −20 mV. To 
analyze the recovery from inactivation of INa, we applied two 50-ms pulses (P1 and P2) from 
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–120 to −40 mV at increasing coupling intervals (0.05–500 ms). Reactivation kinetics were 
measured by fitting a mono exponential function to the data. The late component of INa (INaL) 
was recorded by applying 500-ms pulses from –120 to –40 mV, and was measured as the per-
centage of the peak INa recorded. To construct current-voltage relationships for ICaL, we applied 
500-ms pulses in 5 mV increments from –80 mV to potentials between –40 and +50 mV. The 
INa was inactivated by applying a 50-ms prepulse to –30 mV. The L-type calcium current (ICaL) 
was measured as the difference between the peak current and the current at the end of the 
pulses and was normalized to the cell capacitance to calculate the ICaL density. Inactivation 
curves for ICaL were obtained by applying a 500-ms conditioning pulse from –70 mV to poten-
tials between –90 and +50 mV, followed by a test pulse to 0 mV. Conductance-voltage curves 
for INa and ICaL were constructed by plotting the normalized conductance as a function of the 
membrane potential. The conductance was estimated for each experiment using the equation 
listed below: G is the conductance at the test potential Vm, I represent the peak maximum 
current at Vm, and Erev is the reversal potential.

	 G I
V Em rev

=
−( )

	

To determine the Erev, INa and ICaL density-voltage relationships obtained in each experi-
ment were fitted to a function of the form below: where I is the peak current elicited at the test 
potential Vm, Gmax is the maximum conductance, and k is the slope factor.

	 I V E G xp V V km rev m h= −( )⋅ ⋅ + −[ ]( )−max e1
1

/ 	

The protocol to record IK1 consisted of 250-ms steps imposed in 10 mV increments from 
–80 mV to potentials ranging –120 and –30 mV. IK1 was always measured at the end of the 250-
ms pulses. Current–voltage relationships for outward K+ currents were constructed by applying 
500-ms pulses in 10 mV increments from –80 mV to potentials ranging –80 and +50 mV. Peak 
outward K+ currents were measured as the difference of the peak and the current at the end 
of the pulse, while sustained outward K+ currents were measured at the end of the pulses. The 
charge was estimated from the integral of the current traces comprising the area between the 
peak and the current at the end of the 500-ms pulse. APs elicited by depolarizing-current pulses 
of 2 ms in duration at 1.5–2 times the current threshold at a frequency if 1Hz were recorded in 
the current-clamp configuration of the patch-clamp technique.

Immunohistochemistry
Hearts from WT and Mib1flox;Tnnt2Cre mice were fixed overnight at 4ºC in 4% paraformalde-
hyde in phosphate saline buffer (PBS), pH 7.4. Hearts were then dehydrated through a graded 
series of ethanol concentrations. The tissue was then embedded in paraffin, and longitudinal 
5 μm sections were cut on a microtome. The sections were dewaxed and cleaned with PBS. 
Antigens were retrieved by heating the sections in sodium citrate buffer (10 mM). Endogenous 
biotin was blocked using an avidin/biotin kit (Vector Laboratories), and non-specific IgG 
binding sites were blocked with histoblock solution (5% goat serum, 3% BSA 20 mM MgCl2, 
and 0.3% Tween 20). Sections were then incubated overnight at 4ºC with anti-CX43 (1:200, 
Sigma-Aldrich) and anti-N-cadherin (1:100, Invitrogen, Life Technologies). After several 
washes in PBS, samples were incubated for 2h with biotinylated anti-rabbit IgG (1:200, Vector 
Laboratories), washed again, and incubated for 2h at room temperature with TRITC-coupled 
extravidin and Alexa Fluor 488 (1:200, Thermo Fisher Scientific). Cell membranes were 
stained with wheat germ agglutinin (WGA Rhodamine, 1:100, Vector Laboratories or 
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Alexa-Fluor 488-conjugated WGA, 1:200, Thermo Fisher). Cell nuclei were stained with DAPI 
(1:1000, Sigma-Aldrich). Samples were visualized using a Zeiss 700 confocal microscope. 
All image analyses were performed using Fiji (ImageJ, NIH). Raw immunohistochemically 
fluorescently-labeled mouse heart sections were analyzed to accurately quantify Cx43 local-
ization at the intercalated discs. Briefly, the percentage area occupied by the Cx43 signal was 
determined relative to the area occupied by the N-Cadherin signal. To assess the distribution 
of Cx43 relative to the lateral membrane, we quantified the percentage area of the Cx43 signal 
that co-localized with the WGA signal and compared it to the area of the Cx43 signal within 
the ICD. The ratio (lateral Cx43 area/ ICD Cx43 area) was then calculated to evaluate the 
degree of Cx43 lateralization and expressed as a percentage. For immunofluorescence of ion 
channels, single ventricular myocytes were isolated from hearts by enzymatic dissociation (lib-
erase blendzyme, Roche) as previously described [34]. Briefly, hearts were excised and retro-
gradely perfused at 37ºC for 6–8 min with a modified tyrode solution (113 mM NaCl, 4.7 mM 
KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4-7H2O, 0.032 mM Phenol red, 12 mM 
NaHCO3, 10 mM KHCO3, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid, and 
30 mM taurine, pH 7.4). Next, hearts were perfused with the same buffer containing 0.1 mg/
ml liberase (Roche) until the complete digestion was achieved. The ventricles were then 
mechanically dissociated and single cells were transferred to a test tube containing the same 
solution but with the enzyme replaced with bovine calf serum (BCS, 5%) and progressive 
concentration of CaCl2 to reach a final concentration of 1 mM. Cells were fixed in 4% para-
formaldehyde in PBS for 30 min at room temperature and then washed three times for 5 min 
with PBS containing 2% BSA. The cells were then permeabilized with 1% Triton X-100 at 25 
°C for 10 min. Non-specific IgG binding sites were blocked with histoblock solution. Cells 
were rinsed repeatedly and incubated overnight at 4ºC with the primary antibodies anti-KV4.2 
(1:200, Alomone labs, Israel), anti-KV4.3 (1:200, Alomone labs, Israel), anti-NaV1.5 (1:200, 
Alomone labs, Israel), and anti-α-actinin (1:200, Sigma). Samples were visualized with a Zeiss 
700 confocal microscope. All image analysis were performed using Fiji (ImageJ, NIH).

Picrosirius red histology
Heart sections were obtained as described in immunohistochemistry section. Briefly, the 
nuclei were stained with Weigert’s haematoxilin for 8 min, and then the slides were washed for 
10 min in running tap water. Next, slides were stained in picrosirius red solution for 1 h and 
then washed in two changes of acidified water. The slides were then dehydrated in 3 changes 
of 100% ethanol and cleared in xylene. The slides were mounted in a resinous medium. All 
images were analyzed using Fiji (ImageJ, NIH) to determine collagen area and data were col-
lected from 3 section per animal. Fibrosis was quantified by analyzing the section area occu-
pied by Picro-Sirius Red (PSR)-positive fibers. The area occupied by PSR-positive fibers was 
quantified using Fiji (ImageJ, NIH) to determine collagen area and data were collected from 3 
section per animal. This was performed by thresholding the color intensity corresponding to 
PSR-positive fibers, followed by normalization to the total area of the tissue section. Fibrosis 
was then expressed as percentage.

Western blot
Hearts from WT and Mib1flox;Tnnt2Cre mice were obtained immediately harvested after mice 
were sacrificed and frozen in isopentane, and stored at -80°C to carry out biochemical studies. 
Protein samples (20–40 µg) from each frozen tissue were denatured and resolved using SDS-
PAGE (sodium dodecyl-sulfate polyacrylamide gel electrophoresis). The separated proteins 
were transferred to a PVDF membrane (GE Healthcare, UK). To block non-specific binding, 
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the membranes were incubated for one hour at room temperature in TBST containing 5% 
nonfat dried milk. Following this, the membranes were incubated with primary antibod-
ies: anti-KV4.2 (1:200, Alomone Labs, Israel), anti-KV4.3 (1:400, Alomone Labs, Israel), 
and anti-NaV1.5 (1:100, Alomone Labs, Israel). The membranes were then incubated with 
HRP-conjugated secondary antibodies (1:5000; GE Healthcare, UK) for 2 hours at room tem-
perature. The peroxidase activity was detected using an Enhanced Chemiluminescence (ECL) 
Kit (GE Healthcare, Buckinghamshire, UK), and the signals were visualized with a Gel-Doc 
system using Quantity One 4.5.1 software (Bio-Rad, Hercules, USA). For loading normal-
ization, stain-free technology was applied (Bio-Rad, Spain), and images of both the target 
proteins and the total protein were analyzed using ImageLab software (version 6.0.0, Bio-Rad, 
Hercules, USA) to determine the intensity per mm² of each band and lane. The relative pro-
tein levels were normalized to the intensity of GAPDH loading blots.

Statistical analysis
Results are presented as the mean±SD n animals/subjects or mean±SEM of n experiments as 
indicated. In all analyses, n represents the number of biological replicates, ensuring that statis-
tical comparisons reflect biological variability rather than intra-sample variation. Differences 
were analyzed by parametric unpaired two-tailed t-test or the non-parametric analog Mann–
Whitney or Wilcoxon’s test for comparisons between two groups and by ANOVA followed by 
the Tukey or Bonferroni post-hoc test for multiple comparisons. To consider repeated sample 
assessments, data were analyzed with multilevel mixed-effects models. Comparisons between 
categorical variables were by the Fisher exact test. Differences were considered statistically 
significant at p<0.05.

Results

Mutations in the human MIB1 homolog are associated with long QT 
prolongation
MIB1 mutations were previously reported in two LVNC families [22]. ECG comparisons 
between affected individuals carrying the MIB1V943F or MIB1R530X mutations and their healthy 
relatives (S1 Fig) showed no significant differences in heart rate, PR interval, QRS duration, or 
RR interval (Fig 1A,B; Table 1).

However, those with MIB1 mutations exhibited longer corrected QT intervals (QTc) com-
pared to healthy relatives ((Fig 1C; Table 1, 493.5±9.1 ms vs 430.8±27.5 ms). Notably, some 
mutation carriers displayed left axis deviation (Table 1). Analysis of QT variability markers 
revealed elevated values in MIB1 mutation carriers, indicating an increased risk of ventricu-
lar arrhythmias (Fig 1 D-I and Table 2). These results suggest that individuals carrying MIB1 
mutations have increased markers of QT variability and thus an elevated risk of ventricular 
arrhythmias.

ECG abnormalities and prolonged action potential duration in 
Mib1flox;Tnnt2Cre mice
We investigated the electrocardiographic phenotype of Mib1flox;Tnnt2Cre mice, a model of 
LVNC due to impaired NOTCH signaling [22], to compare it with patients carrying MIB1 
mutations. While these mice showed reduced ejection fraction at 6 months [22], there were 
no differences in systolic or diastolic pressure between wild type (WT) and mutant mice, both 
at baseline and after swimming endurance training (S2A,B Fig.). Heart weight/tibial ratio was 
also similar between groups (S2C Fig.). Baseline measurements of heart rate (Fig 2A,B,C), 
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Fig 1.  ECG abnormalities in LVNC patients carrying MIB1 mutations. (A) PR interval measurements in healthy 
family members (control) and LVNC patients. (B) QRS measurements in healthy family members (control) and 
LVNC patients. (C) QTc measurements using the Bazzet formula for healthy family members (control) and LVNC 
patients. (D-I) Short-term QT variability markers predicting arrhythmias and sudden cardiac death in healthy family 
members (control) and LVNC patients: (D) QT variance, (E) standard deviation of QT intervals, (F) short-term beat-
to-beat temporal QT variability, (G) QT variance normalized to mean QT interval, (H) QT variability index (log ratio 
of normalized QT variance to normalized heart rate variance), and (I) root mean square of successive QT interval 
differences. Insets show QT variability markers for LVNC patients with V943F or R530X MIB1 mutations. Statistical 
significance was determined by the Mann–Whitney test. Results are mean±SD of 4 patients. ns, non-significant. *P < 
0.05 vs control.

https://doi.org/10.1371/journal.pone.0314840.g001
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PQ interval (Fig 2D,G), QRS duration (Fig 2E,H), and QTc90 interval (Fig 2F,I), revealed no 
differences between WT and Mib1flox;Tnnt2Cre mice. An 8-week swimming regimen (Table 3), 
during which both WT and Mib1flox;Tnnt2Cre mice swam similar distances

(S2D Fig 2 and S1,2 Videos) resulted in a slight but significant decrease in heart rate in WT 
mice, with no difference observed between WT and Mib1flox;Tnnt2Cre groups (Fig 2B). One 
WT mouse and four Mib1flox;Tnnt2Cre mice died during the training (S2E Fig.). Additionally, 
swimming endurance training did not significantly affect the PQ interval (Fig 2D). However, 
Mib1flox;Tnnt2Cre mutants exhibited increased QRS (Fig 2E) and QTc90 intervals (Fig 2F) com-
pared to WT, indicating exercise-induced conduction abnormalities.

Chronic isoproterenol treatment showed no differences in heart rate (Fig 2C), PQ interval 
(Fig 2G) or QRS duration (Fig 2H) between genotypes, but QTc90 was significantly prolonged 
in Mib1flox;Tnnt2Cre mutants (Fig 2I). T-wave amplitude and area under the curve were compa-
rable at baseline (Fig 3A,A’), but decreased significantly in Mib1flox;Tnnt2Cre mice after swim-
ming (Fig 3B,B’,C,D), suggesting exercise-induced ventricular repolarization abnormalities. 
Next, we recorded action potentials (APs) from cardiomyocytes dissociated from Mib1flox;T-
nnt2Cre mice, paced at 1 Hz (Fig 4A). We found no differences between genotypes in resting 
membrane potential (RMP, Fig 4B) or action potential amplitude (APA, Fig 4C). However, 
AP duration (APD) at 20% (APD20, Fig 4D), 50% (APD50, Fig 4E), and 90% (APD90, Fig 4F) 
repolarization was significantly prolonged in Mib1flox;Tnnt2Cre cardiomyocytes.

Altered cell capacitance and increased peak INa density in 
Mib1flox;Tnnt2Cre mice
To assess changes in ionic currents underlying APs, we used patch-clamp recording tech-
niques. Cardiomyocytes from Mib1flox;Tnnt2Cre mice exhibited significantly larger cell capac-
itance compared to WT (S3C Fig), confirmed by direct measurement of cardiomyocyte 
area using wheat germ agglutinin staining (S3A,B Fig.). We then recorded sodium currents 
(INa) in isolated cardiomyocytes from both genotypes. Fig 5A and B show INa traces and 
current-density voltage curve, respectively, revealing that Mib1flox;Tnnt2Cre cardiomyocytes had 
significantly higher peak INa density between -50 and-30 mV (Fig 5A,B), with no changes in 
current activation or inactivation kinetics (Table 4).

The voltage dependence of peak INa activation and inactivation was similar in WT and 
Mib1flox;Tnnt2Cre cardiomyocytes (Fig 5C,D), with no significant differences in midpoint 
or slope values of conductance-voltage and inactivation curves (Table 4). S4 Fig. shows the 
time course of peak INa reactivation, which overlapped between both groups, indicating no 
change in reactivation kinetics in Mib1flox;Tnnt2Cre cardiomyocytes (Table 4). Additionally, 
late sodium current (INaL) measured by 500 ms pulses from -120 to -40 mV was also similar in 

Table 2.  QT variability measurements from patients with the MIB1VF943F, MIB1R530X mutations and control.

QTvar SDqt STVqt QTVN QTVI RMSSDqt
V943F-1 533.33 23.09 14.14 0.25 1.16 28.28
V943F-2 544.50 23.33 18.86 0.39 0.23 44.72
R530X-1 1200.00 34.64 24.75 0.59 -0.79 50.33
R530X-2 1166.67 34.16 21.21 0.83 -0.97 43.2
Control 1 100.00 10.00 7.07 0.05 -0.95 16.33
Control 2 100.00 10.00 3.54 0.05 -0.11 11.55
Control 3 266.67 16.33 7.07 0.12 1.18 16.33
Control 4 75.00 8.66 7.07 0.05 -0.86 16.33

https://doi.org/10.1371/journal.pone.0314840.t002
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Fig 2.  ECG alterations in Mib1flox;Tnnt2Cre mice are associated with cardiac stress from isoproterenol or 
swimming endurance training. (A) ECG recording showing measured intervals. (B, C) Mean heart rate (bpm) 
of isoflurane-anesthetized WT and Mib1flox;Tnnt2Cre mice before and after swimming endurance training (B) or at 
the end of the isoproterenol protocol (C). (D) PQ, (E) QRS, and (F) QTc90 duration measured before and after 
swimming endurance training. (G) PQ, (H) QRS, and (I) QTc90 duration measured before and at the end of the 
isoproterenol protocol. Statistical significance was determined by ANOVA with Tukey post-hoc test. *P < 0.05 vs WT. 
Results are mean±SD of 6-9 animals.

https://doi.org/10.1371/journal.pone.0314840.g002
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WT and Mib1flox;Tnnt2Cre cardiomyocytes (S4B Fig.). Next, we examined potential differences 
in L-type calcium currents (ICaL). ICaL traces were recorded following a protocol shown in Fig 
5E, revealing no difference in ICaL density between WT and Mib1flox;Tnnt2Cre cardiomyocytes 
across all tested potentials (Fig 5E,F). Activation and inactivation kinetics of ICaL were also 
similar between genotypes (Fig 5G, Table 4), although inactivation midpoint shifted to more 
depolarized potentials in Mib1flox;Tnnt2Cre cardiomyocytes (Fig 5H, Table 4).

Decreased peak and sustained outward K+ currents in Mib1flox;Tnnt2Cre 
mice
In mouse cardiomyocytes, several voltage-dependent K+ channels contribute to outward 
repolarizing currents, including Kv4.3/4.2 and Kv1.5, which are also present in the human 
myocardium. Kv1.5 is mainly expressed in the atria [35]. We compared K+ currents in WT 
and Mib Mib1flox;Tnnt2Cre cardiomyocytes using 500-ms pulses from -80 and +50 mV (Fig 
6A). In Mib1flox;Tnnt2Cre cardiomyocytes showed smaller peak transient and sustained cur-
rents compared to WT. Density-voltage curves revealed significant reductions in peak current 
density at potentials ≥−10 mV (Fig 6B) and sustained current at potentials ≥−20 mV (Fig 6C), 
with a 45.4% reduction in sustained current density +50 mV, and a 25% reduction in peak 
current density at this voltage (P<0.05). The decay of outward K+ current was faster in Mib-
1flox;Tnnt2Cre cardiomyocytes (Fig 6A, inset), with a significantly reduced time constant (Fig 
6D, Table 4). To further characterize outward K+ currents in Mib1flox;Tnnt2Cre cardiomyocytes, 
we measured the charge (the total amount of K+ crossing the membrane) during the 500-ms 
pulses by integrating the current traces to calculate the area. The charge density at potentials 
≥-20 mV was significantly lower in Mib1flox;Tnnt2Cre cardiomyocytes (Fig 6E). However, the 
inward rectifier current (IK1) density and kinetics were similar between WT and Mib1flox;Tnnt-
2Cre cardiomyocytes (S5 Fig).

Impaired ion channel expression in Mib1flox;Tnnt2Cre mice
To determine whether the electrophysiological abnormalities in Mib1flox;Tnnt2Cre mice were 
due to defective ion channel expression, we performed immunofluorescence staining and 
western blot assays for NaV1.5, KV4.2, and KV4.3 in freshly isolated cardiomyocytes and pro-
tein extracts obtained from homogenized cardiac tissue, respectively (Fig 7). NaV1.5 expres-
sion showed no difference between genotypes in integrated density (Fig 7A,B), but protein 
levels were increased (Fig.7C,D). Mib1flox;Tnnt2-Cre cardiomyocytes had lower integrated den-
sities for KV4.2 (Fig 7E,F) and KV4.3 (Fig 7I,J), though protein were not significantly different 
from WT (Fig 7G,H,K,L). These decreases in KV4.2 and KV4.3 density likely contribute to the 
reduced outward K+ currents and increased APD in Mib1flox;Tnnt2Cre mice.

Table 3.  Swimming endurance training protocol.

Time in minutes
Week 1 5 10 15 20 25 0 0
Week 2 25 30 35 40 45 0 0
Week 3 45 45 45 45 45 0 0
Week 4 60 60 60 60 60 0 0
Week 5 75 75 75 75 75 0 0
Week 6 90 90 90 90 90 0 0
Week 7 90 90 90 90 90 0 0
Week 8 90 90 90 90 90 0 0

https://doi.org/10.1371/journal.pone.0314840.t003
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Abnormal Connexin-43 localization in the hearts of Mib1flox;Tnnt2Cre 
mice
The gap-junction protein Connexin-43 (CX43) is crucial for electrical excitation in cardio-
myocytes [36] and requires N-Cadherin for proper localization at intercalated disks [37]. 
N-Cadherin and CX43 immunofluorescence analysis (Fig 8A-D) showed significant mislo-
calization of CX43 to the lateral sides of cardiomyocytes in Mib1flox;Tnnt2Cre hearts (Fig 8E-F’) 
with reduced CX43 staining associated with N-cadherin (Fig 8A-G). Additionally, immuno-
fluorescence analysis using WGA and Cx43 (Fig 8H–K) confirms the lateralization of Cx43 

Fig 3.  Swimming endurance training reduces T-wave amplitude and area in Mib1flox;Tnnt2Cre mice. (A) 
Representative QRS complex and T-wave, with (A’) a close-up of the T-wave in WT and Mib1flox;Tnnt2Cre mice before 
the swimming protocol. (B) Representative QRS complex and T-wave, with (B’) a close-up of the T-wave after the 
swimming protocol, showing differences in T-wave morphology. (C and D) Summary data showing decreased 
T-wave amplitude (C) and area (D) in Mib1flox;Tnnt2Cre mice after training. Statistical significance was determined by 
unpaired two-tailed Student’s t-test.*P < 0.05 Results represent mean±SD of 7-5 animals per genotype.

https://doi.org/10.1371/journal.pone.0314840.g003
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in Mib1flox;Tnnt2Cre cardiomyocytes (Fig 8L, M). This is demonstrated by an increased ratio of 
the lateralized Cx43 area to the Cx43 area at the intercalated discs (Fig8N)Cardiac fibrosis, a 
potential cause of electrical abnormalities [38], was assessed with Picrosirius red staining, but 
no significant differences were found between groups, either at baseline or after endurance 
training and isoproterenol treatment (S6 Fig and Fig 6).

Discussion
MIB1 is an E3 ubiquitin ligase regulating NOTCH ligands endocytosis [23]. Conditional 
Mib1 inactivation in mouse hearts produces an LVNC phenotype [22]. Our study investigated 
electrical defects in adult mice with Mib1 inactivation, revealing significant cardiac electrical 
abnormalities and related molecular, cellular, tissue, and organ changes. Mib1flox;Tnnt2Cre 
cardiomyocytes showed reduced Kv4.2 and Kv4.3 ion channel expression, increased peak INa 
density, reduced outward K+ currents densities, and prolonged APD. Under cardiac stress 
from isoproterenol or swimming, these mice exhibited prolonged QTc duration and decreased 
T-wave amplitude and area. Patients with MIB1 mutations showed similar prolonged QTc 
duration and increased QT variability.

Fig 4.  Mib1 inactivation increases action potential duration. Panels A-F show electrophysiological parameters 
in cardiomyocytes from WT (n=5) and Mib1flox;Tnnt2Cre mice (n=5). (A) Superimposed action potentials (APs), (B) 
resting membrane potential (RMP), (C) Action potential amplitude (APA), and (D-F) action potential duration 
(APD) measured at 20%, 50%, and 90% repolarization. Significant differences (*P<0.05 vs WT) in D-F were deter-
mined using unpaired two-tailed Student’s t-test, with non-parametric tests (two-sided Wilcoxon’s test) used for small 
sample sizes (n<15). Data were also analyzed using multilevel mixed-effects models to account for repeated sample 
assessments. Each bar represents the mean±SEM of 12 and 24 cardiomyocytes from five mice per genotype, with 
individual data point representing separate experiments.

https://doi.org/10.1371/journal.pone.0314840.g004
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Fig 5.  Effects of Mib1 inactivation on sodium (INa) and calcium (ICaL) currents. (A) INa traces from cardiomyocytes 
of WT and Mib1flox;Tnnt2Cre mice, with (B) mean peak INa density-voltage relationships shown (*P<0.05 vs WT). (C,D) 
Conductance-voltage and inactivation curves for INa, respectively, fitted with Boltzmann functions. Similar analyses 
for ICaL are shown in panels (E) to (H), with (F) depicting mean ICaL density-voltage relationships. Statistical analyses 
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LVNC often features abnormal ECG patterns, such as intraventricular conduction delays, left 
ventricular hypertrophy, left axis deviation, repolarization abnormalities, and QTc prolongation 
[27]. In mice with LVNC resulting from Nkx2–5 inactivation, defects include a widened QRS 
interval and reduced R amplitude, but no changes in QT interval or T wave amplitude [13]. In 
our study, Mib1flox;Tnnt2Cre mice showed no significant changes in basal cardiac electrical activity 
but tended towards a lengthened PR interval and QTc duration. ECG abnormalities can appear 
during exercise or with symptoms; one LVNC patient had exercise-induced atrial and ventricu-
lar tachycardia [39]. Swimming endurance caused a ~2 ms increase in QRS interval and ~8.8 ms 
increase in QTc90 duration in Mib1flox;Tnnt2Cre mice. Isoproterenol-induced stress increased QTc90 
duration by ~5.8 ms. Prolonged QT interval raises the risk of ventricular arrhythmia and sudden 
cardiac death [40]. Four Mib1flox;Tnnt2Cre mice died during the swimming protocol, likely due to 
ventricular repolarization abnormalities. Mib1flox;Tnnt2Cre mutants have reduced ejection fraction 
and impaired coronary vessel formation [22], triggering ventricular ischemia. Hypoxia in adult 
patients is linked to prolonged QT interval and arrhythmias [41]. Neonatal mice with oxygen 
deprivation or increased hypoxia-inducible factor signaling showed prolonged QTc, increased 
QTc dispersion, disturbed ion channel expression, and higher sudden death risk [42]. During 
exercise, hypoxia is associated with lower P-wave, QRS complex, and T-wave amplitudes [43].

The T-wave in the ECG indicates ventricular repolarization, with alterations like increased 
duration, low amplitude, and inversion. In Mib1flox;Tnnt2Cre mice, post-swimming T-wave 
analysis showed low amplitude and area, indicating ventricular repolarization abnormalities. 
These may result from low KV4.2 and KV4.3 ion channel density, reduced outward K+ current, 
and increased AP duration. Low transient outward K+ current and Kv4.3 mRNA expression 
are linked to low T-wave amplitude in long-term cardiac memory models [44].

Table 4.  INa, ICaL and outward K+ currents parameters for WT and Mib1flox;Tnnt2Cre cardiomyocytes.

INa

τact (ms) Vhact (mV) kact τfinact (ms) τsinact (ms) Vhinact (mV) kact τreact (ms)
WT 0.5±0.07 -52.9±1.6 4.0±0.5 1.3±0.2 4.5±1.0 -86.9±1.2 5.0±0.6 8.2±1.7
Mib1flox;Tnnt2Cre 0.4±0.04 -52.5±0.8 4.1±0.2 1.6±0.4 5.6±1.2 -88.2±1.2 5.0±0.1 10.7±3.0

ICaL

τact (ms) Vhact (mV) kact τfinact (ms) τsinact (ms) Vhinact (mV) kinact

WT 1.1±0.04 -11.1±1.3 6.4±0.2 20.1±2.2 72.2±8.3 -33.5±1.0 5.2±0.1
Mib1flox;Tnnt2Cre 1.2±0.1 -10.3±0.9 6.1±0.7 19.0±2.3 76.9±8.3 -28.7±0.7* 4.9±0.1

Outward K+ currents
Vhact (mV) kact τinact (ms) Vhinact (mV) kinact τreact (ms)

WT -4.6±2.3 14.3±1.0 156±21 -32.9±2.4 7.6±0.7 15.5±1.6
Mib1flox;Tnnt2Cre -2.8±2.2 16.1±1.1 61.3±4.6* -39.8±1.4* 7.1±0.4 14.4±1.4
*P<0.05 vs WT
Kact: slope of the conductance-voltage curves
Vhact and Vhinact: midpoint of the conductance-voltage or inactivation curves
τact: time constant of activation yielded by the monoexponential fit to the activating phase of current traces
τfinact and τsinact: fast and slow time constants of inactivation yielded by the biexponential fit to the current decay
τreact: time constant of recovery from inactivation yielded by the monoexponential fit to the recovery from inactivation data

https://doi.org/10.1371/journal.pone.0314840.t004

utilized unpaired two-tailed Student’s t-tests and, for smaller sample sizes, non-parametric tests (two-sided Wilcox-
on’s test). Multilevel mixed-effects models were applied for repeated sample assessments. Each point (B-D and F-H) 
represents the mean±SEM of 17-13 WT and 9 Mib1flox;Tnnt2Cre cardiomyocytes from five mice per genotype.

https://doi.org/10.1371/journal.pone.0314840.g005
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Cardiac APD is regulated by depolarizing currents (mainly INa and ICa,L) and hyperpo-
larizing currents (transient outward K+, delayed rectifier, and IK1 currents) [45]. INa controls 
rapid depolarization of cardiomyocytes, and INaL regulates action potential duration [46]. Our 
results showed a significant increase in peak INa and Nav1.5 expression in Mib1flox;Tnnt2Cre 
cardiomyocytes. Persistent PKA activation promotes Nav1.5 trafficking to the cytoplasmic 
membrane, especially at intercalated discs [47]. This increase in INa could be due to persistent 
β-adrenoceptor stimulation from cardiac stress. However, this did not enhance intracardiac 
conduction; instead, the QRS interval was widened in both LVNC patients and Mib1flox;Tnnt-
2Cre mice post-swimming.

Gap junction proteins, essential for intercellular electrical coupling, are mainly located at 
intercalated disks [48]. CX43 is the primary connexin in ventricles, and its impaired func-
tion is linked to many cardiomyopathies [49]. In Mib1flox;Tnnt2Cre cardiomyocytes, CX43 was 
mostly located laterally, unlike its typical position at intercalated discs in WT cells. While 

Fig 6.  Effects of Mib1 inactivation on outward K + currents. (A) Outward K+ current traces from WT and 
Mib1flox;Tnnt2Cre cardiomyocytes, with inset highlighting normalized current traces at +50 mV. (B and C) Current 
density-voltage relationships at peak (B) and end (C) of pulses in both genotypes. (D) Time constants (τinact) of cur-
rent decay at +50 mV. Each point represents an experiment. (E) Mean outward K+ charge density-voltage relation-
ships. Statistical significance (*P<0.05 vs WT) was determined using unpaired two-tailed Student’s t-test, adjusting for 
repeated measures with multilevel mixed-effects models. Data in panels B to E, represent mean±SEM of 21 WT and 
30 Mib1flox;Tnnt2Cre cardiomyocytes from five mice per genotype.

https://doi.org/10.1371/journal.pone.0314840.g006
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Fig 7.  Confocal immunofluorescence images of Nav1.5, Kv4.2, and Kv4.3 localization in isolated cardiomyocytes. (A) 
Immunofluorescence staining of α-actinin (green) and Nav1.5 (red) in WT and Mib1flox;Tnnt2Cre mice, with merged images 
showing colocalization. Nuclei were stained with DAPI (blue). (B) Quantification of integrated fluorescence intensity 
(a.u.) from 6 WT and 6 Mib1flox;Tnnt2Cre cardiomyocytes (ns: not significant). (C) Representative Western blot of Nav1.5 
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we did not analyze the total Cx43 expression levels, its mislocalization suggests impaired 
gap junction organization, which can slow conduction velocity and increase susceptibility to 
arrhythmias. Additionally, Cx43 function is tightly regulated by phosphorylation at multiple 
serine residues, affecting gap junction assembly, degradation, and electrical coupling [50], 
overshadowing the increased INa and explaining the conduction defects in Mib1flox;Tnnt2Cre 
mice and LVNC patients. Although our study did not assess Cx43 phosphorylation status, 
altered phosphorylation could contribute to the observed lateralization and functional impair-
ment, warranting further investigation. Similar findings were reported in a recent LVNC 
model with ROCK signaling disruption, where Cx43 was also mislocalized, conduction veloc-
ity was reduced, and increased fibrosis was observed [51]. While fibrosis in Mib1flox;Tnnt2Cre 
mice was not a prominent feature, both models suggest that electrical uncoupling due to Cx43 
abnormalities may play a central role in LVNC pathophysiology.

Cell hypertrophy is another important factor affecting impulse propagation. Mib1flox;Tnnt-
2Cre cardiomyocytes exhibited hypertrophy, as observed through WGA staining and con-
ductance measurements, which could further contribute to slowing conduction. Larger cell 
size increases cell capacitance and cytoplasmic resistance, potentially exacerbating delays in 
impulse propagation and leading to the widened QRS interval observed post-swimming. In 
contrast, the ROCKDN transgenic mouse model showed more pronounced fibrosis, which 
can also disrupt electrical continuity and slow conduction [51]. These differences highlight the 
heterogeneity of LVNC pathophysiology and suggest that conduction abnormalities may arise 
from multiple factors, including Cx43 mis localization, altered phosphorylation, hypertrophy, 
and extracellular matrix remodeling.

Studies on ICa,L in heart failure have reported conflicting results [52,53]. After 
normalizing for cell capacitance, we found no significant differences in peak ICa,L density or 
inactivation kinetics between genotypes. However, in Mib1flox;Tnnt2Cre cardiomyocytes, the 
inactivation-curve midpoint was slightly shifted to more depolarized potentials. Thus, the 
prolonged APD in Mib1flox;Tnnt2Cre cardiomyocytes is likely due to changes in currents other 
than L-type Ca2+ channels.

A decrease in outward K+ current prolongs the APD and QT interval [54]. Mib1flox;Tnnt2Cre 
mice had significantly reduced peak and sustained outward K+ currents, closely associated 
with increased APD20, APD50, and APD90. Kv4.3/4.2 channel expression was significantly 
reduced, leading to lower transient outward K+ current, increased Ca2+ influx, and higher 
intracellular calcium concentration, enhancing CaMKII activity [35]. This activates CaM-
KII and calcineurin, triggering hypertrophic gene activation as a compensatory response, 
but sustained hypertrophy risks progressing to heart failure and cardiomyopathy [55]. 
Although our findings provide insight into the electrophysiological alterations associated 
with LVNC, it is crucial to acknowledge intrinsic differences between murine and human 

and GAPDH. (D) Quantification of protein expression from 5 WT and 6 Mib1flox;Tnnt2Cre mice, showing increased 
expression in Mib1flox;Tnnt2Cre mice (**P < 0.01 vs WT). (E) Staining for α-actinin (green) and Kv4.2 (red) with 
merged images indicating colocalization. (F) Quantification of fluorescence intensity from 15 WT and 17 Mib1flox;T-
nnt2Cre cardiomyocytes, showing reduced intensity in Mib1flox;Tnnt2Cre mice (***P < 0.001 vs WT). (G) Representative 
Western blot of Kv4.2 and GAPDH. (H) Quantification of protein expression from 6 WT and 6 Mib1flox;Tnnt2Cre mice 
(ns: not significant). (I) Staining for α-actinin (green) and Kv4.3 (red), with merged images highlighting colocal-
ization. (J) Quantification of fluorescence intensity from 6 WT and 10 Mib1flox;Tnnt2Cre cardiomyocytes, showing 
reduced intensity in Mib1flox;Tnnt2Cre mice (**P < 0.01 vs WT). (K) Representative Western blot of Kv4.3 and GAPDH. 
(L) Quantification of protein expression from 6 WT and 6 Mib1flox;Tnnt2Cre mice, showing increased expression in 
Mib1flox;Tnnt2Cre mice (ns: not significant). Statistical significance was determined using unpaired two-tailed Student’s 
t-test. For immunofluorescence, data represent mean±SD of cells from 3-4 animals per genotype. For Western blot, 
data represent mean±SD of hearts segments from 5-6 animals per genotype.

https://doi.org/10.1371/journal.pone.0314840.g007
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Fig 8. N.  -cadherin (N-Cadh), wheat germ agglutinin (WGA) and connexin 43 (CX43) expression patterns in 
left ventricle cardiomyocytes. (A, B) N-Cadh expression (green) at intercalated disks in WT and Mib1flox;Tnnt2Cre 
cardiomyocytes. (C) CX43 localization (red) at intercalated disks and lateral membranes in WT cardiomyocytes. (D) 
CX43 expression is concentrated at the lateral membrane in Mib1flox;Tnnt2Cre cardiomyocytes. (E,F) Merged images 
with DAPI-stained nuclei (blue); arrowheads highlight predominant CX43 expression in WT (E’) and Mib1flox;Tnnt-
2boldstart (F’) cardiomyocytes. (G) Quantification of CX43/N-Cadh overlay at intercalated disks using automated image 
segmentation expressed in percentage. (H, I) WGA (green) plasma membrane labeling in WT and Mib1flox;Tnnt2Cre 
cardiomyocytes. (J) CX43 localization (red) at intercalated disks and lateral membranes in WT cardiomyocytes. (K) 
CX43 expression is concentrated at the lateral membrane in Mib1flox;Tnnt2Cre cardiomyocytes. (L,M) Merged images 
with DAPI-stained nuclei (blue); arrowheads highlight predominant CX43 expression in WT (L’) and Mib1flox;Tnnt2Cre 
(M’) cardiomyocytes. (N) Ratio of the area occupied by the Cx43 signal on the lateral membrane (outside the ICD) 
to the area occupied by the signal within the ICD. Statistical significance (*P < 0.05 vs WT) was determined using 
unpaired two-tailed Student’s t-test. Data represent mean±SD of sections from three animals per genotype, totaling 
8-9 sections.

https://doi.org/10.1371/journal.pone.0314840.g008
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cardiac repolarization, which limit the direct extrapolation of our data. Unfortunately, cardiac 
repolarization in mouse and human hearts exhibits important differences, a disadvantage 
that is counterbalanced by the benefits of using mouse models to reproduce human diseases 
[56]. In mice, peak and sustained outward K+ currents are primarily generated by Kv4.3/4.2 
and Kv1.5 channels, which play a major role in human atrial repolarization [35]. However, 
the presence of rapid and slow delayed rectifier K+ currents (IKr and IKs), which critically 
regulate human ventricular repolarization, appears to be negligible in mouse cardiomyocytes 
[35]. Furthermore, in human cardiomyocytes, isoproterenol increases ICaL and IKs, decreases 
peak, and has no effect on sustained outward K+ currents [57]. Therefore, while the effects of 
isoproterenol on AP duration may appear similar in murine and human ventricles, the under-
lying mechanisms are likely to differ.

QT variability measures spontaneous fluctuations in QT interval duration [58] and is an 
indicator of ventricular arrhythmias and sudden cardiac death. Increased QT variability is 
linked to coronary artery disease and left ventricular hypertrophy [59]. While QT variability 
was not increased in Mib1flox;Tnnt2Cre mice, it was elevated in LVNC patients with MIB1 muta-
tions, suggesting a higher risk of ventricular arrhythmias. Other features of Mib1flox;Tnnt2Cre 
mice, such as a long QTc, were also present in LVNC patients with MIB1 mutations.

Summary and Conclusions
Mib1flox;Tnnt2Cre mice exhibit prolonged QTc duration and decreased T-wave amplitude and 
area under swimming endurance exercise or isoproterenol-induced stress. Freshly isolated 
Mib1flox;Tnnt2Cre cardiomyocytes showed increased INa, decreased outward K+ currents, pro-
longed APD, reduced Kv4.2 and KV4.3 expression, and lateral redistribution of CX43, which 
may contribute to conduction defects. Although these findings provide valuable insights 
into the electrical disturbances associated with MIB1 deficiency, the extrapolation to human 
pathophysiology requires caution due to species-specific differences in cardiac repolariza-
tion mechanisms. Nevertheless, the presence of prolonged QTc and increased QT variability 
in LVNC patients with MIB1 mutations suggests that the electrical remodeling observed in 
Mib1flox;Tnnt2Cre mice may have clinical relevance. Further studies in human models are nec-
essary to determine the precise impact of these alterations on arrhythmogenesis and disease 
progression.

Supporting information
S1 Fig.  Electrocardiographic recordings from patients carrying MIB1 mutations and 
healthy relatives. (A) Original ECG recordings from 4 individuals presenting MIB1VF943F (2 
individuals) and MIB1R530X mutations (2 individuals). (B) Original ECG recordings from 4 
healthy relatives.
(TIF)

S2 Fig.  Blood Pressure analysis. Averaged systolic pressure (A) and diastolic pressure (B) of 
WT and Mib1flox;Tnnt2Cre mice did not show differences between groups neither before and 
after swimming endurance training. Statistical significance was determined by ANOVA fol-
lowed by the Tukey post-hoc test for multiple comparisons. Results are expressed as mean±SD 
of 7–6 WT and 9–5 Mib1flox;Tnnt2Cre mice. (C) Ratio Heart Weight/Tibia. Summary data 
showing no differences between WT and Mib1flox;Tnnt2Cre mice. Statistical significance was 
determined by unpaired two-tailed Student’s t-test. Results are expressed as mean±SD of 15 
WT and 15 Mib1flox;Tnnt2Cre mice. (D) Homogeneity of training intensity. Analysis of the dis-
tance swum determined from consecutive time-lapse images for 1 min video recorded (online 
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video 1 and 2, the dots and lines represent each animal and lines represent the tracking of a 
single animal.). The data is adjusted to a Gaussian pattern (passed the D’Agostino & Pearson 
normality test, alpha = 0.05). (E) Survival curve of mice during endurance training. Analysis 
of WT and Mib1flox;Tnnt2Cre mice survival percentage during the endurance swimming.
(TIF)

S3 Fig.  Wheat germ agglutinin (WGA) staining in mouse heart sections. (A) Represen-
tative confocal image of myocardial sections exhibiting increased cardiomyocyte size in the 
Mib1flox;Tnnt2Cre mice. (B) Summary data showing that cardiomyocytes area (µm2)/ tibial 
(mm) ratio is increased in Mib1flox;Tnnt2Cre mice. (C) Summary data showing that cardiomyo-
cyte capacitance is increased in Mib1flox;Tnnt2Cre mice. Statistical significance was determined 
by unpaired two-tailed Student’s t-test. To take into account repeated sample assessments, data 
were analysed with multilevel mixed-effects models. **P < 0.01; ****P < 0.0001 vs WT. In B, 
results are expressed as mean±SD of 400–600 cells from 3 animals per genotype. In C results 
are expressed as mean±SEM of 55–60 cells from 5 animals per genotype.
(TIF)

S4 Fig.  Mib1 inactivation did not modify INa recovery from inactivation or the INaL. (A) 
Time course of peak INa recovery from inactivation measured by using a double-pulse proto-
col (see supplementary methods) in WT and Mib1flox;Tnnt2Cre mice. Continuous lines repre-
sent the fit of a monoexponential function to the data. Each point represents the mean±SEM 
of n experiments/cells. (B) INaL (expressed as percentage of the peak current) recorded at the 
end of 500-ms pulses to -40 mV from a holding potential of -120 mV. Unpaired two-tailed 
Student’s t-test was used. Statistical significance was confirmed by using non-parametric tests 
(two-sided Wilcoxon’s test) for small-size samples (n<15). To take into account repeated sam-
ple assessments, data were analyzed with multilevel mixed-effects models. Each bar represents 
the mean±SEM of 10 WT and 6 Mib1flox;Tnnt2Cre cardiomyocytes dissociated from 5 animals 
per genotype.
(TIF)

S5 Fig.  Effects of Mib1 inactivation on K+ currents. (A) Representative IK1 traces recorded in 
two cardiomyocytes from WT or Mib1flox;Tnnt2Cre mice by applying the pulse protocol shown 
at the top. (B) Mean current density-voltage curves for IK1 recorded in cardiomyocytes from 
both mouse groups. Unpaired two-tailed Student’s t-test was used. Statistical significance was 
confirmed by using non-parametric tests (two-sided Wilcoxon’s test) for small-size samples 
(n<15). To take into account repeated sample assessments, data were analysed with multilevel 
mixed-effects models. Results are expressed as mean±SEM of 19 WT and 14 Mib1flox;Tnnt2Cre 
cardiomyocytes dissociated from 5 animals per genotype.
(TIF)

S6 Fig.  Picrosirius red of collagen staining in mouse heart sections. Picrosirius red 
observed under bright field microscopy in WT (A) and Mib1flox;Tnnt2Cre (C) heart section did 
not exhibit myocardial fibrosis. (a’, a,” a”’) close-up views of the LV, RV, and septum of the WT 
heart section. (c’, c,” c”’) close-up views of the LV, RV, and septum of the Mib1flox;Tnnt2Cre heart 
section. (B and D) Quantification of the areas occupied by picrosirius-positive collagen in 
WT and Mib1flox;Tnnt2Cre mice after endurance swimming (B) and isoproterenol (D) protocol. 
Statistical significance was determined by ANOVA followed by the Tukey post-hoc test for 
multiple comparisons. In B and D, each point represents the mean of 3 section per animal. 
Results are expressed as mean±SD of 5–7 WT and 6–9 Mib1flox;Tnnt2Cre mice.
(TIF)
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S1 Video Legend.  Video showing WT and Mib1flox;Tnnt2Cre mice swimming. 
(MP4)

S2 Video Legend.  Video tracing WT and Mib1flox;Tnnt2Cre mice when swimming. 
(MPG)

S1 Raw images.  WBs in Fig 7. 
(PDF)
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