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Abstract

Background Right ventricular (RV) function is the most important prognostic factor for pulmonary arterial
hypertension (PAH) patients. The progressive increase of pulmonary vascular resistance induces RV hypertrophy
(RVH) and at term RV failure (RVF). However, the molecular mechanisms of RVH and RVF remain understudied.
In this study, we gained insights into cytosolic Ca?* signaling remodeling in ventricular cardiomyocytes during the
pathogenesis of severe pulmonary hypertension (PH) induced in rats by monocrotaline (MCT) exposure, and we
further identified molecular candidates responsible for this Ca?* remodeling.

Methods and Results After PH induction, hypertrophied RV myocytes presented longer action potential duration,
higher and faster [Ca?*]; transients and increased sarcoplasmic reticulum (SR) Ca?* content, whereas no changes
in these parameters were detected in left ventricular (LV) myocytes. These modifications were associated with
increased P-Ser'é-phospholamban pentamer expression without altering SERCAZ2a (Sarco/Endoplasmic
Reticulum Ca?*-ATPase) pump abundance. Moreover, after PH induction, Ca?* sparks frequency were higher in
hypertrophied RV cells, while total RyR2 (Ryanodine Receptor) expression and phosphorylation were unaffected.
Together with cellular hypertrophy, the T-tubules network was disorganized. Hypertrophied RV cardiomyocytes
from MCT-exposed rats showed decreased expression of classical STIM1 (Stromal Interaction molecule)
associated with increased expression of muscle-specific STIM1 Long isoform, glycosylated-Orail channel form,
and TRPC1 and TRPC4 channels, which was correlated with an enhanced Ca?*-release-activated Ca?* (CRAC)-
like current. Pharmacological inhibition of TRPCs/Orail channels in hypertrophied RV cardiomyocytes
normalized [Ca®]; transients amplitude, the SR Ca?* content and cell contractility to control levels. Finally, we
showed that most of these changes did not appear in LV cardiomyocytes.

Conclusions These new findings demonstrate RV-specific cellular Ca?* cycling remodeling in PH rats with
maladaptive RVH and that the STIM1L/Orail/TRPC1/C4-dependent Ca?* current participates in this Ca?*
remodeling in RVH secondary to PH.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive and lethal cardiopulmonary disease defined by an
increased mean pulmonary artery pressure (mPAP) (>25 mmHg at rest) with a normal pulmonary capillary wedge
pressure (<15 mmHg) and by high pulmonary vascular resistance (>3 Wood units) [1]. Increased right ventricular
(RV) afterload leads to RV hypertrophy (RVH) and RV failure (RVF) [2]. RVF is the most important prognostic
factor for morbidity and mortality in PAH or pulmonary hypertension (PH) secondary to left heart disease [3,4].
Surprisingly, the RV is not targeted by PAH-specific therapies. The current deep lack of basic understanding
regarding PAH-related RV remodeling can, at least in part, explain this paradox. Moreover, extrapolating the
abundant knowledge derived from studies on left ventricular hypertrophy (LVH) to studies on RVH is not possible.
The two ventricles have many differences, including different embryologic origins. The RV and RV outflow tract
are derived from the anterior heart field, whereas the LV and the atrial chambers are derived from the primary
heart field [5]. On the other hand, the primary function of the RV is to receive systemic venous return and to drive
blood into the pulmonary arteries. Therefore, the physiology and hemodynamic function of the RV under normal
condition differ considerably from those of the LV, and the known mechanisms of LV dysfunction cannot be
generalized to RV dysfunction [4].

In the LV, cardiac adaptation to various pathological stresses is linked to molecular remodeling of sarcoplasmic
reticulum (SR) Ca?* cycling. A hallmark of heart failure is pathological hypertrophy, which is thought to be an
initial compensatory response of the heart to an increased workload to maintain heart function. However, with a
sustained hemodynamic load, maladaptive cardiac hypertrophy leads to LV dilation, loss of cardiomyocytes,
progressive fibrosis, and cardiac dysfunction. At the molecular level, pathological LVH and LV failure (LVF) are
commonly associated with reduced contractility due to altered excitation-contraction coupling (ECC) function [6].
Reductions in [Ca?*]; transients magnitude and contraction in failing cells largely result from 1) decreased SR Ca?*
content due to reduced sarco-endoplasmic reticulum Ca?* ATPase 2a (SERCA2a) expression [7] and/or increased
ryanodine receptor (RyR) leakage [8], 2) increased Na*/Ca®* exchanger (NCX) expression [9] and 3) impaired
efficacy of the L-type Ca?* channel current to trigger Ca®* release [10] due to T-tubule disorganization [11].

The severe PH induced in rats by monocrotaline (MCT) exposure (MCT-PH model) reproduces many of
the cellular and molecular events that occur during the pathogenesis of RVH related to PH and ultimately lead to
lethal RVF [12].

In the MCT-PH model, prolonged action potentials have been described in the RV, supporting altered Ca?*
handling. Indeed, early studies using aequorin bioluminescence have shown that MCT-treated rats with
compensated RVH display prolonged isovolumic contraction due to a decreased rate of Ca®* sequestration [13,14].
By contrast, enhanced Ca?* mobilization and sequestration during contraction/relaxation cycles has been found in
the early stage of RVH [15]. In severe RVH with congestive heart failure, RV myocytes from MCT-exposed rats
have smaller and slower [Ca?']; transients with a decreased density of SR, which is consistent with data from
experimental models of LVF [15,16]. Conversely, an increase in [Ca?*]; transients amplitude and cell shortening

associated with a higher SR Ca?* load in failing myocytes from MCT-PH rats have also been reported [17]. These



discrepancies and the limited research in RV Ca?* remodeling warrant further investigations to clarify and to
deepen our understanding of the role of Ca?* signaling in PH-related RV remodeling. This knowledge could allow
the identification of new key mediators of RVH and RVF pathogenesis and the development of heart-targeting
innovative therapeutic strategies for PAH.

Recently, Store-Operated Ca?* entry (SOCE) has been reported to participate in Ca?* influx in cardiac cells.
Although its role in non-excitable cells is well established, its function in cardiac physiology is unclear. SOCE has
three essential components: the regulatory element belonging to the stromal interaction molecule family STIM
(STIM1-2) and two Store-Operated Ca?* channels (SOCs), namely, TRPCs (Transient Receptor Potential
Canonical 1-7) and Orai (Orail-3) [18,19]. STIML1 acts as the endoplasmic/sarcoplasmic reticulum (ER/SR) Ca?*
sensor and communicates information regarding the stored Ca?* content to initiate Orai- and/or TRPCs-mediated
SOCE.

We and others have proposed that SOCE plays a role in maintaining diastolic Ca?* homeostasis in LV myocytes
over time under unstressed conditions and is crucial for postnatal cardiac growth [20-22]. Moreover, during the
last decade, several studies have reported strong evidence for the roles of STIM1, Orail/3 and TRPCs in the altered
Ca®* signaling underlying the development of LVH and LVF, implying re-induction of the fetal gene program
governed by calcineurin/NFAT (Nuclear factor of activated T-cells) signaling, a feature of stressed
cardiomyocytes. Indeed, TRPC1, -C3, -C6, -C7, Orail, STIM1 and Orai3 have been reported to be upregulated in
several animal models of LVH or LVF [23-30]. However, the contributions of TRPCs, Orai and STIM proteins to
RVH secondary to PH remain unknown.

In the current study, we combine in vivo cardiac function investigations with biochemical analyses and
functional in vitro studies by patch-clamp and confocal Ca®* imaging to 1) gain insights into the intrinsic Ca?*
cycling properties of RV and LV adult cardiomyocytes and 2) further identify molecular candidates responsible
for Ca?* remodeling during the development of RV dysfunction in the context of severe PH. Our findings
demonstrate RV-specific cellular Ca* cycling remodeling in experimental maladaptive RVH and the contribution
of STIM1 Long isoform and the Orail/TRPCs-dependent Ca?* current to this [Ca?]; remodeling.

Material and methods

Chemicals

Nifedipine, caffeine and monocrotaline (MCT) were obtained from Sigma-Aldrich (France). KB-R7943 and BTP-
2 were obtained from TOCRIS (United Kingdom). Fluo-4/AM and Di-4-ANEPPS (Pyridinium, 4-(2-(6-
(dibutylamino)-2-naphthalenyl) ethenyl)-1-(3-sulfopropyl)-, hydroxide) were obtained from Thermo Fisher
Scientific (France).

Animals

Rats were housed at the AnimEX platform, Chatenay Malabry, France. The experiments were conducted according

to the European Union regulations (Directive 86/609 EEC) for animal experiments and complied with our

institution's guidelines for animal care and handling. The animal facility is licensed by the French Ministry of



Agriculture (agreement N° B92-019-01). This study was approved by the Committee on the Ethics of Animal
Experiments CEEA26 CAP Sud and the agreement delivered by the French Ministry of Agriculture for animal
experiments. Male Wistar rats (100-150 g) (Janvier SAS, France) were maintained in a temperature-controlled
room with a 12:12-h light—dark cycle.

Monocrotaline (MCT)-induced pulmonary hypertension

PH was induced in Wistar rats by a single subcutaneous injection of MCT (60 mg/kg) and the control rats were
injected with saline solution [31]. The animals were evaluated at various time points after MCT administration (1,
2 and 3 weeks).

Evaluation of right ventricular hypertrophy (RVH)

For Fulton’s index of RVH, the ratio of right ventricular weight to left ventricular plus septal weight (RV/LV+S)
was calculated.

Echocardiographic evaluation of RV and LV function

Trans-thoracic echocardiography (TTE) was performed with a digital ultrasound system (Vivid E9, GE
Healthcare) using a high-frequency phased array transducer (12 S-D 4-12MHz, GE Healthcare). The
echocardiographic evaluation was performed under general anesthesia with the rats breathing spontaneously using
an Isoflurane Rodent Anesthesia System (Minerve, Esternay, France) (induction: isoflurane 3% in room air;
maintenance: isoflurane 2% in room air). The rats were shaved and body temperature was maintained during TTE.
The time under anesthesia was short enough (less than 15 minutes) to minimize the effect of isoflurane. TTE
examinations were all performed by the same trained operator in a blinded fashion to avoid inter-operator
variability. The Pulsed Wave Doppler region of interest was 1.5 mm, the gain value was high and the frame rate
was maximized. Data analyses were performed directly or offline with EchoPac Software (GE Medical).
Echocardiography was performed at baseline WO (before MCT injection), W1, W2 and W3 (1, 2 and 3 weeks after
injection) under the same condition. Measurements were all performed in triplicate (all data were averaged during
5 cardiac cycles) and the following parameters were analyzed:

In the parasternal short-axis view: pulmonary artery acceleration time (PAAT), cycle length with heart rate (HR)
and the pulmonary artery velocity time integral (VTI pulmonary artery).

In the 4-cavity view performed in the subcostal view, we measured RV and LV thickness, RV or LV end diastolic
diameter (RV EDd, LV EDd, respectively) and systolic diameter (RV EDs, LV EDd) and interventricular septum
deviation.

These data were assessed according to guidelines for RV and LV echocardiographic measurements [26]. RV and
LV fractional shortening (FS) correspond to the percent change in LV and RV cavity diameters, respectively. LV
FS (%) = ((LV EDd-LV EDs)/LV EDd)*100 or RV FS (%) = ((RV EDd-RV EDs)/RV EDd)*100.

Isolation of adult rat ventricular myocytes



Excised hearts were mounted on a Langendorff apparatus and perfused through the coronaries for 40 to 50 min
with collagenase A (Roche, Meylan, France) in a Hanks-HEPES buffer solution containing (in mM): NacCl, 117;
KCI, 5.7; MgCly, 1.7; KH,PO4, 1.5; NaHCOs3, 4.4; HEPES, 21; glucose, 11.7; creatine, 10; and taurine, 20, and
bubbled with 100% O, pH 7.1. At the end of enzymatic digestion, the RV and LV were separated, chopped finely
and agitated manually to dissociate individual myocytes. A proportion of the freshly isolated cells was used for
Ca?* imaging and patch-clamp experiments, and the other proportion was frozen for subsequent Western-blot or

quantitative RT-PCR analyses.

Measurement of [Ca?*]i transients and the SR Ca?* load

Fresh RV and LV cardiomyocytes were incubated for 30 min at room temperature with 7 uM of Fluo-4/AM. The
Fluo-4 Ca?* signal was recorded with a laser scanning confocal microscope (Leica SP5) equipped with a x40 water
immersion objective. Fluo-4 was excited at 490 nm with a white light laser, and emission was collected at >510
nm. The cardiomyocytes, which were continuously perfused with physiological saline solution, were paced at 1
Hz. [Ca?*]; transients were recorded by scanning the cells in Xt line mode. The cytosolic Ca?* variation was
normalized by dividing the peak fluorescence intensity (F) by the average resting fluorescence intensity (Fo) to
generate an F/Fo image after background subtraction. The following [Ca?*]; transients properties were evaluated
from the F/F, fluorescence trace: peak F/Fo and the time constant of decay (ms), which was calculated by fitting
the decay portion of the fluorescence trace to a monoexponential function. For SR Ca?* load estimation,
cardiomyocytes were rapidly perfused with 10 mM caffeine immediately after field stimulation. The amplitude of
the caffeine-evoked [Ca?*]; transients was used to assess the SR Ca?* load. Fractional SR release was measured by
normalizing the steady state of [Ca®"]; transients (peak F/Fo) by caffeine-evoked [Ca?*]; transients. Post-rest
potentiation was calculated by normalizing the first [Ca?*]; transients (peak F/Fo) after a period of rest to reach the
steady-state [Ca?*]; transients.

Ca?* sparks were recorded in quiescent cells and the properties of amplitude (F/Fo), duration (FDHM, full duration
at half maximum, in ms) and width (FWHM, full width at half maximum, in pm) were measured. Images of Ca?*
sparks were normalized by dividing the fluorescence intensity of each pixel (F) by the average resting fluorescence
intensity (Fo) to generate an F/Foimage. All [Ca?*]; transients and Ca?* spark parameters were analyzed with IDL

8.6 software.

Electrophysiological recordings

Action potentials, membrane currents and cell membrane capacitance were recorded by the whole-cell patch-clamp
technique at room temperature (22-24°C) with the Axopatch 200B amplifier, the Digidata 1440A, and pClamp 10
software (Molecular Devices, Sunnyvale, CA, USA). Borosilicate glass pipettes (Harvard Apparatus) were pulled
with a Sutter puller, fired, and polished and had a resistance between 2.5-3.5 MQ. Series resistance was
electronically compensated up to 50% and was continually monitored during the experiment. Membrane

capacitance was measured for each cell with pClamp 10 software.



To record action potentials, cells were perfused with an external solution containing (in mM): NaCl, 140; KCI,
5.4; CaCly, 1.5; MgCly, 1.2; HEPES, 10; glucose, 11 (pH 7.4 NaOH), while the pipette solution had the following
composition (in mM): K-aspartate, 130; KCI, 10; NaCl, 7; MgCly, 1.2; ethyleneglycol-bis-(fl-aminoethylether),
EGTA, 0.1; HEPES, 10 (pH 7.2 with NaOH).

For Icrac-like current recording, the pipette solution contained (in mM): CsCl, 135; MgCl,, 4; EGTA, 5; HEPES,
10 Naz ATP, 5; and Na; creatine phosphate, 3; (pH 7.2 with LiOH), and cells were perfused with a solution
containing in mM: NaCl, 132; MgCly, 1.1; CsCl, 4; CaCl, 10; glucose, 10; nifedipine, 0.01; KB-R7943, 0.05 and
HEPES, 10; (pH 7.4 with LiOH). The Icrac-like current was elicited by a 1.2-s voltage ramp from +60 to -120 mV
to inactivate the voltage-dependent Na* channels.

Quantitative-PCR

Total RNA from isolated cardiomyocytes was extracted by the classic Trizol procedure. One microgram of total
RNA was reverse-transcribed using the QuantiTect reverse Transcription Kit (Qiagen, Hilden, Germany) as
previously described (Lambert M et al., Cardiovasc Research 2018). The results were analyzed with the 2-44€T

method. The primers used in this study are listed in Table 2.

Western-blot analysis

The western-blot protocol was previously described [2] and the antibodies used are listed in Table 3.
Immunofluorescence Staining

Isolated cardiomyocytes were fixed with methanol for 10 min at -20°C. Slices were saturated with rat (10%) and
donkey (10%) sera in PBS for 1 hour at room temperature. Mouse monoclonal anti-RyR2 (1/100, Table 3) was
incubated for 1 hour at room temperature. DAPI was used to stain nuclei.

Micro-vessel density was expressed as the percentage of CD31 (anti-CD31 1/10)-stained cells measured in the
whole section.

Sections were viewed under an LSM 700 microscope (Carl Zeiss, Le Pecq, France) equipped with 405- and 488-
nm lasers (Carl Zeiss). Images were recorded and analyzed with ZEN software (Carl Zeiss).

Histological assessment

Hearts were fixed in 4% paraformaldehyde, paraffin embedded and serially sectioned (5 pum). The sections were

stained with Sirius red (0.1%) to evaluate fibrosis as a percentage of the total tissue area.

T-tubule imaging and analysis

After plating on laminin, myocytes were loaded with the lipophilic membrane marker Di-4-ANEPPS (Pyridinium,

4-(2-(6-(dibutylamino)-2-naphthalenyl) ethenyl)-1-(3-sulfopropyl)-, hydroxide) 2 uM in a Ringer solution for 10



min). After washout, T-tubules were examined using a confocal microscope (LSM700, Carl Zeiss, Le Pecq,
France) with a 40x NA 1.30 oil immersion objective and the pinhole set to 1 Airy unit. Di-4-ANEPPS was excited
at 478 nm and fluorescence was collected between 550 and 750 nm. T-tubule quantification was performed using
ImageJ software.

Statistical analysis

All values are expressed as the mean = SEM. For all experiments, the difference between two groups was assessed
with two-tailed unpaired or paired Student’s t-test and between at least four groups with one-way or two-way
ANOVA completed by Fisher LSD’s post hoc or by Kruskal-Wallis test for multiple comparisons. For
echocardiography analyses, we performed Mann Whitney’s t-test between Control W1 vs. MCT W1, Control W2
vs. MCT W2 and Control W3 vs. MCT Wa3. Differences were considered statistically significant at *P<0.05,
**pP<(0.01, and ***P<0.001. All statistical tests were performed with GraphPad Prism software (GraphPad, version
6.0 for Windows).



Results

Progressive development of RVH and dysfunction associated with capillary rarefaction, fibrosis and inflammation
in MCT-PH rats

To assess the time course of RV and LV cardiac function in MCT-exposed rats, serial echocardiography from
anesthetized animals was performed during the development of PH (Table 1). In accordance with our previous
data demonstrating increased mean pulmonary arterial pressure (PAP) by RV catheterization at W2 and W3 after
MCT exposure [32], we confirmed the establishment of PH by progressive shortening of pulmonary artery
acceleration time (PAAT) and a decreased velocity-time integral (VTI) in MCT rats (W2 and W3) compared to
their respective controls (Table 1). We also evaluated the degree of RVH by the Fulton index (RV to (LV) +
Septum (S)) weight ratio) and observed a progressive and significant increase in RV mass 2 and 3 weeks after
MCT (Table 1).

At W2, the RV wall thickness was slightly increased compared to that in the control rats, reflecting RVH without
any alterations in cardiac function. By contrast, one week later, we found a strong increase in RV wall thickness,
marked RV dilatation with an increase in the RV end diastolic parameter and a severe decline in RV function as
measured by fractional shortening (FS) (Table 1).

Concerning LV function in MCT-PH rats, we measured significant reductions in the aorta VTI, LV end diastolic
and end systolic diameters (LV EDd and EDs) and LV thickness only 3 weeks after MCT exposure (Table 1).
However, the LV showed conserved contractility as shown by preserved FS. Finally, the cardiac output (CO) and
cardiac index (CI) were reduced at W3 in the MCT rats (Table 1). Additionally, due to RVH, we observed an
interventricular septum curve deviation of type 2 (flat) or type 3 (right to left deviation) and tricuspid valve leak
at W3 (data not shown). Taken together, these data demonstrate progressive RVH in MCT-exposed rats beginning
at W2, with a rapid decline in RV function in MCT-exposed rats over 3 weeks predictive of a maladaptive form
of RVH.

We also showed that vessel density (using immunostaining against CD31 (Fig.1a) and western-blotting against
CD31 and CD34 (Fig.1b) as endothelium markers) was substantially reduced in RV tissues from MCT-PH rats
compared to that in control rats. Three weeks after PH induction, we also measured a strong increase in RV fibrosis
(quantified by Sirius red staining) (Fig.1c) correlated with significant induction of fibrotic markers such as Collal
and Col3al at the mRNA level (Fig.1d). Then, we evaluated the RV inflammatory status by analyzing CD45 (a
pan leukocyte marker) protein expression. We showed a progressive increase in CD45 protein expression from
W2 until W3, revealing the presence of inflammatory cells in RV tissues from MCT-PH rats (Supplemental Fig.
1). These observations indicated that RV capillary rarefaction, fibrosis and inflammation could contribute to RV
dysfunction in MCT-PH rats.

RVH was confirmed at the cellular level by measuring cell membrane capacitance by patch-clamp in freshly
isolated adult RV cardiomyocytes from MCT rats at W2 and W3 (Fig. 2a), while cell capacitance was unchanged
at W1 and in LV myocytes from MCT rats at any time point (Supplemental Fig. 2a). Using the whole-cell patch-
clamp technique, we showed that cell hypertrophy was associated with progressive prolongation of action potential
at 20%, 50% and 90% of the repolarizing phase (Fig. 2b) as we previously observed [33], demonstrating abnormal

action potential repolarization in RV cardiomyocytes isolated from MCT-PH rats.



Three weeks after PH induction, we also observed a switch of myosin heavy chain (MHC) isoforms from a (adult-
MYHG) to B (fetal-MYH7) in RV cardiomyocytes (Fig. 2c). This switch was confirmed at the protein level in RV
tissues from MCT-PH rats (Fig. 2d-e). In LV cardiomyocytes, we measured an increase in the MYH7 mRNA level
at W3 without any induction of B-MHC protein expression (Supplemental Fig. 2b-c). The mRNA level of MYH6
in LV cardiomyocytes was unchanged 3 weeks after PH induction as well as o-MHC protein expression
(Supplemental Fig. 1b-c). Moreover, we showed increases in the expression levels of pro-hypertrophic markers
such as atrial natriuretic factor (ANF, encoded by Nppa) and B-type natriuretic peptide (BNP, encoded by Nppb)
at W3 in RV cardiomyocytes (Fig. 2f-g), confirming the hypertrophic phenotype of the RV. Nppb, but not Nppa,

is also enhanced in LV myocytes after 3 weeks of MCT exposure (Supplemental Fig. 2d).

Increased [Ca?*]; transients and cell shortening in hypertrophied RV myocytes

We hypothesized that altered RV Ca?* handling may contribute to RVH and RV dysfunction after PH
establishment. We analyzed electrically-evoked [Ca?*]; transients and cell shortening in isolated adult RV and LV
cardiomyocytes from control rats (control) and MCT-PH rats (at W1, W2 and W3 after MCT injection). Figure 3a
shows representative line-scan images (top panel) and corresponding fluorescence traces (bottom panel) of Fluo-
4-loaded cells from control RV cardiomyocytes (a) and RV cardiomyocytes at W1 (b), W2 (c¢) and (d) W3 after
MCT exposure upon field stimulation at 1 Hz. Notably, all results from the control rats (at W1, W2, and W3) were
pooled because of similar Ca?* cycling properties. [Ca?*]; transients amplitudes were unchanged at W1 and W2,
but they were significantly increased at W3 (Fig. 3b). Moreover, [Ca?*]; transients decay time was significantly
shortened in RV myocytes at W3 (Fig. 3c), suggesting faster Ca* uptake by the SERCA pump.

Importantly, the increase in [Ca®*]; transients amplitudes was associated with an increase in cell shortening in RV
myocytes at W3 (Fig. 3d). Notably, no significant modifications were detected in LV cardiomyocytes (Fig. 3b-d).
SERCAZ2a activity depends on Ca?* levels and protein expression of SERCA2a and its endogenous inhibitor,
phospholamban (PLB). Moreover, PLB phosphorylation by either protein kinase A (PKA) at Serine 16 or by Ca?*-
calmodulin-dependent kinase 1l (CaMKII) at Threonine 17 causes PLB pentamerization and dissociation from
SERCA, thus removing its inhibitory effect. Using gRT-PCR and western-blot analyses, we found similar levels
of SERCA2a mRNA and protein between isolated RV cardiomyocytes from control and MCT rats (Fig. 3e). In
addition, no changes in total PLB protein expression were observed (Fig. 3f). However, we showed an increase in
PLB phosphorylation by PKA at Serine 16, while PLB phosphorylation by CaMKII at Threonine 17 was not
affected (Fig. 3f), which could account for the faster [Ca®*]; transients decay time in addition to enhanced [Ca?*];

transients peak amplitude.

Increased SR Ca?* load in hypertrophied RV myocytes

Since the SR Ca?* load is a determinant in [Ca?*]; transients peak amplitude, we estimated the global SR Ca?*
content by rapid caffeine application (10 mM) as shown in Fig. 4a for control RV myocytes (a) and MCT-exposed
RV myocytes at W1 (b), at W2 (c) and W3 (d). Caffeine-evoked [Ca?']; transients in the RV myocytes were
enhanced at W3 compared to those in the control myocytes (Fig. 4b). Therefore, the increase in [Ca?*]; transients

amplitude at W3 may be related, at least in part, to the increase in the SR Ca?* load. The caffeine-evoked [Ca?*];



transients decay time was similar in myocytes from the control and MCT-exposed rats at every studied time point
(Fig. 4c), suggesting preserved NCX activity. We also estimated the fractional release in electrically-evoked
twitches by normalizing the [Ca?*]; transients amplitude by the SR Ca?* load. We showed an increase in fractional
release in myocytes isolated from MCT-PH rats at W3 compared with that in control myocytes (Fig. 4d),
suggesting higher RyR activity. Similarly, the capacity of the SR to accumulate Ca?* at rest, as estimated by post-

rest potentiation, was decreased in RV cardiomyocytes isolated from MCT-PH rats at W3 (Fig. 4e).

Increased SR Ca?* leak associated with altered spatiotemporal properties of Ca?* sparks in hypertrophied RV

myocytes

Increased fractional release and decreased post-rest potentiation may reflect higher RyR activity during RV
remodeling in PH. Opening of the RyR cluster induces a rapid, local, and brief [Ca?*]i elevation called a Ca?*
spark. The frequency of these sparks and their properties (amplitude, duration and size) are used as markers of in
situ RyR activity. The amount of Ca?* stored in the SR is known to influence Ca?* sparks’ properties and activities.
We hypothesized that the higher SR Ca®* load measured in RV myocytes from MCT rats could contribute to
alterations in Ca?* spark properties. According to the fractional release and post-rest potentiation data (Fig. 4d-e),
RV cardiomyocytes at W2 and W3 showed a significant increase in Ca?* spark frequency compared to that in
control myocytes, with a more pronounced increase at W3 (Fig. 5a-b).

To assess the biophysical characteristics of Ca?* sparks, we analyzed their amplitude (measured as the peak F/Fo),
full duration at half-maximum (FDHM), and full width at half-maximum (FWHM) in RV and LV myocytes from
control or MCT-exposed rats. Ca®* spark amplitudes were similar between RV myocytes from MCT rats (W3) and
control myocytes (Fig. 5¢). However, both the FDHM and FWHM were significantly increased in RV myocytes
from MCT rats at W3 (Fig. 5d-e), suggesting an alteration in the intrinsic RyR cluster activity or RyR
disorganization during RV remodeling in PH. Taken together, these results show increased Ca?* spark frequency
and a shift of the population to wider and longer Ca?* sparks in RV myocytes at W3. Since Ca?* spark parameters
are good indicators of local SR Ca?* release flux, we can conclude that the total Ca?* mass (calculated by
amplitude*duration*width) released through Ca?* sparks was increased in RV cells (in F/Fo ms-um: 203.4 in 1346
MCT W3 events vs. 145.2 in 663 control events). Surprisingly, although [Ca?*]i transients parameters were
unchanged in LV myocytes from MCT rats, we observed a significant increase in the Ca?* spark frequency

associated with decreased Ca?* spark amplitudes in LV myocytes at W3 (Fig. 5b-c).

Impairment of RyR clusters and T-tubule network integrity in hypertrophied RV myocytes

The abnormal Ca?* spark activity found at W3 could be attributed to altered RyR expression and regulation by
PKA-mediated phosphorylation at Ser?®® or by CaMKII-mediated phosphorylation at Ser?84,

We estimated RyR2 expression by gRT-PCR and Western-blot. No modifications at either the mRNA level (Fig.
6a) or the protein level (Fig. 6b-c) were found in RV and LV cardiomyocytes from MCT rats compared to control
cardiomyocytes.

The ratio of p-Ser?®4/total RyR2 was unaffected in RV and LV myocytes from MCT-PH rats at W3 (Fig. 6b-c).
Surprisingly, no phosphorylation of RyR2 at Ser?% (PK A-specific site) was observed in RV cells (Fig. 6d) under
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basal and pathological conditions. In LV cells, the ratio of p-Ser?®%/total RyR2 was unchanged (Fig. 6d).
Therefore, the observed modifications in RyR activity in RV cells quantified through Ca?* spark analysis were not
due to changes in phosphorylation. Figure 6e shows representative images of RyR2 staining by confocal
microscopy in RV myocytes from control rats and rats exposed to MCT for 3 weeks. The immunolabeling against
RyR2 protein further confirmed the unchanged RyR2 expression in RV cells. However, the RyR2 network
appeared less organized in RV cardiomyocytes from MCT rats at W3 (Fig. 6e). Notably, this disorganization did
not appear at W1 and W2 (data not shown).

T-tubule density and network integrity play pivotal roles in ECC, providing proximity between the sarcolemma
and SR membrane and determining the synchrony of SR Ca?* release during an action potential. Altered T-tubule
morphology has been described in several hypertrophy/failure models [34] and loss of T-tubules in pathological
states causes spatial dissociation between L-type Ca?* channels and RyRs, leading to the formation of orphaned
RyRs [35]. We next investigated potential T-tubule remodeling in MCT-PH rats. The left panel of Figure 6f shows
representative T-tubule images obtained by sarcolemmal staining (Di-8-ANEPPS) using confocal microscopy at
different stages during RV dysfunction progression. We found progressive T-tubule disruption with dramatic loss
of T-tubule signals and loss of the regular striated pattern in RV cardiomyocytes at the advanced PH stage (W2
and W3), with milder loss in LV cells (Fig. 6f). Our findings strongly suggest that T-tubule remodeling is an

important event leading to alterations in Ca2* sparks and non-junctional RyRs in the right and left ventricles.

Increased expression of STIM1 Long isoform, glycosylated Orail and TRPC1/TRPC4 leads to enhanced lcrac-
like currentin hypertrophied RV myocytes

Recently, SOCE has been reported to modulate the SR Ca?* content and to maintain diastolic Ca** homeostasis.
Moreover, strong evidence indicates upregulated SOC expression and activity in LVH and LVF [20,23-25,27—
29]. Here, we investigated whether SOC molecules could be responsible for the increased SR Ca?* content in RV
myocytes from MCT-PH rats.

Figure 7a shows that unglycosylated Orail channel expression (non-plasma membrane channels) was not
significantly altered during the establishment of RV dysfunction, while glycosylated Orail (plasma membrane
channels) expression was increased 4.5-fold 3 weeks after MCT exposure. Similar results were obtained in LV
myocytes (Supplemental Fig. 3a). The classic form of the SR Ca?* sensor STIM1 (90 KD) showed progressively
decreased expression in RV myocytes during the development of RV dysfunction (Fig. 7a), but its expression was
unchanged in LV myocytes (Supplemental Fig. 3a). Interestingly, together with reduced classic STIM1 expression
at W3, Western-blot analysis revealed the emergence of the long form of STIM1, called STIM1L (Fig. 7a). No
difference in STIM1L expression was observed in LV myocytes (Supplemental Fig. 3a). We next evaluated TRPCs
isoform expression during RVH development. We showed that RV expression levels of TRPC1 and TRPC4
isoforms were progressively increased during RVH development (Fig. 7b). TRPC3 and TRPC6 expression levels
were unchanged in RV from MCT-exposed rats (Fig. 7c), while RV TRPC5 expression was decreased 2-fold 3
weeks after PH induction (Fig. 7c). Importantly, no changes in TRPCs expression (Supplemental Fig. 3b) or in
STIM2 and Orai3 expression (Supplemental Fig. 3c) were observed in LV cardiomyocytes from MCT-PH rats.
To explore whether the increases in glycosylated Orail, STIM1L expression and TRPC1/TRPC4 expression are

functional, we measured the Ca?* current via patch-clamp in a whole-cell configuration under conditions in which
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major protagonists controlling [Ca?*]; (L-type Ca?* channels, NCX) were blocked. Interestingly, in the absence of
SR Ca?* depletion, a standard ramp protocol elicited an almost linear current-voltage (1-V) relationship in control
RV cardiomyocytes (Fig. 8a), while the I-V curve obtained in hypertrophied cardiomyocytes presented strong
rectification of the inward current (Fig. 8b). Indeed, the unstimulated current densities recorded at -110 mV were
strongly increased in RV myocytes from MCT-treated rats at W3 (-3.5 £ 0.3 pA/pF) compared to those in RV
myocytes from control rats (-1.8 + 0.2 pA/pF). To further characterize this inward current, we used 5 uM of BTP2,
a common TRPCs/Orai channel blocker [36]. Perfusion of BTP2 significantly reduced both inward and outward
currents (Fig. 8c-d). As a result, the BTP2-sensitive current was very small in control cells (-0.45 +0 .29 and 0.06
+0.08 pA/pF at -110 and +50 mV). In RV myocytes isolated from MCT-PH rats at W3, the BTP2-sensitive current
presented a more pronounced inward rectification compared to that in control myocytes (Fig. 8d). We recorded a
significant 6-fold increase in inward and outward BTP2-sensitive currents (-2.7 £ 0.5 and 0.4 £ 0.1 pA/pF at -110
and +50 mV, respectively; vs. control) in hypertrophied cells compared to those in control cells (Fig. 8d). The
nature of this current in non-depleted cells with potential reversal around 0 mV and strong inward rectification
revealed a CRAC-like current, suggesting a mixed cation current carried by TRPCs and Orail channels.

In addition, the currents recorded in LV cardiomyocytes from MCT-PH rats (at W3) were unchanged compared
to those in control cells (Supplemental Fig. 4). These data support the idea that the observed increase in SR Ca?*
content specifically in hypertrophied RV cells could be attributed to increased Ca?* entry through SOCs, among

other Ca?* protein partners.

Pharmacological inhibition of TRPCs/Orail channels by BTP2 reduced the Ca?* handling remodeling observed

in hypertrophied RV myocytes

To further investigate the contributions of TRPCs and Orail to RV Ca®*" cycling remodeling, we analyzed
electrically-evoked [Ca?*]; transients, cell shortening and the SR Ca?* load of isolated RV cardiomyocytes from
control rats and MCT-PH rats at W3 before and after treatment with 5 uM of BTP2. In cardiomyocytes isolated
from MCT rats, BTP2 (1 min of pre-incubation) application significantly reduced the amplitude of [Ca?*];
transients and cell shortening (Fig. 8e). In addition, caffeine-evoked [Ca?*]; transients in RV myocytes were also
significantly reduced by BTP2 application (Fig. 8f). Interestingly, BTP2 administration had no impact on Ca?*
cycling in cardiomyocytes isolated from control rats, suggesting that SOCs did not participate in ECC in the RV
at baseline. These data demonstrated that TRPCs/Orail channel activity, which is enhanced in MCT-PH rats,

contributes to the Ca?* handling remodeling involved in ECC in hypertrophied RV cardiomyocytes.

Discussion

In this study, we provided solid evidence of Ca?* cycling modulation in RV myocytes, but not in LV myocytes,
from rats that developed severe PH and RVH 3 weeks after MCT exposure. We showed (i) differences in Ca?*
cycling properties of the SR between RV and LV adult rat myocytes under physiological conditions; (ii) an increase
in [Ca?*)i transients amplitude associated with an increased SR Ca?* load and faster Ca?* reuptake leading to
improved cell contraction only in RV myocytes; (iii) increased phosphorylation of phospholamban at Serine 16

(Ser'®) in RV cardiomyocytes without any changes in SERCAZ2a expression; (iv) enhanced Ca?* spark activity
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correlating with impaired RyR clusters and T-tubule network integrity in RV and LV cardiomyocytes; and (v)
increases in glycosylated Orail, TRPC1/TRPC4 expression and the STIM1L/STIML1 ratio, highlighting the roles
of these molecules in RVH in the context of PH.

Echocardiography analyses demonstrated that PH induced by MCT exposure leads to progressive RVH associated
with systolic dysfunction, while LV function is preserved. These data demonstrate that MCT-exposed rats
developed maladaptive RVH at 3 weeks with preserved LV function and without clinical signs of heart failure
(absence of mortality/sudden death, peripheral edema). Macroscopic RVH was confirmed at the cellular level by
increased cell membrane capacitance associated with significant prolongation of action potential duration in
isolated RV cardiomyocytes from MCT-exposed animals at W2 and W3 as well as induction of hypertrophic
markers such as ANP and BNP and the switch from the adult a-MHC gene to the fetal S-MHC gene.

Under physiological conditions, the [Ca®]; transients in isolated ventricular myocytes revealed characteristic
features between RV and LV myocytes, including a larger [Ca?*]; transients peak and a higher SR Ca?* content in
LV myocytes. The difference in SR Ca?* pump activity is not due to a difference in SERCA2a Ca2* pump density
or PLB levels, but it could be attributed to its higher catalytic activity in the LV compartment and a more inert
proportion of SERCA in RV myocytes because of their stable association with PLB as previously proposed [37].
Therefore, we demonstrated a striking chamber-specific difference in intracellular Ca?* cycling between healthy
RVs and LVs in rats, which is consistent with physiological differences in afterload and hemodynamic load
between the RV and LV chambers.

After the pathological insult induced by monocrotaline, the RV developed hypertrophy, which was
statistically evident from 2 weeks after exposure. Concomitantly, the action potential duration was increased at
W2 and W3. Recently, we demonstrated that KCNK3 channel loss of function and a decrease in Kv4.2, Kv4.3 and
Kv1.5 expression, resulting in decreased lkcnks current, outward sustained potassium current (lsys) and transient
outward potassium current (l) contribute to APD prolongation in RV cardiomyocytes [33].

In addition, action potential prolongation is a hallmark of hypertrophy in the LV and enhances Ca?* entry,
producing higher [Ca?*]; transients even with maintained L-type Ca?* channel expression and function [17,38]. At
W3, in addition to action potential prolongation, the enhanced [Ca?*]; transients may also be due to an increase in
the SR Ca?* load. Consistent with the preserved in vivo LV function, no modification in Ca?* cycling was observed
in LV myocytes.

PLB regulates SERCA pumps by reducing their Ca?* affinity. This mechanism is a dynamic process that
depends on [Ca®];, phosphorylation and homo-oligomeric states. Altered levels of SERCA2a and PLB have been
found in MCT-treated rats at the severe heart failure stage [39,40]. In contrast, no changes have been demonstrated
in SERCA and PLB levels in mild chronic PH [16]. Although we found no changes in SERCA2a and PLB protein
abundance, we demonstrated increased PLB phosphorylation by PKA at Ser'®, which could account for the higher
SR Ca?* content.

In addition, we showed an increase in Ca?* spark frequency and a shift of the population to wider and
longer Ca?* sparks in hypertrophied RV myocytes after 3 weeks of MCT exposure. These modifications were not
due to changes in protein expression or phosphorylation, suggesting an alteration in dyads structure. Indeed, by
immunostaining, we reported robust disorganization of the RyR2 network in RV cardiomyocytes from MCT rats

at W3, suggesting an altered junctional SR structure.
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Moreover, the T-tubule network was disrupted as in other models of PH-induced heart failure [34,41,42]. This
disruption could produce Ca?* sparks whose diffusion is not restricted in the space by the adjacent T-tubules, thus
accounting for the wider and longer Ca?* sparks that we observed.

Here, we found progressive T-tubule network disruption and disorganization with dramatic loss of the regular
striated pattern at the advanced PH stage (W2 and W3) in RV and LV cardiomyocytes, which could be an important
factor leading to the emergence of non-junctional RyRs. In the LV compartment, the altered T-tubule network
could also be due the deviated interventricular septum curve observed at W3 (data not shown).

TRPCs, STIM1 and Orail molecules were identified as key participants in SOCE in almost all non-
excitable cells [18,19,43,44], which has been described as a key feature in replenishing intracellular Ca?* stores.
While the functional role of TRPCs/Orail/STIM1-mediated SOCE in non-excitable cells has been clearly
characterized, its cardiac physiological role is less clear. TRPCs or STIM1 has been reported to colocalize with
key regulators of ECC such as SERCA, NCX, PLB and RyRs in neonatal and adult rat hearts [45-51], regulating
the amount of Ca?* in the SR. We and others suggested that TRPCs/Orai1l/STIM1-mediated SOCE plays a role in
the regulating cardiac diastolic Ca?* homeostasis [20-23,25,26,29] through a SGK1-dependent mechanism[20].
In the context of cardiac diseases, in vitro and in vivo data clearly demonstrate that TRPCs-, STIM1/Orail- and
Orai3-dependent Ca®* entry are instrumental for pathological LVH development [20, 23, 25, 26, 29, 45, 49, 52—
60]. In this study, we speculated that, in collaboration with SERCA2a/PLB activity, SOCE could contribute to the
observed increase in the SR Ca?* load in experimental RVH induced by MCT exposure. Surprisingly, we showed
that STIM1 expression is progressively and significantly reduced in hypertrophied RV cardiomyocytes from MCT-
exposed animals. However, induction of STIM1L, TRPC1 and TRPC4 expression was observed under
pathological conditions. These modifications were not detected in LV cardiomyocytes. In addition, we found a
marked increase in the glycosylated Orail form in both ventricles. The changes in SOC machinery expression
were correlated with an increased BTP2-sensitive current only in non-depleted RV cells, with a predominantly
inward rectifying current reflecting Orail-dependent Icrac-like currents. The outward current and the reversal
potential suggest that non-selective cationic channels, such as TRPCs channels, could contribute to this current
together with Orail. Similarly, we previously reported an Isoc in neonatal cardiomyocytes carried by a dynamic
assembly of TRPC-STIM1-Orail [20]. Similar to our findings, Hulot et al. also found an inward rectifying current
in adult LV myocytes that is rapidly and fully active even when Ca?* stores are repleted, reflecting more rapid
kinetics of Isoc activation in cardiac myocytes compared to those of non-excitable cells [23]. This faster activation
and store-independent current may be explained, at least in part, by the constitutive association of STIM1 and
Orail/TRPCs at the membrane as previously observed in sinoatrial node cells [61] or by the pre-constituted
‘punctate’ form of STIM1 without the need for Ca?* store depletion in neonatal and adult cardiomyocytes [53].
Furthermore, in skeletal muscle, STIM1L has been demonstrated to interact with actin to form permanent clusters
and to activate Orail and TRPC1/4 channels, allowing immediate SOCE activation[62,63].

Moreover, inhibition of SOCs prevented the Ca?* cycling modulation observed in cardiomyocytes from MCT rats.
Therefore, we revealed for the first time that the Ca?* current elicited by STIM1L and TRPCs/Orail contributes to
the enhanced SR Ca?* content in RV hypertrophied cardiomyocytes. Interestingly, inositol 1,4,5-Trisphosphate
Receptors (IPsR) have been considered as other regulators of cardiac ECC [64,65]. Indeed, in LV cardiomyocytes,
Ca?* mobilized from the SR via IPsR2 contributed to decreased resting membrane potentials, prolonged action

potentials, and the occurrence of early afterdepolarizations [65]. Interestingly, we found that the IP3R2 isoform
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was strongly increased in RV compartments 3 weeks after PH induction (Supplemental Figure 5). Further
investigations were required to determine whether IPsR2 in association with SOCs could contribute to Ca?
homeostasis remodeling in RV cardiomyocytes from PH rats.

A discrepancy was observed between the results obtained from isolated cells (higher [Ca?*]; transients amplitude,
higher SR Ca?" load and improved cell contractility) and the loss of in vivo RV function measured by
echocardiography (by reduced RV fractional shortening). First, capillary rarefaction can partly explain the loss of
RV function in MCT-PH rats. Indeed, capillary rarefaction has been reported in the RV compartment of PAH
patients [66,67] and in an experimental model of PH [3,67]. Importantly, improved RV microvessels density by
pharmacological miR-126 upregulation improved RV function in experimental PAH, confirming that capillary
density is crucial for RV cardiac function [67]. Here, we confirmed the loss of capillary density in the RV
compartment of MCT-PH rats. Moreover, RV fibroblasts and extracellular matrix production characterized by
significantly increased expression of collagen isoforms [3,36] play important roles in the pathogenesis of RVH
and RV dysfunction [68,69]. In patients with severe aortic valve stenosis, the extent of myocardial fibrosis has a
significant effect on clinical status and long-term survival [37]. In addition, myocardial fibrosis contributes to
sudden cardiac death, ventricular tachyarrhythmias, LV dysfunction, and heart failure in hypertrophic
cardiomyopathy [38]. We confirmed a severe increase in RV fibrosis in MCT-PH rats as previously observed
[38,70]. Endothelin-1 (ET-1) is known to activate cardiac fibroblasts and to promote the synthesis of matrix
proteins [71,72]. We found overexpression of endothelin receptors (ET-1RA and ET-1RB) in the RV of MCT rats
(Supplemental Figure 5). In addition, increased wall stress and hypoxia are stimuli that promote ET-1 release
[73,74]. According to these results, increased ET-1 signaling could contribute to RV fibrosis and inflammation
associated with RV dysfunction.

Moreover, inflammation played a dual role in the development of both pulmonary vascular remodeling and RV
failure [75]. Abnormal cytokine expression was shown to impair myocardial contractility and cardiac function [76]
through multiple mechanisms [75] . We showed that RV inflammation was abnormally increased in MCT-PH rats,
contributing to the establishment of RV dysfunction. Taken together, the alteration in Ca?* handling in cardiac
myocytes, which increases cell contractile function, tends to compensate the loss of function by tissue fibrosis and
decrease in capillary density.

In conclusion, despite intense characterization of the in vivo cardiac dysfunction in MCT-induced PH, the
functional demonstration of Ca?* deregulation in this model is not unequivocally established in RV and LV
cardiomyocytes. Altogether, these data strongly support an enhanced Ca?* current elicited by STIM1L and
TRPCs/Orail that contributes to the enhanced SR Ca®' content together with higher SERCA activity in
hypertrophied RV cardiomyocytes.
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Table 1 Echocardiographic parameters of RV and LV function in control rats and in rats after PH induction

Control W1| MCT W1 |Control W2| MCT W2 |Control W3| MCT W3
(n=8) (n=9) (n=8) (n=9) (n=8) (n=9)
HR (bpm) 359+19 | 363+15 | 39%4+22 364+10 365+22 359+11
BW (g) 2238+93 | 1892+33| 2668+134 | 2159+85** | 3025+162 | 2563160*
Fulton index 024+002 | 0274001 | 024+001 | 036+0.002** | 0.26+0.008 | 0.54+005***
PAAT (ms) 245+21 | 336109 | 370+08 | 251+15** | 303+193 | 196+17**
VTI pulmonary artery
(mm) 497+023 |510+020| 570+051 |4.73£0.36**| 495+053 |307+033**
RV EDd (mm) 36+03 31+02 3502 33+03 32+04 46+04*
RV EDs (mm) 22+03 18+01 24+02 19+01 2503 36+04
RV thickness (mm) | 114+007 | 12+011 | 112+006 | 134+007* | 125+01 | 155+006**
RV FS (%) 404+45 | 419+34 | 382+25 419124 399+40 | 197+75**

(mL/min/m°)

VTI aorta (mm) 577+045 | 622+039| 7381046 | 646+0.35 77+017 | 566+051*
LV EDd (mm) 59+02 5701 6.1+04 6.0+03 64+02 44+0.7*
LV EDs (mm) 35+03 31+£02 3402 3202 43+01 24+03**

LV thickness (mm) 2001 | 16004 | 23+02 19101 26201 2+02*
LV FS (%) 415437 | 459439 | 444+35 459126 371+22 404+45
CO (mL) 712+6.7 | 734+88 | 1082+155| 814+56 | 1274+120 | 744+38**
Cardiac Index
324+13 390+48 41063 366+22 3HA+44 292+18*
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Table 2 List of the gene expression assays (Life Technology) used in this study

Gene Primer reference Species
RYR2 Rn01470303_ml Rat
SERCA2A Rn00568762_m1 Rat
MYH6 Rn00691721 g1 Rat
MYH7 Rn01488777_g1l Rat
NPPB Rn00580641_m1 Rat
NPPA Rn00664637_gl Rat
Col3al Rn01437681_m1 Rat
Collal Rn01463848 ml Rat

Table 3 List of the antibodies used in this study

Target Antibody reference Supplier
ThermoFisher
RYR2 MA3-916 Scientific
SERCAZa Sc-376235 SantaCruz
Biotechnology
STIM1 SC6197 Sigma
STIM2 ACC-064 Alomone
Orail 08264 Sigma
Orai3 ACC-065 Alomone labs
TRPC1 Sc-133076 SantaCruz
Biotechnology
TRPC3 ACC-016 Alomone labs
TRPC4 ACC-018 Alomone labs
TRPC5 ACC-020 Alomone labs
TRPC6 ACC-017 Alomone labs
IP3R2 ACC-116 Alomone labs
ET1RA AER-001 Alomone labs
ET1RB AER-002 Alomone labs
CD31 Ab81289 Abcam
CD34 ah81289 Abcam
CD45 610266 DB Transdu_ctlon
laboratories
GAPDH AMA4300 ThermoFisher
Scientific
Total-PLB Sc-21923 SantaCruz
Biotechnology
S16 PLB A010-12 Badrilla
T17 PLB A010-13 Badrilla
Ser2808 .
RYR? A010-31AP Badrilla
Ser2814 .
RYR? A010-30AP Badrilla



https://www.thermofisher.com/order/genome-database/details/ge/Rn01470303_m1?CID=&ICID=
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Fig. 1 RVH and RV dysfunction are associated with aberrant loss of capillarity density, fibrosis and
inflammation. a, Left panel: immunostaining against the CD31 (red staining) in RV tissues from control rats and
from MCT-exposed rats at W3 (n=3 rats). Scale bar, 50 pm. Right panel: quantification of capillary density by
analysis of CD31 staining. b, Left panel: representative Western-blot of CD31 and CD34 protein expression in

RV cardiomyocytes from control rats and from MCT-exposed rats at W3. Middle and right panels: quantification
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of the relative expression of CD31 and CD34. GAPDH was used as the loading control (n=4 rats). ¢, Left panel:
interstitial fibrosis identified with Sirius red staining in the RV compartments of control and MCT-exposed rats at
Wa3. Right panel: quantification of the percentage of fibrosis in RV tissues from control and MCT-exposed rats
(n=20 images per rat from 5 rats). d, MRNA expression of Col3al and Collal in RV tissues isolated from control

rats and MCT-exposed rats at W3 (n=4-5 rats).
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Fig. 2 In vitro characterization of RV dysfunction in the MCT-PH model. a, Cell capacitance of isolated RV
cardiomyocytes from control rats and from MCT-treated rats 1 week (W1), two weeks (W2) and three weeks (W3)
after exposure (n=5 rats, n=46-70 cells). b, Representative action potential (AP) in RV cardiomyocytes from

control and MCT-exposed rats. ¢, mMRNA expression of MYH7 (left panel) and MYH6 (right panel) (n=5-6 rats).
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d-e, Top panels: representative Western-blots of a-MHC (d) and B-MHC (e) protein expression in RV
cardiomyocytes from control and MCT-exposed rats. Bottom panels: quantification of the relative expression of
a-MHC and B-MHC. GAPDH was used as the loading control (n=4 rats). f-g, mMRNA expression of the NPPA (f)
and NPPB (g) genes normalized by GAPDH mRNA in RV cardiomyocytes from control rats and from MCT rats
(n=5-6 rats).
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Fig. 3 Stimulated [Ca?*]i transients in single RV and LV cardiomyocytes from MCT-PH rats. a, Top panel:
line-scan of isolated RV cardiomyocytes loaded with Fluo-4/AM from control rats and from MCT-exposed rats
(W1, W2 and W3). Bottom panel: corresponding traces of [Ca?*]; transients. b, Amplitude of [Ca?']; transients
(Peak F/F) obtained in RV and LV myocytes field-stimulated at 1 Hz from control and MCT-exposed rats. c,
Average [Ca?*]i transients decay time (ms) in RV and LV myocytes from control and MCT-exposed rats. d,
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Average % of cell shortening in RV and LV myocytes from control and MCT-exposed rats. e, Representative
western-blot and quantification of SERCA2a protein expression in RV cardiomyocytes from control and MCT -
exposed rats (W3). GAPDH was used as the loading control (n=5 rats). Bottom panel: quantification of SERCA2a
mMRNA expression in RV cardiomyocytes from control and MCT-exposed rats (W3) normalized to the GAPDH
MRNA level (n=4-5 rats). f, Representative western-blot and quantification of P-ser'6-PLB, P-ser*’-PLB, and total
PLB expression in RV cardiomyocytes from control and MCT-exposed rats (W3). GAPDH was used as the loading
control (n=4 rats).
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Fig. 4 Evaluation of the SR Ca?*load in single RV and LV cardiomyocytes from MCT-PH rats. a, Top panel:

line-scan of isolated RV cardiomyocytes loaded with Fluo-4/AM from control and MCT-exposed rats (W1, W2

and W3). Bottom panel: corresponding traces of caffeine-evoked [Ca?*]; transients. b, Amplitude of the caffeine-

evoked SR Ca?* load (Peak F/Fo) recorded in RV and LV myocytes from control and MCT-exposed rats. ¢, Average

caffeine-evoked SR Ca?* load decay time in RV and LV myocytes from control and MCT-exposed rats. d, Average
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fractional release in RV and LV myocytes from control and MCT-exposed rats. e, Average post-rest potentiation

in RV and LV myocytes from control and MCT-exposed rats.
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Figure 5

Fig. 5 Evaluation of Ca?* spark frequency and properties in single RV and LV cardiomyocytes from MCT-

PH rats. a, Line-scan images showing spontaneous Ca?* sparks recorded in RV and LV cardiomyocytes from
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control rats and from MCT-exposed rats at W3. b, Average Ca?* spark frequency (events/s/100 pM) in RV and
LV cardiomyocytes from control rats and from MCT-exposed rats at W3. ¢, Average Ca®* spark amplitude (Peak
F/Fo) in RV and LV myocytes from control and MCT-exposed rats. d, Average full width at half-maximum
(FWHM) and e, full duration at half-maximum (FDHM) in LV and RV myocytes from control and MCT-exposed

rats.
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Fig. 6 Alterations of RyR organization and the T-Tubule network in RV and LV cardiomyocytes from MCT-

PH rats. a, mRNA expression of RyR2 in RV and LV cardiomyocytes from control rats and from MCT-exposed
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rats at W3 (n=4-6 rats). b-c, Representative western-blot of P-ser?®!4-RyR2, and total-RyR2 expression in RV (B)
and LV (C) cardiomyocytes from control and MCT-exposed rats (at W3). GAPDH was used as the loading control
(n=4 rats). d, Representative western-blot of P-ser®®®-RyR2, and total-RyR2 expression in RV and LV
cardiomyocytes from control and MCT-exposed rats (at W3). GAPDH was used as the loading control (n=4 rats).
e, Immunolabeling and confocal images of RyR2 in RV cardiomyocytes from control and MCT -exposed rats (at
W3). Scale bar, 10 um. f, Analysis of T-tubule remodeling in MCT-exposed rats. Left panel, confocal images of
the T-tubule network stained by Di-4ANEPPS in RV and LV cardiomyocytes from control and MCT-exposed rats
during the progression of RV remodeling secondary to PH (n=65-150 cells). Scale bar, 10 um. Right panel, average

percentage of T-tubules under the cell surface in RV and LV cardiomyocytes from control and MCT-exposed rats.
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Fig. 7

Increased expression of STIMLL, glycosylated Orail, TRPC1 and TRPC4 in hypertrophied RV myocytes.
a, Top panel: representative western-blot of STIM1 and Orail protein expression in RV cardiomyocytes from

control and MCT-exposed rats (W3). GAPDH was used as the loading control (n=4 rats). Bottom panel:

quantification of the relative expression of non-glycosylated Orail, glycosylated Orail, classic STIM1 and the

STIM1L isoform from control rats and from MCT-exposed rats at W1, W2 and W3. b-c, Top panel: representative
Western-blot of TRPC1 (b), TRPC4 (b), TRPC3 (c), TRPC5 (c) and TRPC6 (c) protein expression in RV
cardiomyocytes from control and MCT-exposed rats (W3). GAPDH was used as the loading control (n=4 rats).

Bottom panel: quantification of the relative expression of the TRPC1, C4, C3, C5 and C6 isoforms from control

and MCT-exposed rats at W1, W2 and W3.
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Fig. 8 Icrac-like current in single RV cardiomyocytes from MCT-PH rats. Whole-cell patch-clamp recordings
in RV cardiomyocytes from control and MCT-exposed rats at W3 in the presence of L-type Ca?* channels and
Na/Ca?* exchanger blockers (10 uM nifedipine and 5 uM KB-R7943). a, Representative I-V relationships elicited
by a ramp voltage-clamp in RV cardiomyocytes from control rats in the presence or absence of 5 uM BTP2. b,

Representative I-V relationships elicited by a ramp voltage-clamp in RV cardiomyocytes from MCT-exposed rats

34



at W3 in the presence or absence of BTP2. ¢, Representative 1-V relationships of the BTP2-sensitive current
elicited by a ramp voltage-clamp in RV cardiomyocytes from control and MCT-exposed rats (W3). d, Current
density of the BTP2-sensitive outward current at +50 mV (left panel) and the BTP2-sensitive inward current at -
110 mV (right panel) (n=6-7 cells, 3 rats). e, Left panel: line-scan of isolated RV cardiomyocytes loaded with
Fluo-4/AM from MCT-exposed rats (W3) before and after the application of 5 uM of BTP2. Right panel: average
amplitude of [Ca®*]; transients (Peak F/Fo) and average % of cell shortening before and after BTP2 application in
RV myocytes field-stimulated at 1 Hz from MCT-exposed rats at W3. f, Left panel: line-scan of isolated RV
cardiomyocytes loaded with Fluo-4/AM from control and MCT-exposed rats (W3) in the presence or absence of
5 uM of BTP2. Right panel: average of amplitude of the caffeine-evoked SR Ca?* load (Peak F/Fo) recorded in
RV myocytes from MCT-exposed rats (n=4 rats).
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Supplemental Figure 1

Supplemental Fig. 1 Increased expression of CD45 (a pan leukocyte marker) in hypertrophied RV myocytes.
Left panel: representative Western-blot of CD45 protein expression in RV tissues from control rats and from MCT-
exposed rats at W3. GAPDH was used as the loading control (n=4 rats). Right panel, quantification of the relative

expression of CD45 in myocytes from control rats and from MCT-exposed rats.
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Supplemental Figure 2

Supplemental Fig. 2 In vitro characterization of LV function in the MCT-PH model. a, Cell capacitance of
isolated LV cardiomyocytes from control and MCT-exposed rats (n=3 rats, n=21-32 cells). b, mMRNA expression
of the MYH7 (left panel) and MYH6 (right panel) genes in LV cardiomyocytes from control rats and MCT-exposed
rats (n=5-6 rats). c, Left panel: representative Western-blot of a- and B-MHC protein expression in LV tissues
from control and MCT-exposed rats at W3. GAPDH was used as the loading control (n=4 rats). Right panel,
quantification of the relative expression of a-MHC in myocytes from control rats and from MCT-exposed rats at
Wa3. d, mRNA expression of the NPPA (left panel) and NPPB (right panel) genes in LV cardiomyocytes from
control rats and MCT rats (n=5-6 rats).
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Supplemental Figure 3

Supplemental Fig. 3 Unchanged expression of SOC molecules in LV cardiomyocytes from MCT-PH rats. a,

Top panel: representative Western-blot of STIM1 and Orail protein expression in LV cardiomyocytes from control
and MCT-exposed rats (W3). GAPDH was used as the loading control (n=4 rats). Bottom panel: quantification of
the relative expression of non-glycosylated Orail, glycosylated Orail, classic STIM1 and the STIM1L isoform

from control rats and from MCT-exposed rats at W1, W2 and W3. b, Top panel: representative Western-blot of
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TRPCL1, TRPC3, TRPC4, TRPC5 and TRPCS6 protein expression in LV from control and MCT-exposed rats (W3).
GAPDH was used as the loading control (n=4 rats). Bottom panel: quantification of the relative expression of the
TRPCL1, C3, C4, C5 and C6 isoforms in cardiomyocytes from control and MCT-exposed rats at W3. c, Left panel:
representative Western-blot of STIM2 and Orai3 protein expression in LV cardiomyocytes from control and MCT -
exposed rats (W3). GAPDH was used as the loading control. Right panel: quantification of the relative expression
of Orai3 and STIM2 in RV from control rats and from MCT-exposed rats at W1, W2 and W3 (n=4 rats).
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Supplemental Figure 4

Supplemental Fig. 4 Unchanged activity of SOC molecules in LV cardiomyocytes from MCT-PH rats. Left
panel: representative I-V relationships elicited by a ramp voltage-clamp in LV cardiomyocytes from control and
MCT-exposed rats (W3). Right panel: current density at +50 mV and current density at -110 mV in LV
cardiomyocytes from control and MCT-exposed rats (W3). (n=4-5 cells).
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Supplemental Figure 5

Supplemental Fig. 5 Increased expression of IPsR2 and endothelin-1 receptors in hypertrophied RV
myocytes. a, Left panel: representative Western-blot of IP3sR2 protein expression in RV cardiomyocytes from
control rats and from MCT-exposed rats at W3. GAPDH was used as the loading control (n=4 rats). Right panel:
quantification of the relative expression of IPsR2 from control rats and from MCT-exposed rats at W1, W2 and
Wa3. b, Left panel: representative Western-blot of ET-1RA and ET-1RB protein expression in RV cardiomyocytes
from control rats and from MCT-exposed rats at W3. GAPDH was used as the loading control (n=4 rats). Right
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panel: quantification of the relative expression of ET-1RA and ET-1RB from control rats and from MCT-exposed
rats at W1, W2 and Wa3. c, Top panel: representative Western-blot of IPsR2, ET-1RA and ET-1RB protein
expression in LV cardiomyocytes from control rats and from MCT -exposed rats at W3. GAPDH was used as the
loading control (n=4 rats). Bottom panel: quantification of the relative expression of IP;R2, ET-1RA and ET-1RB

from control rats and from MCT-exposed rats at W3.
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