Circulation: Heart Failure

ORIGINAL ARTICLE 3]

Ca** Cycling Alteration in a Porcine Model of
Right Ventricular Dysfunction

Fabrice Antigny®, PhD; Rui Luo®®, PhD; Romain Perrier®, PhD; Bastien Masson®, PhD; Guillaume Fadel®, MD;

Grégoire Ruffenach, PhD; Anais Saint-Martin Willer®, PhD; Ali Akamkam, MD; Julien Grynblat®, MD, PhD; Xavier Jais, MD;
Jerdme Le Pavec®, MD, PhD; Simon Dang Van‘®, MD; Dorothée Brunet, MD; Florence Lefebvre, MSc; Garance Gérard®, PhD;
Séverine Domenichini®®, PhD; Angele Boét®, MD, PhD; Julien Guihaire®, MD, PhD; Ana-Maria Gomez®, PhD;

David Montani®®, MD, PhD; Jean-Pierre Benitah!®, PhD; Marc Humbert(®, MD, PhD; Olaf Mercier®, MD, PhD;

Jessica Sabourin, PhD

BACKGROUND: Pulmonary hypertension is a severe disease with high mortality rates due to right ventricular (RV) failure. The
molecular and cellular processes involved in RV remodeling, including Ca?* handling, remain elusive due to the lack of
relevant animal models. In this study, we aim to understand better the pathophysiological mechanisms involved in RV failure.

METHODS: We used the chronic thromboembolic pulmonary hypertension (CTEPH) pig model, which leads to progressive
RV hypertrophy and dysfunction. Cellular, molecular unbiased global transcriptional profiling and biochemical analyses were
performed on RV cardiomyocytes from CTEPH and Sham-operated pigs.

RESULTS: CTEPH pigs replicated the hemodynamics and histological changes of human CTEPH features. Transcriptome
analysis in Sham and CTEPH pigs revealed molecular RV remodeling close to human patients with pulmonary arterial
hypertension with decompensated RV function and notably identified changes in genes involved in Ca?* signaling. At the
cellular level, CTEPH myocytes presented reduced L-type Ca?* current in association with reduced mRNA of CACNA1C.
Furthermore, CTEPH myocytes showed lower [Cag"]i transients, decreased sarcoplasmic reticulum Ca?* content, and
decreased cell shortening, related to reduced SERCA2a (Sarco/endoplasmic reticulum Ca*-ATPase isoform 2a) protein
expression. Moreover, CTEPH cardiomyocytes exhibited reduced Ca?" spark occurrence, which relied on smaller RyR2
(ryanodine receptor 2) clusters and T-tubule disorganization. Finally, these alterations in Ca?* homeostasis were also
associated with an increased store-operated Ca?* entry and the de novo expression of the Ca?* sensor protein STIM1L
(stromal interaction molecule 1 long isoform) in CTEPH myocytes as well as in RV from human patients with pulmonary
arterial hypertension.

CONCLUSIONS: Our data reveal cellular Ca?* cycling remodeling that participates in the pathogenesis of RV dysfunction and
may constitute therapeutic targets to limit the development of RV dysfunction.
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(PH) and right ventricular (RV) dysfunction, with each pressure >20 mm Hg at rest! PH affects almost 1%
one influencing the other. PH represents a group of  of the global population and is characterized by prema-
heterogeneous diseases of the pulmonary vasculature  ture morbidity and mortality. Numerous epidemiological

An intrinsic link exists between pulmonary hypertension  defined by an elevation of the mean pulmonary arterial
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WHAT IS NEW?

¢ The chronic thromboembolic pulmonary hyperten-
sion (CTEPH) model in pigs replicates the features
of patients with pulmonary arterial hypertension
with decompensated right ventricular (RV) function.

* At the cellular level, CTEPH myocytes present
reduced L-type Ca* current in association with
reduced mRNA of CACNATC.

* Myocytes from CTEPH pigs have lower and slower
[Ca**]. transients, decreased sarcoplasmic reticu-
lum Ca?* content associated with reduced SER-
CA2a (Sarco/endoplasmic reticulum Ca?*-ATPase
isoform 2a) protein expression, and depressed cell
shortening.

* Anincrease in store-operated Ca?* entry in associa-
tion with the de novo expression of STIM1L (stromal
interaction molecule 1 long isoform) is observed in
RV cardiomyocytes from CTEPH myocytes and
patients with pulmonary arterial hypertension.

WHAT ARE THE CLINICAL IMPLICATIONS?

* Our CTEPH pig model of RV failure replicated most
of the hemodynamics, molecular, and histological
changes of human RV failure features.

* Based on unbiased RNA sequencing analysis
and different experiments performed at the cel-
lular level, we found an alteration in Ca*" cycling
with decreased SERCA2a expression, an altera-
tion of diastolic Ca?* sparks, and increased store-
operated Ca?* entry that contributes to RV dysfunc-
tion in CTEPH pigs.

* Our findings could help to provide innovative tar-
gets to counteract RV dysfunction in the context of
pulmonary hypertension. This model may be a cor-
nerstone in developing better clinical approaches
to slow down the progression of RV failure.

Nonstandard Abbreviations and Acronyms

CTEPH chronic thromboembolic pulmonary
hypertension

Lv left ventricular

PAH pulmonary arterial hypertension

PH pulmonary hypertension

RNA-seq RNA sequencing

RV right ventricular/right ventricle

RVF right ventricular failure

RyR2 ryanodine receptor 2

SERCA2a sarco/endoplasmic reticulum Ca?*-
ATPase isoform 2a

SOCE store-operated Ca?* entry

studies have shown that RV function is the primary deter-
minant of the severity of PH and the most relevant predic-
tor of the clinical outcome of patients with PH. Despite
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intensive research, RV failure (RVF) pathogenesis is not
well elucidated, and patients with PH still die from RVF2
To adapt to chronic pressure overload induced by chronic
pulmonary vascular diseases, the RV develops adaptive
hypertrophic remodeling to maintain adequate cardiac
output and ventriculo-arterial coupling. As RV contrac-
tile dysfunction, dilation, metabolic changes, RV capillary
rarefaction, inflammation, and fibrosis®** progress, they
lead to decompensated RVF This is characterized by
increased filling pressures, diastolic and systolic dysfunc-
tion, reduced cardiac output, and ultimately causes the
death of patients with PH.®> RV dysfunction is managed
by reducing fluid retention using diuretics to decrease RV
preload.® However, these treatments do not specifically
target the remodeling of the RV compartment. This may
be explained by the fact that RV function is understudied
compared with the left ventricular (LV) function. Defin-
ing the molecular and cellular profile of RV dysfunction
is thus essential for pursuing effective therapy for RV
remodeling and dysfunction. Rodent models have been
commonly used to decipher the molecular mechanisms
underlying the disease, but in many cases, did not match
the severity seen in patients with PH.

By combining in vivo cardiac function investigations
with echocardiography and Doppler, RNA sequencing
(RNA-seq), biochemical analyses, and in vitro functional
studies using patch-clamp and confocal Ca®* imaging,
we analyzed RV hemodynamics, RV histology, and intra-
cellular Ca?* handling involved in excitation-contraction
coupling in chronic thromboembolic PH (CTEPH)-
induced RV dysfunction in pigs. Our results demonstrate
a clear ionic, morphological, and functional remodeling
that participates in the pathogenesis of RV dysfunction
occurring in CTEPH.

MATERIALS AND METHODS

The authors declare that all supporting data are available
within the article and its online supplementary files. The anti-
bodies and specific primers used are listed in Table STA and
S1B, respectively. More detailed methods are described in the
Supplemental Material.

Patients

Pulmonary arterial hypertension (PAH) human cardiac tissues
(RV and LV) for the Western blot analyses were obtained at the
time of heart-lung transplantation from 4 patients with PAH: 4
patients with PAH from group 1 of World Health Organization
classification (2 females and 1 male), 2 patients with PAH and
Eisenmenger syndrome (2 males), 3 patients with PAH and
atrial septal defect (2 males and 1 female with SOX17 muta-
tion), 2 patients with PAH and ventricular septal defect (1 male
and 1 female), and 1 patient with CTEPH (male). Patients with
PAH studied were part of the French Network on Pulmonary
Hypertension, a program approved by our institutional Ethics
Committee, and who had given their written informed consent
(Protocol N8C0O-08-003, ID RCB: 2008-A00485-50, approved
June 18,2008). All human tissue was obtained with written and
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informed consent from transplant recipients or families of organ
donors in accordance with the Declaration of Helsinki.

Animal Studies and Ethics

All experiments were performed according to the European
Community guiding principles in the care and use of animals
(2010/63/UE, September 22, 2010), the local Ethics committee
(CEEA26 CAP-Sud) guidelines, and the French decree no2013-
118, February 1,2013, on the protection of animals used for sci-
entific purposes (JORF no0032, February 7, 2013, p 2199, text
no 24). Animal experiments were approved by the French Ministry
of Agriculture (agreements No14-027 and No2016-125-7914).

We induced a CTEPH model as previously described™® in 7
large white male piglets aged 3 weeks at the initiation of the proto-
col. Premedication was achieved using intramuscular injection of
an equimolar mixture of tiletamine and zolazepam (10 mg/kg) 30
minutes before the surgical procedure. General anesthesia was
induced with an intravenous bolus of propofol (2 mg/kg) com-
bined with administration of atracurium (2 mg/kg). Orotracheal
intubation was established using a 7.6 mm probe to allow for
mechanical ventilation (tidal volume of 6 mlL/kg, positive end-
expiratory pressure set at 5 cm H,0, and 40% of inspired oxygen
fraction). General anesthesia was maintained using inhaled iso-
flurane (expiratory fraction from 1% to 4%) and buprenorphine
(0.01 mg/kg boluses). The respiratory rate was adjusted to target
an end-tidal CO, level between 35 and 40 mm Hg and oxygen
saturation above 95%. Euthanasia will be performed by an anes-
thetic overdose of pentobarbital sodium (150 mg/kg IV).

To achieve CTEPH modeling, we performed ligation of the
left pulmonary artery and iterative embolization of the right
lower lobe once a week for 6 weeks, utilizing a biological glue
(enbucrilate, Histoacryl; B.Braun, Melsungen, Germany) mixed
with an equivalent volume of lipiodol. We injected 1 to 4 mL
of enbucrilate—lipiodol solution each week into the right lower
pulmonary artery through a venous catheter inserted percuta-
neously through the jugular vein under fluoroscopic control.

Statistical Analysis

Analyses were performed using GraphPad Prism software
(GraphPad, version 9.0 for Windows) and R statistical comput-
ing software. After checking with the Shapiro-Wilk, Kolmogorov-
Smirnoy, DAgostino and Pearson, and Anderson-Darling
normality tests whether the sample data followed a normal distri-
bution, differences between the 2 groups were assessed using
an unpaired ttest. When conditions for parametric tests were not
met, we used either a Mann-Whitney Utest or the data were sub-
mitted to an Aligned Rank Transform procedure in the ARTool R
package, which allowed a nonparametric factorial ANOVA con-
sidering the multiple observations per animal (Nested analysis).
Correlations between variables were assessed using the 2-tailed
correlation test and Pearson test. For all experiments, a P value
of <0.05 was considered statistically significant (Table S2).

RESULTS

Hemodynamic and Molecular Remodeling of
Right Ventricles From CTEPH Pigs

CTEPH pigs presented no significant differences
in the weights and body surfaces compared with
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age-matched Sham-operated pigs (Figure S1A and
S1B). The mean pulmonary arterial pressure (mean
PAP; Figure 1A) measured by right heart catheteriza-
tion was increased, as well as systolic and diastolic
PAP (Figure S1C and S1D). This was associated with
elevated total pulmonary resistance (Figure 1B). As
illustrated in the short parasternal axis and the apical
4-chamber views from echocardiography (Figure 1C
and 1E), CTEPH pigs developed leftward deviation of
the interventricular septum and, for some of them, peri-
cardial effusion. We found an increase in end-diastolic
and end-systolic RV diameters (Figure 1F and 1G) and
RV free wall thickness enlargement (Figure 1H), indi-
cating RV hypertrophy and dilation in CTEPH pigs. We
also observed a decrease in RV fractional area change
(Figure 11). Moreover, the tricuspid annular plane sys-
tolic excursion was decreased in CTEPH pigs (Fig-
ure 1J), as well as the tricuspid annular plane systolic
excursion/systolic PAP ratio (Figure 1K), demonstrat-
ing an RV dysfunction associated with decreased ven-
tricular-arterial coupling.

RV histological analyses revealed that there was an
increase in RV cardiomyocyte size in the CTEPH condi-
tion (Figure 1L). By patch-clamp, we confirmed RV myo-
cyte hypertrophy by observing enhanced cell membrane
capacitance in isolated RV cardiomyocytes from CTEPH
pigs (Figure 1M). These results are consistent with mac-
roscopic RV enlargement measured by echocardiogra-
phy. We also found increased RV fibrosis deposition in
CTEPH pigs (Figure 1N). These in vivo changes in the
pulmonary circulation, cardiac function, and RV histol-
ogy represented the features of patients suffering from
CTEPH.

Analysis of RV Transcriptome From CTEPH
Pigs With RV Dysfunction and Comparative
Transcriptome Profile of Pig and Human With
RV Dysfunction

We conducted RNA-seq to profile the transcriptome of
RV tissues from 5 Sham and 5 CTEPH pigs. Through
the RNA-seq experiments, we detected 15 639 differ-
ent genes. The raw and processed data were accessible
under the accession number GSE284258. Principal
component analysis showed clear, distinct patterns of
the gene expression profiles for Sham and CTEPH ani-
mals (Figure 2A). RNA-seq analysis revealed 1586 dif-
ferentially expressed genes between Sham and CTEPH
conditions (A<0.05 and absolute fold change >1.5).
Among these genes, 775 were downregulated, and
811 were upregulated in RV tissues from CTEPH pigs
compared with Sham pigs (Figure 2B; Table S3). We
found that the upregulated genes were predominantly
involved in lipid metabolism, morphogenesis, develop-
ment, signaling pathway, cell differentiation, and trans-
port (Figure 2C). RNA-seq analysis also identified the
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Figure 1. Characterization of right ventricular (RV) dysfunction and remodeling in chronic thromboembolic pulmonary
hypertension (CTEPH) pigs.

Quantification of mean pulmonary arterial pressure (mPAP, A), and total pulmonary resistance (TPR, B). Representative echocardiographic
images from Sham (C) and CTEPH (D) pigs for diastolic and systolic measurement of RV diameters in the parasternal short-axis view, showing
RV enlargement and deformation in CTEPH pigs (dotted orange lines). E, Representative echocardiographic images from CTEPH pigs in a
4-chamber view showing intraventricular septum deviation and pericardial effusion in CTEPH pigs. F through I, Quantification of RV end-
diastolic (RVedD, F) and systolic diameters (RVesD, G), RV free wall thickness (H), and RV fractional area change (RVFAC, I). J, Representative
echocardiographic images for the measurement of the tricuspid annular plane systolic excursion (TAPSE) in M-mode view of Sham and CTEPH
pigs. Right, Quantification of the TAPSE. The yellow arrows correspond to the distance of the tricuspid annular longitudinal (Continued)
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downregulation of several pathways, including ions and
contraction, apoptotic signaling, immune cell recruit-
ment, enzymatic activity, mitosis, membrane organiza-
tion, and mitochondrial function (Figure 2C). In more
detail, we found changes in 157 genes associated
with pro-hypertrophic, pro-fibrosis, or proinflammatory
remodeling (Table S3). Among the most dysregulated
genes, there was a substantial increase in expression
of NPPB (Natriuretic Peptide B), MYO7B (Myosin VIIB),
ACTAT (Actin a1), TNNT1 (Troponin T1), COL8A1 (Col-
lagen Type VIII a1 Chain), and COL4A5 (Collagen Type
IV ab Chain). Conversely, we observed a decrease in
the expression of LEPR (Leptin Receptor) and EDF1
(Endothelial Differentiation Related Factor 1). Further-
more, the CTEPH pigs were characterized by changes
in various PAH predisposing genes including decrease
in SOX17 (SRY-Box Transcription Factor 17), AQP1
(Aquaporin 1), ACVRL 1 (Activin A Receptor-Like Kinase
1), and increase in TBX4 (T-Box Transcription Factor 4),
ATP13A3 (ATPase 13A3), and TGFB2 (Transforming
Growth Factor-f 2; Table S4). The RNA-seq analysis
also showed an increase in the expression of STMP1T
(Short Transmembrane Mitochondrial Protein 1), ACO17
(Aconitase 1), MTFR2 (Mitochondrial Fission Regulator
2), and a reduced expression of TOMM?7 (Translocase
of Outer Mitochondrial Membrane 7), NOX5 (NADPH
Oxidase b), MSS51 (MSS51 Mitochondrial Translational
Activator), and LDHD (Lactate Dehydrogenase D; Table
Sb). This corroborated the compromised structural mito-
chondria integrity as evidenced by abnormalities in cris-
tae, swelling, lipidic vacuole, structure impairments, and
membrane alteration, assessed by electronic microscopy
(Figure S2). In addition, changes in gene expression of
112 kinases were noticed, including reduced expres-
sion of ROS1 (Receptor Tyrosine Kinase C-Ros Onco-
gene 1) and increased expression of HASPIN (Histone
H3 Associated Protein Kinase), RCAN1 (Regulator of
Calcineurin 1), NEK2 (NIMA Related Kinase 2) and
CAMKK1 (Ca?*/Calmodulin-Dependent Protein Kinase
1) in RV tissues from CTEPH pigs compared with Sham
pigs (Table S6). Finally, phosphodiesterases, known
contributors to cardiac remodeling, exhibited variations.
Specifically, there was increased phosphodiesterase12,
phosphodiesterase8A, and  phosphodiesterase6D
expression and decreased phosphodiesterase4C, phos-
phodiesterase4A, and phosphodiesterase2A in RV tis-
sue from CTEPH pigs (Table S7).

Ca?* Cycling Alteration in RV Dysfunction

We also compared transcriptomic data from the
CTEPH pig model and patients with compensated or
decompensated RV function secondary to PAH. We
revealed the proximity between molecular signatures
in CTEPH pigs and decompensated Humans with 517
genes commonly dysregulated (Figure 3A).

As illustrated in Figure 3B, pathway analysis found
that several dysregulated genes in RV tissues from
CTEPH pigs were involved in the regulation of cel-
lular Ca?* homeostasis, cardiac AP, electrical cardiac
conduction, and cardiac muscle cell communication.
We thus explored the Ca?" homeostasis involved in
excitation-contraction coupling in RV myocytes from
CTEPH pigs.

Decreased L-Type Ca2* Current in RV
Cardiomyocytes From CTEPH Pigs

Using the whole-cell patch-clamp, we found that the
L-type Ca?* current (I, ) was decreased in RV myocytes
from CTEPH pigs compared with Sham (Figure 4A and
4B), as assessed by the reduced maximum conduc-
tance (Figure 4C) without changes in voltage- and time-
dependent kinetics (Figure S3A through S3D). In line
with decreased /., , the CACNATC gene was reduced in
the RNA-seq data in association with the auxiliary sub-
units CACNB2 and CACNB4 (Figure 4D). The decrease
in CACNA1C expression was confirmed by RT-gPCR
experiments (Figure 4E). However, we found no sta-
tistical changes in the action potential (AP) amplitude
(Sham: mean+SE was 12843 mV, n=11 cells; CTEPH:
mean+SE was 123+£2 mV, n=17 cells) and AP duration
(APD) evaluated at 20%, 50%, and 90% repolarization
(Figure S4A and S4B) in RV myocytes from CTEPH pigs
in comparison with Sham. Using the voltage-ramp proto-
col, we observed no statistical differences in inward rec-
tifier potassium current (/ ,) between RV myocytes from
CTEPH and Sham pigs (Figure S4C).

Alteration of Ca2* Cycling in RV Cardiomyocytes
From CTEPH Pigs

Because /., was decreased, we analyzed electrically
evoked [Ca?*] transients and cell shortening in RV car-
diomyocytes by confocal microscopy (Figure 5A). [Ca?*]
transients amplitude was significantly lower (Figure 5B),

and the time to peak was longer in CTEPH myocytes

Figure 1 Continued. excursion between end-diastole and peak systole (mm). K, Quantification of TAPSE/systolic PAP ratio (n=7 pigs). L,
Analysis of the level of RV cardiomyocyte hypertrophy in Sham and CTEPH pigs. Top, Representative confocal images of RV sections from
Sham and CTEPH pigs stained with FITC-conjugated wheat germ agglutinin (WGA, 50 mg/mL). Bottom, Quantification of cardiomyocyte
size (10 images per animal from 5 pigs; scale bar=20 ym). M, Membrane capacitance of RV cardiomyocytes from Sham and CTEPH pigs
(n=24 cells for Sham and 25 cells for CTEPH from 5 pigs). N, Top, Representative confocal images of interstitial fibrosis identified with Sirius
red staining in RV sections from Sham and CTEPH pigs. Bottom, Quantification of the percentage of fibrosis in RV sections from Sham and
CTEPH pigs (n=10 images per pig from 6 pigs). Scale bar=50 pm. All the results are presented as violin plots showing all animals with the
minimum to maximum, with the median (line), and with first and third quartiles (dotted lines). Specific procedure analysis and output for each

figure panel are given in Table S2 and no outliers were eliminated.
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Figure 2. Characterization of right ventricular (RV) molecular remodeling in chronic thromboembolic pulmonary hypertension
(CTEPH) pigs in comparison with Sham pigs.

A, Principal component analysis (PCA) was performed on the relative gene expression level between RV tissues from Sham and CTEPH pigs
obtained by spectral counting (Sham [gray] or CTEPH [bluel; n=5 pigs). B, Heatmap Representation for RNA sequencing results in RV tissues
from Sham and CTEPH pigs. C, Visualization of biological process gene ontology gene set enrichment analysis on the pig RNA sequencing
(RNA-seq) data using the Cytoscape software. This visualization highlights the clusters of pathways upregulated (red) or downregulated (blue)
involved in specific cellular functions such as ions and contraction or signalization.
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Figure 3. Comparison of right ventricular (RV) transcriptome from chronic thromboembolic pulmonary hypertension (CTEPH)
pigs and human patients with pulmonary arterial hypertension (PAH).

A, Venn diagram showing the number of genes similarly dysregulated in pig CTEPH RV and human RV in a compensated or decompensated
state. B, Pathways overview identified with reactome pathway analysis of the differentially expressed genes between RV tissues from Sham and
CTEPH pigs. The red titles correspond to the Ca?*-dependent pathways that were dysregulated in CTEPH pigs.
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Figure 4. Reduced /_, in right ventricular (RV) cardiomyocytes from chronic thromboembolic pulmonary hypertension (CTEPH)

pigs.

A, Representative I current traces in RV cardiomyocytes from Sham (gray traces) and CTEPH pigs (blue traces). B, Averaged current-voltage

(ICaL—V) relationships of |,

cells for 4 CTEPH pigs). C, Quantification of maximum conductance (G

densities in freshly isolated RV cardiomyocytes from Sham and CTEPH pigs (n=15 cells for 4 Sham pigs and 12
) of |

in freshly isolated RV cardiomyocytes from Sham and CTEPH

Cal

pigs (n=15 cells for Sham and 12 cells for CTEPH from 3 pigs). D, Comparison of the relative gene expression of CACNA1C (Calcium Voltage-
Gated Channel Subunit a1 C), CACNBZ (Calcium Voltage-Gated Channel Auxiliary Subunit 3 2), and CACNB4 (Calcium Voltage-Gated
Channel Auxiliary Subunit 3 4) in RV from Sham and CTEPH pigs, obtained by RNA sequencing (n=5 pigs). E, Relative mRNA expression of
CACNA1C obtained by RT-gPCR (n=7 pigs). All the results are presented as violin plots showing all investigated cells or animals or with the
minimum to maximum, with the median (line), and with first and third quartiles (dotted lines). Specific procedure analysis and output for each

figure panel are given in Table S2, and no outliers were eliminated.

compared with Sham myocytes (Figure 5C). The decay
time was not significantly different but tended to be
slower (Figure D). The decreased [Ca®*] transients
amplitude was associated with a decrease in cell short-
ening in RV myocytes from CTEPH pigs (Figure 5E).
This is consistent with the systolic dysfunction found
by echocardiography as assessed by the correlation
between the cell shortening and the RV fractional area
change, tricuspid annular plane systolic excursion/sys-
tolic PAP, or cardiac output (Figure 5F and 5H). We
saw that the Ca?* release was nonsynchronous in the
RV myocytes from CTEPH pigs, showing spatial het-
erogeneity, with a delayed increase of [Ca19+]i in several
areas (Figure bl). RV myocytes from CTEPH pigs exhib-
ited more heterogeneities with a higher variance of the
rising times of the [Ca®] transients than Sham cells
(Figure BJ).

Reduced SR Ca?* Content in RV
Cardiomyocytes From CTEPH Pigs
As SR Ca?* content is crucial to govern [CaQ’f]i transients

amplitude, we estimated the total SR Ca?* load by caf-
feine application in paced cells, as shown in Figure 6A.

Circ Heart Fail. 2025;18:¢012293. DOI: 10.1161/CIRCHEARTFAILURE.124.012293

Caffeine-mediated [Ca®'] transients amplitude was
smaller in CTEPH myocytes than in Sham cells (Fig-
ure 6B). The caffeine-evoked [Ca®'] transients decay
time was not significantly changed in RV myocytes from
Sham and CTEPH pigs (Figure 6C), suggesting pre-
served Na*/Ca?* exchanger activity. The weaker [Ca?*]
transients amplitude could thus be due to the diminished
SR Ca?" load. The fractional release was also decreased
in CTEPH myocytes compared with Sham myocytes
(Figure 6D), suggesting that besides the decrease in SR
Ca?*, an additional defect accounts for the depressed
[Ca?*] transients.

Because the [Ca\Q*]i transients amplitude and decay
kinetics depend on Ca?* reuptake to the SR by SER-
CA2a (Sarco/endoplasmic reticulum Ca?*-ATPase iso-
form 2a), which is modulated by phospholamban, we
assessed their protein expression levels by Western blot.
In RV tissue, the protein expression level of SERCA2a
was decreased in the CTEPH group (Figure 6E), while
the total phospholamban level was maintained (Fig-
ure 6F). The phosphorylation status of phospholamban
by protein kinase A at the serine 16 site or by Ca?*/
calmodulin-dependent kinase Il (CaMKIl) at the threo-
nine 17 site was preserved (Figure 6G).
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Figure 5. Stimulated [Ca*'], transients in right ventricular (RV) cardiomyocytes from Sham and chronic thromboembolic

pulmonary hypertension (CTEPH) pigs.

A, Representative line-scan of [Ca“]i transients in RV cardiomyocytes field-stimulated at 0.5 Hz and loaded with Fluo-4/AM from Sham
and CTEPH pigs. Average of [Ca?'], transients amplitude (peak F/F, B), of [Ca?'] transients time to peak (ms, C) and decay time constant
(ms, D), and of % of the cell shortening (E) obtained in RV myocytes field-stimulated at 0.5 Hz from Sham and CTEPH pigs (n=5-6 pigs,
n=69-108 investigated cells). F, Correlation between percentage of cell shortening and RVFAC of corresponding pigs. G, Correlation
between percentage of cell shortening and the tricuspid annular plane systolic excursion (TAPSE)/ systolic PAP ratio of corresponding
pigs. H, Correlation between percentage of cell shortening and cardiac output of corresponding pigs. I, Left, Representative line-scan

images of inhomogeneous [Ca*'] transients at steady-state stimulation in RV myocytes from Sham and CTEPH pigs with the corresponding
superimposed traces (right) taken at every 5 um subregion noted on the left of line-scan images. J, Ca?* release heterogeneity was quantified
by the SD of the rising time of the [Ca?*], transients for Sham and CTEPH cardiomyocytes (n=5-6 pigs, n=81-99 investigated cells). All the
results are presented as violin plots showing all investigated cells with the minimum to maximum, with the median (line), and with first and third

quartiles (dotted lines). Specific procedure analysis and output for each figure panel are given in Table S2, and no outliers were eliminated.

Alteration of RyR2 Clusters Function and
Nanostructure in RV Cardiomyocytes From
CTEPH Pigs

We then evaluated diastolic Ca?* release events as Ca?*
sparks that reflected in situ RyR2 (ryanodine receptor
2) function. Figure 7A shows examples of line scan
confocal images of Ca?* sparks in RV cells from Sham
and CTEPH pigs. We found a decrease in Ca?* sparks

Circ Heart Fail. 2025;18:¢012293. DOI: 10.1161/CIRCHEARTFAILURE.124.012293

frequency in CTEPH myocytes in comparison with
Sham myocytes (Figure 7B), which may be the result
of the lower SR Ca?* load. The amplitude, the full dura-
tion, and the full width at half-maximum of the Ca®*
sparks were not statistically different between Sham
and CTEPH myocytes (Figure 7C and 7E). The Ca?*
release per Ca?* spark, called Ca?* spark mass, and the
Ca?* spark-mediated Ca?* leak were also unchanged
(Figure 7F and 7G).
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Figure 6. Sarcoplasmic reticulum (SR) Ca?* content in right ventricular (RV) cardiomyocytes from Sham and chronic

thromboembolic pulmonary hypertension (CTEPH) pigs.

A, Representative line-scan of caffeine-evoked [Ca®*], transients in RV cardiomyocytes field-stimulated at 0.5 Hz and loaded with Fluo-4/AM
from Sham and CTEPH pigs. Average of caffeine-evoked SR Ca?* load amplitude (peak F/F , B), caffeine-evoked SR Ca?* load decay time
constant (ms, C), and fractional release (D) recorded in RV cardiomyocytes from Sham and CTEPH pigs (n=4 pigs, n=31-39 investigated
cells). E, Representative Western blot and quantification of SERCA2a (sarco/endoplasmic reticulum Ca?*-ATPase isoform 2a) protein
expression in RV tissues from Sham and CTEPH pigs. $-Actin was used as the loading control (n=6-7 pigs). F and G, Representative
Western blots and quantification of total phospholamban, P-Ser16-phospholamban, and P-Thr17-phospholamban normalized by the total
phospholamban expression in RV tissues from Sham and CTEPH pigs (n=6 pigs). All the results are presented as violin plots showing all
investigated cells or tissues with the minimum to maximum, with the median (line), and with first and third quartiles (dotted lines). Specific
procedure analysis and output for each figure panel are given in Table S2, and no outliers were eliminated.

To study whether RyR2 cluster size and distribu-
tion were affected in CTEPH conditions, we used
stimulated emission-depletion super-resolution confo-
cal microscopy in Sham and CTEPH cardiomyocytes
stained with RyR2 antibody. Figure 7H showed decon-
voluted images of RyR2 Ca?" release units on Sham
and CTEPH cells. We observed a difference in cluster
size distribution, with smaller clusters being more fre-
quent in the CTEPH condition (Figure 71). Furthermore,
Ca?" release units distribution in CTEPH cells dis-
played greater dispersion along the Z line, with a higher
relative frequency of clusters far from the line and less
alignment (Figure 7J). The decreased Ca?* release
units size could be attributed to a decrease in RyR2

Circ Heart Fail. 2025;18:¢012293. DOI: 10.1161/CIRCHEARTFAILURE.124.012293

expression. However, the total RyR2 protein expression
and the phosphorylation status of RyR2 at the PKA-
mediated site (Ser2808) or the CaMKIl-mediated
site (Ser2814) were preserved in RV from CTEPH
tissue (Figure 7K and 7L). As the regular alignments
reflect the dyads, where junctional SR aligns with the
T-tubules, in another set of experiments, we used a
membrane fluorescence marker to image the T-tubules
network. As shown in Figure 7M, we found a loss in
the T-tubule network integrity in CTEPH cells. In the
RNA-seq database, we found no significant changes
in the T-tubule/SR dyadic actors such as junctophilin
and telethonin genes in the RV from CTEPH pigs com-
pared with the Sham group (Figure Sb).
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Figure 7. Intrinsic RyR2 (ryanodine receptor 2) cluster activity and structural organization in right ventricular (RV)
cardiomyocytes from Sham and chronic thromboembolic pulmonary hypertension (CTEPH) pigs.

A, Representative line-scan images of Ca?" sparks in quiescent RV cardiomyocytes loaded with Fluo-4/AM from Sham and CTEPH pigs. B,
Average of Ca?* spark frequency (number of sparks/s/100 um) recorded in 65 cells from Sham and 119 cells from CTEPH pigs. Average of
Ca?** spark amplitude (peak F/F,, C), full duration at half-maximum (FDHM, ms, D) and of full width at half-maximum (FWHM, pm, E) recorded in
RV cardiomyocytes from Sham and CTEPH pigs (n=4-6 pigs, n=358-218 analyzed Ca?* sparks). Average Ca®* spark mass (F/F *ms*um, F)
and Ca?* spark-mediated SR Ca?* leak (Ca*" spark mass*frequency, G) in RV cardiomyocytes from Sham and CTEPH pigs. H, Representative
deconvoluted stimulated emission depletion images of RyR2 in RV cardiomyocytes from Sham and CTEPH pigs (Scale bar=2 pm). I, Clusters
size relative frequency distribution in Sham or CTEPH cells. J, Clusters relative frequency distribution along the Z line in Sham or (Continued)
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The Emergence of STIM1 Long Variant
(STIM1L) Expression Is Associated With
Enhanced SOCE in RV Cardiomyocytes From
CTEPH Pigs

Recently, we and others reported that store-operated
Ca®* entry (SOCE) contributes to Ca?* mishandling in
LV and RV remodeling and dysfunction.’®'" In LV failure
(LVF), we showed that Orail inhibition is cardioprotec-
tive by preserving the SERCA2a expression and the SR
Ca?" load.”? We thus investigated whether SOC mole-
cules could be responsible for the Ca?* cycling altera-
tion in CTEPH pigs. As exemplified in Figure 8A, after
SR Ca?* depletion, the addition of extracellular Ca?*
induced a moderate SOCE in Sham cells. This SOCE
was enhanced in CTEPH RV myocytes (Figure 8A). The
classic form of STIM1 (stromal interaction molecule 1)
protein and Orail protein was unchanged while the long
form of STIM1, called STIM1L was re-expressed in all
RV tissues from CTEPH pigs (Figure 8B), while no sig-
nificant differences in STIM2, Orai2/3, TRPC1/C3/C4/
C5, and TRPCG6 protein expression were observed in RV
tissue from Sham and CTEPH pigs (Figure S6). In addi-
tion, we found increased protein expression of STIM1
and STIMTL in RV tissue from patients with PAH, while
no significant changes in Orail protein were observed
(Figure 8C). We previously demonstrated that STIM1L/
Orail function contributed to RV Ca?* mishandling in rat
PH models induced by monocrotaline exposure.'® Based
on this finding, we investigated whether the Orail func-
tion plays a role in Ca?" cycling in the cardiomyocytes
from CTEPH pigs. We found that selective Orail inhibi-
tion by JPIII (2 minutes of preincubation) did not signifi-
cantly affect either the amplitude or decay time of [Ca%]‘
transients or cell shortening of pig RV cardiomyocytes in
Sham condition (Figure S7A) and in CTEPH condition
(Figure S7B).

DISCUSSION

In the present study, utilizing a pig model of RV dysfunc-
tion, we first determined a comprehensive transcriptomic
signature of RV hypertrophy and dysfunction. We iden-
tified several molecular pathways associated with the
extracellular matrix, energy metabolism, muscle contrac-
tion, hypertrophic markers, and other inflammatory factors
with their key corresponding genes that are associated
with the maladaptive phenotype of RV. We further vali-
dated the selected extracellular matrix molecules at the

Ca?* Cycling Alteration in RV Dysfunction

histological level with the increased fibrosis deposition,
the deterioration of structural mitochondrial integrity by
electron microscopy, and the RV dilation and dysfunction
by echocardiography. We also showed several molecu-
lar pathways associated with the maladaptive pheno-
type of RV that are commonly dysregulated between the
CTEPH pigs and patients with PAH with decompensated
RV failure supporting the relevance of our model of RV
dysfunction secondary to CTEPH in pigs.

Among these different dysregulated pathways, our
unbiased transcriptome profiling revealed remodeling in
Ca?* actors and ion channels. We thus explored the Ca®*
homeostasis involved in excitation-contraction coupling
and demonstrated evidence of Ca?" homeostasis dys-
regulation in RV myocytes from CTEPH pigs.

Here, we showed that RV myocytes from CTEPH
pigs have smaller /. explained by the reduced expres-
sion of CACNAT1C and auxiliary regulatory subunits. We
also found that myocytes from CTEPH pigs have lower
[Ca?*] transients associated with decreased SR Ca?*
content and cell shortening, as observed in many experi-
mental LVF models.'”>'*"® The rate of rise of Ca®* tran-
sients is also prolonged. This is probably associated with
decreased /., current density. Unlike in rodent cardiomy-
ocytes, where Ca?* release sites were homogeneous, we
observed large areas of delayed Ca®* release in CTEPH
myocytes as in pig LV myocytes.' Indeed, CTEPH myo-
cytes exhibit larger regions of delayed Ca®* transients,
both in number and size, compared with healthy RV myo-
cytes. This dys-synchrony may be linked to a highly dis-
organized T-tubule network that we observed in CTEPH
myocytes. This is in line with reduced density and disor-
ganization of T-tubules found in LVF myocytes from myo-
cardial infarction pigs, humans, and other experimental
LVF animal models.'®22

In the RV context, we and others showed, in rat mod-
els, that the Ca?* cycling modulation was also crucial in
RV remodeling and dysfunction.®'®* Most of these data
were obtained from rodents with RV dysfunction due to
progressive narrowing of pulmonary arteries. Only 1 study
observed changes in Ca?* signaling protein expression in
the RV from humans with PAH,?® suggesting an altera-
tion in Ca?* cycling.

In this CTEPH pig model, despite unaltered phosphol-
amban abundance and phosphorylation levels, we found
decreased SERCAZ2a protein expression. This could
account for the lower SR Ca?* content. Altered levels of
SERCAZ2a have also been found in severe rodent mod-
els of RVF?* and LVR'?%?" |n the end stage of RVF in

Figure 7 Continued. CTEPH cells. White bars indicate 24 797 clusters in 26 cells from 3 Sham pigs, and blue bars indicates 71 302
clusters in 56 cells from 2 CTEPH pigs. K and L, Representative Western blots and quantification of total RyR2, P-S2808-RyR2, and
P-S2814-RyR2 normalized by the total RyR2 expression in RV tissues from Sham and CTEPH pigs (n=4-7 pigs). M, Left, Confocal images
of the T-tubule network stained by Di-4ANEPPS in RV cardiomyocytes from Sham and CTEPH pigs (scale bar=10 pm). Right, Percentage
of Ttubules under the cell surface in RV cardiomyocytes from Sham and CTEPH pigs (n=6 pigs). All the results are presented as violin plots
showing all investigated cells or tissues with the minimum to maximum, with the median (line), and with first and third quartiles (dotted lines).
Specific procedure analysis and output for each figure panel are given in Table S2, and no outliers were eliminated.
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Figure 8. Store-operated Ca?* entry (SOCE) machinery in right ventricular (RV) cardiomyocytes from Sham and chronic
thromboembolic pulmonary hypertension (CTEPH) pigs.
A, Top, Representative traces of fluorescence variation in Fluo-4/AM-loaded RV cardiomyocytes. Cells were exposed to 5 umol/L Tg+20
mmol/L caf in the presence of 10 umol/L nifedipine (NIF) and 2 pmol/L KB-R7943 (KB) in Ca**-free medium, then to 1.8 mmol/L Ca?*"-
containing solution to evaluate the SOCE in the presence of NIF and KB. Bottom, Quantitative assessment of SOCE amplitude (F/FO) in

RV cardiomyocytes from Sham and CTEPH pigs (n=3 pigs, n=29-32 investigated cells). B, Representative Western blot and quantification

of STIM1L (stromal interaction molecule 1 long isoform), STIM1, and Orai1 protein expression in RV tissues from Sham and CTEPH pigs.
B-Actin was used as the loading control (n=5-6 pigs). C, Representative Western blot and quantification of STIM1L, STIM1, and Orai1 protein
expression in RV tissues from control and patients with pulmonary arterial hypertension (PAH). 3-Actin was used as the loading control. n=10
patients with non-PAH and 12 patients with PAH. Specific procedure analysis and output for each figure panel are given in Table S2, and no

outliers were eliminated.

human patients with PAH, SERCA2a and phospholam-
ban phosphorylation (Thr17) protein expression were
reduced compared with non-PAH patients.?® Thus, the
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cou

selective SERCA2a pharmacological approach should
be considered for RVF, as previously proposed,®% to

nteract intracellular Ca?* abnormalities.
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The decrease in SR Ca®* uptake, as proven by the
decrease in SERCA2a expression, could also be
explained by a progressive Ca?* leak during the diastole.
We found a decrease in the Ca?* sparks frequency in
CTEPH myocytes. This could be explained by the lower
SR Ca?* load or the low density of the T-tubules. Con-
sequently, a significant number of RyR2 may not be
coupled to the junctional SR. CaMKIl-dependent phos-
phorylation at S2814 of RyR2 has been widely accepted
to dysregulate RyR2 in a broad range of LVF models.2°3"
In our model, these modifications are not due to changes
in RyR2 expression or phosphorylation at the PKA-
mediated site or the CaMKII-mediated site.

As mentioned before, we reported a significant T-tubule
loss in RV cardiomyocytes from CTEPH pigs. More-
over, by super-resolution stimulated emission-depletion
super-resolution microscopy, we observed smaller RyR2
clusters and greater dispersion along the Z line, with a
higher relative frequency of RyR2 clusters far from the
line. Functionally, ultrastructural remodeling of the dyad
leads to the formation of orphaned RyR2 clusters, and
unrestricted Ca?* sparks diffusion in the space, explain-
ing the tendency to have wider and longer Ca?* sparks in
CTEPH myocytes. In postinfarction heart failure rats, the
RyR2 clusters are also smaller, leading to the desynchro-
nization of the overall Ca®* transients.®? Disturbances in
RyR2 binding with junctophilin 2 have also been demon-
strated to underlie ultrastructural remodeling of the dyad,
leading to smaller RyR2 couplons in RyR2R4%0 CPVT
mutation.®® The RyR2 nanostructure alteration thus could
contribute to the Ca?* transients and contraction altera-
tion in the CTEPH model.

We previously demonstrated an upregulation of Orai1-
mediated SOCE in a model of pressure overload that
over-activates the Pyk2/MEK/ERK (proline-rich tyro-
sine kinase 2/mitogen-activated protein kinase/extra-
cellular signal regulated kinase) pathway responsible for
the reduced SERCA2a pump expression and LV systolic
dysfunction, without affecting the hypertrophic process.
Notably, we documented that functional Orail inhibition
has a cardiac protective effect by preserving SR Ca?
load and SERCA2a expression.'? Moreover, STIM1L and
Orail expression is enhanced in maladaptive RV cardio-
myocytes from monocrotaline rats.' In this last study, in
vitro pharmacological inhibition of Orail normalized Ca?*
handling and cardiomyocyte contractility to control lev-
els.”® Likewise, in vivo inhibition of Orail improved RV
dysfunction in chronic hypoxia-, monocrotaline-, and
Sugen/Hypoxia rat models3* Herein, whereas Orail
expression is not altered in RV of CTEPH pig model and
patients with PAH, we found enhanced SOCE associ-
ated with increased STIM1L expression in CTEPH myo-
cytes. Selective Orai1 inhibition does not affect both Ca?*
transient amplitude and decay time or cell shortening in
Sham and CTEPH conditions. This finding supports the
idea that Orail has no role in Ca?* cycling regulation in
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pigs in physiological conditions, as we previously reported
in mice,'? nor pathological conditions. This exacerbated
SOCE may act on hypertrophic development, as previ-
ously proven in many LVF models.'®%

We conclude that the alteration in Ca?* cycling, dia-
stolic Ca?* sparks, and SOCE machinery contribute to
the RV remodeling and dysfunction in CTEPH pigs.
These Ca?* actors could constitute therapeutic targets to
counteract the development of RV dysfunction.

LIMITATIONS

Access to isolated adult RV cardiomyocytes from patients
with PAH or CTEPH is challenging, making functional
assessments impossible. To our knowledge, we are not
able to determine whether human RV failure leads to
intracellular Ca?* mishandling, as we found in our CTEPH
pig model. The work done by Rain and colleagues sug-
gested dysregulation of intracellular Ca? signaling
(decreased SERCA2a and phospholamban phosphoryla-
tion (Thr17) protein expression).?® However, they cannot
confirm these results functionally. In our study, using the
CTEPH pig models, we confirmed that the downregula-
tion of SERCA2a expression is associated with reduced
L-type Ca?" channel expression and function, reduced
Ca?* transient amplitude, and reduced SR Ca?* content
contributing to RV loss of function in CTEPH pigs. We
also found that SOCE machinery is dysregulated in RV
cardiomyocytes from CTEPH pigs. Importantly, we con-
firmed that this alteration is also present in human RV tis-
sues from patients with PAH. Some dysregulated genes
are still unidentified using the transcriptomic database.
Despite strong concordance between mRNA and pro-
tein abundance, we plan to conduct proteomic analy-
sis because posttranslational regulations could explain
some of the protein expression changes. Nevertheless,
transcriptomic profiling is still a strong approach to quan-
tify and understand the alterations of RV in experimental
conditions. From a perspective, there would be an inter-
est in deciphering the molecular and cellular processes
involved in the transition from the adaptive to maladap-
tive stage. Finally, this study was conducted only on male
pigs. PH affects more women than men, but the progno-
sis in men is worse. Thus, we also need to investigate the
pathogenesis in female pigs submitted to chronic throm-
boembolism to suggest a potential sex-specific therapy.
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