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ABSTRACT

Rationale: Pulmonary arterial hypertension (PAH) is characterized by progressive distal
pulmonary artery (PA) obstruction, leading to right ventricular hypertrophy and failure.
Exacerbated intracellular calcium (Ca?") signaling contributes to abnormalities in PA smooth
muscle cells (PASMCs), including aberrant proliferation, apoptosis resistance, exacerbated
migration, and arterial contractility. Store-operated Ca?* entry (SOCE) is involved in Ca?*
homeostasis in PASMCs, but its properties in PAH are unclear.

Methods: Using a combination of Ca?* imaging, molecular biology, in-vitro, ex-vivo, and in-
vivo approaches, we investigated the roles of the Orail SOC channel in PA remodeling in PAH
and determined the consequences of pharmacological Orail inhibition in vivo using
experimental models of pulmonary hypertension (PH).

Results: SOCE and Orail mRNA and protein were increased in human PASMCs (hPASMCs)
from patients with PAH (PAH-hPASMCs). We found that MEK1/2, nuclear factor of activated
T cells (NFAT), and nuclear factor-kappa B (NFKB) contribute to the upregulation of Orail
expression in PAH-hPASMCs. Using siRNA and Orail inhibitors, we found that Orail
inhibition reduced SOCE, mitochondrial Ca?" uptake, aberrant proliferation, apoptosis
resistance, migration, and excessive calcineurin activity in PAH-hPASMCs. Orail inhibitors
reduced agonist-evoked constriction in human PAs. In experimental rat models of PH evoked
by chronic-hypoxia, monocrotaline, or Sugen/hypoxia, administration of Orail inhibitors
(BTP2, JPIII, or 5J4) protected against PH.

Conclusions: In human PAH and experimental PH, Orail expression and activity are increased.
Orail inhibition normalizes the PAH-hPASMCs phenotype and attenuates PH in rat models.

These results suggest that Orail should be considered as a relevant therapeutic target for PAH.

Keywords: proliferation, migration, apoptosis, ATP, mitochondria, calcineurin/NFAT
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SOCE: Store-operated Ca?* entry
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a progressive and devastating disease that arises as a
consequence of advanced distal pulmonary artery (PA) obstruction (<500 um in diameter),

which leads to high pulmonary vascular resistance (PVR), right ventricular (RV) hypertrophy,



and ultimately right-sided heart failure and death'. PAH is defined as a mean PA pressure of
>20 mmHg, a PVR of >3 Wood units, and a PA wedge pressure of <15 mmHg at rest?.

The pathophysiology of PAH is multifactorial, involving PA smooth muscle cell (PASMC)
dysfunction characterized by hyperproliferation, excessive migration, apoptosis resistance, and
vasoconstriction'. Current therapeutic strategies for PAH are not curative and focus mainly on
controlling endothelial-dependent pulmonary vasomotor tone by targeting three major signaling
pathways: the prostacyclin, endothelin-1, and nitric oxide pathways®. Despite therapeutic
improvements, lung transplantation remains the destination therapy for eligible patients. Thus,
identifying novel targets is needed to alleviate pulmonary vascular remodeling in PAH.
Cellular calcium (Ca?*) mishandling is a significant cause of PASMC dysfunction in PAH*>.
Although the role of Orail in non-excitable cells is well established, the role of Orail-mediated
store-operated Ca?* (SOC) entry (SOCE) in excitable cells, such as PASMCs, remains unclear.
Two major SOC components have been identified: the stromal interaction molecule family
(STIM1 and STIM?2) and the Orail Ca?* channel (CRACM1)®’. The contribution of Orail-
mediated SOCE to the proliferation and migration of systemic endothelial and vascular smooth
muscle cells (SMCs) has been described®. Currently, Orail is considered as a potential target
for several pathological processes, including asthma and psoriasis®. However, the role of Orail
in pulmonary vascular remodeling remains elusive.

In the present study, we investigated the expression and function of Orail in human PASMCs
(hPASMCs) isolated from PAH patients (PAH-hPASMCs). We evaluated in-vivo the
contribution of Orail in the development of experimental PH caused by chronic hypoxia (CH),
monocrotaline (MCT), and Sugen/Hypoxia (Su/Hx)-exposure in rats.

Overall, we show that Orail contributes to pathological phenotype in PAH-hPASMCs. These
abnormalities contribute to PA remodeling; therefore, pharmacological inhibition of Orail

could be a relevant new therapeutic approach to treat PAH.



Materials and methods
Data Availability
The authors declare that all supporting data are available within the article and its online

supplementary files.

A detailed description of the Materials and Methods is presented in the Online Data
Supplement. Detailed descriptions of all materials and methods used in this study, including
chemicals, animals and surgical procedures, pulmonary vascular cell culture, Orail
knockdown, quantitative reverse transcription-polymerase chain reaction with specific primers
(Table I in the online-only Data Supplement), western blot with used antibodies (Table Il in the
online-only Data Supplement), immunostaining, immunohistochemistry, histological analysis,
intracellular Ca?" measurement, Seahorse XF Real-Time ATP Rate Assay, apoptosis
measurement, cell proliferation, and cell migration assay, isometric tension measurement
echocardiography, Hemodynamic measurements, tissue collection, and statistical analyses are

presented in the online-only Data Supplement.

RESULTS

Enhanced Orail expression and function in PAH-lung tissue and PAH-hPASMC:s.

We first assessed the expression and localization of Orail in lung tissues by
immunohistochemistry or immunofluorescent staining in paraffin-embedded lung sections
from control and PAH patients. We found Orail staining in PASMCs and PAECs, with an
increased Orail staining intensity in remodeled PA from PAH patients (Figure 1A-B).
Immunoblots demonstrated higher Orail expression in the lungs of PAH patients compared

with control subjects (Figure 1C).



The measure of SOCE was performed in control and PAH-hPAECs after Ca®* store-depletion
for 10 minutes with 1 pmol/L thapsigargin (Tg) in the absence of external Ca?*. Then SOCE
was elicited by adding 2 mmol/L extracellular Ca** medium. We found that SOCE, SR
Ca?*content, and Orail protein were unchanged in PAH-hPAECs (Figure 1D-E).

In opposite, the measure of SOCE in PAH-hPASMCs showed an increase in SOCE amplitude
with no significant change in SR Ca?* content compared to control (Figure 1F). In association
with increased SOCE, Orail protein expression was increased in PAH-hPASMCs (Figure 1G),
whereas the expression of Orai2 protein was unchanged, and the expression of Orai3 protein
was reduced in PAH-hPASMCs (Figure S1).

Because SOCE and Orail expression were unchanged in PAH-hPAECs compared to control,
we have focused the study on the role of Orail in PAH-hPASMCs.

Orail knockdown or Orail pharmacological inhibition reduces excessive SOCE in PAH-
hPASMC:s.

The use of siRNA against Orail (siOrail) strongly reduced Orail mRNA, Orail protein, and
SOCE (Figure 2A—-C). Moreover, Orail blockers, BTP2 (1 umol/L, also known as YM58483),
which is an established and well-known Orail channel blocker®, and JPIII (0.5 umol/L), a new
selective Orail blocker'?, reduce SOCE in PAH-hPASMCs and demonstrates the particular
importance of Orail in SOCE in PAH-hPASMCs (Figure 2D). Similarly, in PAH-hPAECsS,
siOrail, BTP2, or JPIII reduced SOCE (Figure S2). These results strongly suggest that the
increase in SOCE in PAH-hPASMCs resulted from an upregulation in Orail expression.
Since STIML1 is the primary activator of Orail, we analyzed whether STIM1 could act on Orail-
mediated SOCE in PAH-hPASMCs. Immunofluorescence and immunoblot analysis confirmed
that STIM1 was expressed in PASMCs with an unchanged expression in PAH-hPASMCs
compared to control-hPASMC (Figure S3A-B). Co-immunoprecipitation showed that Orail

and STIML1 interacted in PAH-hPASMCs. This interaction was further enhanced after SR Ca®*



depletion with Tg (Figure S3C). In addition, the knockdown of STIM1 reduced SOCE in PAH-
hPASMCs (Figure S3D-F). Of note, the expression of STIM2, another isoform of the STIM
family that also regulates SOCE, was unchanged in the lungs of PAH patients (Figure S4A-
B). The knockdown of STIM2 reduced SOCE in PAH-hPASMCs by only 20% without
impacting the proliferation of PAH-hPASMCs (Figure S4C-E).

Orail inhibition reduced proliferation, migratory capacity, and anti-apoptotic phenotype
of PAH-hPASMCs

The contribution of increased Orail-mediated SOCE in the pathological phenotypes of PAH-
hPASMCs was then investigated. In-vitro BrdU assay showed that the PAH-hPASMC
presented a hyperproliferative phenotype (Figure S5A) as previously described*?. Inhibition of
Orail by siRNA or pharmacological inhibition of Orail (by BTP2 or JPIII) reduced the
proliferation of PAH-hPASMCs by 25-30% (Figure 2E-F). Moreover, PAH-hPASMCs showed
enhanced migration compared to control hPASMCs (Figure 2G), and both siOrail and
pharmacological Orail inhibition reduced aberrant migration PAH-hPASMCs (Figure 2H-1 and
Figure S5B).

In correlation with the reduced proliferation in the siOrail-treated PAH-hPASMC, we found
that siOrail increased the expression of the cell cycle inhibitor protein, P21¢""YWafl (p21: Figure
2J), which we previously reported being repressed in PAH-hPASMCs'?. Since PAH-hPASMCs
exhibit MAP kinase activation, Akt activation, and reduced Caspase 9 expression, which favors
cell proliferation, migration, cell apoptosis, and cell survival pathways'?, we analyzed the
activation status of P44/42, caspase 9, Akt, and P38. The knockdown of Orail increased the
phosphorylation status of P38 (Figure 2K) without any significant changes in total P38 protein
level (Figure S5C), in increased caspase 9 cleavage (active form) (Figure 2L), or in pro-caspase

9 level (data not shown). However, knockdown of Orail did not affect the expression or



activation (assessed by phosphorylation status) of P42/44 or p308Akt (Figure S5D-E). The
transfection agent did not affect Aktl, Cas9, p38 signaling, or P21 expression. (Figure S6).
These data suggest that increased Orail expression in PAH-hPASMCs contributes to the
pathological phenotype by decreasing P21 expression, P38 signaling, and caspase 9 activity.
An important Ca?*-dependent molecule controlling many cell functions is the serine/threonine
phosphatase calcineurin'®, While the amount of calcineurin protein was unchanged in PAH-
hPASMCs compared to control hPASMCs (Figure S5F), a 2-fold increase in calcineurin
activity was found in PAH-hPASMCs compared to control hPASMCs. Moreover, Orail
knockdown or Orail pharmacological inhibition (by BTP2 or JP1II) reduced calcineurin activity
by 50% (Figure 2M). Thereby, enhanced Orail function in PAH-hPASMCs contributes to over-
activity of calcineurin, to higher proliferative rate and migratory capacity.

Orail channels contributed to pulmonary artery (PA) contraction.

The role of PASMC:s is to contract and thereby constrict the PA. The PA from PAH patients is
characterized by vasoconstriction'*. Thus, we assessed the role of Orail in human PA tone.
BTP2 or JPIII did not affect contraction evoked by increasing doses of KCI (10-90 mmol/L)
(Figure 3A-C), while BTP2 or JPIII induced a shift to the right of the dose-response curve for
U46619, a thromboxane A2 receptor agonist (0.1-3 umol/L), indicating that the Orail channel
contributes to PA constriction induced by thromboxane A2 mimetics (Figure 3B-D).
Orail-mediated SOCE contributes to mitochondrial Ca?* homeostasis.

As mitochondrial Ca?" homeostasis can modulate cell survival'®, we measured the
mitochondrial Ca?* uptake during SOCE using the mitochondrial Ca?* indicator Rhod-2—AM.
Mitochondrial Ca?* uptake was increased in PAH-hPASMCs compared to control-hnPASMCs
(Figure 4A). In PAH-hPASMCs, the siOrail reduced mitochondrial Ca?* uptake (Figure 4B)

without consequences on mitochondrial membrane potential, mitochondrial shape, and



mitochondrial ATP production (Figure S7). These results suggest that Orail could partially
enhance the survival of PAH-hPASMCs by modulating mitochondrial Ca?* uptake.

Orail knockdown aggravates staurosporine-induced apoptosis in PAH-hPASMCs

To further evaluate the putative role of Orail in the apoptosis resistance of PAH-hPASMCs,
we exposed cells to staurosporine (apoptosis inducer) at 1 umol/L for 20 minutes or 50 nmol/L
overnight. During 20 minutes of staurosporine exposure, Orail knockdown did not influence
the apoptotic status of PAH-hPASMCs (Figure S8). In contrast, for longer-term exposure to
staurosporine (overnight), the knockdown of Orail increased the number of Annexin V-positive
PAH-hPASMCs, which suggested more apoptotic cells as well as a concomitant decrease in
the number of live PASMCs (Figure 4C-D). An increase in Annexin V-positive cells was also
found after BTP2 treatment (Figure 4E-F).

Moreover, the staurosporine overnight exposure of siOrail-transfected PAH-hPASMCs
increased the caspase 9/pro-caspase 9 ratio and the pP38/P38 ratio (Figure 4G-H), while Akt
expression/activation and survivin expression were decreased (Figure 41-K). There was no
significantly different between siControl and the transfection agent (Figure S9). These results
indicate that low expression of Orail makes PAH-hPASMCs more sensitive to apoptosis by
overactivation of caspase 9 and P38 and reduced Akt/survivin signaling axis. Therefore,
overexpression of Orail in PAH-hPASMCs contributes to apoptosis resistance of PAH-
hPASMCs, and its knockdown or inhibition of Orail counteracts this pathological phenotype.
MEKZ1/2 signaling, NFAT and NFkB regulate Orail expression or function in hPASMCs
As PAH-hPASMCs are characterized by overactivation of MAPK (P42/44, P38) and pro-
survival pathways (Akt, calcineurin), we investigated the contribution of these signaling
pathways in the increased expression or function of Orail. We found that the amount of Orail
protein was reduced in PAH-hPASMCs treated with MEK1/2 inhibitor (UO126), whereas P38

and Akt inhibitors treatment (SB203580 and MEK?2206, respectively) had no consequences on

10



the amount of Orail protein (Figure 5A). At the mRNA level, we found that UO126 treatment
did not change significantly the Orail mRNA expression in PAH-hPASMCs (Figure 5B),
suggesting that MEKZ1/2 regulates Orail expression by translational/post-translational
regulation. In accordance with the decreased Orail expression in UO126-treated cells, SOCE
amplitude was reduced following this treatment (Figure S10A).

We also evaluated the contribution of two major transcription factors, NFAT and NFkB, in
regulating Orail expression. The protein expression of Orail and SOCE amplitude were
decreased in PAH-hPASMCs, treated with NFAT inhibitor (MCV1) or NFkB inhibitor (PDTC)
(Figure 5C, Figure S10B), without any significant changes in Orail mMRNA level (Figure 5D).
These results suggest that the calcineurin/NFAT axis and NF-kB regulate the amount of stable
Orail protein by a translational/post-translational mechanism.

Since decreased KCNK3 and BMPR2 are a hallmark of different forms of PAH, we used sSiRNA
against BMPR2 or KCNK3 in control-nPASMCs to determine whether KCNK3 or BMPR2
reduced expression acts on the Orail expression. After validating our sSiRNA by RT-gPCR, we
found that siKCNKS3 had no effect significant consequences on Orail mRNA expression but
increased Orail protein expression (Figure 5E-G), suggesting translational/post-translational
control. This appears, at least in part, to be mediated by MEK1/2 and NF-kB pathways since
the treatment with PDTC or UO126 reduced the increase of Orail protein amount induced by
KCNK3 knockdown (Figure 5H). Contrary to KCNK3, the knockdown of BMPR2 in control-
hPASMCs did not change significantly the amount of Orail protein (Figure 5I-J). This result
indicates that the loss of BMPR2 signaling is not related to Orail expression in PAH-
hPASMCs. Moreover, we did not find a significant change in Orail expression in control-
hPASMCs exposed to endothelin-1 or PDGF (Figure S10C). These results indicated that
increased MEK1/2, NFAT, NF«kB activities, and decreased KCNK3 expression could mediate

increased Orail expression and function by translational/post-translational regulations in PAH.
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In-vivo pharmacological Orail inhibition reduces the development of Chronic-Hypoxia
(CH)-induced PH in rats.

Since Orail over-expression/function contributes to aberrant PAH-hPASMCs phenotypes, we
next assessed the consequences of in-vivo pharmacological inhibition of Orail in experimental
PH rats models. Like in human lung tissue, immunofluorescent staining showed the expression
of Orail in PASMCs from normoxic and CH rats with a higher fluorescence intensity in CH
lung tissue (Figure 6A). Immunoblot showed an increase in Orail protein amount in CH lung
tissue (Figure 6B). We then administered BTP2 in vivo from week 2 to week 3 to CH rats
(Figure 6C). In the CH + BTP2 group, we found an improvement in RV hypertrophy (Fulton’s
index, Figure 6D) and in RV systolic pressure (RVSP, Figure 6E) compared with the CH +
DMSO group. Cardiac output (CO) and heart rate were similar in all experimental groups
(Figure 6F and Table S3). Total pulmonary resistance (TPR) was significantly reduced in the
CH + BTP2 group compared with the CH + DMSO group (Figure 6G). The BTP2 treatment
corrected aberrant pulmonary vascular remodeling induced by CH in rats (Figure 6H-1). While
BTP2 treatment reduced the p-P38/P38 ratio in remodeling lungs from CH-rats, no significant
change in P42/44, Aktl activation, or twist1 signaling pathway was observed (Figure S11A-B).
Since Orail may also contribute to the left ventricular (LV) remodeling®®, we investigated the
putative role of Orail on RV remodeling. We found unchanged RV mRNA Orail levels in CH-
rats compared with control rats and similar localization of Orail (Figure 6J-K). However, in
association with the reduction of RV blood pressure and pulmonary vascular remodeling, we
measured a decrease in CH-induced RV fibrosis and a decrease in cardiomyocytes cross-section
area (CSA) in CH + BTP2 animals (Figure 6L-M). This RV dysfunction may result from a
defect in cardiomyocyte apoptosis since Caspase9 protein expression was reduced in CH +
BTP2 animals (Figure S11C) but was unrelated to Aktl signaling (Figure S11D). Associated

with the reduction of RV hypertrophy in CH+BTP2 animals, we found a reduction in mRNA
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expression of cardiac hypertrophic markers NPPA (ANP), Actal (actin alpha 1), and Actn2
(Actinin Alpha 2) (Figure S11E). Together, these results indicate that pharmacological
blockade of Orail reduces CH-induced PH in rats.

In-vivo pharmacological Orail inhibition reduces the development of MCT-induced PH
in rats.

Orail immunostaining in lungs from control and MCT rats revealed an expression in PASMCs
(Figure 7A). Moreover, Orail mRNA and protein expression were increased in isolated PAs
from MCT rats compared with control rats (Figure 7B—C). We also found an increase in Orail
expression in MCT-PASMCs associated with an increased SOCE (Figure 7D-E). The use of
BTP2 or JPIII reduced MCT-enhanced SOCE (Figure 7F), confirming that these inhibitors are
also effective in inhibiting Orail from second rodent species. The in-vivo pharmacological
inhibition of Orail (Figure 7G) improved RV hypertrophy (Figure 7H), RVSP (Figure 71), CO
(Figure 7J), and TPR (Figure 7K) compared to MCT + DMSO group. BTP2 treatment
comprehensively corrected aberrant pulmonary vascular remodeling (Figure 7L-M). This
remodeling was unrelated to MAPK (p42-44, P38) activation (Figure S12A-B). However, the
effect of BTP2 in MCT-induced pulmonary vascular remodeling may result from dysregulation
of Akt and twist signaling that were increased and decreased, respectively (Figure S12A-B).
In RV from MCT-PH rats, mRNA Orail level was increased and associated with altered
localization of Orail (more localized at cardiomyocyte junctions, Figure 7N-O), suggesting
dysregulation of Orail in RV cardiomyocytes from MCT-PH as we previously suspected®.
Additionally, we found that BTP2 reduces the MCT-induced RV fibrosis and RV
cardiomyocytes CSA (Figure 7P). As BTP2 effect in CH rat model, in MCT-induced PH Orail
inhibition by BTP2 reduced mRNA expression of NPPB, NPPA, Actal, Actn2, and Caspase 9
protein expression without significant change in Akt expression and activation (Figure 7Q and

Figure S12C-E). No significant change in heart rate and stroke volume were observed between
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MCT + DMSO and MCT + BTP2 groups (Table S3). These results demonstrate that
pharmacological inhibition of Orail reduces PH development in rats exposed to MCT.

In-vivo pharmacological Orail inhibition reduces the development of Sugen/Hypoxia-
induced PH in rats

Finally, in Sugen/Hypoxia (Su/Hx)-induced PH in rats, we also found a benefit in Orail
inhibition by BTP2 (Figure 8A). In the Su/Hx + BTP2 group, RV hypertrophy (Figure 8B),
RVSP (Figure 8C), CO (Figure 8D) and TPR (Figure 8E) were improved compared to Su/Hx
+ DMSO group. We also found that BTP2 treatment in Su/Hx animals reduced pulmonary
vascular remodeling, RV fibrosis, and RV CSA (Figure 8F-I) in association with a reduced
MRNA expression of NPPB, NPPA, and Actn2 (Figure S13). No significant change in heart
rate and stroke volume were observed between Su/Hx + DMSO and Su/Hx + BTP2 group
(Table S3). Therefore, in-vivo Orail inhibition reduces PH in Su/HXx rats.

To confirm the potential therapeutic benefit of Orail inhibition in PH, we administered JPIII to
MCT rats. Due to the short in-vivo half-life of JPIII*, we assigned continuous delivery of
vehicle (DMSO) or JPIII by osmotic mini-pump from week 1 to week 3 (Figure S14A). In the
MCT + JPII group, RV hypertrophy, RVSP, TPR, pulmonary vascular remodeling, RV
fibrosis, and RV cardiomyocytes CSA were reduced (Figure S14B-1). No significant change in
heart rate and stroke volume were observed between MCT + DMSO and MCT + JPIII groups
(Table S3). We also confirmed the benefit of Orail inhibition in MCT-rats by administrating a
third Orail inhibitor (N-[[(6-Hydroxy-1-naphthalenyl)amino]thioxomethyl]-2-
furancarboxamide, herein referred as 5J4).” We administered 5J4 from W2 to W3 (Figure
S15A). 5J4 treatment attenuated the development of PH (RV blood pressure, RV hypertrophy,
pulmonary vascular remodeling, RV fibrosis, RV cardiomyocytes CSA, and no significant

change in heart rate (Figure S15B-I, Table S3).

14



DISCUSSION

Using a combination of Ca?" imaging, molecular biology, in-vitro, ex-vivo, and in-vivo
approaches, we found evidence of an essential contribution of the Orail Ca?* channel in the
development of PAH. First, we found that increased Orail expression/function contributes to
increased hPASMCs proliferation, migration, apoptosis resistance, and pulmonary
vasoconstriction. Second, we showed that Orail overactivation highly contributes to increasing
calcineurin activity in PAH-hPAMCs. Third, our study uncovered that Orail over-expression
and over-activity could be partly attributed to MAPKinase signaling pathways, NFAT, and
NFkB activity. Fourth, we showed in PAH-hPASMCs that Orail over-activity mediated the
elevation of mitochondrial Ca?* uptake. Fifth, we highlighted that in-vivo pharmacological
Orail inhibition using three inhibitors (BTP2, JPIII, and 5J4) attenuates the development of PH
in three different experimental models. Finally, in vivo Orail inhibition improves RV fibrosis
and hypertrophy in experimental PAH animals.

Orail expression and regulation in PASMCs

Several studies have shown the presence of Orail in human, mouse, and rat PASMCs, and
found that SOCE amplitude is increased in hPASMCs and rat PASMCs after exposure to
hypoxia®. In this study, we show that Orail expression is increased in PAH-hPASMCs and that
pharmacological inhibition or knockdown of Orail reduces Orail-induced increase in SOCE
amplitude. Also, in proliferative rat aortic SMCs, Orail expression is higher than in contractile
rat aortic SMCs*®. Wang et al. demonstrated that hypoxia-inducible factor 1 alpha (HIF1o)
upregulated the expression of Orail in lung cancer cells®®. We have previously shown an
upregulation of HIF 1o in PAH patients?® and in KCNK3 knockdown condition?’, which may
contribute to Orail overexpression in PAH-hPASMCs. Moreover, platelet-derived growth
factor (PDGF), which is also increased in PAH, enhances Orail expression and function in

hPASMCs via overactivation of the Akt/mTOR pathway?:. In PAH-hPASMCs, our
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pharmacological approach showed that MEK1/2, NFAT, and NFkB signaling regulate the
Orail protein expression at the translational/post-translational level unrelated to P38 and Akt
signaling. In control-hPASMCs, we discovered that KCNK3 partly controls translational/post-
translational Orail expression and not PDGF or endothelin-1 signaling. Further studies will be
necessary to fully understand the mechanisms responsible for Orail overexpression in PAH.
The role of Orail in cell proliferation is described in proliferative systemic SMCs*®. This study
shows that Orail contributed to the hyper-proliferative phenotype of PAH-hPASMCs. This did
not affect the regulation of the pro-oncogenic p42/44 pathway, but it did result from the
downregulation of the cell cycle inhibitor, P21.

Role of Orail in regulating cell apoptosis

One of the deleterious phenotypes of PAH is the apoptotic resistance of PASMCs. Our study
demonstrated that Orail knockdown or pharmacological inhibition promotes PAH-hPASMC
apoptosis, suggesting that Orail overexpression promotes apoptosis resistance. In prostate
cancer cells, downregulation of Orail protects cells from staurosporine-induced apoptosis?. In-
vivo silencing of Orail in mice protects macrophages against apoptosis?®. Conversely,
pharmacological inhibition or silencing of Orail in human B lymphoma cell lines leads to an
enhancement in apoptosis via activation of the caspase pathway?*. In the LV pressure overload
model, the heart from orail™~ mice had more apoptotic cells than wild-type mice?. Here, we
found that Orail knockdown in PAH-hPASMCs induced overactivation of the caspase 9
cascade and P38 signaling pathway, both known to promote or facilitate apoptosis in several
cell types?®. In addition to the caspase cascade, P38 plays a crucial role in balancing cell survival
and death?’.

Moreover, the P38 signaling cascade could regulate apoptosis by regulating the caspase
cascade?®. In contrast to P38, we found that Akt activation was unchanged in siOrail PAH-

hPASMCs without staurosporine treatment. Nevertheless, in staurosporine-induced apoptosis,
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knockdown of Orail increased P38 activation and reduced Akt signaling, resulting in a decrease
in survivin expression.

Role of Orail in regulating calcineurin activity

One of the main proteins regulating intracellular Ca* concentration is calcineurin, a protein
phosphatase that activates the transcriptional factor NFAT. The calcineurin/NFAT axis plays a
crucial role in many cellular functions, including proliferation, migration, and apoptosis?. A
loss-of-function mutation in Orail prevented calcineurin/NFAT activation in T cells®.
Recently, Kar et al. demonstrated that the N-terminus of Orail couples to AKAP79 to drive
calcineurin/NFAT activation by Ca?* entry nanodomains®.. We found herein that calcineurin
activity was strongly increased in PAH-hPASMCs, and the knockdown of Orail strongly
reduced this activity. Previous work on the MCT-induced PH model indicated that the
calcineurin/NFAT axis is over-activated, modulating PASMCs proliferation and apoptosis®?.
Moreover, the calcineurin/NFAT axis is a significant regulator of cell migration2. In this study,
we found an increase in PAH-hPASMCs motility, which was reversed in siOrail-transfected
PAH-hPASMCs. Moreover, we found that Orail upregulation in PAH-hPASMCs increases
calcineurin activity, which regulates Orail expression.

Role of cardiac Orail in improving RV function

We recently demonstrated that Orail expression and function were enhanced in hypertrophied
RV cardiomyocytes from MCT-rats®®. Also, Orail overexpression/function is described in
hypertrophied LV cardiomyocytes from LV pressure-overloaded mice!®, and genetic
inactivation or pharmacological inhibition of Orail improves LV systolic function and Ca?*
handling'®. Moreover, in vitro, in hypertrophied RV cardiomyocytes from MCT-rats,
pharmacological inhibition of Orail normalized Ca?* handling and cardiomyocyte contractility
to control levels'®. In the present study, we found that in-vivo inhibition of Orail by BTP2,

JPIII, or 5J4 administration improved RV hypertrophy and RVSP in CH-, MCT- and Su/Hx rat
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models, which could be explained by an improvement in pulmonary vascular remodeling and
by the direct action of Orail blockade on RV cardiomyocyte function.

Pharmacological inhibition of Orail as a therapeutic option in PAH

Using siRNA or pharmacological Orail inhibition, we found that Orail inhibition reduced
several pathological phenotypes of PAH-hPASMCs, including aberrant proliferation,
exacerbated migration, and apoptosis resistance. This supports Orail as a relevant therapeutic
target in PAH. Since the ICso of BTP2 is between 100 and 590 nmol/L in several cell types®,
we used BTP2 at 1 umol/L to avoid or minimize side effects. Indeed, at a higher concentration,
BTP2 inhibits transient receptor potential (TRP) canonical 3 (TRPC3)-mediated Ca?* entry in
TRPC3-expressing HEK293 cells with an 1Cso of 4 umol/L*®. In lymphocytes, BTP2 also dose-
dependently enhances the function of TRP melastatin 4, which induces lymphocyte
depolarization®. Also, in T lymphocytes, BTP2 inhibits TRPC5 channels®. Our study did not
detect TRPC5 expression in lung tissue or hPASMCs (data not shown), eliminating the
possibility of potential side effects of BTP2 on TRPC5. Moreover, at 10 umol/L, BTP2 was
recently shown to reduce the function of Orail, Orai2, and Orai3%. We found that 1 umol/L
BTP2 has similar effects on PAH-hPASMCs (SOCE amplitude, proliferation, apoptosis, and
migration) than siOrail in transfected PAH-hPASMCs. Therefore, we conclude that 1 pumol/L
BTP2 is an efficient dose for selective blockade of Orail in PAH-hPASMCs. Additionally, we
used another selective Orail blocker, JPIII, based on the scaffold of the potent and selective
blocker, Synta66°. JP1II did not modify the function of Orai3, TRPC5, TRPC6, TRPC4/C1, or
TRPC5/C1 in HEK293 cells'®. JPIII (0.5 pmol/L) recapitulates results obtained in in-vitro
experiments with siOrail or after 1 umol/L BTP2 application. Finally, we obtained similar in-
vivo results with 5J4 application in MCT-rats, for which no side effects have been reported on

other Ca?* channels until now!’to those obtained with BTP2 and JPI1I application. These data
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prove that targeting the Orail Ca?* channel function could be a promising strategy for treating
PAH.

Orail inhibitors in clinical trials: a chance for the PAH community?

Since the discovery of SOCE by Putney in 19863’ and the following identification of Orail as
the archetype of SOCE in 2006°, Orail is considered as a plausible target in several pathological
processes. Now, in addition to BTP2, JPIII, and 5J4 used in this study, the arsenal of
pharmacological inhibitors of Orail has increased, including GSK-7975A, Synta66, PRCL02,
RP3128, a monoclonal antibody against Orail (mAB 2C1.1), and Auxora®°. Some compounds
have reached clinical trials (Phase I/l1la) for severe plaque psoriasis, acute pancreatitis, and
COVID-19 pneunomia®2°, Currently, the above-listed molecules seem to be well-tolerated in
patients®. RP3128 has reached clinical trials (Phase 1/11a) for asthma*. Finally, PRCLO02 entered
into clinical trials for the treatment of plaque psoriasis**. Since we demonstrated that Orail
contributes to PAH development, it would be interesting to test the different Orail inhibitors in
PAH, especially since good safety in humans has been already demonstrated in several Phase |
and Il clinical trials. Using Orail inhibitors, we demonstrated that we might act on different
PAH pathogeneses, including exacerbated proliferation, migration, apoptosis resistance, and
PA constriction.

However, intracellular Ca®* overload could be due to plasma membrane channels, including
voltage-gated Ca?* channels and non-voltage-gated Ca?* channels. In the clinic PAH, L-type
voltage-gated Ca?* channel blockers, acting mainly on excessive PA vasoconstriction, are only
effective for less than 10% of PAH patients®. As the archetype of SOC, the Orail channel
appears to be a novel alternative to counteract intracellular Ca?* overload in PAH by regulating
cell function. Another essential advantage to inhibiting Orail is that most molecules tested in
the preclinical models and clinical studies act on downstream proteins or at the end of cell

signaling. Like Sotatercept therapy (which acts at the start of the TGFB signaling cascade)*?,
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Orail inhibition also acts at the beginning of the Ca?* signaling. For all these reasons, and due
to the existence of a safe Orail inhibitor, Orail blockade therapy should be tested in PAH
patients.

In conclusion, our findings prove that Orail contributes to PAH development by regulating the
aberrant PASMC phenotype, including hyper-proliferation, apoptosis resistance, excessive
migration, and contraction. Our data suggest that pharmacological inhibition of Orail could be
a relevant strategy to reduce pulmonary vascular remodeling in PAH once the safety of Orail

inhibition is confirmed.
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Figure 1: Increased expression of Orail and SOCE in PAH-hPASMCs. (A) Expression and
localization of Orail by immunohistochemistry in paraffin-embedded lung sections from
control and PAH patients. Bar graph = 100 um. (B) Expression and localization of Orail by
immunofluorescence staining on paraffin-embedded lung sections from control and PAH
patients (Orail staining (green) and aSMA staining (Red)). Bar graph =20 um. (C) Immunoblot
of Orail expression and quantification in lungs from control and PAH patients (n =7 for control
and 8 for PAH). (F) SOCE in control hPAECs and PAH-hPAECSs. (D) Quantification of SOCE
amplitude and quantification of Tg-induced Ca?* release (N = 9 patients; n = 129 control cells
and 101 PAH cells). (E) Immunoblot and quantification of Orail expression in PAH-hPAECs
(n = 7 for control and 8 for PAH). (D) SOCE in control-hPASMCs and PAH-hPASMCs.
Quantification of SOCE amplitude and quantification of Thapsigargin (Tg)-induced Ca?*
release (N = 7 7 patients; n = 107 control cells and 153 PAH cells). (G) Immunoblot and
quantification of Orail expression in PAH-hPASMCs (n = 7 for control and 8 for PAH).

Statistical tests and exact P values are provided in Table S5.
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Figure 2: Increase in Orail expression in PAH-hPASMCs is associated with an exaggerated
SOCE, proliferation, migration, higher an apoptosis resistance, and calcineurin activity. (A)
PAH-hPASMCs were transfected with siRNA against Orail, and knockdown efficiency was
assessed by RT-qPCR (n =5 for each condition) (B) and immunoblot (n = 6 for each condition).
(C) Consequence of Orail knockdown in PAH-hPASMCs on SOCE amplitude (N = 7 patients;
n = 174 siControl cells and 121 siOrail cells). (D) Consequence of Orail inhibition using 1
pmol/L BTP2 or 0.5 umol/L JPIII on SOCE amplitude (N = 5 different patients; DMSO 45
cells, BTP2 61 cells and JPIII 32 cells). (E) Consequence of Orail knockdown on the
proliferation rate (BrdU assay) of PAH-hPASMCs (n = 9 patients). (F) Consequence of
pharmacological inhibition of Orail on the proliferation rate of PAH-hPASMCs treated for 24
h with DMSO or BTP2 (1 pmol/L) or JP1II (0.5 pumol/L) (n = 5 patients for DMSO and BTP2
and 3 patients for JPIII). (G) Wound-closure images (15 h after initiation) and percentage
wound closure in control hPASMCs and PAH-hPASMCs (n = 4 patients for each condition).
(H) Consequence of Orail knockdown on PAH-hPASMC motility/invasion (n = 5 patients). (1)
Consequence of Orail inhibition PAH-hPASMC mobility/invasion (n = 4 for each condition).
(J-L) Immunoblots and quantification of P21 (n = 5 patients), pP38 and P38 (n = 5 patients),
proCaspase 9 and cleaved Caspase 9 (n = 9 patients) in PAH-hPASMCs transfected with
siControl or siOrail. (M) Quantification of calcineurin activity in control-hPASMCs and PAH-
hPASMCs (n = 5 patients). Consequence of Orail knockdown (n = 5 for control and 6 for PAH
patients) or inhibition (n = 5 patients) in PAH-hPASMCs on calcineurin activity. Statistical

tests and exact P values are provided in Table S5.
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Figure 3

Figure 3: The Orail channel contributes to PA contraction. (A, left panel) A dose-response
curve (normalized to K100) was established by applying increasing concentrations of KCI to
isolated human PAs from control subjects in the presence of DMSO or 1 pmol/L BTP2. (A,
right panel) Corresponding quantification of ECso (n = 8 patients). (B, left panel) A dose-
response curve (normalized to K100) was established by applying increasing concentrations of
U46619 (a thromboxane A2 mimetic) on isolated human PAs from control subjects in the
presence of DMSO or 1 umol/L BTP2. (B, right panel) Corresponding quantification of ECso
values (n = 8 patients). (C, left panel) A dose-response curve (normalized to K100) was
established by applying increasing concentrations of KCI to isolated human PAs from control
subjects in the presence of DMSO or 1 pmol/L JPIII. (A, right panel) Corresponding
quantification of EC50 (n = 5 patients). (D, left panel) A dose-response curve (normalized to

K100) was established by applying increasing concentrations of U46619 on isolated human
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PAs from control subjects in the presence of DMSO or 1 pmol/L JPIII. (D, right panel)

Corresponding quantification of EC50 values (n = 6 patients). Statistical tests and exact P values

are provided in Table S5.
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Figure 4: Knockdown of Orail reduces mitochondrial Ca?* uptake and enhances apoptosis
in PAH-hPASMCs exposed to staurosporine. (A) Measurement of mitochondrial Ca®* uptake
using Rhod2-AM fluorescent Ca?* probes and quantification of mitochondrial Ca?* entry during
SOCE in control and PAH-hPASMCs (N = 7 patients; n = 88 mitochondria for control and 98
for PAH). (B) Consequence of the Orail knockdown on mitochondrial Ca?* uptake during
SOCE in PAH-hPASMCs (N = 7 patients; n = 70 mitochondria for control and 50 for PAH)).
(C) Dot plots of Annexin V+PI dual-labeling in siControl- or siOrail-transfected PAH-
hPASMCs exposed to 50 nmol/L staurosporine overnight. (D) Percentage of Annexin V-
positive and live PAH-hPASMCs transfected with siControl or siOrail (n = 5 patients). (E) Dot
plots of Annexin V and PI dual-labeling of PAH-hPASMCs exposed overnight to 50 nmol/L
staurosporine with DMSO or BTP2. (F) Percentage of Annexin V-positive or live PAH-
hPASMCs treated with DMSO or BTP2 (n = 5 patients). (J-K) Immunoblots and quantification
of Caspase 9/pro-Caspase 9 (n = 6 patients), p-P38/P38 (n = 5 patients), p308Akt (n = 5
patients), Akt (n = 4 patients), and survivin in PAH-hPASMCs transfected with siControl or
siOrail and exposed overnight to 50 nmol/L staurosporine. Statistical tests and exact P values

are provided in Table S5.
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Figure 5: MEK1/2, NFAT, and NF-xB upregulate Orail expression or function in
hPASMCs. (A) Immunoblots and quantification of Orail in PAH-hPASMCs treated 48h with
P38 inhibitor (SB203580 1 pumol/L), MEK1/2 inhibitor (UO126, 1 umol/L), and AKT inhibitor
(MK2206 1 pmol/L). (B) Quantification of Orail mRNA expression in PAH-hPASMCs treated
with DMSO or UO126 (n = 4 for each condition). (C) Immunoblots and quantification of Orail
in PAH-hPASMCs treated 48h with NFAT inhibitor (MCV1 1 umol/L) and NF-«B inhibitor
(PDTC, 1 umol/L). (D) Quantification of Orail mRNA expression in PAH-hPASMCs treated
with DMSO, MCV1 or PDTC (n =7 for DMSO and MCV1 and 4 for PDTC). Consequence of
the KCNK3 knockdown on KCNK3 (n = 4 patients) (E) and Orail (n = 5 patients) (F) mRNA
expression in control hPASMCs. (G) Consequence of KCNK3 knockdown on Orail protein
expression (n =5 patients). (H) Quantification of Orail protein expression in control-hnPASMCs
transfected with siKCNK3 in the presence of DMSO, MCV1, PTDC, and UO126 (n = 5
patients). (I) Consequence of the BMPR2 knockdown on BMPR2. (J) The consequence of
BMPR2 knockdown on Orail protein expression (n = 5 patients). Statistical tests and exact P

values are provided in Table S5.
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Figure 6: In-vivo pharmacological inhibition of Orail with BTP2 reduces the development
of chronic hypoxia (CH)-induced PH at pulmonary and RV levels. (A) Localization of Orail
expression by immunofluorescence staining of paraffin-embedded lung sections from control-
and CH-rats after three weeks (W3) hypoxia. In PAs from control rats, Orail staining (green)
was localized to PASMCs (red). Bar graph = 20 um. (B) Immunoblot images and quantification
of Orail expression in lung tissue from control- and CH-rats (n = 4 for the Normoxia group and
5 for the CH group). (C) In-vivo experimental design. Rats were maintained in CH for 3 weeks,
and BTP2 (5 mg/kg/day) or DMSO was administered during the 7 days between week 2 (W2)
and W3 by intraperitoneal injection. (D) Fulton’s index (RV + (LV + septum)) (n = 8 for the
Normoxia and CH + DMSO group and 5 for the CH + BTP2 group). (E) RVSP in mmHg (n =
8 for the Normoxia group, 10 for the CH + DMSO group and 5 for the CH + BTP2 group). (F)
CO in mL/min (n = 7 for the Normoxia group, 5 for the CH + DMSO group and 4 for the CH
+ BTP2 group). (G) TPR (n = 7 for the Normoxia group, 5 for the CH + DMSO group and 4
for the CH + BTP2 group). (H) Hematoxylin/eosin/Safran staining of paraffin-embedded lung
sections from the control, CH + DMSO, and CH + BTP2 groups. (1) Pulmonary vessel occlusion
(%) (n = 4 for the Normoxia group, 5 for the CH + DMSO group and 6 for the CH + BTP2
group). (J) Quantification of Orail mRNA expression in RV tissues from control and CH rats
(n = 5 for each condition). (K) Localization of Orail expression by immunofluorescence
staining of paraffin-embedded RV sections from control and CH rats. Orail staining (red) and
nucleus (DAPI in blue). (L) Interstitial fibrosis was identified with Sirius red staining in the RV
compartment from control, CH + DMSO, and CH + BTP2 rats (at W3). Quantification of the
percentage of fibrosis in RV tissue (n = 10 images per rat from 5 different rats for the Normoxia
and CH + DMSO group and 6 different rats for the CH-+ BTP2 group). (M)
Immunofluorescence images of RV sections stained with FITC-conjugated wheat germ

agglutinin (WGA, 50 pg/mL, green). Scale bar, 25 um. Quantification of cardiomyocytes cross-
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section area (CSA, n = 30 cardiomyocytes measurement per rat from 4 different rats for the
Normoxia and CH + DMSO group and 6 different rats for the CH-+ BTP2 group). Statistical

tests and exact P values are provided in Table S5.
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Figure 7: In-vivo pharmacological inhibition of Orail with BTP2 reduces SOCE in MCT-
PASMCs and the development of MCT-induced PH at pulmonary and RV levels. (A)
Localization of Orail expression by immunofluorescence staining of paraffin-embedded lung
sections from control and MCT rats at three weeks (W3). In PAs from control rats, Orail
staining (green) was localized in PASMCs (red). Bar graph = 20 um. (B) Quantification of
Orail mRNA expression in isolated PAs from control and MCT-rats (n = 4 rats for each
condition). (C) Immunoblot images and quantification of Orail in PAs from control and MCT-
rats. (n = 4 rats per condition). (D) Immunoblot images and quantification of Orail in PASMCs
from control and MCT rats (n =5 Control and 3 MCT rats). (E) SOCE and SOCE amplitude in
PASMCs from control and MCT rats (N = 5 Control and 3 MCT rats; n = 51 cells for the
Control condition and 47 for the MCT condition). (F) Consequence of Orail inhibition (BTP2
or JPIII) on SOCE in PASMCs from MCT rats (N = 3 rats for each condition; n = 38 cells for
the DMSO condition, 34 for the BTP2 condition and 27 for the JPIII condition). (G) In-vivo
experimental design. Rats have treated with one MCT subcutaneous injection at week 0 (WO)
(60mg/kg). BTP2 (5 mg/kg/day) or DMSO was administered 7 days from week 2 (W2) to W3
by intraperitoneal injection. (H) Fulton’s index (n = 8 for the Control group, 12 for the MCT +
DMSO group and 10 for the MCT + BTP2 group), (1) RVSP (n = 8 for the Control group, 10
for the MCT + DMSO group and 7 for the MCT + BTP2 group), (J) CO (n = 7 for the Control
group, 10 for the MCT + DMSO group and 7 for the MCT + BTP2 group) and (K) TPR (n=7
for the Control group, 10 for the MCT + DMSO group and 7 for the MCT + BTP2 group). (L)
Hematoxylin/eosin/Safran staining of paraffin-embedded lung sections from the control, MCT
+ DMSO, and MCT + BTP2 groups. (M) Pulmonary vessel occlusion (%) (n = 4 for the Control
group, 4 for the MCT + DMSO group and 7 for the MCT + BTP2 group). (N) Quantification
of Orail mRNA expression in RV tissues from control and MCT- rats (n = 5 for the Control

group and 6 for the MCT + DMSO group . (O) Localization of Orail expression by
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immunofluorescence staining of paraffin-embedded RV sections from control rats and MCT-
PH rats. Orail staining (red) and nucleus (DAPI in blue). (P) Interstitial fibrosis identified with
Sirius red staining in RV compartment (at W3) and quantification of the percentage of fibrosis
in RV tissue (n =5 for the Control group, 6 for the MCT + DMSO group and 3 for the MCT +
BTP2 group). (Q) Immunofluorescence images of RV sections stained with FITC-conjugated
wheat germ agglutinin (WGA, 50 pg/mL, green). Scale bar, 25 um. Quantification of
cardiomyocytes cross-section area (CSA, n = 30 cardiomyocytes measurement per rat from 4
rats for the Control group, 6 for the MCT + DMSO group and 3 for the MCT + BTP2 group).

Statistical tests and exact P values are provided in Table S5.
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Figure 8: In-vivo pharmacological inhibition of Orail with BTP2 reduces the development

of Su/Hx-induced PH at pulmonary and RV levels. (A) In-vivo experimental design. Rats were

maintained in Sugen/hypoxia (Su/Hx) for 3 weeks following 2 additional weeks in normoxic
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condition, and BTP2 (5 mg/kg/day) or DMSO was administered between week 3 (W3) and
week 5 (W5) by intraperitoneal injection. (B) Fulton’s index (n = 6 for the Control group, 8 for
the Su/Hx + DMSO group and 8 for the Su/Hx + BTP2 group). (C) RVSP in mmHg (n = 6 for
the Control group, 8 for the Su/Hx + DMSO group and 8 for the Su/Hx + BTP2 group). (D) CO
in mL/min (n = 6 for the Control group, 8 for the Su/Hx + DMSO group and 8 for the Su/Hx +
BTP2 group). (E) TPR (n = 6 for the Control group, 8 for the Su/Hx + DMSO group and 8 for
the Su/Hx + BTP2 group). (F) Hematoxylin/eosin/Safran staining of paraffin-embedded lung
sections from the control, Su/Hx + DMSO, and Su/Hx + BTP2 groups, and percentage of
pulmonary vessel occlusion (%) (n =5 for the Control group, 8 for the Su/Hx + DMSO group
and 7 for the Su/Hx + BTP2 group). (G) Sirius red staining of paraffin-embedded RV sections
from the control, Su/Hx + DMSO, and Su/Hx + BTP2 groups and percentage of RV fibrosis (n
=5 for the Control group, 8 for the Su/Hx + DMSO group and 7 for the Su/Hx + BTP2 group).
(H) Immunofluorescence images of RV sections stained with FITC-conjugated wheat germ
agglutinin (WGA, 50 pg/mL, green). Scale bar, 25 um. Quantification of cardiomyocytes cross-
section area (CSA, n = 30 cardiomyocytes measurement per rat from 4 rats for the Control
group, 8 for the Su/Hx + DMSO group and 7 for the Su/Hx + BTP2 group). Statistical tests and

exact P values are provided in Table S5.
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