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Abstract

Pulmonary arterial hypertension (PAH) is a progressive disease associated with vasoconstriction and remodeling. Intra-
cellular Ca®* signaling regulates the contraction of pulmonary arteries and the proliferation of pulmonary arterial smooth
muscle cells (PASMCs); however, it is not clear which molecules related to Ca>* signaling contribute to the progression
of PAH. In this study, we found the specific expression of type 2 inositol 1,4,5-trisphosphate receptor (IP;R2), which is an
intracellular Ca®* release channel, on the sarco/endoplasmic reticulum in mouse PASMCs, and demonstrated its inhibi-
tory role in the progression of PAH using a chronic hypoxia-induced PAH mouse model. After chronic hypoxia exposure,
IP;R27~/~ mice exhibited the significant aggravation of PAH, as determined by echocardiography and right ventricular
hypertrophy, with significantly greater medial wall thickness by immunohistochemistry than that of wild-type mice. In
IP3R2_/ ~ murine PASMCs with chronic hypoxia, a TUNEL assay revealed the significant suppression of apoptosis, whereas
there was no significant change in proliferation. Thapsigargin-induced store-operated Ca** entry (SOCE) was significantly
enhanced in IP3R2_/ ~ PASMCs in both normoxia and hypoxia based on in vitro fluorescent Ca** imaging. Furthermore, the
enhancement of SOCE in IP3R2_/ ~ PASMCs was remarkably suppressed by the addition of DPB162-AE, an inhibitor of the
stromal-interacting molecule (STIM)—Orai complex which is about 100 times more potent than 2-APB. Our results indicate
that IP;R2 may inhibit the progression of PAH by promoting apoptosis and inhibiting SOCE via the STIM—Orai pathway in
PASMC:s. These findings suggest a previously undetermined role of IP;R in the development of PAH and may contribute to
the development of targeted therapies.
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Introduction
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keiuchida@keio.jp Pulmonary arterial hypertension (PAH) is a progressive dis-

ease despite benefits from recently developed targeted thera-

pies. PAH is characterized by increased pulmonary vascular

resistance resulting primarily from vasoconstriction and the
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vascular remodeling of pulmonary arteries [1].

Ca* signaling and the Ca>* concentration in pulmo-
nary artery smooth muscle cells (PASMCs) play a major
role in the regulation of vasoconstriction or the vascular
remodeling of pulmonary arteries and are often associated
with the progression of PAH. Membrane depolarization of
PASMCs promotes Ca>* influx via the voltage-dependent
Ca®* channel [2, 3]. Various stimuli of membrane recep-
tors lead to the acceleration of Ca*" entry into PASMCs
through extracellular ligand binding on G protein-coupled
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receptors (GPCRs) or receptor tyrosine kinases (RTKs)
[2]. Ca>" entry occurs by two major mechanisms related to
these receptors on the membranes of PASMC:s, i.e., receptor-
operated Ca>* entry (ROCE) and store-operated Ca>* entry
(SOCE). ROCE is regulated by diacylglycerol (DAG) [4-6].
When phospholipase C is activated by GPCRs or RTKs, the
production of DAG and inositol 1,4,5-trisphosphate (IP5) is
activated. DAG can open receptor-operated Ca** channels
(ROC), leading to Ca** entry into PASMCs. Alternatively,
Ca** depletion in the sarco/endoplasmic reticulum (SR/ER)
induced by Ca* release also leads to Ca>* influx in a pro-
cess referred to as SOCE [4, 7]. When stromal-interacting
molecule (STIM) on the SR/ER membrane senses Ca**
depletion, it translocates to the SR/ER-plasma membrane
junction and induces Ca*" influx via Orai [8].

IP, receptor (IP;R), which is an intracellular Ca”* release
channel resident on the SR/ER, also contributes to SOCE in
PASMCs by leading to Ca** store depletion [2]. IP;R com-
municates with many ion channels or intracellular organelles
that regulate the elevation of intracellular Ca>" concentra-
tion or vasoconstriction [9, 10]. There are three subtypes of
IP;R (IP;R1, 2, and 3) with versatile roles in pathophysiol-
ogy in many organs [9, 10]. IP;R2 is expressed at relatively
high levels in the lungs, testis, heart, and liver [11]. IP;R2
mutations in humans disrupt sweat secretion [12]. IP;R2 and
IP;R3 are required for exocrine fluid secretion, including
saliva, pancreatic juice, and tears [13, 14]. In the cardiovas-
cular system, the overexpression of IP;R2 in the heart results
in hypertrophy of the cardiac muscle [15]. All subtypes of
IP;R are expressed in the cardiovascular system from the
embryonic to postnatal periods, suggesting their genetic
redundancy, and we previously reported that IP;R1-IP;R2
or IP;R1-IP;R3 double-knockout mice die around embry-
onic day 11.5 due to various disorders during cardiovascular
development [16-18]. However, the role of IP;R in the lungs
or lung vasculature is poorly understood, although it may
affect vasoconstriction or remodeling in vascular smooth
muscle cells [19].

In this study, we investigated the role of IP;R2 in the
development of PAH using hypoxia-induced PAH mouse
models both in vivo and in vitro. Our data suggest an inhibi-
tory role of IP;R2 in the progression of PAH by its pro-apop-
totic function and the suppression of SOCE via STIM—Orai
interactions.

Materials and methods
Animals and tissues
Experiments were performed in mice or embryos homozy-

gous null for IP;R2 (IP3R2_/ ~; KO), generated by intercross-
ing IP3R2+/‘ mice [14] after repeating the cross to C57BL/6J

mice more than ten times. In addition, C57BL/6J wild-type
mice or embryos were used for control. All experimental
procedures and protocols were performed in accordance
with animal protocols approved by the Institutional Animal
Care and Use Committees of Keio University [approval
number 9122-(10)] and conformed to the National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals.

Hypoxia-induced PAH mice models

Adult male IP3R2’/’ mice or wild-type (C57BL/6J) mice
were housed under controlled conditions with free access
to rodent chow and tap water. To gain chronic hypoxia-
induced-PAH mice, those were kept for 8 weeks under nor-
mobaric hypoxia (10% O,) [20] until transthoracic echocar-
diography or tissue sampling. Control mice were kept under
normobaric normoxia (room air) conditions and were fed
standard diet for the entire study period.

Echocardiography

Mice were continuously anesthetized by 1.5-2% of isoflu-
rane inhalant mixed with 1 I/min 100% O, to maintain a
light sedation level throughout the procedure of transtho-
racic echocardiography. They were immobilized on a heating
platform ventral side up to maintain the body temperature at
37 °C+0.5 °C. Heart rate and respiratory physiology were
continuously monitored by ECG electrodes. The chests
of the mice were shaved, and warmed ultrasound gel was
applied to the area of interest. Transthoracic echocardiogra-
phy was performed using a Vevo 2100 system (VisualSon-
ics, Toronto, Canada) with a 38-MHz transducer. Care was
taken to avoid excessive pressure over the sternum, which
can distort the signal. Images were captured on cine loops at
the time of the study and afterward measurements were done
offline. The ratio of acceleration time to ejection time (AcT/
ET) of pulmonary arteries and the left ventricular eccentric-
ity index (LVEI) provided by echocardiography was also
evaluated for the severity of PAH [21, 22]. After echocar-
diography, the dissected right ventricles were weighed and
fixed for preparation of paraffin sections.

Whole-mount and section LacZ staining

We performed whole-mount LacZ (f-galactosidase) staining
of the lungs isolated from IP3R2_/ ~ mice, harboring LacZ
gene in-frame at the translation initiation site of the IP;R2
locus, after fixation with 2%-PFA 0.1%-glutaraldehyde fol-
lowed by clearing with benzyl alcohol-benzyl benzoate,
as described previously with minor modifications [23]. To
improve permeability of the substrate, X-gal, we used rinse
buffer (0.2M sodium phosphate, pH 7.3, 2 mM MgCl,,
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0.01% sodium deoxycholate, 0.02% NP-40) for washing.
After whole-mount LacZ staining, the tissue specimens were
postfixed, dehydrated, and embedded in paraffin.

Immunohistochemistry staining

The mice lung paraffin sections were made at 7-pm intervals,
mounted onto slide glasses, and used for immunohistochem-
istry. Section immunohistochemistry was performed with
anti-o-smooth muscle actin (aSMA) (1:400, 1A4; Sigma)
and anti-von Willebrand Factor (vWF) (1:200, Ab-1;
Thermo scientific) as described previously [16]. Fluorescent
images were observed under the fluorescence microscope,
BX50 (Olympus), and captured with the colored CCD cam-
era, DFC300FX (Leica).

TUNEL and cell-proliferation assays

TUNEL staining and proliferation assays were performed
on transverse paraffin sections from 8-week conditioned
adult mice lungs according to the previous report [17]. The
ApopTag Fluorescein in situ apoptosis detection kit (Merck)
was used for TUNEL assays. Proliferation assays were per-
formed by immunohistochemistry with anti-phosphohistone
H3 (Ser10), a mitosis marker, antibody (1:200, Millipore) as
a primary antibody [17].

Primary culture of mouse pulmonary artery smooth
muscle cells (PASMCs)

Pulmonary artery smooth muscle cells (PASMCs) were iso-
lated from the wild-type and IP3R2_/ ~ mice as previously
reported with some modifications [24]. Mice pulmonary
arteries from first to third branches, containing intra-lobu-
lar arteries, were isolated carefully from embryos at E18.5
under stereoscopic microscope. The dissected tissues were
dissociated and cultured as previously reported [24]. Cell
suspensions were transferred to growth medium, containing
DMEM with 10% FBS, 100 U/ml penicillin, and 100 mg/
ml streptomycin (Invitrogen), in 35-mm poly-L-lysine
(Sigma) coated, glass-bottomed dishes (MatTek) in a moist
tissue culture incubator at 37 °C in 5% CO,-95% ambient
mixed air. The subconfluent cells were used for Ca>* imag-
ing. We confirmed that cells were positive for aSMA by
immunostaining and showed the typical “hill-and-valley”
morphology.

Ca®* imaging
After 4-day primary culture of the PASMCs, dishes were
randomly divided into normoxic or hypoxic condition.

Hypoxic dishes were incubated in 4% O,/5% CO, (Anaer-
opack, Sugiyama-gen) at 37 °C, whereas normoxic dishes
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kept in 5% CO,-95% ambient mixed air, then incubated
for additional 1-day culture. A Ca’*-sensitive fluorescence
indicator, Fluo-4 AM (Dojindo), was mixed with Pluronic
F-127 and Cremophor EL by sonication. PASMCs were
loaded with 10-uM Fluo-4 AM at 37 °C for 30 min in bal-
anced salt solution containing 115-mM NaCl, 5.4-mM KClI,
2-mM CaCl,, 1-mM MgCl,, 20-mM HEPES, and 10-mM
glucose, pH 7.4 (BSS*) [25]. To assess SOCE, extracellular
Ca’* was removed with Ca>*-free recording medium (BSS*
without CaCl,, BSS™) which contains 10-uM nifedipine for
the inhibition of L-type Ca** channels. Ca>" measurement
was carried out in BSS™ at room temperature. Imaging of
Fluo-4 fluorescence in cells was performed using a FV1000
confocal microscope equipped with a 60 x/1.2 NA water-
immersion objective (Olympus) [26]. Excitation at 488 nm
was assessed by a photomultiplier through 500- to 600-nm
grating-based spectroscopy. Images in an experiment were
acquired every 5 s per 1 frame for 30 min and analyzed using
the custom Fluoview software (Olympus). In all experi-
ments, multiple cells were imaged in a single field. Intracel-
lular Ca** concentration changes were presented as FIF,
where F is the mean values of fluorescence intensity in one
arbitrarily chosen peripheral cytosolic area from each cell
and F, is the baseline as calculated by averaging 12 frames
for 60 s at minimum resting level. SOCE and ROCE were
elicited immediately after the addition of extracellular Ca®*
(2 mM CaCl,) to medium, following the precede addition
of 10-pM thapsigargin for Ca** depletion of Ca>* store and
100-pM oleoyl-acyl-sn-glycerol (OAG) for activation of
receptor, respectively. Relative mobilizations of Ca>* lev-
els were estimated from the area under the curve (AUC) of
the F/F, traces for 5 min after the addition of extracellular
Ca®* as the standardized value of the Ca>* entry [27]. Each
experiment was followed by the addition of 3.7 pM ionomy-
cin and 5 mM EGTA to confirm maximum and minimum
fluorescent intensities, respectively. DPB162-AE was used
as a selective inhibitor for STIM—Orai interaction [28, 29].

Statistics

Results are expressed as the mean + SE. p values < 0.05
were considered statistically significant for two-way
ANOVA analysis, followed by Tukey’s post hoc test, as
appropriate (SPSS ver. 25).

Results

IP;R2 is highly expressed in smooth muscle cells
of pulmonary arteries

In an analysis of IP;R27™~ mice harboring the LacZ gene
in-frame at the translation initiation site of the IP;R2
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locus, we found that IP;R2 was continuously expressed
from the central to peripheral pulmonary artery (PA)
based on whole-mount LacZ staining on the lungs
(Fig. 1A). To clarify which cell type expressed IP;R2
in the PA, adult cryosections of IP;R2~'~ mouse lungs
were stained with LacZ, anti-aSMA, and anti-vWF anti-
bodies simultaneously. IP;R2 was located exclusively in
PASMCs but not in bronchial smooth muscles (Fig. 1B)
that was reminiscent of its endogenous expression pattern
(data not shown).

Fig. 1 Expression of IP;R2 in A
mouse PASMCs. A Whole-
mount LacZ staining of lungs
obtained from IP;R2~/~ mice
just before birth (embryonic
day 19.5) is shown. Right panel
shows a higher magnifica-

tion view of the inset in the

left panel. The expression of
IP;R2 in the pulmonary arteries
(pa) is shown in blue (arrow-
heads). Scale bars 1 mm (left
panel), 0.5 mm (right panel).

B Simultaneous staining of
LacZ (a) and anti-o-smooth
muscle actin (aSMA) (b) of

the postnatal 16-day IP;R27/~
mouse lung cryosection shows
that IP;R2 is expressed only

in the pa in blue (a), whereas
immunohistochemistry with an
anti-aSMA antibody detects
smooth muscle cells in both pa
and bronchi (br) in green color
(b). The simultaneous stain-

ing of LacZ (c) and immuno-
histochemistry with anti-von
Willebrand factor (vWF) (d)
and anti-aSMA antibodies (e)
of adult IP;R2~~ mouse lung
sections and the merged image
(f) shows the specific expression
of IP;R2 in smooth muscle cells
in the tunica media of pa in
blue (c and f), the vWF positive
endothelial cells in red (d and f),
and the aSMA-positive smooth
muscle cells in green (e and f).
Scale bars 100 pm in a and b;
20 pminc,d, e, and f

PAH induced by chronic hypoxia was significantly
aggravated in IP;R27~ mice

To determine whether a loss of IP;R2 plays a role in PAH,
C57BL/6J wild-type and IP3R2_/ ~ mice were kept in a 10%
O, chamber for 8 weeks to obtain a chronic hypoxia-induced
PAH mouse model [20]. Their cardiopulmonary function and
specimens were analyzed and compared with those kept in
room air (normoxia) (Fig. 2A). The mean AcT/ET and end-
systolic LVEI were determined by echocardiography. AcT/
ET was significantly lower in wild-type mice under hypoxia
than under normoxia (Fig. 2B, p=0.001), and LVEI was also

-
D
D
Q
0
0
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Fig.2 Chronic hypoxia-induced PAH was significantly aggravated in » A I_ 8 weeks _I
IP,R2~ mice. A Experimental protocol for the in vivo evaluation of

PAH for mice with chronic hypoxia. B Measurement of the pulmo- WT & - .
nary outflow velocity by pulse wave color Doppler imaging to cal- KO & Normoxia; room air

culate the ratio of the acceleration time to ejection time (AcT/ET). 1 1 .
A lower value indicates more severe PAH. C Measurement of left : : Analysis
ventricular eccentricity index (LVEI) at end-systole. A lower value WT &

indicates more severe PAH. D Analysis of right ventricular (RV) ]‘

hypertrophy by the ratio of RV weight to whole body weight (RV/ KO &

BW) (n=4 mice in each group). A higher value indicates more severe 13 21 (week)
PAH. Data are shown as means + SEM. B Two-way ANOVA, fol- B
lowed by Tukey’s test. p=0.025 (wild type + normoxia vs. wild type
+ hypoxia), p=0.000 (IP;JR27~+ normoxia vs. IP;R2~~4 hypoxia
and wild type + hypoxia vs. IP;R27"+ hypoxia). C, D Two-way
ANOVA. p=0.000 (normoxia vs. hypoxia), p=0.003 (wild type vs.
IP3R2"‘) (¢), and p=0.000 (normoxia vs. hypoxia), p=0.001 (wild
type vs. IP;R277) (D). WT, wild-type mice; KO, IP;R27/~ mice. To
avoid the bias of respiratory variation, all data were gained by meas-
uring more than two times from 4 mice (n=_8-14 heart beats) in each
group (B, C)

0.5 »

0.4 4 X

AcT/ET
(acceleration time/ejection time)
o
w

0.2 4
significantly lower under hypoxia than normoxia (Fig. 2C,

p=0.000), suggesting that PAH was induced by this pro-
tocol. Although AcT/ET was comparable in wild-type and
IP;R2~'~ mice with normoxia, they were significantly lower
in the IP3R2‘/ ~ mice than in wild-type mice with hypoxia
(Fig. 2B, p=0.000). After echocardiography, murine lungs
and hearts were dissected and right ventricle (RV) hyper-
trophy was assessed, where the RV weight of each mouse
was adjusted by the individual body weight (RV/BW) [30].
RV/BW was significantly greater in the hypoxia group than
in the normoxia group in both wild-type and IP3R2_/ ~ mice
and was significantly greater in IP3R2‘/ ~ mice than in wild-
type mice with hypoxia (Fig. 2D, p=0.000 for normoxia vs.
hypoxia in both wild-type mice and IP;R2™~ mice; p=0.001
for wild type vs. IP;R27'~ in both normoxia and hypoxia).
These data suggest that 8 weeks of hypoxia exposure suc-

cessfully induced PAH in mice and that PAH was signifi- 0.4 WT KO WT
cantly aggravated by a loss of IP;R2.

0.1

WT KO WT KO
normoxia hypoxia

(¢}

1.2 -

0.8 1

0.6 1

end-systolic LVEI

normoxia hypoxia

Medial wall of the PA was significantly thickened
in IP;R27~ mice with chronic hypoxia

2.5 1

=)

As IP;R2 was exclusively expressed in PASMCs of the

medial wall of the PA, we evaluated medial wall thickness

in wild-type and IP3R2_/ ~ mice with normoxia or hypoxia

(Fig. 3A). The medial wall area adjusted for the vascular

internal diameter was calculated. Medial wall thickness

was significantly greater in IP;R2~/~ mice with hypoxia

than in wild-type mice (p =0.000 for normoxia vs. hypoxia,

p=0.000 for wild type vs. IP3R2_/_) (Fig. 3B). 0.5
Next, we examined whether alterations in apoptosis

or proliferation in PASMCs contribute to the medial wall

thickness in IP3R2_/ ~ mice. Apoptosis was evaluated by a

TUNEL assay of lung paraffin sections obtained from the

same groups of mice in normoxic or hypoxic conditions

RV/BW (mg/g)
o

WT KO WT KO
normoxia hypoxia
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Fig.3 Medial wall thickness of PA was significantly increased in
IP3R2_/_ mice. A Representative images of immunohistochemistry
with an anti-aSMA antibody on lung paraffin sections of wild-type
mice (WT) (a, b) and IP3R2‘/‘ mice (KO) (c, d) with normoxia
and WT (e, f) and KO mice (g, h) with hypoxia. b, d, f, and h are
higher magnification views of the insets in a, c, e, and g, respec-
tively. Smooth muscle cells are stained in brown. br, bronchus; pa,
pulmonary artery. Scale bars 50 um (a, c, e, and g), 20 pm (b, d, f,
and h). B Medial wall thicknesses of PA calculated by the mean ratio
of the PASMC area to each vascular internal diameter are shown in
a bar graph (n=93-155 pulmonary artery sections from 4 mice in
each group). Data are shown as means + SEM. Two-way ANOVA.
p=0.000 (normoxia vs. hypoxia), p =0.000 (wild type vs. [P;R27")

used for in vivo analyzes, and PASMCs were detected by
anti-aSMA antibody staining (Fig. 4A). The number of
TUNEL-positive PASMCs per unit area (square-centimeter),
determined by fluorescent microscopy, was lower in chronic
hypoxia-induced PAH mice and was significantly lower in
IP3R2‘/ ~ mice than in wild-type mice with both normoxia
and hypoxia (Fig. 4B, p=0.003 for normoxia vs. hypoxia,
p=0.000 for wild type vs. IP;R27/7).

The proliferation of PASMCs was assessed by anti-phos-
phohistone H3 (PHH3) antibody staining (Fig. 4C). The
number of PHH3-positive cells in PASMCs was signifi-
cantly higher in chronic hypoxia-induced PAH mice than in
normoxia mice, whereas there was no significant difference
between wild-type and IP3R2_/_ mice (Fig. 4D, p=0.000
and 0.708, respectively). Taken together, these results sug-
gest that apoptosis is significantly suppressed in PASMCs of
IP,R2~'~ mice with chronic hypoxia, despite no remarkable
change in proliferation, resulting in increased medial wall
thickness in PA.

SOCE is enhanced in PASMCs with a loss of IP;R2
and chronic hypoxia depending on the STIM-Orai
pathway

Because IP;R2 was expressed in mouse PASMCs and
chronic hypoxia-induced PH was significantly aggravated
in IP3R2‘/ ~ mice, it is possible that alterations in Ca** mobi-
lization in IP;R2~"~ PASMCs contributed to the progression
of medial wall thickness in PAs and the aggravation of PH.
For in vitro Ca?* imaging, we isolated PASMCs from wild-
type and IP3R2_/ ~ murine embryos at embryonic day 18.5
as previously described [24]. The primary cultured PASMCs
were evaluated by Ca®* imaging after 24-h culture under
normoxia or hypoxia (Fig. 5). The intracellular Ca** con-
centration, estimated as the fluorescence intensity relative
to baseline, or F/F,, exhibited a slight transient elevation
after the addition of thapsigargin, which is an inhibitor of
Ca’* uptake into intracellular Ca®* stores via sarco/endo-
plasmic reticulum Ca**-ATPase, and a large increase in Ca**
concentration was observed just after the addition of extra-
cellular Ca** as reported previously [28]. The area under
the curve of the F/F traces for 5 min after the addition of
extracellular Ca®* in each experiment was calculated as the
standardized Ca* entry value. Ca®* entry was significantly
greater in PASMCs with hypoxia and was more remarkable
in IP3R2_/ ~ PASMC:s than in wild-type PASMCs (Fig. 5A,
B, p=0.000 for normoxia vs. hypoxia, p=0.000 for wild
type vs. IP3R2_/ 7). In contrast, there was no significant dif-
ference in OAG-induced Ca** entry (ROCE) between wild-
type and IP3R2_/ ~ PASMC:s with either normoxia or hypoxia
(Fig. 5C, D, p=0.050 for wild type vs. IP;R27/"). There also
was no significant difference in SOCE between wild type
and IP;R3™~ PASMCs (p =0.183 (data not shown)).
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Fig.4 Apoptosis, but not cell proliferation, was significantly altered
in IP3R2"’ ~ PASMCs. A Mouse lung paraffin sections of each geno-
type and oxygen condition [a—e, wild type (WT) with normoxia; f—j,
IP3R2‘/ ~ (KO) with normoxia; k—o, WT with hypoxia; p—t, KO with
hypoxia] with simultaneous staining of an anti-aSMA antibody (red
in b, g, I, and q) and TUNEL (green in c, h, m, and r). Arrows indi-
cate TUNEL-positive cells (c, h, and m) and arrowheads indicate
TUNEL-positive PASMCs in merged images (e, j, and o). b-e, g—j,
-0, and g-t are higher magnification views of the insets in a, f, k, and
p, respectively. B Bar graph shows the number of TUNEL-positive
cells per unit area (cm?) (n=9-10 lung sections from 4 mice in each
group). C Mouse lung paraffin sections in each genotype and oxygen
condition (a—e, WT with normoxia; f—j, KO with normoxia; k—o, WT

To elucidate the molecular pathway involved in the
enhancement of SOCE in IP3R2_/ ~ PASMC:s, thapsigargin-
induced SOCE was evaluated using the STIM—Orai inhibi-
tor DPB162-AE [28]. SOCE is mostly mediated by the
STIM-Orai interaction in human PASMCs and its upregu-
lation could be responsible for the progression of PAH [31];
however, the contribution of IP;R to this molecular pathway
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with hypoxia; p—t, KO with hypoxia) with simultaneous staining of
the anti-aSMA antibody (green in b, g, 1, and q) and anti-phospho-
histone-H3 (PHH3) antibody (red in c, h, m, and r). Arrows indicate
anti-PHH3-positive cells (c, h, m, and r) and arrowheads indicate
anti-PHH3-positive PASMCs in merged images (e, j, 0, and t). b—e,
g-j, I-o, and g-t are higher magnification views of the insets in a, f,
k, and p, respectively. D Bar graph shows the number of anti-PHH3
antibody-positive cells per unit area (cm?) (n=4-6 lung sections from
4 mice in each group). Scale bars 100 pm in a, f, k, and p of (A, C),
50 pm in b-e, g-j, I-o0, g—t of (A, C). Data are shown as means +
SEM. Two-way ANOVA. p=0.003 (normoxia vs. hypoxia), p =0.000
(wild type vs. IP3R2_/_) (B), and p=0.000 (normoxia vs. hypoxia),
p=0.708 (wild type vs. IP;R277) (D)

in PASMC:s is unknown. In an analysis of concentrations
from 0.3 to 30 uM DPB162-AE (data not shown), we con-
firmed that 3 pM DPB162-AE effectively inhibited SOCE
in primary cultured mouse PASMCs while maintaining cell
survival. DMSO (1:1000 in recording buffer) was used as
a control and DPB162-AE was added after Ca®* depletion
by the administration of thapsigargin. Representative data
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Fig.5 SOCE was significantly increased in IP;R27'~ PASMCs
exposed to hypoxia. A, B SOCE in primary cultured PASMCs
induced by thapsigargin. C, D ROCE in primary cultured PASMCs
induced by OAG. Representative time course data of Ca>* imaging
for SOCE (A) and ROCE (C) of wild-type (WT) or IP;R27~ (KO)
PASMCs with normoxia or hypoxia are shown. Ca’* entry into
PASMCs was elicited immediately after the addition of extracellular
Ca* (arrows). The intracellular Ca?* concentration is demonstrated
by the fluorescence intensity relative to baseline, or F/F,. F, and F

for Ca®* entry with DPB162-AE or with DMSO revealed
that SOCE in both wild-type and IP3R2_/ ~ PASMCs was
significantly suppressed by DPB162-AE with either nor-
moxia or hypoxia (Fig. 6A, B, p=0.000 for wild type and
p=0.000 for IP3R2‘/ ~ in normoxia; p=0.000 for wild type
and p=0.000 for IP3R2_/ ~in hypoxia). Taken together, these
results indicate that the significant enhancement of SOCE in
PASMC:s as a result of a loss of IP;R2 and chronic hypoxia
is dependent on the STIM-Orai pathway.

Discussion

In this study, we demonstrated that IP;R2 is critical for the
regulation of Ca** homeostasis in PASMCs associated with
PAH. IP;R2 is a dominant subtype in the lungs [11]; we
clarified that it is exclusively expressed in PASMCs but not
in pulmonary arterial endothelial cells or bronchial smooth

represents the fluorescence intensities before and after the addition of
thapsigargin (A) or OAG (C). Ca>* entry was estimated from the area
under the curve (AUC) of the F/F, traces for 5 min after the addi-
tion of extracellular Ca**. The bar graphs of the relative mobilization,
referred to as Ca®* entry, of SOCE (B) and ROCE (D) are shown.
n=34-55 cells from 3-4 independent experiments (B, D). Data are
shown as means + SEM. Two-way ANOVA. p=0.000 (normoxia vs.
hypoxia), p=0.000 (wild type vs. IP3R2_/ 7) (B), and p=0.000 (nor-
moxia vs. hypoxia), p =0.050 (wild type vs. IP3R2‘/‘) D)

muscle cells. We have also found that the specific expres-
sion of IP;R2 in PASMC is maintained during development
(Ishizaki R, Uchida K, Yamagishi H. unpublished observa-
tion), and its expression in adult murine tissues were previ-
ously reported [11]. Given that IP;R is an intracellular Ca’**
release channel and that increased intracellular Ca®* leads
to pulmonary vasoconstriction, which may contribute to the
progression of PAH, we speculated that IP;R2 expressed
in PASMCs functions in the attenuation of PAH. To our
surprise, a loss of function of IP;R2 in mice exacerbated
chronic hypoxia-induced PAH, resulting in hypertrophy of
the tunica media in the PA. The knockdown of IP;R1 in
PASMCs attenuates intracellular Ca>* influx in acute pul-
monary hypoxic vasoconstriction [32]; however, IP;R2 is
thought to be involved in PAH by different mechanisms.
Our analyzes revealed that the attenuation of apoptosis
and the upregulation of thapsigargin-induced SOCE in
IP,R27~ PASMCs are potential mechanisms.
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Fig.6 Enhancement of SOCE in IP,R27~ PASMCs exposed to
hypoxia was suppressed by a STIM—Orai inhibitor. A Representative
time course data from Ca?* imaging of SOCE in primary cultured
PASMCs of wild type (WT) and IP;R27~ (KO) with normoxia or
hypoxia with using DMSO as a control (solid lines) and the STIM—
Orai inhibitor DPB162-AE (3 pM) (dashed lines). SOCE was elicited
after the addition of extracellular Ca2* (arrow). Similar to Fig. 5A, B,

IP;R2 in PASMCs promotes apoptosis

We detected the significant suppression of apoptosis in
PASMC:s in chronic hypoxia-induced PAH of IP3R2_/ ~ mice,
whereas we did not observe a remarkable change in the
proliferation of PASMCs. These results suggest a possible
mechanism underlying the aggravation in chronic hypoxia-
induced PAH of IP;R27~~ mice, particularly in the context
of numerous studies showing that the imbalance between
apoptosis and proliferation of PASMCs is a major cause
of PAH progression [1, 2]. This is consistent with a previ-
ously reported notion that three subtypes of IP;R may be
critical pro-apoptotic regulators of apoptosis mediated by
(1) ER—mitochondrial junction complexes, (2) downstream
Ca”*-dependent signaling pathways related to apoptosis, and
(3) a complex interaction between IP;Rs and the Bcl-2 fam-
ily [33]. Alternatively, apoptosis itself could be a stimulus
to modulate IP;R [34]. Furthermore, several studies have
reported that IP;R2 contributes to the apoptotic process in
leukemic cells, interacting with anti-the apoptotic proteins
Bcl-2 or Bel-X1 [33, 35, 36]. Our results provide additional
evidence that IP;R2 has a pro-apoptotic function in mouse
PASMCs with hypoxia-induced PAH.

IP;R2 negatively regulates SOCE in PASMCs

Because intracellular Ca®* signaling in PASMCs is a
major regulator of pulmonary vasoconstriction and remod-
eling, leading to the progression of PAH [1, 2], we evalu-
ated whether intracellular Ca®* signaling is altered in
our IP;R27~ mice with hypoxia-induced PAH. SOCE is

@ Springer

Ca®* entry was estimated from the area under the curve (AUC) of the
FIF, traces for 5 min after the addition of extracellular Ca>*. B Bar
graph of relative mobilization, referred to as Ca* entry, with control
(white bars) and with DPB162-AE (black bars) is shown (n=32-52
cells from 3—4 independent experiments). Data are shown as means +
SEM. Two-way ANOVA, followed by Tukey’s post hoc test (B)

upregulated in PASMC:s in patients with PAH [37, 38], and
the Ca?* depletion of the SR/ER by Ca>* release through
IP;R leads to the opening of SOC channels [39, 40]. Our
results showed that thapsigargin-induced SOCE was sig-
nificantly enhanced in IP3R2_/_ PASMCs compared to
wild-type cells both in normoxia and hypoxia. We believe
that the negative regulation of SOCE by IP;R2 is specific,
because there was no significant regulation of ROCE by
IP;R2 (Fig. 5C, D) or SOCE by IP;R3 (data not shown).
Therefore, the negative regulation of SOCE by IP;R2 may
be another possible mechanism underlying the aggravation
of PAH in chronic hypoxia-induced PAH in IP;R27~ mice
(Fig. 7).

Furthermore, we confirmed the role of STIM—Orai inter-
action in SOCE enhancement, indicated by a loss of IP;R2,
showing that SOCE was remarkably suppressed by the
STIM-Orai inhibitor DPB162-AE and the enhancement of
SOCE in IP;R2™~ PASMCs was highly diminished. It was
previously shown that the STIM-Orai interaction mediates
Ca** signaling in PASMCs with hypoxia [41], and evidence
for the negative regulation of SOCE by IP;R has been reported
in pancreatic acinar cells, where Orai and IP;R are co-local-
ized, although the function or contribution of individual
subtypes of IP;R remains unclear [42]. In PASMCs, IP;R1
attenuates intracellular Ca>* by a different mechanism [32]
and IP;R3 had no effect on SOCE in the present study (data
not shown). In addition, we did not observe any upregulation
of IP;R1 or IP;R3 expression in the IP;R2-knockout lungs,
indicating no genetic redundancy of either IP;R1 or IP;R3
for IP;R2 deletion (data not shown). Taken together, our data
suggest that IP;R2, but not IP;R1 or IP;R3, has suppressive
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Fig. 7 Putative dual roles of
IP;R2 for apoptosis and SOCE
in PASMC:s to inhibit the pro-
gression of PAH. In PASMCs, i@:::
IP;R2 on SR/ER promotes Orai
apoptosis and suppresses SOCE
by the inhibition of interac-
tion between STIM and Orai,
resulting in the attenuation of
vasoconstriction and vascular
remodeling, and eventually
inhibits the progression of PAH

effect on SOCE during the progression of PAH by inhibiting
STIM—Orai interactions, affecting most SOCE in PASMCs.

In this study, we showed that a loss of function of IP;R2 in
mice developed the significant aggravation of chronic hypoxia-
induced PAH, possibly by the promotion of resistance to apop-
tosis and the enhancement of SOCE via STIM-Orai interac-
tions in PASMCs. Our data suggest novel roles of IP;R2,
which suppresses excess Ca** influx and promotes apoptosis;
these findings provide new insight into the mechanism and
possible therapeutic targets for progressive PAH.
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