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Notch activation of Ca?*-sensing receptor mediates
hypoxia-induced pulmonary hypertension

Qiang Guo, Hua Xu, Xinjing Yang, Daguo Zhao, Shenlang Liu, Xue Sun and Jian-an Huang

A recent study from our group demonstrated that the Ca2+-sensing receptor (CaSR) was upregulated and that the extracellular
Ca2*-induced increase in the cytosolic Ca2* concentration [Caz"]cyt was enhanced in pulmonary arterial smooth muscle cells
(PASMCs) from patients with idiopathic pulmonary arterial hypertension. Here, we examined whether hypoxia-induced activation
of Notch signaling leads to the activation and upregulation of CaSR in hypoxia-induced pulmonary hypertension (HPH). The
activation of Notch signaling with Jag-1, a Notch ligand, can activate the function and increase the expression of CaSR in acute
and chronic hypoxic PASMCs. Downregulation of Notch3 with a siRNA attenuates the extracellular Ca%*-induced increase in
[Ca2+]cyt and the increase in hypoxia-induced PASMC proliferation in acute hypoxic rat PASMCs. Furthermore, we tested the
prevention and rescue effects of a y-secretase inhibitor (DAPT) in HPH rats. For the Jag-1-treated group, right ventricular systolic
pressure (RVSP), right heart hypertrophy (RV/LV+S ratio), and the level of right ventricular myocardial fibrosis were higher than
the hypoxia alone group. Meanwhile, DAPT treatment prevented and rescued pulmonary hypertension in HPH rats. The Notch
activation of CaSR mediates hypoxia-induced pulmonary hypertension. Understanding the new molecular mechanisms that
regulate [Caz+]cyt and PASMC proliferation is critical to elucidating the pathogenesis of HPH and the development of novel

therapies for pulmonary hypertension.
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INTRODUCTION

Pulmonary hypertension (PH) is characterized by a progressive
increase in pulmonary vascular resistance and vascular remodeling,
which, without treatment, leads to right heart failure and death, often
within 2-3 years of diagnosis.'™ Hypoxia-induced pulmonary hyper-
tension (HPH) occurs in patients with chronic obstructive pulmonary
disease and obstructive sleep apnea and is a risk factor for right heart
failure.>® Currently, there are limited options available for the
prevention and treatment of HPH. The pathogenesis of HPH can be
attributed in part to excessive vascular remodeling, resulting in
elevated pulmonary vascular resistance.”® An increase in the cytosolic
Ca?* concentrations ([Ca“]cyt) in pulmonary arterial smooth muscle
cells (PASMCs) is an important stimulus for pulmonary vasoconstric-
tion and vascular remodeling.

A recent study indicated that the extracellular Ca’>*-sensing receptor
(CaSR) is involved in the enhanced Ca®* influx and proliferation of
pulmonary arterial smooth muscle cells (PASMCs) in patients with
idiopathic pulmonary arterial hypertension.” [Ca**].,; has an impor-
tant role in the regulation of contraction, proliferation and migration
of PASMCs. The elevation of [Ca”]cyt in PASMCs results from Ca?*
release from intracellular stores and Ca?" influx through plasmalem-
mal Ca?* channels.10-13

CaSR is a GPCR (belonging to Family C GPCRs) with 1085 amino
acids.'*18 CaSR senses the extracellular Ca?" concentration and
transduces it into the intracellular space through multiple signaling
pathways.!®22 CaSR also interacts directly with G proteins (Gqo and
Gl1a). The activation of CaSR by extracellular Ca>* (or calcimimetics)
induces an increase in [Ca”]Cyt through PLC-mediated hydrolysis
of phosphatidylinositol-4,5- bisphosphate (PIP,) to inositol-1,4,
5- trisphosphate (IP3) and diacylglycerol. IP; binds to the IP5 receptor
(IPsR) on the SR membrane and induces Ca?* release from the SR to
the cytosol.!0~2!

Notch signaling is involved in vascular development, and Notch3
has recently been implicated in pulmonary hypertension.??* The lung
tissue from patients with pulmonary hypertension displays increased
Notch3 and Notch3 intracellular domain (N3ICD) expression
compared with normotensive patients.’* In addition, Notch3 and
N3ICD expression are increased in two animal models of pulmonary
hypertension, HPH in mice and monocrotoline-induced pulmonary
hypertension in rats, and Notch knockout blocks the development of
HPH in mice.”* We have recently shown that activation of Notch
signaling via treatment with the Notch ligand Jagged-1 (Jag-1)
enhances store-operated Ca’' entry in PASMCs.> Another recent
study from our group demonstrates that hypoxia-induced activation of
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Figure 1 The extracellular Ca2*-induced increase in [Caz*]cyt in acute hypoxic rat pulmonary arterial smooth muscle cells (PASMCs) was enhanced by
Jag-1 and restored to normal levels by a y-secretase inhibitor (DAPT). The Jag-1 treatment significantly enhanced the increased [Ca2+]cy1 in
hypoxic PASMCs in vitro. The DAPT treatment significantly restored the increased [Caz*]cyt in hypoxic PASMCs in vitro (c and d). No differences were
observed in the increased [Caz“’]cyt between the normoxia+vehicle, normoxia+Jag-1 and normoxia+DAPT groups (a and b). Real-time PCR
analyses of CaZ*-sensing receptor (CaSR) expression in PASMCs 48 h after the DAPT or Jag-1 treatments. The expression of the CaSR messenger RNA
(mRNA) was increased by Jag-1 and decreased by DAPT, but only in the hypoxic condition (k and I). The expression of the CaSR protein in the
hypoxia+Jag-1 group was significantly increased compared with the hypoxia+vehicle group (h and j). The expression of the CaSR protein in the
hypoxia+DAPT group was significantly decreased compared with the hypoxia+vehicle group (h and j). The expression of the Notch intracellular domain
(NICD) protein was increased by Jag-1 and decreased by DAPT (e-g and i). No differences were observed between the normoxia+vehicle and
normoxia+DAPT groups or between the normoxia+vehicle and normoxia+Jag-1 groups (e). A full color version of this figure is available at Hypertension

Research online.
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Figure 2 Downregulation of Notch3 with a small interfering RNA (siRNA) attenuates the extracellular Ca?*-induced increase in [Caz*]cyt in acute hypoxic rat
pulmonary arterial smooth muscle cells (PASMCs). (a) and (b) Representative records of the [Caz+]cyt changes and summarized data showing the extracellular
Ca?*-induced [Ca®*],; increases in normoxic PASMCs transfected with the control-siRNA (n=52) and Notch3-siRNA (n=53). (c) and (d) Representative
records of the [Ca2+]cyt changes and summarized data showing the extracellular Ca2*-induced [Ca2+]cy1 increases in acute hypoxic PASMCs transfected with
control-siRNA (n=55) and Notch3-siRNA (n=57). **P<0.01 vs. control-siRNA. (e-g) Western blot and analysis of the summarized data for Notch
intracellular domain (NICD; f) and Ca2*-sensing receptor (CaSR; g) in normoxic and hypoxic PASMCs treated with the control (or scrambled) siRNA (control)

and Notch3-siRNA (at 25 and 50 nmol/l, n=3 per group). A full color version of this figure is available at Hypertension Research online.

Notch signaling mediates HPV and the development of HPH via the
functional activation and upregulation of TRPC6 channels.?®

In this study, we investigated the role of CaSR in the responses to
changes in Notch signaling. Our results indicate that activation of
Notch signaling increases the extracellular Ca?*-induced increase in
[Ca®*]¢y in PASMCs in HPH. Finally, we show that Notch-mediated
activation of the CaSR contributes to hypoxia-induced pulmonary
hypertension.

MATERIALS AND METHODS

Preparation of animal PASMCs

The approval to use the animal lung tissues and cells was granted by Soochow
University. In some experiments, we used freshly dissociated primary rat
PASMCs. 228

Cell culture and hypoxia

Rat PASMCs were cultured in Medium 199 supplemented with 10% fetal
bovine serum (Life Technologies, Grand Island, NY, USA), 100 Uml~!
penicillin, 100 pg ml~! streptomycin (Life Technologies), 50 pg ml~! p-valine
(Sigma-Aldrich, St Louis, MO, USA) and 20 pg ml~! endothelial cell growth
supplement (BD Biosciences, Franklin Lakes, NJ, USA) at 37°C. After
reaching confluence, the cells were subcultured by trypsinization with 0.05%
Trypsin-EDTA (Life Technologies). For the hypoxia experiments, PASMCs
were cultured in an incubator with 3% O,. For the DAPT- or Jag-1-treated
groups, PASMCs were treated with DAPT (10 pM) or Jag-1 (50 pm) for 72 h.

[Ca2+]cyt measurements

[Ca2+]c),t was measured in PASMCs using fura-2 and a Nikon digital fluorescent
imaging system.® The cells were loaded with 4 pmol 17! fura-2 acetoxymethyl
ester (fura-2/AM) for 60 min at 25 °C, and [Caz“’]cyt was measured using a
ratiometric method at 32°C. PASMCs were superfused with a Ca?-free
solution (plus 1 mmoll~! EGTA for 10min), and restoration of the
extracellular Ca®* levels (2.2 mmol1~!) in the bath solution had no effect on
[Cfi—“}c}:'t~9

Preparation of HPH rats
All the experiments were approved by the Ethics/Animal Care Committee of
Soochow University.

For the experiments with the HPH rats, male Sprague Dawley rats
(190-200 g) were exposed to hypoxia (10% O,) in a ventilated chamber to
induce pulmonary hypertension. For the DAPT- or Jag-1-treated groups, the
rats were intraperitoneally injected with DAPT (10.0 mgkg™! per day from
days 14 to 24) or Jag-1 (0.1 mg kg~ ! per day from days 14 to 24) in the rescue
experiments. The HPH rats were intraperitoneally injected with DAPT
(10.0 mg kg~ ! per day from days 1 to 14) or Jag-1 (0.1 mgkg~! per day from
days 1 to 14) in the prevention experiments. Four weeks after exposure to
normobaric hypoxia, the rats were anesthetized with ketamine/xylazine, and
right ventricular systolic pressure (RVSP) was then measured by right heart
catheterization using an MPVS Ultra system (Millar Instruments, Suzhou,
China).

Hemodynamic measurements
The animals were initially intraperitoneally anesthetized with ketamine
(100 mgkg™!) and xylazine (26 mgkg~'). RVSP was determined with a

Hypertension Research



Notch activation of CaSR mediates HPH

Q Guo et al
120
a I Nor+Control SiRNA
== Nor+Notch3 siRNA
4 1 Hypo+Control siRNA *%
[ Hypo+Notch3 siRNA **

~—

g 3 wok M M
N

(=)

—

>

= 2

Q

°

£

=

=

= 11

()

@]

0
48 72 96
Time in culture(h)
N orm oxia/\Vehicle
== Normoxa/DAPT
3.0 @ Normoxallag-1

25

2.0

Cell number(X10%cm?)
&

0.5

0.0
48 72 96

Time in culture(h)

c s Hypoxia/Vehide
== Hypoxa/DAPT
= Hypoxia/Jag-1

*k *k

5 ok *k

*k

ok

Cell number(X10*/cm?)
w

48 72 96

Time in culture(h)

Figure 3 Downregulation of Notch3 with a small interfering RNA (siRNA) attenuates the increase in hypoxia-induced pulmonary arterial smooth muscle cell
(PASMC) proliferation. The increase in hypoxia-induced PASMC proliferation was enhanced by Jag-1 and restored to normal levels by DAPT. Summarized
data showing the total numbers of normal PASMCs and acute hypoxic PASMCs after culture in growth media for 48, 72 and 96 h (n=3 experiments). Data
showing the inhibitory effects of the Notch3-siRNA on the proliferation of hypoxic PASMCs (**P<0.01 vs. control-siRNA; a). Summarized data showing the
stimulatory effects of Jag-1 on the proliferation of normoxic PASMCs (b). Summarized data showing the inhibitory effects of DAPT on the proliferation of
hypoxic PASMCs (c; **P<0.01, hypoxia+DAPT vs. hypoxia+vehicle; hypoxia+Jag-1 vs. hypoxia+vehicle).

pressure transducer catheter (Millar Instruments) inserted through the right
jugular vein using the MPVS Ultra data acquisition system. The data were then
recorded and analyzed with AD Instruments Lab Chart Pro 7.0 software,
Suzhou, China.

Western blot

The cells were scraped in ice-cold 1x RIPA buffer (Bio-Rad Laboratories)
supplemented with protease inhibitors (Roche Applied Science, Indianapolis,
IN, USA) and incubated on ice for 15 min. The lysates were then centrifuged
and the supernatant was collected. The protein concentrations were determined
by the Bradford method (Bio-Rad Laboratories) using bovine serum albumin as
a standard. Equal amounts of protein were resolved on sodium dodecyl sulfate-
polyacrylamide gels followed by electrophoretic transfer onto nitrocellulose
membranes (Bio-Rad Laboratories). The membranes were then probed with
primary antibodies (anti-CaSR monoclonal antibody (MA1-934, 1:200;
Thermo Scientific, Rockford, IL, USA) or Notch intracellular domain (NICD;
07-1232, Millipore, Temecula, CA, USA)) overnight at 4 °C, followed by
incubation with the appropriate HRP-linked secondary antibody. The signal
was detected with ECL substrate (Pierce Biotechnology, Rockford, IL, USA).
Solubilized protein isolated from endothelium-denuded pulmonary arteries was
loaded on an 8% acrylamide gel, transferred to an immobilon-P transfer
membrane (Millipore, Bedford, MA, USA) and immunoblotted with an
anti-CaSR monoclonal antibody (MA1-934,1:200; Thermo Scientific) or NICD
(07-1232, Millipore, Temecula, CA, USA). The signals were detected using a
Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific). The
protein levels were normalized to f-actin (sc-81178, Santa Cruz, CA, USA) and
are expressed in arbitrary units.

Hypertension Research

Real-time PCR

The extraction of total RNA from the rat PASMCs and the reverse transcription
reactions were performed with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)
and the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA), respectively. Quantitative real-time PCR analysis was
performed based on the SYBR assay (SYBR Green Master Mix; Roche) using
gene-specific primers for rat CaSR and GAPDH on a Bio-Rad CFX384
Real-Time System C1000 Thermal Cycler system (Bio-Rad Laboratories). The
CaSR mRNA was detected using real-time PCR 48 h after the PASMCs were
treated with DAPT or Jag-1.

Transfection of small interfering RNAs

PASMCs were transiently transfected with a control small interfering RNA
(siRNA) (50 nmoll1~!, Santa Cruz Biotechnology) or a Notch3-siRNA
(50 nmol 171, Santa Cruz Biotechnology) using an Amaxa Basic Nucleofector
kit for primary smooth muscle cells (Lonza, Suzhou, China). The [Ca”]Cyt
measurements and western blots of the siRNA-transfected cells were performed
48 to 72 h after electroporation. The cells were transfected with 100 nmol 1~
siRNA in Opti-MEM (Invitrogen) using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s recommendation.

Hematoxylin and eosin staining

The left lung lobes were fixed in a 3% paraformaldehyde solution and
embedded in paraffin. Hematoxylin and eosin staining was performed on
3 pm sections using common histopathological procedures.

Assessment of RV hypertrophy and myocardial fibrosis
The RV hypertrophy was expressed as the ratio of weight of the RV wall and the
weight of the free LV (left ventricular) wall and ventricular septum (LV+S). The
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Figure 4 The extracellular Ca?*-induced increase in [Ca2+]cyt in freshly isolated pulmonary arterial smooth muscle cells (PASMCs) from the HPH rats is
enhanced by the Jag-1 treatment in vivo and restored to normal levels by the injection with DAPT. The treatment with Jag-1 significantly enhanced the
increased [Ca2+]cyt in hypoxic PASMCs in vivo. The DAPT treatment significantly restored the increased [Caz*]cyt in hypoxic PASMCs in vivo (c and d). No
differences in the increased [Ca2+]cyt observed between normoxia+vehicle, normoxia+Jag-1 and normoxia+DAPT groups (a and b). The expression of the
Ca?*-sensing receptor (CaSR) protein in the hypoxia+Jag-1 group was significantly increased compared with the hypoxia+vehicle group (h and j). The
expression of the CaSR protein in the hypoxia+DAPT group was significantly decreased compared with the hypoxia+vehicle (h and j). The expression of
the Notch intracellular domain (NICD) protein was increased by Jag-1 and decreased by DAPT (e-g and i). No differences were observed between the
normoxia+vehicle and normoxia+DAPT groups or between the normoxia+vehicle and normoxia+Jag-1 groups (e), **P<0.01 vs. vehicle. A full color version of

this figure is available at Hypertension Research online.

RV wall was separated from the LV wall and ventricular septum. Wet weights of
the RV, free LV wall and ventricular septum were determined. Formalin-fixed
and paraffin-embedded sections (3 pm) were generated from the right
ventricles of rats and mice. Masson’s trichrome staining was performed to
examine the right ventricular myocardial fibrosis.

Assessment of the pulmonary artery thickness

The left lung lobes (from rats or mice) were fixed in a 3% paraformaldehyde
solution, and the lobes were dissected in the middle and embedded in paraffin.
All paraffin-embedded tissue blocks were sectioned at 3 pm. Hematoxylin and
eosin staining was performed using common histopathological procedures.

Histological analysis was performed in a blinded manner; the person who
dissected the lobes coded the tissue blocks with numbers and gave them to
another person to analyze the pulmonary vascular wall thickness. Microscopic
images were analyzed using a computerized morphometric system (Aperio
Imagescope v11.1.2.752 software) to assess the pulmonary arterial wall
thickness. Pulmonary arteries were categorized according to their external
diameter: category 1 includes the arteries with an external diameter between 25
and 50 pm; category 2 includes the arteries with an external diameter between
51 and 100 pm; and category 3 includes the arteries with an external diameter
greater than 100 pm. The thickness of an artery was determined by the average
values obtained in multiple areas of the artery.
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Figure 5 The proliferation of freshly isolated pulmonary arterial smooth muscle cells (PASMCs) from the HPH rats is enhanced by Jag-1 and restored to
normal levels by DAPT. Summarized data showing the stimulatory effects of Jag-1 on the proliferation of freshly isolated PASMCs from the normal rats (a).
Summarized data showing the inhibitory effects of DAPT on the proliferation of freshly isolated PASMCs from the HPH rats (b; **P<0.01, hypoxia+DAPT vs.

hypoxia+vehicle; hypoxia+Jag-1 vs. hypoxia+vehicle).

Statistical analysis

Composite data are shown as the mean +s.e. The statistical significance of the
differences between two groups was determined by Student’s t-test. The
statistical significance of the differences among groups was determined by
one-way analysis of variance followed by Scheffe’s test. Significant difference is
expressed as P<0.05 or P<0.01.

RESULTS

The extracellular Ca?*-induced increase in [Ca?']. in acute
hypoxic rat PASMCs was enhanced by Jag-1 and restored to normal
levels by a y-secretase inhibitor (DAPT)

We first examined and compared the effects of extracellular Ca**
restoration on changes in [Ca“]cyt in PASMCs from the normoxia
+vehicle, normoxia+DAPT, normoxia+Jag-1, hypoxia+vehicle,
hypoxia+DAPT and hypoxia+Jag-1 groups (n=3 experiments). The
Jag-1 treatment significantly increased the increased [Ca®']ey in
hypoxic PASMCs in vitro. The DAPT treatment significantly decreased
the increased [Ca®*] oyt in hypoxic PASMCs in vitro (Figures 1c and d).
No differences were observed in the increased [Ca“]cyt between
normoxia+vehicle, normoxia+Jag-1 and normoxia+DAPT (Figures la
and b). Real-time PCR analyses of CaSR in PASMCs were performed
48 h after the DAPT or Jag-1 treatments. The expression of the CaSR
mRNA was increased by Jag-1 and decreased by DAPT, but only in the
hypoxic condition (Figures 1k and I). The expression of the CaSR
protein in the hypoxiat+Jag-1 group was significantly increased
compared with the hypoxia+vehicle group (Figures 1h and j). The
expression of the CaSR protein in hypoxia+DAPT group was
significantly reduced compared with the hypoxia+vehicle group
(Figures 1h and j). The expression of the NICD protein was increased
by Jag-1 and decreased by DAPT (Figures le—g and i). No differences
were observed between the normoxia+vehicle and normoxia+DAPT
groups or between the normoxia+vehicle and normoxia+Jag-1 groups
(Figure le); **P<0.01 vs. vehicle.

Downregulation of Notch3 with a siRNA attenuates the
extracellular Ca?*-induced increase in [Ca”]cyt and the increase in
hypoxia-induced PASMC proliferation in acute hypoxic rat
PASMCs

We also examined and compared the effects of extracellular Ca**
restoration on the changes in [Ca®*],; in PASMCs by downregulating

Hypertension Research

Notch3 with a siRNA. Representative records of the [Ca2+]cyt changes
and the summarized data showed the extracellular Ca**-induced
increases in [Ca“]cyt in normoxic PASMCs transfected with the
control-siRNA (n=52) and Notch3-siRNA (n = 53; Figures 2a and b).
Representative records of the [Ca”]Cyt changes and the summarized
data showed the extracellular Ca>*-induced [Ca2+]cyt increases in acute
hypoxic PASMCs transfected with the control-siRNA (n=55) and
Notch3-siRNA (n=57); **P<0.01 vs. control-siRNA (Figures 2c
and d). Western blots and analysis of the summarized data of the
NICD and CaSR levels in normoxic and hypoxic PASMCs treated with
a control (or scrambled) siRNA (control) and Notch3-siRNA were
shown (at 25 and 50 nmol1~!, #=3 for each group; Figures 2e—g).
The summarized data show the total numbers of normal PASMCs and
acute hypoxic PASMCs after culture in growth media for 48, 72 and
96 h (n=3 experiments). The data show the inhibitory effects of the
Notch3-siRNA on the proliferation of hypoxic PASMCs (**P<0.01 vs.
control-siRNA; Figure 3a).

Hypoxia-induced PASMC proliferation was enhanced by Jag-1 and
restored to normal levels by DAPT

The summarized data (the mean + s.e., n =3 experiments) showed the
stimulatory effects of Jag-1 on normoxic PASMC proliferation
(Figure 3b). The summarized data (the mean + s.e., n =3 experiments)
showed the inhibitory effects of DAPT on hypoxic PASMC prolifera-
tion (Figure 3¢; **P<0.01, hypoxia+DAPT vs. hypoxia+vehicle;
hypoxia+Jag-1 vs. hypoxia+vehicle).

The extracellular Ca**-induced increase in [Ca®"].y in freshly
isolated PASMCs from the HPH rats was enhanced by the Jag-1
treatment in vivo and restored to normal levels by an injection with
DAPT

We also examined and compared the effects of extracellular Ca**
restoration on the changes in [Ca®*] in freshly isolated PASMCs
from normoxia+vehicle, normoxia+DAPT, normoxia+Jag-1,
hypoxia+vehicle, hypoxia+DAPT and hypoxia+Jag-1 groups
in vivo (n=6 per group). The Jag-1 treatment significantly
increased the increased [Ca“]cyt in hypoxic PASMCs in vivo.
The DAPT treatment significantly decreased the increased [Ca**]y
in hypoxic PASMCs in vivo (Figures 4c and d). No differences in
the increased [Ca“]cyt were observed between the normoxia
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Figure 6 Hemodynamic changes in the HPH rats after the DAPT and Jag-1
treatments. Summarized data showing that DAPT not only prevented (a) but
also rescued (b) the increase in right ventricular systolic pressure (RVSP) in
the HPH rats (*P<0.05, HPH+DAPT vs. HPH). Jag-1 enhanced the
increase in RVSP in both the prevention (c) and rescue (d) experiments
(*P<0.05, HPH+Jag-1 vs. HPH). A full color version of this figure is
available at Hypertension Research online.

+vehicle, normoxia+Jag-1 and normoxia+DAPT  groups
(Figures 4a and b). The expression of the CaSR protein in the
hypoxia+Jag-1 group was significantly increased compared with
the hypoxia+vehicle group (Figures 4h and j). The expression of
the CaSR protein in hypoxia+DAPT group was significantly
decreased compared with the hypoxia+vehicle (Figures 4h and j).
The expression of the NICD protein was increased by Jag-1 and
decreased by DAPT (Figures 4e—g and i). No differences were
observed between the normoxia+vehicle and normoxia+DAPT
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Figure 7 Changes in right ventricular hypertrophy in the HPH rats after the
DAPT and Jag-1 treatments. Summarized data showing that DAPT not only
prevented (a) but also rescued (b) the increase in the average Fulton index
[RV/(LV+S) ratio, means+s.e.] in the HPH rats (*P<0.05, HPH+DAPT vs.
HPH). Jag-1 enhanced the increase in the RV/(LV+S) ratio in both the
prevention (c) and rescue (d) experiments (*P<0.05, HPH+Jag-1 vs. HPH).
A full color version of this figure is available at Hypertension Research
online.

groups or between the normoxia+vehicle and normoxia+Jag-1
groups (Figure 4e; **P<0.01 vs. vehicle).

The proliferation of freshly isolated PASMCs from the HPH rats
was enhanced by Jag-1 and restored to normal levels by DAPT
The summarized data showed the stimulatory effects of Jag-1 on the
proliferation of freshly isolated PASMCs from the normal rats
(Figure 5a). The summarized data showed the inhibitory effects of
DAPT on the proliferation of freshly isolated PASMCs from the HPH
rats (Figure 5b; **P<0.01, hypoxia+tDAPT vs. hypoxia+vehicle;
hypoxia+Jag-1 vs. hypoxia+vehicle).

Hemodynamic changes in the HPH rats after the DAPT or Jag-1
treatments

The summarized data (n=6 per group) showed that DAPT not only
prevented (Figure 6a) but also rescued (Figure 6b) the increase in
RVSP in the HPH rats (*P<0.05, HPH+DAPT vs. HPH). Jag-1
enhanced the increase in RVSP in both the prevention experiments
(Figure 6¢) and the rescue experiments (Figure 6d; *P<0.05, HPH
+Jag-1 vs. HPH).

Changes in right ventricular hypertrophy in the HPH rats after the
DAPT or Jag-1 treatments

The summarized data (n=6 per group) showed that DAPT not only
prevented (Figure 7a) but also rescued (Figure 7b) the increase in the
average Fulton index [RV/(LV+S) ratio, means+s.e.] in the HPH rats
(*P<0.05, HPH+DAPT vs. HPH). Jag-1 enhanced the increase in the
RV/(LV+S) ratio in both the prevention experiments (Figure 7¢) and
the rescue experiments (Figure 7d; *P<0.05, HPH+Jag-1 vs. HPH).

Changes in right ventricular myocardial fibrosis in the HPH rats
after the DAPT or Jag-1 treatments

Representative images of Masson’s trichrome staining (Figures 8a—d)
and the summarized data (Figure 8i) showed that DAPT (days 1-14)
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myocardial fibrosis in the right ventricles from the HPH rats. *P<0.05 vs. hypoxia alone. A full color version of this figure is available at Hypertension

Research online.

attenuated myocardial fibrosis in the right ventricles from the HPH
rats (n=6 per group). Representative images of Masson’s trichrome
staining (Figures 8e-h) and the summarized data (Figure 8j) showed
that Jag-1 (days 1-14) increased myocardial fibrosis in the right
ventricles from the HPH rats (*P<0.05 vs. hypoxia alone; **P<0.01
vs. hypoxia alone).

Representative images of Masson’s trichrome staining (Figures
9a-d) and the summarized data (Figure 9i) showed that DAPT
(days 14-24) attenuated myocardial fibrosis in the right ventricles
from the HPH rats (n=6, each group). Representative images of
Masson’s trichrome staining (Figures 9e-h) and the summarized data
(Figure 9j) showed that Jag-1 (days 14-24) increased myocardial
fibrosis in the right ventricles from the HPH rats (*P<0.05 vs.
hypoxia alone; **P<0.01 vs. hypoxia alone).

The DAPT and Jag-1 treatments change the development of
pulmonary vascular remodeling in HPH rats

DAPT (days 1-14) attenuated pulmonary vascular remodeling in the
HPH rats (Figure 10a). Jag-1 (days 1-14) increased pulmonary

Hypertension Research

vascular remodeling in the HPH rats (Figure 10c). Summarized data
of the medial thickness of pulmonary arteries with diameters (@) of
less than 50 pm, between 50 and 100 pm and greater than 100 pm in
normal control rats and HPH rats that were treated with vehicle,
DAPT or Jag-1 were shown (n=6 per group; **P<0.05 vs. hypoxia
alone; Figures 10b and d). DAPT (days 14-24) attenuated pulmonary
vascular remodeling in the HPH rats (Figure 11a). Jag-1 (days 14-24)
increased pulmonary vascular remodeling in the HPH rats
(Figure 11c). Summarized data of the medial thickness of pulmonary
arteries with diameters (@) of less than 50 pm, between 50 and
100 pm and greater than 100 pm in the normal control rats and the
HPH rats that were treated with vehicle, DAPT or Jag-1 were shown
(n=6 per group; **P<0.05 vs. hypoxia alone; Figures 11b and d).

DISCUSSION

In this study, we found that (1) acute hypoxia activates Notch
signaling and enhances CaSR function, (2) hypoxia activates Notch
signaling and increases CaSR expression, (3) chronic hypoxia activates
Notch signaling, which upregulates and actives CaSR in HPH, (4) Jag-
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Figure 9 The DAPT and Jag-1 treatments change the development of right ventricular myocardial fibrosis in the HPH rats in the rescue experiments.
Representative images of Masson’s trichrome staining (a—d) showing that DAPT (days 14-24) attenuated myocardial fibrosis in the right ventricles from the
HPH rats. The value of right ventical fibrosis (%) in hypo+DAPT group (days 14-24) is almost half of that in hypoxia alone group (Summarized data in Panel
i). **P<0.01 vs. hypoxia alone. Representative images of Masson’s trichrome staining (e-h) and summarized data (j) showing that Jag-1 (days 14-24)
increased myocardial fibrosis in the right ventricles from the HPH rats. *P<0.05 vs. hypoxia alone. A full color version of this figure is available at

Hypertension Research online.

1 activates Notch signaling and increases the RVSP and vascular
remodeling in HPH rats, (5) Notch3 downregulation attenuates the
function of CaSR and decreases CaSR expression in hypoxic PASMCs
and (6) pharmacological blockade of Notch signaling with DAPT
(a y-secretase inhibitor) prevents and inhibits the development of
HPH in rats. Collectively, these data imply that hypoxia-induced
activation of Notch signaling enhances extracellular Ca>*-induced
increase in [Ca**]cy; by activating and upregulating CaSR, leading to
the development of HPH. This study is the first to report that Notch
activation of CaSR mediates the development of HPH.

The Notch signaling pathway is an evolutionarily conserved path-
way that dictates cell fate and influences cell proliferation, differentia-
tion and apoptosis.>>* Both Notch receptors (Notch1-Notch4) and
their ligands, Jagged (Jag-1 and Jag-2) and Delta-like (DII1, DII3 and
DIl4), are single transmembrane-spanning proteins that restrict Notch
signaling to adjacent cells. After ligand binding, Notch undergoes a
series of proteolytic cleavages, resulting in the release of NICD, which
translocates to the nucleus where it interacts with RBP-Jk to function

as a transcription factor.?>31-33 The activation of Notch receptors by
their ligands leads to the cleavage of*> the NICD in the cytosol by
y-secretase; NICD then translocates into>* the nucleus to regulate gene
transcription. On entering the nucleus, NICD binds RBP-Jk and
displaces the co-repressor complex. This displacement leads to the
recruitment of the transcriptional co-activator Mastermind-like 1 and
histone acetyltransferases, resulting in the transcription of Notch target
genes.”>31733 On activation by Notch, the transcriptional repressors
Hes and Hey reduce the expression of downstream targets, such as
Mash,** myoD?> and myocardin,*® as well as the cell cycle proteins
p27XP1 (ref. 37) and p21“affcipl 38

Notch signaling is also important for regulating the growth,
apoptosis, migration and differentiation of vascular smooth muscle
cells*®*#! and is a key mediator of vascular morphogenesis.*>™#4
Notch3 is only expressed in vascular smooth muscle cells of arteries,
but not veins.”> We have previously demonstrated that Notch3 is
upregulated in patients with pulmonary hypertension and in animal
models of experimental pulmonary hypertension.?*
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Figure 10 The DAPT and Jag-1 treatments change the development of pulmonary vascular remodeling in the HPH rats in the prevention experiments.
Representative images of hematoxylin and eosin staining in small pulmonary arteries. DAPT (days 1-14) attenuated pulmonary vascular remodeling in the
HPH rats (a). Jag-1 (days 1-14) increased pulmonary vascular remodeling in the HPH rats (c). Summarized data showing the medial thickness of the
pulmonary arteries with diameters (@) of less than 50 pm, between 50 and 100 pm and greater than 100 pm in the normal control rats and HPH rats that
were treated with vehicle, DAPT or Jag-1. *P<0.05 vs. hypoxia alone (b and d). A full color version of this figure is available at Hypertension Research

online.

In this study, we show that hypoxia-mediated Notch signaling has
effects on the functional activation and upregulation of CaSR, which
are associated with the development of pulmonary vascular remodel-
ing in HPH. It has previously been shown that hypoxia requires Notch
signaling to maintain cells in an undifferentiated state.** Hypoxia
induces PASMC proliferation, and these proliferating PASMCs exhibit
an undifferentiated phenotype.*®47 PASMCs are not terminally
differentiated, and Notch signaling controls PASMC differentiation

Hypertension Research

and modulates the expression of contractile genes.’®*$->0 Vascular
remodeling, which is partially caused by increased PASMC prolifera-
tion, contributes to the increased pulmonary vascular resistance in
HPH. A recent study from our group showed that NICD directly
interacts with and activates transient receptor potential (TRP) 6,
leading to enhanced store-operated Ca?" entry and an increase in
[Ca“]cyt in PASMCs. The results suggest that the interaction of NICD
and TRPC6 is independent of any transcriptional functions of Notch
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Figure 11 The DAPT and Jag-1 treatments change the development of pulmonary vascular remodeling in the HPH rats in the rescue experiments.
Representative images of hematoxylin and eosin staining of small pulmonary arteries. DAPT (Days 14-24) attenuated pulmonary vascular remodeling in the
HPH rats (a). Jag-1 (Days 14-24) increased pulmonary vascular remodeling in the HPH rats (c). Summarized data showing the medial thickness of the
pulmonary arteries with diameters (@) of less than 50 um, between 50 and 100 pm and greater than 100 pm in the normal control rats and HPH rats that
were treated with vehicle, DAPT or Jag-1. *P<0.05 vs. hypoxia alone (b and d). A full color version of this figure is available at Hypertension Research

online.

signaling. Several studies have described cross-talk between TRP and
Notch. Previous studies in neuronal cells have reported NICD-
dependent transcription of TRPC6,”! and TRPC6 is a key mediator
of the Notch-driven growth and invasion of glioblastoma cells.”” It has
been reported that CaSR>®* and TRPC channels co-regulated the
intracellular Ca?* concentrations.”* Together, these findings support
our hypothesis that CaSR mediates the pulmonary vascular remodel-
ing observed in HPH via Notch signaling.

These data suggest that Notch signaling contributes to the regula-
tion of CaSR function in PASMCs. The enhancement of CaSR
function in PH may occur via two different mechanisms: (a) a direct

functional interaction of NICD with CaSR and/or its possible
regulatory proteins and (b) our PCR and siRNA data suggest that
Notch signaling potentially upregulates the transcription of genes
encoding the CaSR proteins in PASMCs. Expression of Jag-1 in the
pulmonary artery has been well studied, due to its association with
Alagille Syndrome, which is caused by a Jag-1 mutation. Patients with
Alagille Syndrome have major abnormalities in their pulmonary
arteries resulting from inactivating mutations in Jag-1.52%°

The specific aim of this study was to determine CaSR function and
expression following the activation or pharmacological blockade of
Notch signaling to further understand the role of CaSR in the
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mechanism of PH. We examined this pathway and showed that Jag-1
increased the extracellular Ca?*-induced increases in [Ca“]cyt in
freshly isolated primary PASMCs from the HPH rats. Western blot
analysis was carried out on pulmonary arteries from the HPH rats to
test the effect of Jag-1 on CaSR expression in these arteries. We found
that the Jag-1 treatment increased CaSR expression in the HPH rats.
Importantly, we found that Notch3 downregulation attenuated the
function of CaSR and decreased CaSR expression in hypoxic PASMCs.
In addition, the pharmacological prevention and rescue effects of
DAPT on PH was examined in HPH rats. Our data show that Jag-1
increases RVSP, right ventricular hypertrophy and right ventricular
myocardial fibrosis in HPH rats. DAPT either partially or fully
prevents and rescues HPH in rats. These results will help identify
the interplay between CaSR function and the phenotype of PH,
illustrating that Notch-mediated activation may be a novel target for
future clinical treatments.

In conclusion, these data suggest that hypoxia activates Notch
signaling to upregulate and active CaSR, contributing to the develop-
ment of HPH. Our data provide compelling evidence that Notch
signaling is potentially involved in regulating CaSR function in PH.
The mechanisms responsible for the stimulatory effect of Notch
signaling on CaSR in PASMCs may include (a) a direct functional
interaction of NICD with the CaSR and/or its regulatory proteins and
(b) potential transcriptional upregulation of genes encoding the CaSR
proteins in PASMCs. Elucidation of the sequence of events underlying
the Notch-mediated enhancement of Ca?" signaling in PASMCs will
provide critical insights and an in-depth understanding of the
pathogenic mechanisms of PAH. The originality of this study is not
only in the identification of the involvement of Notch signaling and
CaSR in regulating [Ca**].,; but will also provide a new concept for
the design of combination therapies for the treatment of HPH.
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