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Abstract

Rationale: Vascular remodeling, including smooth muscle cell
hypertrophy and proliferation, is the key pathological feature of
pulmonary arterial hypertension (PAH). Prostaglandin I, analogs
(beraprost, iloprost, and treprostinil) are effective in the treatment of
PAH. Of note, the clinically favorable effects of treprostinil in severe
PAH may be attributable to concomitant activation of DP1 (D
prostanoid receptor subtype 1).

Objectives: To study the role of DP1 in the progression of PAH and
its underlying mechanism.

Methods: DP1 levels were examined in pulmonary arteries of
patients and animals with PAH. Multiple genetic and pharmacologic
approaches were used to investigate DP1-mediated signalingin PAH.

Measurements and Main Results: DP1 expression was
downregulated in hypoxia-treated pulmonary artery smooth muscle
cells and in pulmonary arteries from rodent PAH models and patients
with idiopathic PAH. DPI deletion exacerbated pulmonary artery
remodeling in hypoxia-induced PAH, whereas pharmacological

activation or forced expression of the DP1 receptor had the opposite
effect in different rodent models. DP1 deficiency promoted pulmonary
artery smooth muscle cell hypertrophy and proliferation in response to
hypoxia via induction of mMTORCI (mammalian target of rapamycin
complex 1) activity. Rapamycin, an inhibitor of mTORCI, alleviated
the hypoxia-induced exacerbation of PAH in DP1-knockout mice.
DP1 activation facilitated raptor dissociation from mTORCI and
suppressed mTORCI activity through PKA (protein kinase A)-
dependent phosphorylation of raptor at Ser791. Moreover, treprostinil
treatment blocked the progression of hypoxia-induced PAH in mice in
part by targeting the DP1 receptor.

Conclusions: DP1 activation attenuates hypoxia-induced
pulmonary artery remodeling and PAH through PKA-mediated
dissociation of raptor from mTORCI. These results suggest that the
DP1 receptor may serve as a therapeutic target for the management
of PAH.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Pulmonary arterial
hypertension (PAH) is a devastating
disease characterized by pulmonary
vascular remodeling such as smooth
muscle cell hypertrophy and
proliferation. Prostaglandin I, analogs
(beraprost, iloprost, and treprostinil)
are effective in the treatment of PAH.
Prostaglandin D, exerts proresolution
and vasodilatory effects via DP1 (D
prostanoid receptor subtype 1).
Treprostinil is also a potent DP1
agonist. It remains unknown whether
the clinically favorable effects of
treprostinil in severe PAH are
attributable to concomitant activation
of the DP1 receptor.

What This Study Adds to the Field:
In this study, we demonstrate that DP1
expression was downregulated in
pulmonary arteries in various animal
models of PAH and in patients with
idiopathic PAH. Ablation of the DP1
receptor exacerbated hypoxia-induced
PAH and enhanced pulmonary artery
remodeling in mice through activation
of mTORC1 (mammalian target of
rapamycin complex 1) signaling. DP1
activation facilitated mTORC1
dissociation and suppressed mTORCI1
activity in pulmonary artery smooth
muscle cells through PKA (protein
kinase A)-dependent phosphorylation
of raptor at Ser791. We also found that
treprostinil exerted therapeutic effects
on PAH in mice in part through the
DP1 receptor. These findings suggest
that the DP1 receptor is a potential
therapeutic target for PAH treatment.

Pulmonary arterial hypertension (PAH) is a
progressive and lethal pulmonary vascular
disease characterized by severe distal
pulmonary artery (PA) remodeling and
increased pulmonary vascular resistance
that eventually lead to right-sided heart

failure. Endothelial dysfunction, smooth
muscle cell hyperplasia and hypertrophy,
extracellular matrix deposition, and
perivascular inflammatory infiltrate
contribute to PA remodeling in PAH (1).
Current available therapies such as
endothelin receptor antagonists,
phosphodiesterase inhibitors, and
prostacyclin analogs predominantly target
pulmonary vasoconstriction and improve
PAH symptoms, but the mortality rate
remains unsatisfactory. Identifying novel
pathways involved in pulmonary vascular
remodeling can reveal novel therapeutic
targets, which can lead to improved clinical
outcomes (2).

Arachidonic acid metabolites play a
critical role in maintaining pulmonary
vascular homeostasis. Cyclooxygenase
(COX) catalyzes the transformation of
arachidonic acid into prostaglandins (PGs),
including PGE,, PGD,, PGF,,, and PGI,
(prostacyclin), and thromboxane, all of
which exert their physiological and
pathophysiological functions through
activation of the cognate G protein-coupled
receptor (i.e., PGE, receptors [EP1-EP4],
PGD, receptors [D prostanoid receptor
subtypes 1 and 2; DP1 and DP2], PGF,,
receptor, PGI, receptor [IP], and
thromboxane receptor). Loss of COX-2
exacerbates hypoxia-induced PAH in mice
by increasing vascular smooth muscle cell
(VSMC) contractility (3). In the clinic, PGI,
analogs and IP receptor agonists are widely
used to manage PAH. Currently employed
IP agonists include synthetic PGI,
(epoprostenol), stable PGI, analogs
(beraprost, iloprost, and treprostinil), and
a highly selective IP agonist (selexipag)
(4). Like endogenous PGI,, synthetic
epoprostenol is unstable at room
temperature and has a very short half-life.
In contrast, selexipag, which is chemically
distinct from PGI,, is an orally delivered,
potent, nonprostanoid IP receptor agonist
(5). As an inhaled medication, treprostinil
exerts a more sustained effect on
pulmonary vascular resistance with higher
tolerability at relatively low doses than
iloprost (6), and clinical observations have
shown that transitioning from inhaled

iloprost to treprostinil markedly improves
quality of life in patients with PAH (7).

The three analogs have heterogeneous
binding affinities for other PG receptors,
which may confer variable clinical
efficacy (8, 9). For example, nonspecific
binding and activation of the EP3 receptor
could decrease the long-term tolerability
and efficacy of PGI, analogs (10, 11).
Despite a longer half-life, treprostinil has
much higher affinity than iloprost for the
vasodilator DP1 and EP2 receptors (9). On
the one hand, DP1 is expressed in both
human PAs and veins, and its activation
induces relaxation of human pulmonary
vessels (12); on the other hand, EP2
suppresses endothelin 1-stimulated
proliferation of human pulmonary artery
smooth muscle cells (WPASMCs) in vitro
(13). Thus, DP1 antagonists inhibit the
relaxation of human PAs induced by
treprostinil, suggesting that they could
mediate the therapeutic effects of
treprostinil in patients with PAH (14).
However, whether DP1 and EP2 receptors
are involved in the pathogenesis of PAH
remains to be determined.

In this study, we demonstrate that
DP1 expression is downregulated in
PAs in various animal models of PAH
and in patients with idiopathic PAH.
Ablation of the DP1 receptor exacerbated
hypoxia-induced PAH in mice by
enhancing mTORCI (mammalian
target of rapamycin complex 1) activity.
We also found that treprostinil exerts
therapeutic effects on PAH in mice in part
through DP1. These findings suggest that
DP1 is a potential therapeutic target for
PAH treatment.

Methods

Extended description of the methods is
provided in the online supplement.

Animals

Eight- to 10-week-old male mice and rats

were used in all experiments in this study.
Wild-type (WT), IP-knockout (IP~/7), DPI-
knockout (DP1~'7), and EP2-knockout
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(EP27'7) mice were maintained on a
C57BL/6 genetic background. DP1™/~

and IP~'~ mice were mated to generate
the double-knockout (DP1~/"IP /")
mice. VSMC-specific DP1™/~ mice
(DP1¥¥SM22°™) were generated by
crossing DP1"F mice (15) with SM22-
Cre-transgenic mice (10). WT littermates
of each strain were generated as
experimental control animals by mating
heterozygotes. Mice were maintained in an
environment with controlled temperature
(22 = 1°C) and relative humidity (50 * 5%)
on a 12-h light and 12-h dark cycle and
with free access to sterile food and water.
Animal experiments were approved by the
institutional animal care and use
committee of the Institute for Nutritional
Sciences, University of Chinese Academy of
Sciences.

Rodent Models of PAH

A hypoxia- or hypoxia + SU5416 (HySu)-
induced mouse model of PAH and a
monocrotaline (MCT)-induced rat model
of PAH were used to examine PAH
development. In all animal experiments,
littermates or vehicle-treated animals were
used as controls. For the hypoxia-induced
PAH model, 8-10-week-old male mice
maintained on normal chow were exposed
to 10% O, (hypoxia) or room air
(normoxia) for 3 weeks as previously
described (10). To restore DP1 expression,
1 week before hypoxia induction, lentivirus
encoding DP1 (3 X 10° transduction units
in 30 pl of phosphate-buffered saline) was
injected into the trachea of DP1~/~ mice,
followed by injection of air, to promote the
spread of virus throughout the lungs (16).
For rapamycin treatment, mice were
administered an intraperitoneal injection
with rapamycin at 3 mg/kg every other
day during the 3-week hypoxia exposure
period (17).

For the HySu model, mice were
administered a subcutaneous injection with
the vascular endothelial growth factor
receptor inhibitor SU5416 (20 mg/kg body
weight) under isoflurane anesthesia,
followed by exposure to hypoxia (10% O,)
for 3 weeks, according to methodology in a
previous report (18). An Alzet osmotic
minipump (DURECT Corporation) filled
with either treprostinil (infusion rate,

30 ng-kg '-min") or sterile 0.9%
injectable saline and equilibrated at 37°C in
phosphate-buffered saline for 48 hours was
subcutaneously implanted into the mice

(19), which were subjected to HySu
treatment 3 days later.

At the end of the treatment, animals
were anesthetized; a 1.2-French (for mice)
or 1.4-French (for rats) microtip pressure
transducer catheter (Millar Instruments)
was carefully inserted into the right ventricle
(RV); and right ventricular systolic pressure
(RVSP) was continuously monitored for
5 minutes using a PowerLab data acquisition
system (ADInstruments). Right ventricular
hypertrophy was assessed by Fulton index
measurements (weight of RV/weight of left
ventricle plus septum [RV/LV + §]).

Statistical Analysis

Data are expressed as mean = SEM and
were analyzed using Prism version 5.0
software (GraphPad Software Inc.). A two-
tailed unpaired Student’s ¢ test and one- or
two-way ANOVA with a Bonferroni post
hoc test were used to compare the means of
different groups. P < 0.05 was considered
statistically significant. Randomization and
blind analyses were used whenever possible.

Results

DP1 Receptor Is Downregulated in
PAs from PAH Rodent Models and
Patients with Idiopathic PAH

COX-2 expression is upregulated in lung
tissues from patients with PAH and in PAs
from mice with hypoxia-induced PAH
(10, 20). Accordingly, we found that all PG
products were upregulated in the lungs of
mice in response to chronic hypoxia
(Figures E1A-EIE in the online
supplement). On the one hand, DPI
deficiency had no impact on PG generation.
On the other hand, DP1, but not DP2,
mRNA expression was markedly reduced in
PAs from chronic hypoxia-treated mice
and MCT-treated rats (Figures 1A and 1B)
and in murine pulmonary artery smooth
muscle cells (mPASMCs) cultured under
hypoxic conditions (Figure 1C), whereas
DP2 expression was unchanged. Similarly,
DP1 expression was downregulated in
hPASMC:s in response to hypoxia

(Figure 1D). DP1 protein, mainly located in
the smooth muscle cell layer (Figure 1E),
was downregulated in PAs from hypoxia-
treated mice (Figures 1E and 1F).
Consistently, we also observed that DP1
expression was reduced in PAs from
patients with idiopathic PAH as compared

He, Zuo, Jia, et al.: DP1 and Pulmonary Arterial Hypertension

with those from healthy individuals
(Figures 1G and 1H).

Then we explored the underlying
mechanisms for hypoxia-induced DP1
downregulation using the mouse vascular
smooth muscle (MOVAS) cell line (Figure
E2A). Multiple potential transcription
factor-binding motifs for HIF-1a (hypoxia-
inducible factor 1a), BCL6 (B-cell
lymphoma 6), Egrl (early growth response
protein 1), and Crebl (cAMP-responsive
element-binding protein 1) were predicted
in the DP1 gene promoter region using
FindM software (https://ccg.epfl.ch/ssa/
findm.php) (Figure E2B). Indeed, hypoxia
increased the expression of the four
transcription factors (Figures E2C-E2F).
However, knockdown of either HIF-1a or
BCLS6, but not Crebl and Egrl, markedly
attenuated hypoxia-triggered DP1
downregulation in MOVAS cells (Figures
E2G-E2N). Through chromatin
immunoprecipitation assay, we observed that
hypoxia treatment dramatically increased
HIF-1a and BCL6 binding activity on the
DP1 promoter region at —3,651 to —3,636
bp (Figures E3A-E3C) and at —3,826 to
—3,807 bp, respectively (Figures E3A and
E3C). Interestingly, HIF-1a interacted with
BCL6 in MOVAS cells (Figures E3D and
E3E). Thus, hypoxia suppressed DP1
expression in VSMCs, probably through HIF-
la—mediated recruitment of inhibitory
transcription factor BCL6 (Figure E3F).

Deletion of DP1 but Not EP2
Exacerbates Hypoxia-induced

PAH in Mice

To explore the role of the vasodilator DP1
and EP2 receptors in the development

of PAH, we performed pulmonary
hemodynamic and histological analyses in
chronic hypoxia-challenged DP1~'~ and
EP2™'" mice. The DP1™’~ mice developed
more severe PAH, with significant increases
in RVSP (Figure E4A) and in the

RV/LV + S ratio (Figure E4B) relative

to WT control mice. Moreover, DPI
deficiency enhanced hypoxia-induced
pulmonary vascular remodeling in both
small PAs and arterioles, as evidenced by
increased pulmonary vascular wall
thickness and muscularization (Figures
E4C-E4H). Notably, DP1~/~ mice had
enlarged PASMC:s after chronic hypoxia
challenge (Figure E4I), with increased
ACTA2 (a-smooth muscle actin)
expression (Figures E4] and E4K) and
deposition of perivascular matrix proteins
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Figure 1. DP1 (D prostanoid receptor subtype 1) is downregulated in pulmonary artery smooth muscle cells in response to hypoxia. (A) Relative mRNA
concentrations of DP1 and DP2 in lung pulmonary arteries from mice subjected to chronic hypoxia (Hyp). *P < 0.05 versus normoxia (Nor) (n=7-10).
(B) Relative mRNA concentrations of DP1 and DP2 in lung pulmonary arteries from monocrotaline (MCT)-treated rats. *P < 0.05 versus control (Ctrl)
(n=5-7). (C) Relative mRNA concentrations of DP1 and DP2 in cultured murine pulmonary artery smooth muscle cells (MPASMCs) in response to
hypoxia. *P < 0.05 versus Ctrl (n=5). (D) Relative mMRNA concentrations of DP1 and DP2 in cultured human pulmonary artery smooth muscle cells
(hPASMCs) in response to hypoxia. *P < 0.05 versus Ctrl (n=5-6). (E) Representative immunofluorescence images of DP1 (red) and a-SMA (a-smooth
muscle actin) (green) expression in lung tissue from hypoxia-treated mice. Scale bar, 25 pm. (F) Quantification of DP1 expression in E. *P < 0.05 versus
normal (n=7). (G) Representative immunofluorescence images of DP1 (red) and «-SMA (green) expression in lung tissue from patients with pulmonary
arterial hypertension. Scale bar, 25 um. (H) Quantification of DP1 expression in F. *P < 0.05 versus normal (n = 7). Data represent mean + SEM. Statistical
significance was evaluated with the two-tailed Student’s t test. HySu = hypoxia/SU5416.
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such as fibronectin and type I collagen
(Figures E5A-E5C). Similarly, the
exaggerated PAH was induced in VSMC-
specific deficient mice (DP17/FSM22°) by
HySu challenge (Figures 2A-2J). DP1~/~
mPASMCs were larger and had higher
protein/DNA ratios than control cells in
response to hypoxia (Figures EGA-E6C).
Treatment with the DP1 inhibitor
BWAB868C promoted hypoxia-induced
hypertrophy in hPASMCs (Figures
E6D-E6F). We also observed enhanced
proliferation of cultured DP1~/~ mPASMCs
and DP1 inhibitor-treated hPASMCs under
hypoxic conditions (Figures E6G and E6H),
but we failed to detect significant increases
of proliferating cell nuclear antigen—positive
ACTA2" cells in the PAs from chronic
hypoxia-treated DP1~/~ mice compared
with WT control animals (Figures E6I and
E6)). In addition, there were no overt
differences in pulmonary infiltration of
CD11b" and CD68" inflammatory cells
into perivascular areas between DP1~/~ and
WT mice after chronic hypoxia challenge
(Figures E7A and E7B). However, EP2
deficiency had no significant influence on
hypoxia-induced PAH and PA remodeling
in mice (Figures EBA-E8D).

Reexpression of DP1 in Lungs
Attenuates PAH Exacerbation

Induced by Hypoxia in DP1 ~/~ Mice
Infection with DP1-expressing lentivirus via
the trachea restored DP1 expression in PAs
of DP1~/™ mice (Figures E9A and E9B). As
predicted, reintroduction of DP1 attenuated
hypoxia-induced pulmonary hypertension
in DP17/" mice, as indicated by the
decreased RVSP and RV/LV + § (Figures
E9C and E9D) and suppression of
pulmonary vascular remodeling through

a reduction in wall thickness and
muscularization (Figures E9E-E9G).
Importantly, forced expression of DP1 also
suppressed the enhancement of PASMC
hypertrophy in DP1™/~ mice with PAH
(Figure E9H).

Pharmacological Activation of DP1
Inhibits Progression of MCT-induced
PAH and PA Remodeling in Rats

We next examined the therapeutic effects of
the DP1-specific agonist BW245C on PAH
and pulmonary vascular remodeling in
MCT-treated rats. BW245C (50 p.g/kg twice
per day) was administered to the rats twice
daily starting from the beginning of the
third week after MCT treatment

(Figure 3A). MCT challenge markedly
increased PA pressure in rats starting
from Week 2 (10). Notably, BW245C
administration significantly attenuated the
increases in RVSP, RV/LV + § ratio, and
pulmonary vascular wall thickness in MCT-
treated rats (Figures 3B-3F), and it reversed
PASMC hypertrophy and proliferation in
PAs (Figures 3G-3I).

DP1 Deficiency Promotes Hypoxia-
induced PASMC Proliferation and
Hypertrophy by Increasing mTORC1
Activity in a Protein Kinase A-
Dependent Manner
Chronic hypoxia activates multiple
proliferative signaling in VSMCs, including
MAPK (mitogen-activated protein kinase)
and mTOR pathways (21). DP1 deficiency
had no effect on MAPK activation in
cultured PASMCs under hypoxic and
normoxic conditions, as determined by
evaluating ERK1/2 (extracellular signal-
regulated kinase %), JNK (Janus kinase),
and p38 protein phosphorylation degrees
(Figure E10). In contrast, mTORCI, a
key regulator of protein synthesis in
response to growth factors and nutrients,
was activated in hypoxia-treated DP1~/~
PASMC:s, as evidenced by increased
phosphorylation of mTOR and its
downstream target S6K (p70 ribosomal
protein S6 kinase) (Figures 4A and 4B),
as well as in the lungs and PAs of
chronic hypoxia-challenged DP1~/~ mice
relative to their WT counterparts (Figures
E11A and E11B). However, DP1 deficiency
had no effect on mTORC2 activity in
PASMC:s, as determined by AKT
phosphorylation at Ser473 (Figure E12).
Forced expression of DP1 (Figure 4C)
attenuated the increase in mTORCI activity
in hypoxia-treated DP1~/~ PASMCs
(Figures 4C and 4D).

mTORCI is composed of mTOR,
raptor, and GBL (G protein B-subunit-like
protein) as well as the inhibitory PRAS40
(proline-rich Akt substrate 40). A well-
established upstream regulator of mTORC1
is the PI3K (phosphatidylinositol-3-
kinase)/AKT signaling pathway that
phosphorylates PRAS40 or tuberous
sclerosis complex, another negative
regulator of mTORCI (22). Unexpectedly,
we did not observe an increase in AKT
activity or PRAS40 phosphorylation in
DP1™"~ mPASMCs under hypoxic and
normoxic conditions as compared with WT
mPASMCs (Figure E13A). Accordingly,
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PI3K inhibition failed to reverse the
hypoxia-induced reduction in mTORC1
activity in DP1-overexpressing mPASMCs
(Figure E13B). Like AKT, AMPK (5'-
AMP-activated protein kinase) directly
communicates with mTORCI through
phosphorylation of raptor, leading to the
allosteric inhibition of the complex (23).
However, we did not detect any changes in
AMPK activity or raptor phosphorylation
at Ser792 in DP1~/~ mPASMCs (Figures
E14A and E14B).

DP1 is connected to the cAMP
signaling cascade through G, protein (24).
DP1 deletion reduced cAMP production in
mPASMCs in response to DP1 agonist
treatment (Figure 4E). cAMP/PKA (protein
kinase A) signaling has been shown to
suppress mTOR activity (25, 26). We also
found that PKA inhibition restored
mTORCI activity in DP1-reexpressing
DP1~'~ mPASMCs in response to hypoxia
(Figure 4F).

Inhibition of mTOR Alleviates PAH
Exacerbation Induced by Hypoxia in
DP17~/~ Mice

Treatment with the mTOR inhibitor
rapamycin abolished the increases in
proliferation and hypertrophy (Figures
E15A and E15B), as well as the enhancing
cell traction force (Figures E15C and E15D),
in cultured DP1~/~ mPASMCs under
hypoxia. In addition, rapamycin reduced
the degree of pulmonary hypertension
(Figures 5A and 5B), PA remodeling
(Figures 5C-5F), and PASMC hypertrophy
in chronic hypoxia—challenged DP1~/~
mice (Figures 5G-5I).

DP1 Deficiency Enhances mTORC1
Activity in mPASMCs via PKA-
mediated mTORC1 Dissociation

The integrity of the mTOR complex is
essential for its kinase activity and signal
transduction (27). To investigate whether
DP1 deficiency enhances mTORC1 activity
by influencing the association of mTOR
with raptor and PRAS40, mTOR was
immunoprecipitated from hypoxia-treated
mPASMCs, and the blot was probed with
antibodies against mTOR, raptor, PRAS40,
and GBL. DPI deficiency enhanced the
binding of raptor to mTOR in mPASMCs
in response to hypoxia, which was
accompanied by increased mTOR activity
and S6K phosphorylation (Figure 6A).
Reintroducing DP1 into these cells
abolished mTORCI activation by inducing
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(RV/LV + S) in DP17FSM22°" and DP17F mice after HySu treatment. *P < 0.05 versus DP17F and #P < 0.05 versus Ctrl (n=7-9). (D and E)
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its dissociation from raptor, although
mTORCI activity was restored by PKA
inhibition (Figures 6B and 6C). Because
raptor phosphorylation status determines
mTORCI activity (28, 29), we investigated
whether raptor itself is a target of PKA. By
aligning the raptor protein amino acid
sequences of different species, we identified
a conserved RRXS motif for PKA
phosphorylation at Ser791 (Figure 6D). The
in vitro kinase activity assay showed that
the S791A raptor mutant was not
phosphorylated by PKA (Figure 6E).
Moreover, forskolin induced the
phosphorylation of the PKA substrate motif
in myc-tagged WT raptor but not the
S791A mutant in transfected mPASMCs
(Figure 6F). To further confirm PKA-
mediated raptor phosphorylation, we
developed an antibody that specifically
recognizes the phosphorylated Ser791 site
of raptor (Figure E16). DP1 agonist
treatment enhanced raptor Ser791
phosphorylation and suppressed mTORC1
activity, whereas DP1 antagonist had the
opposite effects (Figure 6G). The
phosphorylation of raptor Ser791 in
mPASMCs induced by DP1 agonist was
associated with decreased binding to
mTOR, but these effects were abolished
by expression of S791A-mutant raptor
(Figure 6H). Collectively, DP1 activation
represses mMTORCI activity by promoting
its complex dissociation through PKA-
dependent Ser791 phosphorylation of
raptor in PASMCs exposed to hypoxia
(Figure 6I).

Treprostinil Ameliorates HySu-
induced PAH in Mice by Activating
Both IP and DP1

We then investigated whether treprostinil
suppresses PAH development in part
through activation of DP1. After 3 weeks of
exposure to hypoxic conditions (10% O,)
and SU5416 administration, IP~/~,
DP1~/7, and double-mutant
(IP”/"DP17/") mice developed more
severe PAH (Figures 7A and 7B) with

aggravated PA remodeling, as evidenced
by increased pulmonary vascular wall
thickness and muscularization relative to
control mice (Figures 7C-7F). Treprostinil
treatment reversed the exacerbation of
pulmonary hypertension and PA
remodeling induced by HySu in IP~/~ and
DP1~/~ mutants but not in IP~/"DP17/~
mice (Figure 7). Indeed, treprostinil
inhibited mTORCI1 activity and
downstream S6K phosphorylation in
human PASMCs (Figure E17A) as well as
in PAs from HySu-challenged mice (Figure
E17B). Thus, treprostinil prevents the
progression of PAH at least in part through
activation of the DP1 receptor.

Discussion

The DP1 receptor mediates vasodilation of
human arteries, including PAs (12, 30). In
the present study, we found that DP1 was
downregulated in PAs in rodent models of
PAH and in patients with idiopathic PAH.
DP1] deficiency exacerbated hypoxia-
induced PAH and enhanced PA
remodeling in mice through activation of
mTORC1 signaling. We determined that
DP1 activation promoted mTORCI1
dissociation and suppressed mTORC1
activity in PASMCs through PKA-mediated
raptor phosphorylation. Thus, DP1
activation confers protection against
hypoxia-induced PAH through PKA/
raptor-dependent mTORCI dissociation.

Increased contractility of small PAs
and arterioles is a pathological feature of
pulmonary hypertension. This is associated
with heightened secretion of vasoconstrictor
substances such as thromboxane and
endothelin 1 and inhibition of vasodilator
PGI, and nitric oxide release in patients
with PAH (31-33). DP1 plays an important
role in maintaining blood flow and
hemostasis in rodents and humans,
including brain blood flow after
ischemia-reperfusion injury and nicotinic
acid-induced vasodilation (30, 34). Despite
the elevation in PGD, production in

patients with primary PAH (35), we and
others (11) have observed downregulation
of DP1 in PAs in PAH rodent models. DP1
deficiency intensified hypoxia-induced
PAH and PA remodeling in mice, whereas
DP1 agonist inhibited PAH progression in
mice. In addition, infusion of large amounts
of PGD; reversed pulmonary hypertension
in newborn lambs (36). These results imply
that decreased DP1 expression in PAs
contributes to the pathogenesis of PAH.
mTOR is a member of the serine/
threonine protein kinase family that
regulates cell proliferation, protein
synthesis, cell motility, gene transcription,
and autophagy, and it also is the central
component of mMTORC1 and mTORC2. The
two complexes are localized in different
cellular organelles and have distinct
functions (37): mTORCI regulates protein
synthesis and acts as a cellular nutrient,
energy, and redox sensor, whereas
mTORC2 regulates the actin cytoskeleton
and cellular metabolism. PASMC
proliferation and hypertrophy are major
contributors to pulmonary vascular
remodeling in PAH. The mTORCI1 and
mTORC2 pathways are both activated in
PAs and isolated distal PASMCs from
patients with idiopathic PAH, and they are
required for PASMC proliferation induced
by chronic hypoxia in vivo and in vitro (38).
Pharmacological inhibition of mTOR
kinases attenuates hypoxia-induced PA
remodeling and right ventricular
hypertrophy in rodents (39) and can
improve PAH in patients (40). We found
that DP1 deficiency promoted PASMC
proliferation and hypertrophy under
hypoxic conditions and in pulmonary
vessels of MCT-treated rats. However, we
did not detect significant increases in
PASMC proliferation in hypoxia-treated
DP1~/" mice, likely due to the less severe
pulmonary response induced by chronic
hypoxia in mouse models (41). In
agreement with the findings in DP17/~
mice, enhanced PASMC hypertrophy has
also been reported in hypoxia-exposed

Figure 2. (Continued). Representative hematoxylin and eosin-stained sections of small puimonary arteries and arterioles from HySu-treated
DP17FsM22 and DP1F mice. Scale bars, 50 and 25 um in D and E, respectively. (F and G) Representative immunofluorescence images of a-SMA
(a-smooth muscle actin) (green) expression in small pulmonary arteries (F) and arterioles (G) from HySu-treated DP17FsM22°" and DP1™F mice. Scale
bar, 50 um. (H) Quantification of the ratio of vascular medial thickness to total vessel size for the HySu treatment model. *P < 0.05 versus DP17F and
#P < 0.05 versus Ctrl (1=8 or 9). Scale bar, 25 um. (/) Proportion of partially and fully muscularized pulmonary arteries (diameter = 20-50 wm) from HySu-
treated mice. *P < 0.05 versus DP17F and #P < 0.05 versus Ctrl (1 =8 or 9). (J) Quantification of pulmonary artery smooth muscle cell size in pulmonary
arteries from HySu-treated DP17FSM22°" and DP17F mice. *P < 0.05 versus DP17F and #P < 0.05 versus Ctrl (1 =8 or 9). Data represent mean =+ SEM.
Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc analysis. CSA = cross-sectional area; WT =wild type.
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Figure 3. DP1 (D prostanoid receptor subtype 1) agonist treatment suppresses progression of monocrotaline (MCT)-induced pulmonary arterial
hypertension in rats. (A) Protocol for administration of DP1 agonist BW245C to rats after MCT challenge. (B and C) Effect of BW245C administration
on right ventricular systolic pressure (RVSP) and weight of right ventricle/weight of left ventricle plus septum (RV/LV + S) ratio in MCT-treated rats.
*P < 0.05 versus PBS and #P < 0.05 versus vehicle (n=6-8). (D) Representative hematoxylin and eosin-stained lung sections of MCT-injected rats
treated with BW245C. Scale bar, 50 um. (E) Representative immunofluorescence images of a-SMA (a-smooth muscle actin) (green) expression in lung
sections of MCT-injected rats treated with BW245C. Scale bar, 25 pm. (F) Quantification of the ratio of vascular medial thickness to total vessel size in
MCT-challenged rats after BW245C treatment. *P < 0.05 versus PBS and #P < 0.05 versus vehicle (n =6-8). (G) Quantification of pulmonary artery
smooth muscle cell size in the pulmonary arteries of MCT-challenged rats after BW245C treatment. *P < 0.05 versus PBS and *P < 0.05 versus vehicle
(n=6-8). (H) Representative immunofluorescence images of a-SMA (green) and proliferating cell nuclear antigen (PCNA) (red) expression in lung
sections of MCT-challenged rats after BW245C treatment. Scale bar, 25 pm. (/) Quantification of PCNA-positive cells in (H). *P < 0.05 versus PBS and
#P < 0.05 versus vehicle (n=6-8). Data represent mean = SEM. Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc
analysis. CSA = cross-sectional area; PBS = phosphate-buffered saline.

COX-2-deficient mice (3). Interestingly, proliferation in DPI-deficient PASMCs, patients with PAH warrant further
DP1] deletion stimulated mTORC1 activity  indicating that DP1 activation may alleviate investigation.

in hypoxia-treated mPASMCs without hypoxia-induced PAH via suppression of Raptor interacting with mTOR
affecting activity of mTORC2, whereas mTORC1 signaling. However, DP1 functions as a scaffold protein that
rapamycin treatment abolished the expression and its downstream mTORC1 facilitates the recruitment of substrates

enhancement of PAMSC hypertrophy and  signaling alterations in treprostinil-treated ~ such as S6K1 and 4E-BP1 (eukaryotic
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Figure 4. DP1 (D prostanoid receptor subtype 1) deficiency enhances mTOR (mammalian target of rapamycin) activity in pulmonary artery smooth muscle
cells in response to hypoxia via cAMP/PKA (protein kinase A) signaling. (A) Expression levels of mTOR signaling components in cultured murine pulmonary
artery smooth muscle cells (MPASMCs) under normoxia (Nor) or hypoxia (Hyp), as determined by Western blotting. (B) Quantification of p-mTOR
(phosphorylated mTOR) and phosphorylated S6K (p-S6K) protein concentrations in A. *P < 0.05 versus wild type (WT) and *P < 0.05 versus normoxia
(n=4). (C) Expression levels of mTOR signaling components in cultured DP1~/~ mPASMCs with DP1 reexpression under normoxia or hypoxia, as
determined by Western blotting. (D) Quantification of p-mTOR and p-S6K protein concentrations in C. *P < 0.05 versus vector and *P < 0.05 versus
normoxia (n = 4). (E) Effect of DP1 agonist BW245C treatment on intracellular cAMP concentrations in WT and DP1 /= mPASMCs. *P < 0.05 versus WT
(n=4-6). (F) Effect of PKA inhibitor H-89 treatment (10 wmol/L) on mTOR signaling in cultured mMPASMCs reexpressing DP1 under normoxia or hypoxia.
Data represent mean * SEM. Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc analysis. pc = pcDNAS.1 expression

vector; HA-tag =hemagglutinin tag.
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Figure 5. mTOR (mammalian target of rapamycin) inhibition attenuates pulmonary arterial hypertension
exacerbation in hypoxia-exposed DP1~/~ mice. (A and B) Effect of rapamycin (Rap) on right ventricular
systolic pressure (RVSP) and weight of right ventricle/weight of left ventricle plus septum (RV/LV + S) ratio
of hypoxia-treated mice. *P < 0.05 versus wild type (WT) and *P < 0.05 versus control (Ctrl) (=8 or 9). (C
and D) Representative hematoxylin and eosin—stained sections of small pulmonary arteries and arterioles
from hypoxia-challenged DP1 =/~ and WT mice after rapamycin treatment. (£) Quantification of the ratio of
vascular medial thickness to total vessel size in hypoxia-challenged mice after rapamycin treatment.

*P < 0.05 versus WT and #P < 0.05 versus Ctrl (n = 7-9). (F) Proportion of partially and fully muscularized
pulmonary arterioles (20-50 wm in diameter) in hypoxia-exposed mice after rapamycin treatment.

*P < 0.05 versus WT and #P < 0.05 versus Ctrl (0 =8 or 9). (G) Quantification of pulmonary artery smooth
muscle cell size in pulmonary arteries from hypoxia-challenged mice after rapamycin treatment. *P < 0.05
versus WT and #P < 0.05 versus Ctrl (=8 or 9). (H) Representative immunofluorescence images of
a-SMA (a-smooth muscle actin) (green) and proliferating cell nuclear antigen (PCNA) (red) expression in
lung sections of hypoxia-challenged mice after rapamycin treatment. Scale bar, 25 pm. (/) Quantification
of PCNA-positive cells in H. *P < 0.05 versus WT and *P < 0.05 versus Ctrl (7=6 or 7). Data represent
mean = SEM. Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc
analysis. CSA = cross-sectional area; DP1 =D prostanoid receptor subtype 1.

translation initiation factor 4E-binding
protein 1) to mTORC1 (42). The
integrity of mTOR complexes is critical
for mTOR activity, and dissociation of
raptor and mTOR protein suppresses

the intrinsic catalytic activity of
mTORCI (26, 43). A three-dimensional
structural analysis has shown that
rapamycin inhibits mTORC1 by inducing

the dissociation of raptor from mTOR
complex (27). On the contrary, dissociation
of the inhibitory component PRAS40 from
the complex induced by AKT/PKB (protein
kinase B)-mediated phosphorylation leads
to induction of mTORC1 activity (44). We
found that DP1 activation suppressed
hypoxia-induced activation of mTORCI1 by
promoting raptor dissociation from mTOR
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in PASMCs. DP1 is coupled to G, and
its activation leads to an increase in
intracellular cAMP production. DPI
deficiency caused a marked reduction in
intracellular cAMP concentrations and,
consequently, PKA activity in hypoxia-
exposed PASMCs. Raptor phosphorylation
is critical for mTORC1 activation, and
multiple phosphorylation sites have been
identified in raptor protein (28). For
instance, raptor phosphorylation at
Ser722/Ser792 is required for AMPK-
mediated inhibition of mTORCI activity
(23). By mutagenesis experiments and
using a phosphorylation-specific antibody,
we and others (45) identified a conserved
PKA phosphorylation site (Ser791) in
raptor protein and showed that DP1
agonist treatment increased cellular cAMP
generation and Ser791 phosphorylation in
raptor, which promoted raptor dissociation
from mTORCI. Mutation of Ser791 to
Ala suppressed DP1 activation-induced
dissociation of raptor from mTORC1 and
reduced complex activity in PASMCs. In
accordance with our findings, cAMP/PKA-
dependent dissociation of mMTORC1 and
inhibition of mTORCI1 have been observed
in embryonic fibroblasts and HEK293 cells
(25, 26), 3T3-L1 adipocytes (46), and lung
fibroblasts (47). However, under some
circumstances, PKA-driven mTORC1
activation is reported in mediation of the
biological activities of hormones

(e.g., catecholamine-stimulated adipose
browning [45] and thyroid-stimulating
hormone-induced proliferation [48]). In
fact, the regulatory subunit of PKA
(PRKARI1A [cAMP-dependent protein
kinase type Ia regulatory subunit])
physically interacts with mTOR kinase and
influences its autophosphorylation and
activity (49), whereas the catalytic subunit
of PKA directly phosphorylates mTOR
kinase at different sites (45) and regulates
mTOR substrates (50), thereby increasing
the complexity of cross-talk between PKA
and mTORCI. Thus, regulation of mTORC1
signaling by cAMP/PKA varies, depending
on cell type and biological context.

In summary, DP1 activation slows the
progression of PAH in rodents by PKA-
mediated suppression of mMTORCI activity.
Thus, targeting the DP1/PKA/mTORC1
pathway may represent a promising therapeutic
strategy for the treatment of PAH.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Figure 6. DP1 (D prostanoid receptor subtype 1) deficiency enhances mTORC1 (mammalian target of rapamycin complex 1) activity in hypoxia (Hyp)-
treated murine pulmonary artery smooth muscle cells (MPASMCs) via PKA (protein kinase A)-induced raptor dissociation from mTORC1. (A) Expression
levels of MTORC1 and signaling components in hypoxia-treated wild-type (WT) and DP1~/~ mPASMCs, as determined by Western blotting. (B) Effect of
PKA inhibitor H-89 (10 wmol/L) on the association of mMTORC1 components in MPASMCs reexpressing DP1. (C) Quantification of mTOR-raptor
association in B. *P < 0.05 versus indicated group (n = 3). (D) Amino acid sequence alignment of human, mouse, rat, cow, and frog raptor proteins. Ser791
is indicated by an arrowhead; box indicates phosphorylated PKA (p-PKA) substrate motif. (E) Top panel: Autoradiogram of 32p_jabeled recombinant WT
raptor and Ser791—Ala (S791A) mutant protein after incubation with PKA. Bottom panel: Coomassie Blue—stained gel of raptor used for the above
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Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc analysis. CSA = cross-sectional area.

Figure 6. (Continued). phosphorylation assay. (F) Western blot analysis of p-PKA substrate (RRXS*/T*) and raptor expression in forskolin-treated

mPASMCs expressing myc-tagged WT and S791A mutant raptor. (G) Detection by Western blotting of phosphorylated raptor (p-raptor) (Ser791) and
mTOR signaling components in mMPASMCs after BW245C (0.5 wM) or BWA868C (10 wM) treatment. (H) Western blot analysis of p-raptor (Ser791)-

induced raptor dissociation from mTORC1 in mPASMCs after BW245C treatment. (/) Schematic illustration of DP1-mediated PASMC homeostasis

through PKA/raptor/mTORC1 signaling. Data represent mean = SEM. Statistical significance was evaluated by two-way ANOVA with Bonferroni post hoc
analysis. Autorad = autoradiogram; CBB =coomassie brilliant blue; HA-tag = hemagglutinin tag; IP =immunoprecipitation; pc = pcDNA3.1 expression

vector; PGD, = prostaglandin D,; Sub = substrates.
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