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3 mMTORC1 in Pulmonary Arterial Hypertension
At the Crossroads between Vasoconstriction and Vascular Remodeling?

Pulmonary arterial hypertension (PAH) is a progressive and fatal
disease with no cure. Pulmonary arterial pressure (PAP) is a
function of cardiac output and pulmonary vascular resistance
(PVR). In patients with PAH, the increased PAP is mainly due to
increased PVR. The major causes for the elevated PVR and PAP are
sustained pulmonary vasoconstriction, concentric pulmonary
vascular remodeling, in situ thrombosis, and increased pulmonary
vascular wall stiffness. Current therapies, however, target mainly
vasoconstriction, and despite the advent of 14 medical therapies
across three vasodilation pathways (prostacyclin, nitric oxide,

and endothelin-1), the disease remains severe and life threatening.
Pulmonary vascular remodeling is caused, at least in part, by
increased proliferation and/or survival of resident pulmonary
vascular cells, and antiproliferative/proapoptotic strategies are
now under development as disease-modifying therapies

for PAH.

Yet the mechanisms for vasoconstriction (and/or vasodilation)
and vascular remodeling are not entirely separate. Drugs that are
effective for treatment of PAH may attenuate pulmonary
vasoconstriction and also inhibit pulmonary vascular remodeling.
One of the therapeutic examples is prostacyclin or its chemically
stable analog, treprostinil, a potent vasodilator that is currently in
use for the treatment of PAH. It has been noted that, in addition to
its vasodilatory effect, prostacyclin or treprostinil, when given in
high doses, attenuates experimental pulmonary hypertension (PH)
by inhibiting proliferation of pulmonary artery smooth muscle cells
(PASMCs). Interestingly, in addition to canonical activation of the
EP, (prostaglandin E2 receptor 2) and the PPAR-vy (peroxisome
proliferator-activated receptor-y), prostacyclin inhibits cell
proliferation induced by PDGF (platelet-derived growth factor)
and transforming growth factor B, suggestive of EP,-independent
mechanisms of action (1-3).

In this issue of the Journal, He and colleagues (pp. 1263-1276)
uncover another enticing link between the vasodilatory
prostacyclin axis and antiproliferative signaling in the pulmonary
vasculature (4). The authors demonstrate that DP1 (D prostanoid
receptor subtype 1), for which treprostinil acts as an agonist, is
downregulated in PASMCs from patients with PAH and animals
with experimental PH. Intriguingly, DP1 deficiency exacerbated
pulmonary artery (PA) remodeling in mice with hypoxia-induced
PH via activation of the mTOR (mechanistic target of rapamycin)
complex 1 (mTORCI1) (Figure 1). The mTOR, a fundamental
regulator of cellular homeostasis, acts through two functionally
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distinct complexes, mTORC1 (mTOR-Raptor) and mTORC2
(mTOR-Rictor), to modulate multiple cellular processes, including
cell growth, proliferation, and survival (5). Smooth muscle
mTORCI1 is activated in PAH/PH by multiple events, including
hypoxia, the growth factor-mediated activation of receptor tyrosine
kinase cascade, and the mTORC2-Akt axis (6-9) and, in turn,
promotes PASMC proliferation and induces pulmonary vascular
remodeling and PH (6-8, 10). The study by He and colleagues
further expands our understanding of the important role of
mTORCI in PAH by providing compelling evidence that
vasodilators (e.g., prostacyclin or treprostinil) target mTORC1
activity to inhibit PASMC proliferation and attenuate pulmonary
vascular remodeling (4).

The prostaglandin and aldosterone axes reciprocally regulate
vascular tone, and the balance of these vasoactive agents plays an
important role in homeostatic regulation of the pulmonary vascular
structure and function and, ultimately, PAP. Aghamohammadzadeh
and colleagues recently reported that the vasoconstrictor
aldosterone plays a pro-proliferative role by promoting Ser792
phosphorylation of raptor, the core protein in mTORC1 complex,
leading to PASMC-specific mTORCI activation, hypertrophic
vascular remodeling, and PH (11). New data from He and
colleagues (4) show that the vasodilator prostacyclin (or its analog,
treprostinil) could, in turn, reduce mTORCI activity via DP1-
dependent protein kinase A-induced phosphorylation of raptor at
Ser791, resulting in its dissociation from mTORCI, loss of
mTORCI function, and amelioration of PH (4). Further supporting
the important role of raptor in mTORCI activation, a recent study
from Tang and colleagues showed that genetic deletion of raptor in
smooth muscle cells (SMCs) hinders development of experimental
PH in mice (10). Together, these findings demonstrate reciprocal
regulation of mTORCI activity by vasoconstrictors and
vasodilators and suggest the role for raptor (phosphorylated at
Ser791 or Ser792) as a growth factor/RTK (receptor tyrosine
kinase)-independent rheostat modulating mTORC1 activity
and PASMC proliferation, depending on the balance of
vasoconstrictors and vasodilators (Figure 1).

SMCs in normal PAs exhibit a fully differentiated, quiescent,
and contractile phenotype. Vascular and endothelial injury, as well
as imbalanced release of various growth and fibrotic factors from
circulating and inflammatory cells, results in transition from
contractile phenotype to synthetic or proliferative phenotype. SMCs
with synthetic or proliferative phenotypes are highly proliferative,
migratory, and dedifferentiated with upregulated extracellular
matrix protein synthesis. The mTORCI1 activity also plays an
important role in regulating phenotypical transitions of vascular
SMCs (12). Activation of mTORC1 by, for example, PDGF-BB,
promotes the transition of SMCs from a contractile (fully
differentiated) phenotype to a synthetic (highly proliferative)
phenotype, whereas inhibition of mTORC1 with rapamycin (or
activation of cAMP/PKA [protein kinase A] signaling by
prostacyclin) induces SMC differentiation and inhibits SMC
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Figure 1. mTORCH1, a potential therapeutic target for pulmonary arterial hypertension (PAH). Activation of DP1 (D prostanoid receptor subtype 1) by
prostaglandin D2 (PGD2), prostacyclin (PGI2), or the PGI2 analog treprostinil leads to the cAMP/PKA (protein kinase A)-mediated phosphorylation of
Raptor at ser791 (S791). The DP1-mediated Raptor phosphorylation at S791 results in dissociation of Raptor from the mTORC1 complex and,
subsequently, loss of MTORC1 activity, inhibition of pulmonary artery smooth muscle cell (PASMC) proliferation, and phenotypical transition of PASMCs
from the proliferative to contractile phenotype. Activation of RTK (receptor tyrosine kinase) by mitogenic agonist/ligands and GFs (growth factors)

(e.g., PDGF [platelet-derived growth factor]) leads to activation of the PISK/Akt/mTORC1/p70S6K signaling cascade and, subsequently, PASMC
proliferation, pulmonary vascular remodeling, and pulmonary hypertension (PH). Aldosterone (Aldo), by binding to the MR (mineralocorticoid receptor) or
aldosterone receptor, a nuclear receptor that functions as a transcription factor, activates Akt and induces phosphorylation of Raptor at ser792 (S792).
The Aldo/MR-mediated Raptor phosphorylation at S792 increases mTORC1 activity and promotes PASMC proliferation by increasing p70S6K
phosphorylation. The proposed mechanisms indicate that 7) mitogenic and vasoconstrictor agonists (e.g., Aldo) and GFs (e.g., PDGF) activate mTORC1
by phosphorylating its critical component, Raptor (at S792); enhance PASMC proliferation through p70S6K and other factors (e.g., elF4E, HIF-1a
[hypoxia-inducible factor-1a], and PPAR-y [peroxisome proliferator-activated receptor-v]); and, ultimately, induce pulmonary vascular remodeling and PH;
and 2) antiproliferative and vasodilator agonists (e.g., PGI2 or treprostinil) reduce mTORC activity by phosphorylation of Raptor (at S791), inhibit PASMC
proliferation, and, potentially, attenuate pulmonary vascular remodeling and PH. The mTORC1-associated phenotypical switching of PASMCs from the
contractile to proliferative phenotype induced, for example, by PDGF is probably an early pathogenic mechanism of pulmonary vascular remodeling in
PAH. The rapamycin-induced inhibition of mMTOR and mTORCH1, along with PGI2/treprostinil-mediated mTOR dissociation from the mTORC1 complex,
would synergistically exert a therapeutic effect on PAH/PH by attenuating progression (or inducing regression) of pulmonary vascular remodeling.

AC =adenylyl cyclase; PDE = phosphodiesterase.

proliferation (13, 14). The emerging role of vasoconstrictors consequently, development of pulmonary vascular remodeling as
(e.g., aldosterone) and vasodilators (e.g., prostacyclin) in regulating PAH progresses.

mTORCI activity also suggests the role for the early-stage Although the study from He and colleagues sheds light on
vasoconstriction in mTORCI1-dependent switching of PASMCs the novel role of the DP1-mTORCI axis in SMC pathology in
from contractile to synthetic/proliferative phenotype and, PAH, several important questions remain to be answered (4).
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Prostaglandin D2/DP1 signaling plays an important role in
inflammatory response (15), a key player in PAH pathogenesis, and
the link between DP1 and mTORCI in the inflammation and
immunity in PAH remains to be established. Furthermore, the
mTORCI is upregulated in right ventricle (RV) myocardium from
rats with severe experimental PH and contributes to cardiomyocyte
hypertrophy (16). Although prostanoid receptors and PKA play
important roles in RV remodeling (17), the role of DP1 in the right
heart is not well studied, and a potential link between DP1 and mTORC1
in the hypertrophic RV response to PAH remains to be determined.

He and colleagues made an important observation that
mTORCI inhibitor rapamycin reduces PH in mice with SMC-
specific DP1 deficiency (4), suggesting potential attractiveness of
combining treprostinil and rapamycin as a therapeutic strategy to
treat PAH. Of note, there has been significant interest in inhibition
of mTORCI1 to treat PAH, and a phase I/II clinical trial of an
albumin-bound nanoparticle form of sirolimus (rapamycin), which
increases accumulation of the drug in the lung, is ongoing
(clinicaltrials.gov NCT02587325). Results presented to date have
found good tolerability and potential clinical efficacy in 6-minute-
walk distance, PVR, cardiac output, N-terminal pro-brain
natriuretic peptide level, and the EmPHasis10 quality of life
questionnaire in patients with PAH with functional class III disease
on standard therapies, including prostacyclin and its analogs (18).
Although not completed yet, this clinical study provides new
insights into potential benefits of combining treprostinil with
mTORCI inhibition and paves the way for further studies of this
combination as a therapeutic intervention in PAH.
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