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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 (SMC) hypertrophy and proliferation. 

Prostaglandin (PG) I2 analogs (baraprost, iloprost, and treprostinil) are effective in the 

treatment of PAH. PGD2 exerts pro-resolution and vasodilatory effects via D prostanoid 

receptor subtype 1 (DP1). Treprostinil is also a potent DP1 agonist, It remains unknown 

whether the clinically favorable effects of treprostinil in severe PAH is attributable to 

concomitant activation of DP1 receptor.

What This Study Adds to the Field:

In this study, we demonstrate that DP1 expression was downregulated in pulmonary arteries 

(PAs) in various animal models of PAH and idiopathic PAH patients. Ablation of DP1 

receptor exacerbated hypoxia-induced PAH and enhances PA remodeling in mice through 

activation of mTORC1 signaling. DP1 activation facilitated mTORC1 complex dissociation 

and suppresses mTORC1 activity in PASMCs through protein kinase A -dependent 

phosphorylation of raptor at Ser791. We also found that treprostinil possessed therapeutic 

effects on PAH in mice in part through DP1 receptor. These findings suggest that DP1 

receptor is a potential therapeutic target for PAH treatment.

This article has an online data supplement, which is accessible from this issue's table of 

content online at www.atsjournals.org 
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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 (PG) 

I2 analogs (baraprost, 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 PGD2 receptor subtype 1 (DP1).

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

mechanism.

Methods and Results: DP1 expression was downregulated in hypoxia-treated PASMCs and 

in pulmonary arteries (PAs) from rodent PAH models and idiopathic PAH patients. DP1 

deletion exacerbated PA remodeling in hypoxia-induced PAH, whereas pharmacological 

activation or forced expression of DP1 receptor had the opposite effect in different rodent 

models. DP1 deficiency promoted PASMC hypertrophy and proliferation in response to 

hypoxia via induction of mammalian target of rapamycin complex (mTORC) 1 activity. 

Rapamycin, an inhibitor of mTORC1, alleviated the hypoxia-induced exacerbation of PAH in 

DP1−/− mice. DP1 activation facilitated raptor dissociation from mTORC1 complex and 

suppressed mTORC1 activity through protein kinase A (PKA)-dependent phosphorylation of 

raptor at Ser791. Moreover, treprostinil treatment blocked the progression of 

hypoxia-induced PAH in mice in part by targeting DP1 receptor.

Conclusion: DP1 activation attenuates hypoxia-induced PA remodeling and PAH through 

PKA-mediated dissociation of raptor from the mTORC1 complex. These results suggest that 
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DP1 receptor may serve as a therapeutic target for the management of PAH.

Keywords: pulmonary arterial hypertension; DP 1 receptor; pulmonary arterial smooth 

muscle cell; hypertrophy and proliferation; mTOR signaling.
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Introduction

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 leads to right-side 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 PGE2, PGD2, PGF2, and PGI2 (prostacyclin), and 

thromboxane (Tx), all of which exert their (patho)physiological functions through activation 

of the cognate G protein-coupled receptor (i.e., PGE2 receptor [EP]1–4, PGD2 receptor (DP)1 

and DP2, PGF2 receptor, PGI2 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 clinic, PGI2 analogs and IP receptor agonists are widely used to 

manage PAH. Currently employed IP agonists include synthetic PGI2 (epoprostenol), stable 

PGI2 analogs (baraprost, iloprost, and treprostinil), and a highly selective IP agonist 
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(selexipag)(4). Like endogenous PGI2, synthetic epoprostenol is unstable at room temperature 

and has a very short half-life. In contrast, selexipag—which is chemically distinct from 

PGI2—is an orally delivered, potent non-prostanoid 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 PAH patients(7). 

The three analogs have heterogeneous binding affinities for other PG receptors, which 

may confer variable clinical efficacy(8, 9). For example, non-specific binding and activation 

of EP3 receptor could decrease the long-term tolerability and efficacy of PGI2 analogs(10, 

11). Despite a longer half-life, treprostinil has much higher affinity for the vasodilator DP1 

and EP2 receptors than iloprost(9). 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 PA smooth muscle cells in 

vitro(13). Thus, DP1 antagonists inhibit the relaxation of human PAs induced by treprostinil, 

suggesting that it could mediate the therapeutic effects of treprostinil in PAH patients(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 idiopathic PAH patients. Ablation of DP1 receptor exacerbated 

hypoxia-induced PAH in mice by enhancing mammalian target of rapamycin complex 
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(mTORC) 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 materials and methods is provided in the online supplement.

Animals 

8 to 10-week-old male mice and rats were used in all experiments in this study. Wild-type 

(WT), IP knockout (IP−/−), DP1 knockout (DP1−/−), and EP2 knockout (EP2−/−) 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-KO mice (DP1F/FSM22Cre) 

were generated by crossing DP1F/F mice(15) with SM22-Cre transgenic mice(10). WT 

littermates of each strain were generated as experimental controls by mating heterozygotes. 

Mice were maintained in an environment with controlled temperature (22°C ± 1°C) and 

relative humidity (50% ± 5%) on a 12:12-h light/dark cycle, 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. 
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In all animal experiments, littermates or vehicle-treated animals were used as controls. For 

the hypoxia-induced PAH model, 8- to 10- week-old male mice maintained on normal chow 

were exposed to 10% O2 (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 × 108 transduction units in 30 μl phosphate-buffered saline [PBS]) 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 intraperitoneally injected 

with rapamycin at 3 mg/kg every other day during the 3-week hypoxia exposure period(17).

For the HySU model, mice were subcutaneously injected with the vascular endothelial 

growth factor receptor inhibitor SU5416 (20 mg/kg body weight) under isoflurane anesthesia 

followed by exposure to hypoxia (10% O2) for 3 weeks according to a previous report(18). 

An Alzet osmotic mini-pump (DURECT Corporation, Cupertino, CA, USA) filled with either 

treprostinil (infusion rate: 30 ng·kg−1·min−1) or sterile 0.9% injectable saline and equilibrated 

at 37°C in PBS for 48 h 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 and a 1.2-F (for mice) or 1.4-F 

(for rats) micro-tip pressure transducer catheter (Millar Instruments, Houston, TX, USA) was 

carefully inserted into the right ventricle (RV), and RV systolic pressure (RVSP) was 

continuously monitored for 5 min using a PowerLab data acquisition system (ADInstruments, 

Sydney, Australia). RV hypertrophy was assessed by Fulton index measurements (weight of 

RV/weight of left ventricle plus septum [RV/LV+S]).
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Statistical analysis

Data are expressed as mean ± SEM and were analyzed using Prism v.5.0 software (GraphPad 

Inc., La Jolla, CA, USA). The two-tailed unpaired Student’s t test and one- or two-way 

analysis of variance with a Bonferroni post-hoc test was 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 idiopathic PAH 

patients

COX-2 expression is up-regulated in lung tissues from PAH patients 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 (Supplemental Figure E1a–

e). DP1 deficiency had no impact on PG generation. On the other hand, DP1, not DP2, 

mRNA expression was markedly reduced in PAs from chronic hypoxia-treated mice and 

MCT-treated rats (Figure 1a,b) and in mPASMCs cultured under hypoxic conditions (Figure 

1c), whereas DP2 expression was unchanged. Similarly, DP1 expression was downregulated 

in human (h)PASMCs in response to hypoxia (Figure 1d). DP1 protein, mainly located in 

SMC layer (Figure 1e), was downregulated in PAs from hypoxia-treated mice (Figure 1e-f). 

Consistently, we also observed DP1 expression was reduced in PAs from idiopathic PAH 

patients as compared to healthy individuals (Figure 1g-h).

Page 11 of 81  AJRCCM Articles in Press. Published on 09-January-2020 as 10.1164/rccm.201911-2137OC 

 Copyright © 2020 by the American Thoracic Society 



Then we explored the underlying mechanisms for hypoxia-induced DP1 downregulation 

using mouse VSMC line MOVAS (Supplemental Figure E2a). Multiple potential 

transcription factor binding motifs for HIF1α, BCL6, Egr1 and Creb1 were predicted in DP1 

gene promoter region using FindM software (Supplemental Figure E2b). Indeed, hypoxia 

increased the expression of the 4 transcription factors (Supplemental Figure E2c-f). However, 

knockdown of either HIF1α or BCL6, not Creb1 and Egr1, markedly attenuated 

hypoxia-triggered DP1 downregulation in MOVAS cells (Supplemental Figure E2g-n). 

Through chromatin immunoprecipitation assay, we observed hypoxia treatment dramatically 

increased HIF1α and BCL6 binding activity on DP1 promoter region at -3651~ -3636bp 

(Supplemental Figure E3a-c) and at -3826~ -3807bp, respectively (Supplemental Figure E3a, 

E3c). Interestingly, HIF1α interacted with BCL6 each other in MOVAS cells (Supplemental 

Figure E3d-e). Thus, hypoxia suppressed DP1 expression in VSMCs probably through 

HIF1α-mediated recruitment of inhibitory transcription factor BCL6 (Supplemental 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 (Supplemental Figure E4a) and in the RV/LV+S ratio (Supplemental 

Figure E4b) relative to WT control mice. Moreover, DP1 deficiency enhanced 

hypoxia-induced pulmonary vascular remodeling in both small PAs and arterioles, as 
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evidenced by increased pulmonary vascular wall thickness and muscularization 

(Supplemental Figure E4c-h). Notably, DP1−/− mice had enlarged PASMCs after chronic 

hypoxia challenge (Supplemental Figure E4i), with increased α-SMA expression 

(Supplemental Figure E4j, k) and deposition of perivascular matrix proteins such as 

fibronectin and type I collagen (Supplemental Figure E5a–c). Similarly, the exaggerated PAH 

was induced in VSMC-specific deficient mice (DP1F/FSM22Cre) by hypoxia/SU5416(HySu) 

challenge (Figure 2a-2j). DP1−/− mPASMCs were larger and had higher protein/DNA ratios 

than control cells in response to hypoxia (Supplemental Figure E6a–c). Treatment with the 

DP1 inhibitor BWA868C promoted hypoxia-induced hypertrophy in hPASMCs 

(Supplemental E6d–f). We also observed enhanced proliferation of cultured DP1−/− 

mPASMCs and DP1 inhibitor-treated hPASMCs under hypoxic conditions (Supplemental 

E6g, h), but failed to detect significant increases of PCNA+ SMA+ cells in the PAs from 

chronic hypoxia-treated DP1−/− mice compared to WT controls (Supplemental Figure E6i, j). 

Additionally, 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 (Supplemental Figure E7a, b). However, EP2 deficiency had no significant 

influences on hypoxia-induced PAH and PA remodeling in mice (Supplemental Figure 

E8a-d).

Re-expression 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 
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DP1−/− mice (Supplemental Figure E9a, b). As predicted, re-introduction of DP1 attenuated 

hypoxia-induced pulmonary hypertension in DP1−/− mice, as indicated by the decreased 

RVSP and RV/LV+S (Supplemental Figure E9c, d) and suppression of pulmonary vascular 

remodeling through a reduction in wall thickness and muscularization (Supplemental Figure 

E9e–g). Importantly, forced expression of DP1 also suppressed the enhancement of PASMC 

hypertrophy in DP1−/− mice with PAH (Supplemental 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 μg/kg, twice a 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+S ratio, and pulmonary vascular wall thickness in MCT-treated rats (Figure 3b–f) 

and reversed PASMC hypertrophy and proliferation in PAs (Figure 3g–i). 

DP1 deficiency promotes hypoxia-induced PASMC proliferation and hypertrophy by 

increasing mTORC1 activity in a PKA-dependent manner

Chronic hypoxia activates multiple proliferative signaling in VSMCs including 

mitogen-activated protein kinase (MAPK) 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, JNK, and p38 protein phosphorylation levels 
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(Supplemental Figure E10). In contrast, mTORC1—a key regulator of protein synthesis in 

response to growth factors and nutrients—was activated in hypoxia-treated DP1−/− 

PASMCs—as evidenced by increased phosphorylation of mTOR and its downstream target 

S6K (Figure 4a, b)—as well as in the lungs and PAs of chronic hypoxia-challenged DP1−/− 

mice relative to their WT counterparts (Supplemental Figure E11a, b). However, DP1 

deficiency had no effect on mTORC2 activity in PASMCs, as determined by AKT 

phosphorylation at Ser473 (Supplemental Figure E12). Forced expression of DP1 (Figure 4c) 

attenuated the increase in mTORC1 activity in hypoxia-treated DP1−/− PASMCs (Figure 4c, 

d).

mTORC1 is composed of mTOR, raptor, and GβL as well as the inhibitory PRAS40. 

A well-established upstream regulator of mTORC1 is the phosphoinositide 3-kinase 

(PI3K)/AKT signaling pathway that phosphorylates PRAS40 or tuberous sclerosis complex, 

another negative regulator of mTORC1(22). Unexpectedly, we did not observe an increase in 

AKT activity or PRAS40 phosphorylation in DP1−/− mPASMCs under hypoxic and normoxic 

conditions as compared to WT mPASMCs (Supplemental Figure E13a). Accordingly, PI3K 

inhibition failed to reverse the hypoxia-induced reduction in mTORC1 activity in 

DP1-overexpressing mPASMCs (Supplemental Figure E13b). Like AKT, AMPK directly 

communicates with mTORC1 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 (Supplemental Figure E14a,b).

DP1 is connected to the cAMP signaling cascade through Gs protein(24). DP1 
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deletion reduced cAMP production in mPASMCs in response to DP1 agonist treatment 

(Figure 4e). cAMP/PKA signaling has been shown to suppress mTOR activity(25, 26). We 

also found that PKA inhibition restored mTORC1 activity in DP1 re-expressing DP1−/− 

mPASMCs in response to hypoxia (Figure 4f). 

Inhibition of mTOR alleviates PAH exacerbation induced by hypoxia in DP1−/− mice

Treatment with the mTOR inhibitor rapamycin abolished the increases in proliferation and 

hypertrophy (Supplemental Figure E15a, b), and the enhancing cell traction force 

(Supplemental Figure E15c, d) in cultured DP1−/− mPASMCs under hypoxia. Additionally, 

rapamycin reduced the degree of pulmonary hypertension (Figure 5a, b), PA remodeling 

(Figure 5c–f), and PASMC hypertrophy in chronic hypoxia-challenged DP1−/− mice (Figure 

5g–i). 

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 GβL. DP1 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). Re-introducing DP1 into 

these cells abolished mTORC1 activation by inducing its dissociation from raptor, although 

Page 16 of 81 AJRCCM Articles in Press. Published on 09-January-2020 as 10.1164/rccm.201911-2137OC 

 Copyright © 2020 by the American Thoracic Society 



mTORC1 activity was restored by PKA inhibition (Figure 6b, c). Since raptor 

phosphorylation status determines mTORC1 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 

(Supplemental 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, these effects were abolished by expression of 

S791A-mutant raptor (Figure 6h). Collectively, DP1 activation represses mTORC1 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% O2) and SU5416 

administration, IP−/−, DP1−/−, and double-mutant (IP−/−DP1−/−) mice developed more severe 

PAH (Figure 7a, b) with aggravated PA remodeling, as evidenced by increased pulmonary 

Page 17 of 81  AJRCCM Articles in Press. Published on 09-January-2020 as 10.1164/rccm.201911-2137OC 

 Copyright © 2020 by the American Thoracic Society 



vascular wall thickness and muscularization relative to control mice (Figure 7c–f). 

Treprostinil treatment reversed the exacerbation of pulmonary hypertension and PA 

remodeling induced by HySU in IP−/− and DP1−/− mutants but not in IP−/−DP1−/− mice (Figure 

7). Indeed, treprostinil inhibited mTORC1 activity and downstream S6K phospholylation in 

human PASMCs (Supplemental Figure E17a) as well as PAs from HySU-challenged mice 

(Supplemental Figure E17b). Thus, treprostinil prevents the progression of PAH at least in 

part through activation of DP1 receptor.

Discussion

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 idiopathic 

patients. DP1 deficiency exacerbated hypoxia-induced PAH and enhanced PA remodeling in 

mice through activation of mTORC1 signaling. We determined that DP1 activation promoted 

mTORC1 complex 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 mTORC1 dissociation.

Increased contractility of small PAs and arterioles is a pathological feature of 

pulmonary hypertension. This is associated with heightened secretion of vasconstrictor 

substances such as Tx and endothelin-1 and inhibition of vasodilator PGI2 and nitric oxide 

release in PAH patients(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 PGD2 
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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, while DP1 agonist inhibited PAH 

progression in mice. Additionally, infusion of large amounts of PGD2 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 mTORC1 and mTORC2. The two complexes are localized in 

different cellular organelles and have distinct functions(37): mTORC1 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 mTORC1 

and mTORC2 pathways are both activated in PAs and isolated distal PASMCs from patients 

with idiopathic PAH, and are required for PASMCs 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 DP1−/− mice, enhanced PASMC 
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hypertrophy has also been reported in hypoxia-exposed COX-2-deficient mice(3). 

Interestingly, DP1 deletion stimulated mTORC1 activity in hypoxia-treated mPASMCs 

without affecting that of mTORC2, while rapamycin treatment abolished the enhancement of 

PAMSC hypertrophy and proliferation in DP1-deficient PASMCs, indicating that DP1 

activation may alleviate hypoxia-induced PAH via suppression of mTORC1 signaling. 

However, DP1 expression and its downstream mTORC1 signaling alterations in 

treprostinil-treated PAH patients warrants further investigation.

Raptor interacting with mTOR functions as a scaffold protein that facilitates the 

recruitment of substrates such as S6K1 and 4EBP1 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 mTORC1(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-mediated phosphorylation leads to induction of 

mTORC1 activity(44). We found that DP1 activation suppressed hypoxia-induced activation 

of mTORC1 by promoting raptor dissociation from mTOR in PASMCs. DP1 is coupled to 

Gαs and its activation leads to an increase in intracellular cAMP production. DP1 deficiency 

caused a marked reduction in intracellular cAMP levels 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 mTORC1 

activity(23). By mutagenesis experiments and using a phosphorylation-specific antibody, we 
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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 mTORC1. 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 mTORC1 and inhibition of mTORC1 has been 

observed in embryonic fibroblasts and HEK293 cells(25, 26), 3T3-L1 adiopocytes(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 (PRKAR1A) physically interacts 

with mTOR kinase and influences its auto-phosphorylation and activity(49), while the 

catalytic subunit of PKA directly phosphorylates mTOR kinase at different sites(45) and 

regulates mTOR substrates(50), thereby increasing the complexity of crosstalk between PKA 

and  mTORC1. 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 mTORC1 activity. Thus, targeting the DP1/PKA/mTORC1 

pathway may represent a promising therapeutic strategy for the treatment of PAH.
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Figure Legends

Figure 1. DP1 is downregulated in PASMCs in response to hypoxia. (a)Relative mRNA 

levels of DP1/2 in lung PAs from mice subjected to chronic hypoxia. *P < 0.05 vs. normoxia 

(n = 7–10). (b) Relative mRNA levels of DP1/2 in lung PAs from MCT-treated rats. *P < 

0.05 vs. control (n = 5–7). (c) Relative mRNA levels of DP1/2 in cultured mPASMCs in 

response to hypoxia. *P < 0.05 vs. control (n = 5). (d) Relative mRNA levels of DP1/2 in 

cultured hPASMCs in response to hypoxia. *P < 0.05 vs. control (n = 5-6). (e) Representative 

immunofluorescence images of DP1 (red) and α-SMA (green) expression in lung tissue from 

hypoxia-treated mice. Scale bar: 25 μm. (f) Quantification of DP1 expression in panel E. *P < 

0.05 vs. normal (n = 7). (g) Representative immunofluorescence images of DP1 (red) and 

α-SMA (green) expression in lung tissue from PAH patients. Scale bar: 25 μm. (h) 

Quantification of DP1 expression in panel F. *P < 0.05 vs. normal (n = 7). Data represent 

mean ± SEM. Statistical significance was evaluated with the two-tailed Student’s t test. 

Figure 2. VSMC-specific DP1 deletion aggravates hypoxia-induced PAH and PA 

remodeling in mice. (a)Genotyping of VSMC- specific DP1 knockout mice by PCR of 

genomic DNA extracted from tail biopsies. (b) RVSP in DP1F/FSM22Cre and DP1F/F mice 

after hypoxia/SU5416 (HySu) treatment. *P < 0.05 vs. DP1F/F; #P < 0.05 vs. control (n = 7-9). 

(c) RV/LV+S in DP1F/FSM22Cre and DP1F/F mice after HySu treatment. *P < 0.05 vs. DP1F/F; 

#P < 0.05 vs. control (n = 7-9). (d, e) Representative hematoxylin and eosin-stained sections 

of small PAs and arterioles from HySu-treated DP1F/FSM22Cre and DP1F/F mice. Scale bars: 

50 and 25 μm, respectively. (f)Representative immunofluorescence images of α-SMA (green) 
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expression in small PAs (d) and arterioles (e) from HySu-treated DP1F/FSM22Cre and DP1F/F 

mice. Scale bars: 50 and 25 μm, respectively. (g) Quantification of the ratio of vascular 

medial thickness to total vessel size for the HySu treatment model. *P < 0.05 vs. DP1F/F; #P < 

0.05 vs. control (n = 8 or 9). (h) Proportion of partially and fully muscularized PAs (diameter: 

20–50 μm) from HySu-treated mice. *P < 0.05 vs. DP1F/F; #P < 0.05 vs. control (n = 8 or 9). 

(i) Quantification of PASMC size in PAs from HySu-treated DP1F/FSM22Cre and DP1F/F 

mice. *P < 0.05 vs. DP1F/F; #P < 0.05 vs. control (n = 8 or 9). Data represent mean ± SEM. 

Statistical significance was evaluated by two-way analysis of variance with Bonferroni 

post-hoc analysis.

Figure 3. DP1 agonist treatment suppresses progression of MCT-induced PAH in rats. 

(a) Protocol for administration of DP1 agonist BW245C to rats after MCT challenge. (b, c) 

Effect of BW245C administration on RVSP and RV/LV+S ratio in MCT-treated rats. *P < 

0.05 vs. PBS; #P < 0.05 vs. vehicle (n = 6–8). (d) Representative hematoxylin and 

eosin-stained lung sections of MCT-injected rats treated with BW245C. Scale bar: 50 μm. (e) 

Representative immunofluorescence images of α-SMA (green) expression in lung sections of 

MCT-injected rats treated with BW245C. Scale bar: 25 μm, (f) Quantification of the ratio of 

vascular medial thickness to total vessel size in MCT-challenged rats after BW245C 

treatment. *P < 0.05 vs. PBS; #P < 0.05 vs. vehicle (n = 6–8). (g) Quantification of PASMC 

size in PAs of MCT- challenged rats after BW245C treatment. *P < 0.05 vs. PBS; #P < 0.05 

vs. vehicle (n = 6–8). (h) Representative immunofluorescence images of α-SMA (green) and 

PCNA (red) expression in lung sections of MCT-challenged rats after BW245C treatment. 

Scale bar: 25 μm, (i) Quantification of PCNA-positive cells in H. *P < 0.05 vs. PBS; #P < 
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0.05 vs. vehicle (n = 6–8). Data represent mean ± SEM. Statistical significance was evaluated 

by two-way analysis of variance with Bonferroni post-hoc analysis.

Figure 4. DP1 deficiency enhances mTOR activity in PASMCs in response to hypoxia 

via cAMP/PKA signaling. (a) Expression levels of mTOR signaling components in cultured 

mPASMCs under normoxia or hypoxia, as determined by western blotting. (b) Quantification 

of p-mTOR and p-S6K protein levels in panel A. *P < 0.05 vs. WT; #P < 0.05 vs. normoxia 

(n = 4). (c) Expression levels of mTOR signaling components in cultured DP1−/− mPASMCs 

with DP1 re-expression under normoxia or hypoxia, as determined by western blotting. (d) 

Quantification of p-mTOR and p-S6K protein levels in panel C. *P < 0.05 vs. WT; #P < 0.05 

vs. normoxia (n = 4). (e) Effect of DP1 agonist BW245C treatment on intracellular cAMP 

levels in WT and DP1−/− mPASMCs. *P < 0.05 vs. WT (n = 4–6). (f) Effect of PKA inhibitor 

H-89 treatment (10 μmol/l) on mTOR signaling in cultured mPASMCs re-expressing DP1 

under normoxia or hypoxia. Data represent mean ± SEM. Statistical significance was 

evaluated by two-way analysis of variance with Bonferroni post-hoc analysis.

Figure 5. mTOR inhibition attenuates PAH exacerbation in hypoxia-exposed DP1−/− 

mice. (a, b) Effect of rapamycin on RVSP and RV/LV+S ratio of hypoxia-treated mice. *P < 

0.05 vs. WT; #P < 0.05 vs. control (n = 8 or 9). (c, d) Representative hematoxylin and 

eosin-stained sections of small PAs and arterioles from hypoxia-challenged DP1−/− and WT 

mice after rapamycin treatment. (e) Quantification of the ratio of vascular medial thickness to 

total vessel size in hypoxia-challenged mice after rapamycin treatment. *P < 0.05 vs. WT; #P 

< 0.05 vs. control (n = 7–9). (f) Proportion of partially and fully muscularized pulmonary 
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arterioles (20–50 μm in diameter) in hypoxia-exposed mice following rapamycin treatment. 

*P < 0.05 vs. WT; #P < 0.05 vs. control (n = 8 or 9). (g) Quantification of PASMC size in 

PAs from hypoxia-challenged mice after rapamycin treatment. *P < 0.05 vs. WT; #P < 0.05 

vs. control (n = 8 or 9). (h) Representative immunofluorescence images of α-SMA (green) 

and PCNA (red) expression in lung sections of hypoxia-challenged mice after rapamycin 

treatment. Scale bar: 25 μm. (i) Quantification of PCNA-positive cells in panel H. *P < 0.05 

vs. WT; #P < 0.05 vs. control (n = 6 or 7). Data represent mean ± SEM. Statistical 

significance was evaluated by two-way analysis of variance with Bonferroni post-hoc 

analysis.

Figure 6. DP1 deficiency enhances mTORC1 activity in hypoxia-treated mPASMCs via 

PKA-induced raptor dissociation from mTORC1. (a) Expression levels of mTORC1 and 

signaling components in hypoxia-treated WT and DP1−/− mPASMCs, as determined by 

western blotting. (b) Effect of PKA inhibitor H-89 (10 μmol/l) on the association of 

mTORC1 components in mPASMCs re-expressing DP1. (c) Quantification of mTOR–raptor 

association in panel B. *P < 0.05 vs. 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 p-PKA substrate motif. (e) Top panel: Autoradiogram of 

32P-labeled recombinant WT raptor (WT) and Ser791→Ala (S791A) mutant protein 

following incubation with PKA. Bottom panel: Coomassie Blue-stained gel of raptor used for 

the above 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 of p-raptor (Ser791) and mTOR signaling components in 
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mPASMCs following BW245C (0.5 μM) or BWA868C (10 μM) treatment by western 

blotting. (h) Western blot analysis of p-raptor (Ser791)-induced raptor dissociation from 

mTORC1 in mPASMCs after BW245C treatment. (i) Schematic illustration of DP1-mediated 

PASMC homeostasis through PKA/RAPTOR/mTORC1 signaling. Data represent mean ± 

SEM. Statistical significance was evaluated by two-way analysis of variance with Bonferroni 

post-hoc analysis.

Figure 7. Treprostinil protects against HySU-induced PAH in mice via activation of 

DP1 and IP receptors. (a, b) RVSP and RV/LV+S ratio in HySU-challenged DP1−/−, IP−/−, 

DP−/− IP−/−, and WT mice with or without treprostinil treatment. *P < 0.05 vs. WT or as 

indicated; #P < 0.05 vs. vehicle (n = 7 or 8). (c, d) Representative hematoxylin and 

eosin-stained lung tissue sections and immunofluorescence images of α-SMA (green) 

expression in lung tissue of HySU-challenged IP−/−, DP−/− IP−/−, and WT mice with or without 

treprostinil treatment. Scale bar: 25 μm. (e) Quantification of the ratio of vascular medial 

thickness to total vessel size in HySU-challenged DP1−/−, IP−/−, DP−/− IP−/−, and WT mice 

with or without treprostinil treatment. *P < 0.05 vs. WT or as indicated; #P < 0.05 vs. vehicle 

(n = 7 or 8). (f) Proportion of partially and fully muscularized pulmonary arterioles (diameter: 

20–50 μm) in HySU-challenged DP1−/−, IP−/−, DP−/− IP−/−, and WT mice with or without 

treprostinil treatment. *P < 0.05 vs. WT or as indicated; #P < 0.05 vs. vehicle (n = 7 or 8). 

Data represent mean ± SEM. Statistical significance was evaluated by two-way analysis of 

variance with Bonferroni post-hoc analysis.
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Loss of DP1 Aggravates Vascular Remodeling in Pulmonary Arterial Hypertension via 

mTORC1 Signaling

Yuhu He*, Caojian Zuo*, Daile Jia*, Peiyuan Bai*, Deping Kong*, Di Chen*, Guizhu Liu, 

Juanjuan Li, Yuanyang Wang, Guilin Chen, Shuai Yan, Bing Xiao, Jian Zhang, Linjuan Piao, 

Yanli Li, Yi Deng, Bin Li, Philippe P. Roux, Katrin I. Andreasson, Richard M Breyer, 

Yunchao Su, Jian Wang†, Ankang Lyu†, Yujun Shen†, Ying Yu†
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Methods

Study approval

Human lung specimens were obtained from patients undergoing lung transplantation for 

treatment of idiopathic PAH and from unused donor lungs. Patient identifiers were concealed. 

Waiver of informed consent of human lung samples was approved by the Institutional 

Review Board (IRB) of the Augusta University, and by the Pulmonary Hypertension 

Breakthrough Initiative (PHBI) and IRB of the Institute for Nutritional Sciences, Shanghai 

Institutes for Biological Sciences, Chinese Academy of Sciences.

Reagents

BW245C, BWA868C, H-89, and wortmannin were obtained from Cayman Chemical (Ann 

Arbor, MI, USA). SU5416, monocrotaline, and rapamycin were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Treprostinil was supplied by United Therapeutics 

Corp. (Research Triangle Park, NC, USA). The raptor and raptor S791A peptides were 

synthesized by GL Biochem (Shanghai, China).

Lung histology

After hemodynamic measurements, lungs were perfused with PBS and fixed in 10% 

formaldehyde for 24 h before embedding in paraffin. Sections cut at a thickness of 5 μm were 

stained with hematoxylin and eosin for histological analysis. Masson’s trichrome staining 

(Sigma-Aldrich) was performed according to standard procedures. Pulmonary vascular 

remodeling was quantified by measuring medial wall thickness and percent muscularization. 
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For the former, 15–20 muscular arteries from each lung categorized as 20–50 or 50–100 μm 

in diameter were randomly outlined by an observer blinded to mouse genotype or 

pharmacological treatment. The degree of medial wall thickness—expressed as the ratio of 

medial area to cross sectional area (medial/CSA)—was analyzed with ImageJ software 

(National Institutes of Health, Bethesda, MD, USA)(1). To evaluate the degree of 

muscularization, 30–50 intra-acinar vessels in each mouse with a size between 20 and 50 μm 

were categorized as non-muscular or partially or fully muscular. PA muscularization is 

presented as the percentage of partially and fully muscularized pulmonary vessels in total 

pulmonary vessels(2). Pulmonary vessel cell area was calculated as previously described(3).

PG extraction and analysis

Lung tissue was homogenized and centrifuged, and the supernatant (500 μl) was collected for 

PG extraction after protein quantification as previously described(4). Briefly, after adding an 

internal standard, citric acid, and butylated hydroxytoluene, samples were vigorously 

vortexed with 1 ml of solvent (normal hexane:ethyl acetate, 1:1) for 1 min, then centrifuged 

at 6000 × g for 10 min. The supernatant (organic phase) was collected and dried under a 

gentle stream of nitrogen and dissolved in 100 μl of 10% acetonitrile in water. Prostanoid 

metabolites were quantitated by liquid chromatography–tandem mass spectrometry. PG level 

was normalized to total protein concentration.

Cell culture

Primary mouse (m)PASMCs were isolated and cultured as previously described(1). Briefly, a 

segment of proximal PA was isolated under aseptic conditions. After removing adherent fat, 
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connective tissue, and endothelial cells, the tunica media of the vessels was cut into small 

pieces (1–2 mm2) and covered with an autoclaved glass cover slip. The PASMCs were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) F-12 supplemented with 20% 

fetal bovine serum (FBS), 100 U/ml penicillin, 2 mM L-glutamine, and 0.1 mg/ml 

streptomycin (Invitrogen, Carlsbad, CA, USA). Cultured PASMCs were used between 

passages 3 and 6. Human PASMCs(Number: PCS-100-023) and mouse aortic smooth muscle 

cells(MOVAS, Number: CRL-2797TM)were purchased from American Type Culture 

Collection(Manassas, VA, USA.). For hypoxia exposure in vitro, PASMCs seeded in culture 

dishes were subjected placed in a hermetic tank containing 3% O2/5% CO2.

RNA extraction and real-time PCR

Total RNA was isolated from lung tissues, PAs, and PASMCs using TRIzol reagent 

(Invitrogen) according to the manufacturer’s instructions, and 1 μg was reverse transcribed to 

cDNA using the Reverse Transcription Reagent kit (Takara, Dalian, China). Real-time PCR 

was performed with triplicates of each sample in a 20-μl reaction volume with SYBR Green 

universal PCR mix (Takara). Target gene expression was normalized to the level of actin 

mRNA. The PCR protocol was as follow: 95°C for 5 min; 40 cycles of 95°C for 30 s, 60°C 

for 30 s, and 72°C for 30 s; and 72°C for 5 min. PCR products were confirmed as a single 

band of the expected size on a 2% agarose gel. The primer sequences for PCR are shown in 

Table E1.

Cell proliferation assay

Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) was used to assess cell 
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proliferation according to the manufacturer’s instructions. A cell suspension (100 μl/well) 

was pre-incubated in a 96-well plate in a humidified incubator. The absorbance at 450 nm 

was measured using a microplate reader to generate the growth curve.

Construction of DP1 vector and lentivirus encoding DP1

Mouse DP1 cDNA was subcloned into pcDNA3.1 and a hemagglutinin (HA) tag was added 

at the extracellular N terminus. Correct insertion of the DNA fragment was confirmed by 

sequencing. mPASMCs were transiently transfected with pcDNA3.1/DP1 or empty 

pcDNA3.1 vector using Lipofectamine2000 transfection reagent (Invitrogen) according to the 

manufacturer’s protocol.

To generate a DP1-expressing lentivirus, DP1 cDNA was subcloned into the green 

fluorescent protein (GFP) expression vector FG12, and the recombinant FG12 vector was 

co-transfected with pMDLg/pRRE, pRSV-Rev, and pHCMVG into HEK 293T cells. The 

culture supernatant containing the virus was collected 72 h later. A lentivirus generated from 

the empty vector was used as the negative control.

In vitro kinase assay

The in vitro kinase assay was performed as previous described(5). To measure raptor 

phosphorylation by PKA, raptor and raptor S791A peptides (10–20 mg) were added to buffer 

composed of 50 mM Tris-Cl (pH 7.4), 10 mM MgCl2, 2 mM dithoithreitol, 0.1 mM EDTA, 

0.01% Brij35, 200 μM ATP, and 20 mCi [g-32P]ATP (Amersham Pharmacia Biotech, 

Piscataway, NJ, USA). For the PKA assay, 0.5 U of the catalytic subunit of PKA (New 
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England Biolabs, Hertfordshire, UK) was added per reaction. Kinase reactions were carried 

out at 30°C for 30 min and terminated by adding sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS–PAGE) loading buffer. Proteins were resolved by Tricine-SDS–PAGE 

and 32P-labeled fusion proteins were detected with a Molecular Dynamics phosphorimager 

(GE Healthcare, Sunnyvale, CA, USA).

Traction force microscopy

Contractile force produced by mPASMCs was measured by traction force microscopy as 

previously described(3, 6). Briefly, fluorescent microbead-embedded elastic gels were treated 

with N-sulfosuccinimidyl-6-(4'-azido-2'-nitrophenylamino) hexanoate (0.5 mg/ml; Pierce, 

Rockford, IL, USA) and activated by 365 nm ultraviolet irradiation for 10 min, then 

immediately incubated overnight at 37°C with 100 μg/ml type I collagen (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) for cell culture. Cells were maintained under hypoxia 

(3%) or normoxia (21%) for 24 h.

Measurement of cellular cyclic (c)AMP levels

At about 70% confluence, mPASMCs in 12-well plates were cultured overnight in DMEM 

F-12 containing 2% FBS, and then pre-treated with the phosphodiesterase inhibitor 

3-isobutyl-1-methylxanthine (1 mM) for 30 min, followed by incubation with the DP1 

agonist BW245C (0.5 μM) and forskolin (1 μM) or vehicle for another 30 min. The cells 

were washed with cold PBS and then harvested in ice-cold lysis buffer on ice. cAMP level 

was measured using a cAMP Parameter Assay Kit (R&D Systems, Minneapolis, MN, USA) 

according to the manufacturer’s instructions.
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Co-immunoprecipitation

Cell lysates containing 1 mg of protein were incubated with anti-mTOR antibody (1:100; 

Santa Cruz Biotechnology, cat: sc-517464) or anti-MYC antibody (1:1000; Proteintech, 

Chicago, IL, USA, cat: 60003-2-1g) at 4°C for 3 h, followed by overnight incubation with 

gentle agitation at 4°C with protein A/G agarose (Invitrogen). After extensive washing, 

immune complexes were recovered by boiling in loading buffer and then subjected to western 

blot analysis with antibodies against mTOR, raptor(cat: 2280), proline-rich AKT substrate of 

40 kDa (PRAS40, cat: 2691), G protein beta subunit-like (GβL, cat: 3274),  

anti-HA(cat:37245), anti-FLAG(cat:147935), (all diluted 1:1000 and from Cell Signaling 

Technology, Danvers, MA, USA), and phosphorylated (p-)raptor (1:1000; ABclonal, Wuhan, 

China, cat: AP0868). 

RNA interference

Mouse MOVAS cells (ATCC® CRL-2797™) were cultured in 12-well plates for siRNA 

transfection by LipofectamineTM 2000 reagent (Invitrogen) with the 70–80% confluence 

according to the manufacturer’s instructions. In brief, siRNA(2 µg) and LipofectamineTM 

2000 (4µl) were mixed and incubated for 20-30 min at room temperature to allow formation 

of transfection complexes before delivery on the cells. 48–72 h after interference, the cells 

were collected to assess the knockdown efficiency and indicated genes expression by 

qRT-PCR. As for hypoxic condition, cells were exposed to 3% O2 after siRNA transfection 

for 6 hours. All the sequences of siRNA (Genepharma, Shanghai, China) used were listed in 

Table E2.
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Prediction of Transcription Factor Binding Sites

The fragment between -4000 and +100 bp of the transcription start site of the DP1 gene from 

the Eukaryotic promoter(EPD) database was analyzed for putative HIF1α, Creb1, BCL6 and 

Egr1 motifs in JASPAR Core (2018 version) using FindM software. A match score with a p 

value <0.001 was considered to be a high confidence binding site prediction.

Luciferase Assay

The coding sequences of mouse HIF1α and BCL6 were subcloned into pcDNA3.1 vector 

(Life Technologies). The mouse DP1 promoter region (0 to –4000 nucleotides) was 

subcloned into pGL3-Basic plasmid (Promega). HEK293-T cells were cultured in 24-well 

plates and transfection was performed using the LipofectamineTM 2000 reagent (Invitrogen) 

with the 70–80% confluence. Cells were co-transfected with 10 ng of the pRL-TK vector 

DNA (Promega) and 200 ng of HIF1α or BCL6 expression plasmids and 200 ng of the empty 

pGL3-Basic plasmid or pGL3-Basic plasmid containing DP1 promoter region. After 24 h 

incubation, cells were harvested and luciferase activity was measured using the dual 

luciferase reporter assay system (Promega). Promoter activity is quantified and normalized to 

the activity of the co-transfected pRL-TK reporter gene.

Chromatin Immunoprecipitation

Mouse MOVAS cells were seeded in 15cm dishes and grown to 70–80% confluence. Cells 

were then incubated in normoxia or hypoxia for 72 hours. A ChIP assay was performed with 

a Magna ChIPTM A/G chromatin immunoprecipitation kit (Merck KGaA, Darmstadt, 
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Germany. Cat: 17-10085) according to the manufacturer’s protocol. Briefly, cells were fixed 

with 1% formaldehyde/PBS and the reaction was stopped by the addition of glycine followed 

by PBS washing. The pellet was lysed and the chromatin was sheared into 200–1000-bp 

fragments by sonication. The chromatin extract was incubated with rabbit anti-HIF1α 

antibody or anti-BCL6 antibody (Cell Signaling Technology) or rabbit IgG control 

(ABclonal) at 4 °C with rotation for overnight. The conjugated beads were washed and 

eluted, and the cross links were reversed by incubation in the presence of proteinase K at 

65 °C for 4 h. After purification, DNA was dissolved in elution buffer, and used for 

quantitative PCR analysis. PCR primers were designed to span individual HIF1α or BCL6 

binding motif (Table E3).

Immunofluorescence analysis

Frozen sections (8 μm thick) from tissues or glass coverslips with cells were fixed in cold 

acetone and washed with PBS. After permeabilization with PBS containing 0.25% Triton 

X-100 for 10 min, samples were incubated with 3% bovine serum albumin in PBS for 30 min 

to block non-specific antibody binding, then incubated overnight at 4°C with primary 

antibodies against alpha smooth muscle actin (α-SMA) (1:400; Sigma-Aldrich); proliferating 

cell nuclear antigen (PCNA) (1:200; Cell Signaling Technology); p-mTOR (1:200) and GFP 

(1:1000) (both from Abcam, Cambridge, MA, USA); cluster of differentiation (CD)11b 

(1:400; BD Pharmingen, San Diego, CA, USA); CD68 (1:400; ABD Serotec, Puchheim, 

Germany) and fibronectin (1:200; Epitomics, Burlingame, CA, USA), followed by three 

washes with PBS and incubation with Alexa Fluor 488- or Alexa Fluor 594-conjugated 
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secondary antibody (Invitrogen) for 2 h at room temperature. ProLong Gold antifade reagent 

with 4',6-diamidino-2-phenylindole (Invitrogen) was used to mount and counterstain the 

specimens, which were subsequently examined using an LSM 510 laser scanning confocal 

microscope (Carl Zeiss, Oberkochen, Germany).

Western blotting

Proteins from cell and tissue samples were extracted with lysis buffer containing protease 

inhibitors. Total protein concentration was determined with the bicinchoninic acid (BCA) 

method using the BCA Protein Assay Kit (Pierce). Lysates containing equal amounts of 

protein were separated by 10% or 8% SDS–PAGE and electrotransferred to a polyvinylidene 

difluoride membrane (Millipore, Billerica, MA, USA). The membrane was blocked in 5% 

milk in Tris-buffered saline (150 mM NaCl, 50 mM Tris [pH 7.4]) with 0.1% Tween 20 and 

incubated overnight at 4°C with primary antibodies against the following proteins: collagen 

and fibronectin (both diluted 1:1000 and from Cayman Chemical); α-SMA (1:1000, 

Sigma-Aldrich), mTOR and p-mTOR, ribosomal protein S6 kinase (S6K), p-S6K, AKT, 

p-AKT (Ser473), p-AKT (Thr308), PRAS40, p-PRAS40, 5' AMP-activated protein kinase 

(AMPK), p-AMPK, extracellular signal-regulated protein kinase (ERK)1/2, p-ERK1/2, 

p-PKA substrate (RRXS*/T*), p38, p-p38, c-Jun N-terminal kinase (JNK), p-JNK, GβL, 

raptor, p-raptor (Ser792), HA, Flag, α-tubulin, glyceraldehyde 3-phosphate dehydrogenase 

(all diluted 1:1000 and from Cell Signaling Technology); and p-raptor (Ser791) (1:1000; 

ABclonal). The membrane was incubated with appropriate horseradish 

peroxidase-conjugated secondary antibodies (1:2000; Cell Signaling Technology) in blocking 
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buffer for 2 h at room temperature, and immunoreactivity was detected by enhanced 

chemiluminescence (Pierce). Densitometric quantification of protein bands was performed 

using ImageJ software.
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Supplemental Figure Legends

Figure E1. PG profile of lungs from WT and DP1−/− mice after chronic hypoxia 

exposure. (a) PGD2, (b) PGE2, (c) PGF2α, (d) TxA2, and (e) 6-keto-PGF1α, a stable 

hydrolyzed product of PGI2, in lung tissues from WT and DP−/− mice after 3 weeks of 

hypoxic exposure. #P < 0.05 vs. normoxia (n = 5-6). Data represent mean ± SEM. Statistical 

significance was evaluated by two-way analysis of variance with Bonferroni post-hoc 

analysis.

Figure E2. Knockdown of HIF1α or BCL6 prevents hypoxia-induced DP1 

downregulation in mouse VSMCs. (a) Relative mRNA levels of DP1 in mouse VSMC line 

MOVAS in response to hypoxia (Hyp). *P < 0.05 vs. normoxia (Nor) (n = 6). (b) Predicted 

binding elements of HIF1α, Creb1, BCL6 and Egr1 in the mouse DP1 gene promoter. (c-f) 

Relative mRNA levels of HIF1α, Creb1, BCL6 and Egr1 in MOVAS cells in response to 

hypoxia, respectively. *P < 0.05 vs. normoxia (n =4-6). (g, h) Effect of HIF1α knockdown(g) 

on DP1 expression in MOVAS cells in response to hypoxia(h). *P < 0.05 vs. normoxia, #P < 

0.05 vs. scramble(n=4-6). (i, j) Effect of Creb1 knockdown(i) on DP1 expression in MOVAS 

cells in response to hypoxia(j). *P < 0.05 vs. normoxia, #P < 0.05 vs. scramble(n=5-6). (k, l) 

Effect of BCL6 knockdown(k) on DP1 expression in MOVAS cells in response to hypoxia(l). 

*P < 0.05 vs. normoxia, #P < 0.05 vs. scramble(n=4-6). (m, n) Effect of Egr1 knockdown(m) 

on DP1 expression in MOVAS cells in response to hypoxia(n). *P < 0.05 vs. 

normoxia(n=5-6). Data represent mean ± SEM. Statistical significance was evaluated by the 

two-tailed Student’s t test or two-way analysis of variance with Bonferroni post-hoc analysis.
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Figure E3. Hypoxia suppresses DP1 expression in mouse VSMCs through HIF1α/BCL6 

complex.(a) Schematic of the mouse DP1 promoter showing the location of HIF1α (red) and 

BCL6 (blue) potential binding sites. (b) ChIP analysis of HIF1α binding capacity in the 

mouse DP1 promoter in MOVAS cells (n = 6). (c) ChIP analysis of BCL6 binding sites in the 

mouse DP1 promoter in MOVAS cells (n = 4-6). (d, e) The HIF1α and BCL6 interaction was 

analyzed by anti-HA (d) and anti-FLAG (e) immunoprecipitation. (f) Schematic diagram of 

hypoxia-induced DP1 downregulation in VSMCs through HIF1α-mediated BCL6 recruitment 

on DP1 promoter. Data represent mean ± SEM. Statistical significance was evaluated by 

two-way analysis of variance with Bonferroni post-hoc analysis.

Figure E4. DP1 deficiency aggravates hypoxia-induced PAH and PA remodeling in 

mice. (a) RVSP in DP1−/− and WT mice after exposure to hypoxia. *P < 0.05 vs. WT; #P < 

0.05 vs. normoxia (n = 8–12). (b) RV/LV+S in DP1−/− and WT mice after exposure to 

hypoxia. *P < 0.05 vs. WT mice; #P < 0.05 vs. normoxia (n = 8–12). (c, d) Representative 

hematoxylin and eosin-stained sections of small PAs and arterioles from hypoxia-treated 

DP1−/− and WT mice. Scale bars: 50 and 25 μm, respectively. Representative 

immunofluorescence images of α-SMA (green) expression in small PAs (e) and arterioles (f) 

from hypoxia-treated DP1−/− and WT mice. Scale bars: 50 and 25 μm, respectively. (g) 

Quantification of the ratio of vascular medial thickness to total vessel size for the hypoxia 

treatment model. *P < 0.05 vs. WT; #P < 0.05 vs. normoxia (n = 8–12). (h) Proportion of 

partially and fully muscularized PAs (diameter: 20–50 μm) in hypoxia-treated mice. *P < 

0.05 vs. WT; #P < 0.05 vs. normoxia (n = 8–12). (i) Quantification of PASMC size in PAs 

from hypoxia-treated DP1−/− and WT mice. *P < 0.05 vs. WT; #P < 0.05 vs. normoxia (n = 8 
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or 9). (j, k) α-SMA gene and protein levels in lungs of hypoxia-treated DP1−/− and WT mice. 

*P < 0.05 vs. WT; #P < 0.05 vs. normoxia (n = 5). Data represent mean ± SEM. Statistical 

significance was evaluated by two-way analysis of variance with Bonferroni post-hoc 

analysis.

Figure E5. Effect of DP1 deficiency on extracellular matrix deposition in lung tissue in 

WT and DP−/− mice after chronic hypoxia exposure. (a) Masson’s trichrome staining of 

lung tissue from WT and DP1−/− mice after chronic hypoxia exposure. Scale bar: 50 μm. (b) 

Immunofluorescence detection of fibronectin (FN) (red) expression in lung tissue from WT 

and DP1−/− mice after chronic hypoxia exposure. Scale bar: 50 μm. (c) Western blot analysis 

of extracellular matrix protein expression in lung tissue from WT and DP1−/− mice after 

chronic hypoxia exposure.

Figure E6. Genetic disruption and pharmacological inhibition of DP1 promote PASMC 

hypertrophy and proliferation in response to hypoxia in vitro. (a) Representative 

immunofluorescence images of α-SMA (green) expression in WT and DP1−/− PASMCs after 

normoxia or hypoxia treatment. Scale bar: 25 μm. (b) Quantification of PASMC size in panel 

A. *P < 0.05 vs. WT; #P < 0.05 vs. normoxia (n = 17–20). (c) Quantification of the ratio of 

protein/DNA in WT and DP1−/− PASMCs after normoxia or hypoxia treatment. *P < 0.05 vs. 

WT. #P < 0.05 vs. normoxia (n = 5). (d) Representative immunofluorescence images of 

α-SMA (green) expression in human PASMCs treated with BWA868C (10 μM) after 

normoxia or hypoxia exposure. Scale bar: 25 μm. (e) Quantification of PASMC size in panel 

D. *P < 0.05 vs. vehicle. #P < 0.05 vs. normoxia (n = 17–20). (f) Quantification of the ratio of 
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protein/DNA in hypoxia-challenged human PASMCs after BWA868C treatment. *P < 0.05 

vs. vehicle. #P < 0.05 vs. normoxia (n = 6). (g) Proliferation of cultured WT and DP1−/− 

PASMCs in response to hypoxia. *P < 0.05 vs. vehicle (n = 6). (h) Proliferation of cultured 

BWA868C-treated human PASMCs in response to hypoxia. *P < 0.05 vs. vehicle (n = 6–9). 

(i) Representative immunofluorescence images of α-SMA (green) and PCNA (red) 

expression in lung sections of WT and DP1−/− mice after chronic hypoxia exposure. Scale 

bar: 25 μm. (j) Quantification of SMA- and PCNA-positive cells in panel I. #P < 0.05 vs. 

normoxia (n = 5). Data represent mean ± SEM. Statistical significance was evaluated by 

two-way analysis of variance with Bonferroni post-hoc analysis.

Figure E7. Effect of DP1 deficiency on perivascular inflammatory response in lungs of 

mice with hypoxia-induced PAH. (a, b) Representative immunofluorescence images of 

CD11b (a, red) and CD68 (b, red) expression in lung tissues from DP1−/− and WT mice after 

chronic hypoxia exposure. Scale bar: 50 μm.

Figure E8. Effect of EP2 deficiency on development of hypoxia-induced PAH in mice. (a, 

b) RVSP and RV/LV+S ratio in EP2−/− and WT mice after chronic exposure to hypoxia. #P < 

0.05 vs. normoxia (n = 6-8). (c) Representative images of hematoxylin and eosin-stained lung 

sections from normoxia- or hypoxia-treated WT and EP2−/− mice. Scale bar: 50 μm. (d) 

Quantification of the ratio of vascular medial thickness to total vessel size in panel C. #P < 

0.05 vs. normoxia (n = 6-8). Data represent mean ± SEM. Statistical significance was 

evaluated by two-way analysis of variance with Bonferroni post-hoc analysis.

Figure E9. Re-expression of DP1 in lung tissue ameliorates the exacerbated PAH in 
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hypoxia-treated DP1−/− mice. (a) Representative immunofluorescence images of α-SMA 

(green) and GFP (red) expression in lung sections of DP1−/− mice transduced with lentivirus 

encoding GFP-tagged DP1. Scale bar: 25 μm. (b) mRNA levels of DP1 in lung tissue of mice 

after transduction with lentivirus expressing DP1. *P < 0.05 vs. vector (n = 4). (c, d) Effect of 

DP1 re-expression on RVSP and RV/LV+S ratio in hypoxia-treated DP1−/− mice. *P < 0.05 

vs. vector (n = 8). (e) Representative hematoxylin and eosin-stained lung tissue sections from 

DP1−/− mice transduced with lentivirus expressing DP1 after chronic hypoxia exposure. (f–h) 

Quantification of the ratio of vascular medial thickness to total vessel size (f), proportion of 

partially and fully muscularized pulmonary arterioles (20–50 μm in diameter) (g), and 

quantification of PASMC size (h) in panel e. *P < 0.05 vs. vector (n = 8). Data represent 

mean ± SEM. Data were calculated by 2-tailed Student’s t test.

Figure E10. Effect of DP1 deficiency on MAPK signaling in cultured mPASMCs 

exposed to hypoxia.

Figure E11. DP1 deficiency leads to increased mTOR activity in PAs from 

hypoxia-treated mice. (a) Western blot analysis of activated mTOR signaling components in 

lung tissue of hypoxia-treated WT and DP1−/− mice. (b) Representative immunofluorescence 

images of α-SMA (green) and p-mTOR (red) expression in lung sections from 

hypoxia-treated WT and DP−/− mice. Scale bar: 50 μm.

Figure E12. Effect of DP1 deficiency on AKT activation in cultured mPASMCs exposed 

to hypoxia.

Figure E13. Effect of DP1 deficiency on AKT Thr308 and PRAS40 Thr246 
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phosphorylation levels and PI3K activation in cultured mPASMCs in response to 

hypoxia. (a) Western blot analysis of p-AKT and p-PRAS40 levels in cultured mPASMCs 

exposed to hypoxia or normoxia. (b) Effect of PI3K inhibitor treatment on mTOR signaling 

in mPASMCs re-expressing DP1 after hypoxia exposure.

Figure E14. Effect of DP1 deficiency on AMPK activity (a) and raptor Ser792 

phosphorylation (b) in hypoxia-challenged mPASMCs.

Figure E15. Rapamycin treatment abolishes the increases in proliferation, hypertrophy, 

and traction force in cultured DP1−/− mPASMCs in response to hypoxia. (a) Effect of 

rapamycin (20 nM) on the proliferation of cultured mPASMCs in response to hypoxia. *P < 

0.05 vs. WT (n = 6). (b) Quantification of the ratio of protein/DNA in hypoxia-treated 

mPASMCs with rapamycin treatment. *P < 0.05 vs. WT; #P < 0.05 vs. control (n = 6). (c) 

Representative phase contrast images and traction stress of hypoxia-treated mPASMCs 

treated with rapamycin. (d) Quantification of the traction force (Pa) in panel c. *P < 0.05 vs. 

WT; #P < 0.05 vs. control (n = 8–10). Data represent mean ± SEM. Statistical significance 

was evaluated by two-way analysis of variance with Bonferroni post-hoc analysis.

Figure E16. Western blot analysis of p-raptor (Ser791) expression in forskolin-treated 

293T cells expressing myc-tagged WT and S791A mutant raptor.

Figure E17. Treprostinil  treatment inhibits mTORC1 activity and downstream S6K 

phospholylation in PASMCs. (a) Effect of treprostinil (Trep) treatment on mTORC1 

signaling in primary human PASMCs in response to hypoxia. (b) Representative 

immunofluorescence images of α-SMA (green) and mTOR (red) expression in lung sections 
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of HySu-challenged mice after treprostinil treatment. Scale bar: 50μm,
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Table E1. Primers for PCR

Target Forward primer (5'–3') Reverse primer (5'–3')

Human DP1 ATGCGCAACCTCTATGCGAT GCGCGATAAATTACGGGCAG

Human DP2 CCTCTGTGCCCAGAGCCCCACGA

TG

CACGGCCAAGAAGTAGGTGAAGA

AG

Human GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACA

Mouse DP1 GCTTTCTGTGCGCTCCCCTTTG CATCCGGAATACTGAAGTCCTG

Mouse DP2 CAATCTCCCGGAGCAAGGTG CCAGGTAACTCCTCGATGGC

Mouse α-SMA TCCTGACGCTGAAGTATCCGAT GGCCACACGAAGCTCGTTATAG

Mouse Egr1  TCGGCTCCTTTCCTCACTCA CTCATAGGGTTGTTCGCTCGG

Mouse BCL6 CCGGCACGCTAGTGATGTT TGTCTTATGGGCTCTAAACTGCT

Mouse Creb1 ACCCAGGGAGGAGCAATACAG TGGGGAGGACGCCATAACA

Mouse HIF1α ACCTTCATCGGAAACTCCAAAG CTGTTAGGCTGGGAAAAGTTAGG

Mouse β-actin GTACCACCATGTACCCAGGC AACGCAGCTCAGTAACAGTCC

Mouse GAPDH CCCTTATTGACCTCAACTACATG

GT

GAGGGGCCATCCACAGTCTTCTG

Rat DP1 TGAATGAGTCCTATCGCTGTC GGTGATGTGCCTTTGGTAGAA

Rat DP2 CTTCCAAACCACAGCAACTC CAGAGCATCAGGCAGACTC

Rat β-actin ACGGTCAGGTCATCACTATCG GGCATAGAGGTCTTTACGGATG
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Table E2. siRNA sequences

Target Forward primer (5'–3') Reverse primer (5'–3')

Mouse 

si-mHIF1α CUGAUAACGUGAACAAAUATT UAUUUGUUCACGUUAUCAGTT

si-mBCL6 GCCUCAAUCAGAAUGCCAATT UUGGCAUUCUGAUUGAGGCTT.

si-mEgr1 CAGGACUUAAAGGCUCUUATT UAAGAGCCUUUAAGUCCUGTT.

si-mCreb1 GUCUCCACAAGUCCAAACATT UGUUUGGACUUGUGGAGACTT
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Table E3. Predicted binding sites for HIFα and BCL6 on mouse DP1 promoter

Binding sites Forward primer (5'–3') Reverse primer (5'–3')

HIF1α

1.  -3651~ 3636

TGGGAACGTAGTAGA

ACCCCGAAGCCTGAAG
ATTG

AGCCCTAAGGAGCAGGA
TGA

BCL6

1. -461~ -443

TCTGCCGCTTCCAAAATC

ACATGGAAACTTGCAGC
TACC

TGGTGTTTTGGTTGCCAC
AA

2. -781~ -763 

AACTTTCCTCAAATAAAA

GTGAGGTCAAAGCAGT
CCCA

CAGAGGGCATCAGGGTT
CTG

3.  -1548~ -1528 

AGAACTTCCTTCCCCTTCCATTC

CCCCCTTCAGATTCTAC
TGCC

AGACTAGTCTCATGTGCA
CTTGA

4.  -1904~ -1885 

GTGGTTTCCTTAATTGTAC

AACCAGGAGGAAACGT
GTGG

ATGAGCTGTGGGACCCA
ATG

5.  -3826~ -3807 

AGGCTTTCCTCCTCCAGGT

GCCAGTTGTTCAGGGAA
GGA

GCCTTGAACGTAACACCT
GG

* Italic scripts indicate the binding motif.
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