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RAS protein activator like 2 promotes the proliferation and migration of 
pulmonary artery smooth muscle cell through AKT/mammalian target of 
Rapamycin complex 1 pathway in pulmonary hypertension
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ABSTRACT
RAS protein activator like 2 (Rasal2) exerts pro-proliferative effect in several types of cells. 
However, whether Rasal2 is involved in the regulation of pulmonary artery smooth muscle cell 
(PASMC) remains unclear. In the current study, we explored the role of Rasal2 in proliferation and 
migration of PASMC during the development of pulmonary arterial hypertension (PAH). We found 
that the protein level of Rasal2 was increased in both pulmonary arteries of chronic hypoxia- 
induced pulmonary hypertension (CH-PH) mice and hypoxia-challenged PASMC. Overexpression 
of Rasal2 caused enhanced proliferation and migration of PASMC after hypoxia exposure. 
Mechanistically, we found elevated phosphorylation of AKT and two downstream effectors of 
mammalian target of Rapamycin complex 1 (mTORC1), S6 and 4E-Binding Protein 1 (4EBP1) after 
Rasal2 overexpression in hypoxia-challenged PASMC. Inactivation of mTORC1 abolished Rasal2- 
mediated enhancement of proliferation and migration of PASMC. Furthermore, we also demon-
strated that AKT might act downstream of Rasal2 to enhance the activity of mTORC1. Once AKT 
was inactivated by MK-2206 application, overexpression of Rasal2 failed to further increase the 
phosphorylation level of S6 and 4EBP1. Finally, inhibition of AKT also blocked Rasal2-induced 
proliferation and migration in hypoxia-challenged PASMC. In conclusion, Rasal2 promotes the 
proliferation and migration of PASMC during the development of PAH via AKT/mTORC1 pathway.
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Introduction

Chronic pulmonary arterial hypertension (PAH) is 
a progressive pathophysiological syndrome character-
ized by abnormal pulmonary artery (PA) contraction, 
pulmonary vascular remodeling, accelerated vascular 
resistance, right ventricular failure and death [1,2]. 
PAH is associated with several pulmonary diseases, 
such as interstitial lung disease, chronic obstructive 
pulmonary disease and obstructive sleep apnea [3]. 
Among the above mentioned causes, hypoxia is 
being considered as one of the most crucial factors of 
PAH [4]. Many available drugs based on recovering 
the vasoconstrictive phenotype of PA fail to effectively 
improve the outcomes of PAH patients [5]. Therefore, 
searching novel therapeutic strategies for PAH is of 
great significance.

As the major component of vessel, pulmonary 
artery smooth muscle cell (PASMC) plays an 
important role in maintaining the normal function 
and structure of PA. There is a dynamic balance 
between proliferation and apoptosis in PASMC 
under physiological condition. However, long- 
term exposure to hypoxia causes excessive prolif-
eration and migration of PASMC, leading to ste-
nosis or occlusion of PA and further development 
of PAH [6]. The molecular mechanisms involved 
in the regulation of PASMC proliferation and 
migration are complex, including Mitogen 
Activated Protein Kinases and Adenosine 5‘- 
monophosphate (AMP)-activated protein kinase, 
etc [7,8]. Though classical drugs based on above- 
mentioned signaling pathways have been utilized, 
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the morbidity and mortality of PAH are still at 
a high level. Therefore, searching novel molecular 
mechanisms in the regulation of PASMC prolif-
eration and migration are particularly important.

Ras proteins play important roles in cellular 
proliferation and growth, including proliferation 
and migration of SMC [9,10]. Belonging to the 
RAS GTPase-activating protein family, RAS pro-
tein activator like 2 (Rasal2) is a critical factor in 
regulating RAS signaling pathway and is involved 
in many cellular processes [11]. Rasal2 is originally 
considered as a tumor-suppressor via its regulation 
of Wnt, Hippo and Ras signaling pathways [12]. 
However, recent researches indicate that the reg-
ulation of Rasal2 on cancer is multiple. Rasal2 can 
also exerts pro-tumor effect in several types of 
cancer [11,13]. A recent research revealed a novel 
role of Rasal2 in promoting adipogenesis and obe-
sity-associated disorders [14]. Additionally, Rasal2 
is also reported to negatively modulate angiogen-
esis in renal cell carcinoma [15], suggesting the 
potential role of Rasal2 in regulating vascular 
pathological and physiological functions. 
However, the role of Rasal2 in proliferation and 
migration of PASMC and PAH is unclear.

Here, we hypothesized that Rasal2 might be a novel 
molecular mechanism that is involved in PAH. In our 
current study, we observed elevated level of Rasal2 in 
both PA of chronic hypoxia-induced pulmonary 
hypertension (CH-PH) mice and PASMC after 
hypoxia stimulus. Upregulation of Rasal2 promoted 
hypoxia-induced proliferation and migration of 
PASMC. AKT/mammalian target of Rapamycin 
complex 1 (mTORC1) acted downstream of Rasal2. 
Inhibition of both AKT and mTORC1 abolished 
Rasal2-mediated phenotypic regulation of PASMC. 
Our study was expected to provide clues for finding 
new therapeutic targets of PAH.

Materials and methods

Animals

C57BL/6 J mice were purchased from Dashuo 
Animal Science and Technology (Chengdu, 
Sichuan, China). All animal procedures were con-
ducted in accordance with the Institutional Animal 
Care and Use Committee and the Ethic Committee 
of The General Hospital of Western Theater 

Command (Chengdu, Sichuan, China). Mice were 
kept in a 12-hour light–dark cycle at 24°C and have 
free access to food and water. For PAH, mice were 
subjected to SU5416-hypoxia as previously described 
[16]. Briefly, 8–10-week-old male mice received sub-
cutaneous injection of SU5416 (20 mg/kg; Sigma, St 
Louis, Missouri, USA) weekly and kept with chronic 
hypoxia (10% O2) in a ventilated chamber for 
21 days. Normoxic control mice only received 
equivalent vehicle and were exposed to room air. 
Finally, mice were anesthetized with pentobarbital 
(100 mg/kg) and sacrificed for further experiments. 
Detection of right ventricular systolic pressure 
(RVSP) and right ventricular hypertrophy index 
(RVHI) were performed as previously described 
[17]. Briefly, mice were anesthetized with pentobar-
bital (30 mg/kg). A pressure transducer catheter 
(Millar Instruments, Houston, TX, USA) was then 
inserted into the right ventricle (RV) to measure the 
RVSP. The heart tissue of sacrificed mice were then 
isolated for calculating RVHI, which was determined 
by the mass ratio of RV/(left ventricle + septum).

Cell culture and treatment

Primary cultured PASMC was obtained as pre-
viously described [18]. Briefly, PAs of mice were 
isolated and washed twice with ice-cold PBS. 
Then, the adventitia and connective tissue were 
carefully stripped off. The endothelium was gently 
removed via scratching the luminal surface with an 
elbow tweezer. The remaining media layer was cut 
into small pieces (1 mm3) and incubated with 
Dulbecco’s modified Eagle’s medium (DMEM; 
HyClone, Carlsbad, California, USA) supplemen-
ted with fetal calf serum (10%; Invitrogen, 
Carlsbad, California, USA), penicillin (100 units/ 
ml) and streptomycin (100 mg/ml) in a humidified 
5% CO2 incubator at 37°C. PASMC between pas-
sages 3 and 5 was used for further experiments. 
Normoxic PASMC was cultured under the condi-
tion of 21% O2, 5% CO2 and 74% N2 at 37°C for 6, 
12 and 24 h. Hypoxic PASMC was cultured under 
the condition of 3% O2, 5% CO2 and 92% N2 at 
37°C for 6, 12 and 24 h. RAPA (100 nmol/L) and 
MK2206 (1 μM) were utilized to treat cells for 6 h. 
The adenovirus expressing Rasal2 (Ad-Rasal2) and 
control viruses (Ad-con) were constructed accord-
ing to the manufacturer’s instructions (Genechem; 
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Shanghai, China). For transfer in PASMC, cell was 
transfected with adenovirus (3 pfu/cell) for 48– 
72 hours. For siRNA transfection, PASMC was 
incubated with the mixture of control siRNA or 
Rasal2 siRNA (si-Rasal2) and 10 μL X-tremeGENE 
siRNA transfection reagent for 8 hours. Then, cells 
were cultured for another 48 hours before harvest-
ing for RNA extraction. The sequence of siRasal2: 
CGGCGACTGGAG GAATATGAA [11].

Western blotting

Extractions of PA and PASMC were lysed with 
RIPA buffer (Beyotime Institute of 
Biotechnology, Shanghai, China). The protein 
samples were then subjected to analysis of 
Western blotting as previous study described 
[19]. Primary antibodies against Rasal2 (cat 
82481S, 1:1000), p-AKTThr308 (cat 13038S, 
1:1000), AKT (cat 9272S, 1:1000), p-S6Ser235/236 

(cat 4858S, 1:1000), S6 (cat 14467S, 1:1000), p-
4EBP1Thr37/46 (cat 2855S, 1:1000), 4EBP1 (cat 
9644 T, 1:1000) and β-actin (cat 4970S, 1:8000) 
were obtained from Cell Signaling Technology 
(Danvers, Massachusetts, USA).

Immunofluorescence assay

Immunofluorescence of PASMC was conducted as 
previously described [19]. PASMC was seeded in 
a six-well plate and grown to 50%–60% conflu-
ence. After removal of cell culture media, cells 
were washed twice by PBS and fixed with 4% 
polyformaldehyde. PASMC was then incubated 
with 0.5% triton X-100 T for membrane breaking. 
After blocking, the cell was incubated with pri-
mary antibodies against SM α-actin and Ki-67 
(1:1000; Cell Signaling Technology) overnight in 
dark at 4°C. PASMC was then rinsed by PBS and 
incubated with relative secondary antibodies 
(Alexa Fluor 594 F(ab’)-conjugated goat anti- 
mouse and Alexa Fluor 488-conjugated goat anti- 
rabbit (1:3000; Molecular Probes Inc., Eugene, 
Oregon, USA)) in dark for 1 h, respectively. The 
nuclei were stained with DAPI (5 mg/ml; 
VECTOR Labs, Burlingame, California, USA) for 
5 s in the room temperature. Images were captured 
with immunofluorescent microscopy (Leica MPS 
60, Germany).

Transwell assay

Transwell assay of PASMC was performed as pre-
viously described [19]. 8-μm pore Transwell cham-
bers (Millipore, Darmstadt, Germany) were used 
for analysis of cell migration. PASMC was sus-
pended with serum-free medium and seeded in 
the chambers at a density of 1 × 105 cells per 
well. Serum-free DMEM was added into the 
lower wells of the chambers. After incubation 
under hypoxic conditions for 12 h at 37°C, the 
non-migratory cells were wiped off from chamber 
membranes. Migratory PASMC was fixed with 4% 
paraformaldehyde for 15 min, rinsed twice with 
PBS and then stained with 1% crystal violet for 
10 min. Finally, migratory cells were observed by 
a microscope (five fields per well were randomly 
selected).

Statistical analysis

All data are expressed as mean ± standard devia-
tion (SD). Comparisons between multiple groups 
were performed by analysis of variance (ANOVA) 
with an appropriate post hoc test. P < 0.05 was 
considered to be statistically significant.

Results

In the current study, we investigated the effect 
of Rasal2 overexpression on the proliferation 
and migration of PASMC by utilizing the ade-
novirus carrying Rasal2 (Ad-Rasal2). We con-
firmed that Rasal2 enhanced the proliferation 
and migration in hypoxia-challenged PASMC 
via AKT/mTORC1 pathway.

The protein level of Rasal2 in CH-PH mouse 
model and hypoxia-challenged PASMC

To determine whether Rasal2 is involved in the 
regulation of PAH, we first measured the rela-
tive protein level of Rasal2 in dissected PA of 
CH-PH mice. Compared to control mice, CH- 
PH mice showed significantly higher RVSP and 
RVHI (Supplementary Figure S1). As shown in 
Figure 1(a), increased protein expression level 
of Rasal2 was observed in CH-PH mice 
(Figure 1(a)). Since hypoxia-induced chronic 
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phenotypic alteration of PASMC plays a crucial 
role in PAH, we also analyzed the expression of 
Rasal2 in PASMC after hypoxia stimulus. After 
6, 12 and 24 hours of exposure to hypoxia, the 
protein expression of Rasal2 is both enhanced 
in PASMC (Figure 2(a)). These data suggest 
that upregulation of Rasal2 appears to be an 
important regulator for PAH development.

Upregulation of Rasal2 promotes proliferation 
and migration in hypoxia-challenged PASMC

To further investigate the role of upregulation of 
Rasal2 in abnormal phenotypic transition of 
PASMC, we utilized Ad-Rasal2 to induce overex-
pression of Rasal2 in PASMC. As the result 
showed, transfection of Ad-Rasal2 led to signifi-
cantly upregulation of Rasal2 in PASMC 
(Supplementary Figure S2). Phenotypic alteration 
of PASMC was evaluated by testing proliferation 
and migration. By using Ki-67 immunofluorescent 
staining, we observed a significant increase in 
number of Ki67-positive PASMC after 24 hours 
of hypoxia exposure (Figure 2(a)). Simultaneously, 

The increase in cell number induced by hypoxia 
was further enhanced by upregulation of Rasal2. 
PASMC migration was tested by utilizing transwell 
assay. Hypoxia led to enhanced migration of 
PASMC transfected with both Ad-Con (adeno-
virus carrying empty vector) and Ad-Rasal2 
(Figure 2(b)). Additionally, overexpression of 
Rasal2 by Ad-Rasal2 transfection significantly 
accelerated the migration rate of PASMC 
under hypoxic condition. However, overexpres-
sion of Rasal2 did not cause significantly increase 
in number of migrated PASMC without hypoxia 
stimulus.

To further confirm whether hypoxia-induced 
upregulation of Rasal2 is responsible for abnor-
mal proliferation and migration of PASMC, we 
also used siRNA strategy to test the effect of 
Rasal2. We found that silencing Rasal2 by 
siRNA significantly reduced the Ki-67-positive 
area and migratory capacity in hypoxia- 
challenged PASMC (Supplementary Figure S3). 
These data suggest that upregulation of Rasal2 
may partly elucidate hypoxia-induced hyper-
proliferation and hypermigration in PASMC.

Figure 1. The protein level of Rasal2 is elevated in both dissected pulmonary arteries of pulmonary arterial hypertension (PAH) mice 
and hypoxia-challenged PASMC. (a) The protein expression levels of Rasal2 in dissected PAs of CH-PH mice were analyzed by 
immunoblotting (n = 5). (b) The protein expression level of Rasal2 in PASMC exposed to hypoxic conditions for different time 
courses was analyzed by immunoblotting (n = 5). Data are expressed as mean ± SD. *** indicates a significant difference of 
P < 0.001 between the two marked groups.
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Figure 2. Rasal2 promotes hypoxia-induced proliferation and migration of PASMC. PASMC was transfected with the adenovirus 
expressing Rasal2 (Ad-Rasal2) or control viruses (Ad-Con) and cultured under normal/hypoxic conditions for 24 h. (a) Ki67 (green), 
SM α-actin (red) and DAPI (blue) staining was conducted by immunofluorescence (n = 5). Magnification 400 × . (b) Representative 
images showing the transwell assays for cell migration and relative quantification (n = 5). Magnification 100 × . Data are expressed 
as mean ± SD. *** indicates a significant difference of P < 0.001 between the two marked groups.

Figure 3. Rasal2 accelerates hypoxia-induced phosphorylation of S6 and 4EBP1 in PASMC. PASMC was transfected with Ad-Rasal2 or 
Ad-Con and cultured under normal/hypoxic conditions for 24 h. Images of immunoblotting and normalized expression levels of 
p-AKTThr308, AKT, p-S6Ser235/236, S6, p-4EBP1Thr37/46, 4EBP1 and β-actin in PASMC are shown (n = 3). Data are expressed as mean ± 
SD. * and *** indicates a significant difference of P < 0.05 and P < 0.001 between the two marked groups, respectively.
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mTORC1 is essential for Rasal2-mediated 
regulation on the phenotypic changes of PASMC

To elucidate the molecular mechanism by which 
Rasal2 accelerates the proliferation and migration of 
PASMC, the expression of classical molecules regulat-
ing growth of PASMC was validated after transfection 
of Ad-Rasal2. mTORC1 is a crucial complex for 
energy metabolism, which is involved in the develop-
ment of PAH [20] and also in the phenotypic conver-
sion of PASMC [21]. Ras is known to activate 
mTORC1 in several cell types [22]. However, whether 
Rasal2 modulates the activity of mTORC1 in PASMC 
remains unknown.

As shown in our data, the phosphorylation of S6 
and 4EBP1, the two downstream effectors of 
mTORC1, were both enhanced in hypoxia- 
challenged PASMC (Figure 3). Overexpression of 
Rasal2 caused a further increase in the 

phosphorylation of S6 and 4EBP1 after hypoxia sti-
mulus. Additionally, silencing Rasal2 reversed 
hypoxia-induced phosphorylation of S6 and 4EBP1 
in PASMC (Supplementary Figure S4). Next, we 
explored whether activation of mTORC1 is responsi-
ble for Rasal2-mediated regulation of PASMC under 
hypoxia condition. We utilized a classical mTORC1 
inhibitor, rapamycin (RAPA), to rescue the abnormal 
mTORC1 activity induced by hypoxia. We found that 
increased Ki-67-positive cells in hypoxia condition 
was significantly reduced by RAPA (Figure 4(a)). 
More importantly, both hypoxia and overexpression 
of Rasal2 failed to further elevate the number of Ki-67- 
positive PASMC on the basis of RAPA application. 
The change of cell migration after inactivation of 
mTORC1 was also in accordance with that of cell 
proliferation. RAPA reduced the number of migrated 
PASMC challenged with hypoxia in both Ad-Con and 
Ad-Rasal2 group (Figure 4(b)). There was no 

Figure 4. mTORC1 inactivation inhibits Ad-Rasal2-induced proliferation and migration in hypoxia-challenged PASMC. PASMC was 
firstly treated with RAPA (100 nmol/L) or equivalent vehicle for 6 h. Then, cells were transfected with Ad-Rasal2 or Ad-Con and 
cultured under normal/hypoxic conditions for another 24 h. (a) Ki67 (green), SM α-actin (red) and DAPI (blue) staining was 
conducted by immunofluorescence (n = 5). Magnification 400 × . (b) Representative images showing the transwell assays for cell 
migration and relative quantification (n = 5). Magnification 100 × . Data are expressed as mean ± SD. *** indicates a significant 
difference of P < 0.001 between the two marked groups.
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significant difference in cell migration between 
hypoxia + RAPA + Ad-Con and hypoxia + RAPA + 
Ad-Rasal2 group. These data indicate that abnormal 
mTORC1 activation may act downstream of Rasal2 to 
achieve the modulation of PASMC phenotypic 
alteration.

Phosphorylation of AKT mediates Rasal2-induced 
mTORC1 activation in PASMC

Since Rasal2 induced increased mTORC1 activity, 
proliferative and migratory capacity in PASMC, we 
next explored the upstream mechanism of 
mTORC1. As a sensor for cellular stress, mTORC1 
is modulated by many protein kinases, which are 
sensitive to energy metabolism such as PI3K/AKT 
[23]. A previous research revealed that upregulation 
of Rasal2 was able to phosphorylate AKT to promote 
proliferation in hepatocellular carcinoma [24]. 
However, whether Rasal2 regulates mTORC1 activ-
ity via AKT in PASMC is still unrevealed.

In the current study, we found that hypoxia 
induced a significant increase in the AKT-Thr308 
phosphorylation, which was further enhanced after 
overexpression of Rasal2 (Figure 3). Silencing 
Rasal2 inhibited hypoxia-induced phosphorylation 
of AKT in PASMC (Supplementary Figure S4). To 
further validate the relationship between AKT 
phosphorylation and mTORC1 activity, we uti-
lized an AKT inhibitor, MK-2206 [25] to antago-
nize the phosphorylation of AKT induced by 
hypoxia or upregulation Rasal2. As shown in our 

data, both hypoxia and overexpression of Rasal2 
failed to elevate the phosphorylation level of S6 
and 4EBP1 after MK-2206 application (Figure 5). 
These data suggest that Rasal2-induced mTORC1 
activation in PASMC is mediated by AKT 
phosphorylation.

Blockage of AKT abolishes the induction of 
Rasal2 on phenotypic alteration of PASMC

Our research revealed that Rasal2 induced the 
mTORC1 activity of PASMC in a AKT- 
dependent manner. AKT is an important regula-
tory kinase during the occurrence and develop-
ment of PAH [26]. Therefore, we further 
explored whether AKT inhibition impaired 
Rasal2 upregulation-induced proliferation and 
migration of PASMC. AKT inactivation by MK- 
2206 significantly attenuated the increase in Ki-67- 
positive PASMC induced by both hypoxia and 
Rasal2 upregulation (Figure 6(a)). MK-2206 
showed similar inhibitory effect on PASMC pro-
liferation to RAPA. Additionally, there was no 
significant difference in Ki-67-positive cells 
between hypoxia + Ad-Rasal2 + RAPA group 
and hypoxia + Ad-Rasal2 + RAPA + MK-2206 
group. The enhanced capacity of cell migration 
induced by hypoxia or Rasal2 upregulation was 
also reduced after MK-2206 utilization (Figure 6 
(b)). After the blockage of mTORC1 activity by 
RAPA, MK-2206 failed to further lower the rate of 
PASMC migration. These data indicate that 

Figure 5. Rasal2-mediated phosphorylation of S6 and 4EBP1 in hypoxia-challenged PASMC was abolished by AKT inhibition. PASMC 
was firstly treated with MK2206 (1 μM) or equivalent vehicle for 6 h. Then, cells were transfected with Ad-Rasal2 or Ad-Con and 
cultured under normal/hypoxic conditions for another 24 h. Images of immunoblotting and normalized expression levels of 
p-S6Ser235/236, S6, p-4EBP1Thr37/46, 4EBP1 and β-actin in PASMC are shown (n = 4). Data are expressed as mean ± SD. ** and *** 
indicates a significant difference of P < 0.01 and P < 0.001 between the two marked groups, respectively.
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Rasal2-dependent AKT phosphorylation exerts 
a crucial role in promoting PASMC proliferation 
and migration via inducing mTORC1 activity.

Discussion

Our current study sought to examine the role and 
mechanism of Rasal2 in the proliferation and migra-
tion of PASMC induced by hypoxia. First, the 
expression of Rasal2 was elevated in both PA of CH- 
PH mice and hypoxia-challenged PASMC. Second, 
overexpression of Rasal2 accelerated hypoxia- 
induced proliferation and migration of PASMC. 
Next, mTORC1 activation, characterized by 
increased phosphorylation of downstream kinases 
including S6 and 4EBP1 was associated with the 
enhanced proliferation and migration of PASMC 
after Ad-Rasal2 transfection. Recovery of mTORC1 
activity by RAPA abolished the promotion of Rasal2 
overexpression on hypoxia-induced phenotypic 
transition of PASMC. Finally, we demonstrated 

that the aforementioned effects of Rasal2 overexpres-
sion could be rescued by AKT inhibition. These 
results suggest that Rasal2 may be a crucial target 
for the prevention and treatment of PAH.

Belonging to the RAS GTPase-activating protein 
family, Rasal2 is a multifunctional factor that mod-
ulates a series of cellular processes, such as prolif-
eration, lipid and glucose metabolism [12]. Rasal2 is 
also reported to be implicated in vascular regulation 
such as angiogenesis [15]. A previous study reveals 
that several differentially expressed kinases regu-
lated by Rasal2, such as mitogen-activated protein 
kinases, are also crucial in PAH [27]. Our current 
study found that Rasal2 was also richly expressed 
within vessels. Nevertheless, the role of Rasal2 in 
PAH is rarely investigated. Characterized as exces-
sive proliferation and migration, phenotypic transi-
tion of PASMC serves as a crucial process during the 
development of PAH. In the current study, Rasal2 in 
PASMC was significantly elevated after hypoxia 
exposure. External expression of Rasal2 further 

Figure 6. AKT inhibition suppresses Ad-Rasal2-induced proliferation and migration in hypoxia-challenged PASMC. PASMC was firstly 
treated with MK2206 (1 μM), RAPA (100 nmol/L) or equivalent vehicle for 6 h. Then, cells were transfected with Ad-Rasal2 or Ad-Con 
and cultured under normal/hypoxic conditions for another 24 h. (a) Ki67 (green), SM α-actin (red) and DAPI (blue) staining was 
conducted by immunofluorescence (n = 5). Magnification 400 × . (b) Representative images showing the transwell assays for cell 
migration and relative quantification (n = 5). Magnification 100 × . Data are expressed as mean ± SD. *, ** and *** indicates 
a significant difference of P < 0.05, P < 0.01 and P < 0.001 between the two marked groups, respectively.
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accelerated the hypoxia-induced proliferation and 
migration of PASMC. The pro-proliferation and 
pro-migration effects of Rasal2 on PASMC are also 
in accordance with its role in promoting the pro-
gress and metastasis of several tumor cells [11,13]. 
All these data suggest that Rasal2 promotes hypox-
ia-induced PASMC proliferation and migration. 
However, the underlying molecular mechanism 
remains unclear.

mTORC1 serves as a crucial serine/threonine 
kinase in mediating various cellular processes, 
including proliferation, growth, survival and migra-
tion [28,29]. It has been demonstrated that 
mTORC1 is a core modulator during the develop-
ment of PAH [30]. mTORC1 is also reported to 
induce the phenotypic transition of PASMC, 
which is the key pathological component of PAH. 
For example, chronic hypoxia induces phosphoryla-
tion of mTOR and S6, the downstream effector of 
mTORC1, to promote rat PASMC cell proliferation 
[31]. Additionally, mTOR signaling is also reported 
to be involved in SMC migration during neointima 
hyperplasia [32]. However, whether mTORC1 sig-
naling is regulated by Rasal2 in PASMC is 
unknown. In our current study, we also observed 
the activation of mTORC1 in PASMC after hypoxia 
exposure. Overexpression of Rasal2 caused a further 
increase in mTORC1 activity. Therefore, we 
thought that mTORC1 might be an important tar-
get for the modulation of Rasal2 on PASMC pro-
liferation and migration in PAH. We found that the 
enhanced capacity of proliferation and migration 
induced by Rasal2 overexpression in hypoxia- 
challenged PASMC was abolished by reducing 
mTORC1 activity. Our results suggest that 
mTORC1 is required in Rasal2-triggered phenoty-
pic transition of PASMC.

As a sensor of cellular nutrient, redox and energy, 
mTORC1 is able to be activated by various mito-
genic cytokines and growth factors [33,34]. The 
phosphoinositide 3-kinase (PI3K)/AKT is a critical 
signaling cascade that regulates cell proliferation 
[34]. Additionally, PI3K/AKT is also involved in 
the modulation of PASMC phenotypic transition 
and PAH development [35]. Previous research 
demonstrates that mTORC1 acts downstream of 
AKT to achieve its regulation of cellular processes 
[36]. We proposed that AKT might also mediate 
Rasal2-induced mTORC1 activation in PASMC. In 

this study, we demonstrated that overexpression of 
Rasal2 promoted the phosphorylation of AKT at site 
Thr308 in hypoxia-challenged PASMC. 
Furthermore, the enhanced phosphorylation of S6 
and 4EBP1 was also attenuated after AKT inhibi-
tion. Meanwhile, AKT inhibition and mTORC1 
inactivation showed similar suppressive effects on 
the proliferation and migration of PASMC after 
hypoxia exposure. AKT inhibition also abolished 
the promotive effect of Rasal2 on phenotypic transi-
tion of PASMC. Therefore, we revealed that Rasal2 
induced PASMC proliferation and migration in an 
AKT/mTORC1-dependent manner.

Conclusion

In summary, we provided evidence for aberrant 
expression of Rasal2 in CH-PH mice and 
revealed that Rasal2 induced proliferation and 
migration by activating AKT/mTORC1 pathway 
in hypoxic PASMC. Targeting Rasal2/AKT/ 
mTORC1 might play a potential role in ameli-
orating the excessive proliferation and migra-
tion of PASMC in PAH patients.

Highlights

● Rasal2 is elevated in hypoxia-challenged 
PASMC and PA of CH-PH mice.

● Increased expression of Rasal2 promotes the 
proliferation and migration of PASMC.

● AKT/mTORC1 is essential for Rasal2- 
mediated regulation on PASMC.

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

The word was supported by the grant from the 
Popularization Project of Sichuan Provincial Health 
Commission in China [grant no. 19PJ302] to Youguang 
Zhao.

ORCID

Ying Li http://orcid.org/0000-0003-4436-014X

3524 S. HU ET AL.



References

[1] Kahraman BO, Savci S, Ozsoy I, et al. Effects 
of neuromuscular electrical stimulation in patients 
with pulmonary arterial hypertension: a randomized 
controlled pilot study. J Cardiol. 2020;75(6):702–708.

[2] Schermuly RT, Ghofrani HA, Wilkins MR, et al. 
Mechanisms of disease: pulmonary arterial 
hypertension. Nat Rev Cardiol. 2011;8(8):443–455.

[3] Simonneau G, Montani D, Celermajer DS, et al. 
Haemodynamic definitions and updated clinical classifica-
tion of pulmonary hypertension. Eur Respir J. 2019;53 
(1):1801913.

[4] Zhang L, Wang Y, Wu G, et al. Blockade of JAK2 protects 
mice against hypoxia-induced pulmonary arterial hyper-
tension by repressing pulmonary arterial smooth muscle 
cell proliferation. Cell Prolif. 2020;53(2):e12742.

[5] Lajoie AC, Lauziere G, Lega JC, et al. Combination 
therapy versus monotherapy for pulmonary arterial 
hypertension: a meta-analysis. Lancet Respir Med. 
2016;4(4):291–305.

[6] Humbert M, Sitbon O, Chaouat A, et al. Survival in patients 
with idiopathic, familial, and anorexigen-associated pul-
monary arterial hypertension in the modern management 
era. Circulation. 2010;122(2):156–163.

[7] Zhang Q, Li W, Zhu Y, et al. Activation of AMPK inhibits 
Galectin-3-induced pulmonary artery smooth muscle cells 
proliferation by upregulating hippo signaling effector YAP. 
Mol Cell Biochem. 2021;476(8):3037–3049.

[8] Nasim MT, Ogo T, Chowdhury HM, et al. BMPR-II defi-
ciency elicits pro-proliferative and anti-apoptotic responses 
through the activation of TGFbeta-TAK1-MAPK path-
ways in PAH. Hum Mol Genet. 2012;21(11):2548–2558.

[9] Zhang W, Shu C, Li Q, et al. Adiponectin affects 
vascular smooth muscle cell proliferation and apoptosis 
through modulation of the mitofusin-2-mediated 
Ras-Raf-Erk1/2 signaling pathway. Mol Med Rep. 
2015;12(3):4703–4707.

[10] Lawrence MC, Jivan A, Shao C, et al. The roles of 
MAPKs in disease. Cell Res. 2008;18(4):436–442.

[11] Pan Y, Tong JHM, Lung RWM, et al. RASAL2 pro-
motes tumor progression through LATS2/YAP1 axis of 
hippo signaling pathway in colorectal cancer. Mol 
Cancer. 2018;17(1):102.

[12] Zhou B, Zhu W, Jiang X, et al. RASAL2 plays inconsistent 
roles in different cancers. Front Oncol. 2019;9:1235.

[13] Feng M, Bao Y, Li Z, et al. RASAL2 activates RAC1 to 
promote triple-negative breast cancer progression. 
J Clin Invest. 2014;124(12):5291–5304.

[14] Zhu X, Xie S, Xu T, et al. Rasal2 deficiency reduces 
adipogenesis and occurrence of obesity-related 
disorders. Mol Metab. 2017;6(6):494–502.

[15] Hui K, Yue Y, Wu S, et al. The expression and function 
of RASAL2 in renal cell carcinoma angiogenesis. Cell 
Death Dis. 2018;9(9):881.

[16] Ciuclan L, Bonneau O, Hussey M, et al. A novel 
murine model of severe pulmonary arterial 
hypertension. Am J Respir Crit Care Med. 
2011;184(10):1171–1182.

[17] Wan N, Rong W, Zhu W, et al. Tregs-derived inter-
leukin 35 attenuates endothelial proliferation through 
STAT1 in pulmonary hypertension. Ann Transl Med. 
2021;9(11):926.

[18] Wang J, Feng W, Li F, et al. SphK1/S1P mediates 
TGF-beta1-induced proliferation of pulmonary artery 
smooth muscle cells and its potential mechanisms. 
Pulm Circ. 2019;9(1):2045894018816977.

[19] Sun X, Li S, Gan X, et al. Wild-type p53-induced phospha-
tase 1 promotes vascular smooth muscle cell proliferation 
and neointima hyperplasia after vascular injury via p-ade-
nosine 5�-monophosphate-activated protein kinase/mam-
malian target of rapamycin complex 1 pathway. 
J Hypertens. 2019;37(11):2256–2268.

[20] Babicheva A, Makino A, Yuan JX. mTOR signaling 
in pulmonary vascular disease: pathogenic role and 
therapeutic target. Int J Mol Sci. 2021;22(4):2144.

[21] Li Y, Yang L, Dong L, et al. Crosstalk between the 
Akt/mTORC1 and NF-kappaB signaling pathways 
promotes hypoxia-induced pulmonary hypertension 
by increasing DPP4 expression in PASMCs. Acta 
Pharmacol Sin. 2019;40(10):1322–1333.

[22] Kim JH, Kim N. Signaling pathways in osteoclast 
differentiation. Chonnam Med J. 2016;52(1):12–17.

[23] Wang Y, Bai Y, Qin L, et al. Interferon-gamma 
induces human vascular smooth muscle cell prolifera-
tion and intimal expansion by phosphatidylinositol 
3-kinase dependent mammalian target of rapamycin 
raptor complex 1 activation. Circ Res. 2007;101 
(6):560–569.

[24] Fang JF, Zhao HP, Wang ZF, et al. Upregulation of 
RASAL2 promotes proliferation and metastasis, and is 
targeted by miR-203 in hepatocellular carcinoma. Mol 
Med Rep. 2017;15(5):2720–2726.

[25] Liu J, Duan Z, Guo W, et al. Targeting the BRD4/ 
FOXO3a/CDK6 axis sensitizes AKT inhibition in 
luminal breast cancer. Nat Commun. 2018;9 
(1):5200.

[26] Zuo W, Liu N, Zeng Y, et al. Luteolin ameliorates 
experimental pulmonary arterial hypertension via 
suppressing Hippo-YAP/PI3K/AKT signaling 
pathway. Front Pharmacol. 2021;12:663551.

[27] Yang H, Lu Y, Zhu Y, et al. Integrated weighted gene 
co-expression network analysis uncovers STAT1(signal 
transducer and activator of transcription 1) and IFI44L 
(interferon-induced protein 44-like) as key genes in 
pulmonary arterial hypertension. Bioengineered. 
2021;12(1):6021–6034.

[28] Jellusova J. The role of metabolic checkpoint regulators 
in B cell survival and transformation. Immunol Rev. 
2020;295(1):39–53.

BIOENGINEERED 3525



[29] Fernandes H, Moura J, Carvalho E. mTOR signaling as 
a regulator of hematopoietic stem cell fate. Stem Cell 
Rev Rep. 2021;17(4):1312–1322.

[30] Aghamohammadzadeh R, Zhang YY, Stephens TE, 
et al. Up-regulation of the mammalian target of 
rapamycin complex 1 subunit Raptor by aldosterone 
induces abnormal pulmonary artery smooth muscle 
cell survival patterns to promote pulmonary arterial 
hypertension. FASEB J. 2016;30(7):2511–2527.

[31] Krymskaya VP, Snow J, Cesarone G, et al. mTOR is 
required for pulmonary arterial vascular smooth muscle 
cell proliferation under chronic hypoxia. FASEB J. 2011;25 
(6):1922–1933.

[32] Jain M, Dhanesha N, Doddapattar P, et al. Smooth 
muscle cell-specific fibronectin-EDA mediates 

phenotypic switching and neointimal hyperplasia. 
J Clin Invest. 2020;130(1):295–314.

[33] Betz C, Hall MN. Where is mTOR and what is it doing 
there? J Cell Biol. 2013;203(4):563–574.

[34] Tang H, Wu K, Wang J, et al. Pathogenic role of 
mTORC1 and mTORC2 in pulmonary 
hypertension. JACC Basic Transl Sci. 2018;3 
(6):744–762.

[35] Tang H, Chen J, Fraidenburg DR, et al. Deficiency of 
Akt1, but not Akt2, attenuates the development of 
pulmonary hypertension. Am J Physiol Lung Cell 
Mol Physiol. 2015;308(2):L208–220.

[36] Laplante M, Sabatini DM. mTOR signaling in 
growth control and disease. Cell. 2012;149 
(2):274–293.

3526 S. HU ET AL.


	Abstract
	Introduction
	Materials and methods
	Animals
	Cell culture and treatment
	Western blotting
	Immunofluorescence assay
	Transwell assay
	Statistical analysis

	Results
	The protein level of Rasal2 in CH-PH mouse model and hypoxia-challenged PASMC
	Upregulation of Rasal2 promotes proliferation and migration in hypoxia-challenged PASMC
	mTORC1 is essential for Rasal2-mediated regulation on the phenotypic changes of PASMC
	Phosphorylation of AKT mediates Rasal2-induced mTORC1 activation in PASMC
	Blockage of AKT abolishes the induction of Rasal2 on phenotypic alteration of PASMC

	Discussion
	Conclusion
	Highlights
	Disclosure statement
	Funding
	References

