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A B S T R A C T

Background: Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by the vascular
remodeling that also involves proliferation and migration of pulmonary artery smooth muscle cells (PASMCs).
Overexpression of Storkhead box (STOX1) regulates genes involved hypoxia, redox balance, nitric oxide, and
energy metabolism. In this study, we supposed Stox1 adjusted cells proliferation and migration in PASMCs
development and played an important role in the pulmonary arterial vascular remodeling.
Methods: Hemodynamic assay and Right ventricular morphometric assay were used to check the rat model of
PAH. HE staining was used to examine the arterial wall thickness. Masson staining showed that the deposition of
collagen was significantly increased in PAH. In addition, Stox1 were assessed by immunofluorescence and im-
munohistochemistry staining. The effect of Stox1 on PASMCs was assessed by cell counting Kit-8 assay (CCK-8
assay), Scratch-Wound assay, EdU staining assay, Cell cycle analysis and Western blot.
Results: Right ventricular systolic pressure (RVSP) and right ventricular were significantly increased in hypoxia
group and monocrotaline group compared to control group. The expression of Stox1 was increased in lung
tissues in PAH rats. In vitro, the expression of Stox1 was up-regulated with time-dependent manner in hypoxia
condition. Meanwhile, Stxo1 promoted the proliferation and migration in hypoxia-treated PASMCs. Moreover,
we found that hypoxia promoted the expression of PCNA, Cyclin E and Cyclin A, increased more cells from G0/G1
phase to S phase and induced the activation of AKT proteins, which was significantly attenuated by inhibition of
Stox1 expression in PASMCs.
Conclusion: These findings indicated that Stox1 induced proliferation of PASMCs and the effect is, at least in
part, mediated through AKT signaling pathway.

1. Introduction

Pulmonary arterial hypertension (PAH) is a complex and intractable
pulmonary vascular disease, characterized by an increase in pulmonary
vascular remodeling, which is leading to right heart failure and even-
tually death [1]. Pulmonary arterial remodeling is a central process in
the PAH pathogenesis by thickening of all layers of vascular walls [2,3].
Pulmonary arterial smooth muscle cell (PASMC), which is a kind of
highly specialized and differentiated cell, is critical to the pathogenesis
of pulmonary arterial remodeling [4,5]. Therefore, it is irreplaceable for
the prevention and treatment of PAH that exploring the molecular
mechanisms is responsible for PASMCs proliferation.

Storkhead box (STOX) protein 1, a winged-helix transcription factor
structurally and functionally related to the fork-head family of tran-
scription factors, plays a crucial role in regulating multiple biological

processes in the expression of genes [6,7]. STOX1 overexpression
regulated genes including the response to hypoxia, redox balance, nitric
oxide, and energy metabolism [8,9]. Furthermore, STOX1 was found to
promote mitotic entry and the proliferation of inner ear epithelial cells
[10,11]. In addition, recently study reported that STOX1 had a pivotal
role in cerebellar granule neurogenesis and medulloblastoma suppres-
sion [12]. Moreover, STOX1 induced phosphorylation of the longest
human tau isoform at phosphor-epitopes typically found in neurofi-
brillary tangles in Alzheimer's disease [13,14].

The reason why we focused on Stox1 function in PAH was that, we
found that TCONS_00034812 (a lncRNA located on chromosome 12 in
the rats) could increase the Stox1 expression in PASMCs [15]. Further
studies revealed that TCONS_00034812 and Stox1 could regulate
PASMCs function through MAPK pathway. However, until recently,
there is lack of knowledge on the role of Stox1 in pulmonary arterial
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remodeling of PAH. According to our studies, we supposed Stox1 ad-
justed cells proliferation and migration in PASMCs development and
played an important role in the pulmonary arterial remodeling.

The hope is that the question will be solved with our acquainted
methods. Firstly, we indicated the expression of Stox1 in lung tissues
from female rats in different conditions. Then we explored its roles on
cell proliferation and migration in PASMCs by gene silencing ap-
proaches. In addition, flow cytometry assay and western blot assay
were used to provide the mediation function of Stox1 on the cell cycle
influence and AKT signaling pathways. Collectively, our study showed
that the proliferation and cell cycle arrest of PASMCs induced by Stox1
were through the AKT signaling pathway.

2. Materials and methods

2.1. Reagents and antibodies

The antibodies against Stox1(Cat.No.14790–1-AP;1:1000),
PCNA(Cat.No.10205–2-AP; 1:1000), Cyclin A (Cat.No.13295–1-
AP;1:2000), Cyclin E (Cat.No.11554–1-AP;1:2000),
AKT(Cat.No.10176–2-AP; 1:2000),and β-actin(Cat.No.60008–1-lg;
1:5000) were purchased from Protein TechGroup, Inc. (Chicago, IL,
USA). The antibody against p-AKT (Cat.No.#9271; 1:1000) was from
Cell Signaling Technology lnc. Monocrotaline (Cas#:315–22-0) was
from Vicmed Biotech Co., Ltd. Cycle TEST™ PLUS DNA Reagent kit was
obtained from BD Biosciences (FranklinLakes, NJ, USA). Enhanced
chemiluminesence (ECL) kit and PBS were purchased from Nanjing Key
Gen Biotech Co., Ltd. (Nanjing, China). Other reagents were purchased
from common commercial sources.

2.2. Animal and rat lungs tissues

A total of 18 adult female rats (6–8 weeks old, weighting 200 g)
were purchased from the Experimental Animal Center of Xuzhou
Medical University (Grade II), China. The animal experimental proto-
cols were approved by the Institutional Animal Care and Use
Committee (IACUC). Adult rats were randomly separated into control
group (n=6), hypoxia group (n=6) and monocrotaline group (n=6)
for 21 days [16]. Control group rats were fed in normoxia condition.
Hypoxia group rats were fed in (3% O2) hypoxia condition. Mono-
crotaline group rats were injected with 60mg/kg monocrotaline once
each rat [17]. All of the rats were fed with 60% relative humidity en-
vironment. At the end of 21 days exposure period, the rats were an-
esthetized using 35mg/kg pentobarbital and excised the heart and
lungs. The lung tissues were washed with cold PBS and fixed with pins
in a dissection dish to isolate the pulmonary arteries in the arteries-up
position under astereo-microscope. The lung tissues were stored at
−80 °C for further studies.

2.3. Hemodynamic assay

The rats were anesthetized using 35mg/kg pentobarbital. A 2–3 cm
incision was made in the anterior cervical region. The subcutaneous
tissue of the neck was obtusely separated and the external and internal
jugular veins were carefully dissected avoiding bleeding and affecting
the visual field. Then, a v-shaped incision was cut in external jugular or
jugular vein. Miniature conduit connections pressure sensor (TSD104A
pressure transducer, the BIOPAC Systems) filling with heparin saline
solution (125 U/ml) was slowly inserted into the vein incision in the rat
superior vena cava. According to waveform change from 16 channel of
physiological signal recording analysis instrument, the miniature guide
tube was gently and carefully advanced the catheter. The pipe was
introduced into the right atrium, right heart and pulmonary artery.
After close observation, the right ventricular systolic pressure (RVSP)
was calculated.

2.4. Right ventricular morphometric assay

After hemodynamic assay, the anesthesia rats were cut the ab-
domen, then, carefully separated abdominal aorta, opened the chest
cavity and cut off the trachea, superior vena cava and other connective
tissues through the upper mediastinum. Next, the heart and lung were
separated and put into PBS. Right ventricle was injected PBS solution at
a slow and constant rate to lavage the heart and lung tissue. After that,
right ventricle (RV) and left ventricle + ventricular septum (LV+S)
were separated and weighed to calculate RV/ (LV+ S).

2.5. Cell culture

Primary PASMCs were isolated from the pulmonary arteries vessels
of the rats [18]. The pulmonary artery vessels was isolated out and
washed with PBS to remove excess blood. Then the artery vessels were
scraped of both the internal and external sides of the vessel wall to
remove endothelial and fibroblast cells. The tissue was then rinsed
several times with DMEM/F12 supplemented with 1% penicillin and
streptomycin. Then, the tissue was minced into a tube with 2mg/ml
collagenase at 37 °C for 2 h. After concentrating 2000 g for 5min, the
supernatant was discarded and the sediment was mixed into a flask by
complete culture (DMEM/F12 supplemented with 10% FBS and 1%
penicillin/streptomycin) at 37 °C, 5% CO2 incubator. Passages 3–6 and
60–90% confluence were used for further studies. When cells reached
90% confluence, they were digested with 0.25% trypsin and 0.01%
EDTA for approximately 1min at 37 °C 5% CO2 culture incubator and
passaged at a ratio of 1:2 or 1:3. PASMCs in hypoxia condition were
incubated with a gas mixture containing 92% N2, 5% CO2 and 3% O2.
PASMCs were starved for 24 h in DMEM without serum before each
experiment. Then cells were treated with different reagents as described
in the results.

2.6. Cell transfection

To silence the expression of transcription factor Stox1, small inter-
fering RNA (siRNA) were transfected into PASMCs which were designed
and synthesized by Gene Pharma using HieffTrans™ Liposomal
Transfection Reagent. The sequences of Stox1-rat-371 were as follows:
sense 5’-GCUGUGUUAUAGCCCAUAUTT-3′ and antisenses: 5’-AUAUC
GGCUAUAACACAGCTT-3′. The sequences of Stox1-rat-747 were as
follows: sence 5’-GCAUGGCUCUAAGGACCUATT-3′ and antisense 5’-
UAGGUCCUUAGAGCCAUGCTT-3′. The sequences of Stox1-rat-1194
were as follows: sense 5’-GCUGUGUUAUAGCCGAUAUTT-3′ and anti-
sense 5’-AUAUCGGCUAUAACACAGCTT-3′. Nonsilencing siRNA (NC):
sense 5’-UUCUCCGAACGUGUCACGUTT-3′ and antisense 5’-ACGUGA
CACGUUCGGAGAATT-3′.

Liposomal Transfection Reagent (5 μl) from HieffTrans™ and small
interfering RNA of Stox1 (5 μl) was diluted into 50 μl of serum-free
DMEM medium respectively, and the two solutions were mixed and
allowed to stand for 15min at room-temperature. Then the mixture
solution were added into the cell by incubating at 37 °C with 5% CO2
for 6 h. Control and NC group cells were prepared in the same way
using transfection reagent alone (mock) and NC. After 6 h incubation,
the transfection medium was replaced by DMEM containing 3% FBS for
24 h. Then the PASMCs were incubated in different condition for 48 h.

2.7. Hematoxylin and eosin staining and masson trichrome staining

The lung tissues were sliced and immersed in 4% paraformaldehyde
(PFA) overnight at room temperature in tissue blocks [19]. Then the
slices were dehydrated with ethanol, butyl alcohol and cleared with
PBS. After the slices were embedded in paraffin wax, the slices were cut
into 5 μm thick longitudinal sections. The lung tissue sections follow
were stained with hematoxylin and eosin or masson respectively.
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2.8. Immunohistochemistry

As mentioned above, 5 μm paraffin-embedded lung tissue sections
were deparaffinized and rehydrated in graduated alcohol [20]. Anti-
body was incubated with Stox1 (Cat.No.14790–1-AP;1:200) or β-actin
(Cat.No.60008–1-lg; 1:200). Brown and yellow colors indicated positive
stains. The sections were viewed with an Eclipse 600 Nikon microscope
and photographed with a digital camera.

2.9. Cell proliferation assay

Cells were grown in 96-well plates and starved in DMEM without
serum for 24 h. After treatment according to the experimental re-
quirement, the supernatant was removed, then added 10 μl/well cell
proliferation reagent WST-1 within 90 μl medium and shaken thor-
oughly for 1min on a shaker. The absorbance was measured at a wa-
velength of 490 nm in a spectrophotometer.

2.10. Scratch-wound assay

PASMCs were cultured in 6-well plates. After the cells were drawn a
line by 100 μl pipette tips, creating 1-mm-wide lane per well, and the
detached cells were washed out by cold PBS. Then the cells were
transfected with NC or siStox1 under normoxia or hypoxia conditions.
Wounded areas were photographed at zero time. After 48 h of incuba-
tion, photographs were taken from the same areas as those recorded at
zero time.

2.11. 5-Ethynyl-2′-deoxyuridine (EdU) staining

Cell proliferation was analyzed using kFluor647 Click-iTEdU kit
(Nanjing KeyGen Biotech Co., Ltd.) according to the manufacturer's
protocol [21]. PASMCs were seeded into 24-well cell culture plates at a
density of 1×104 cells per well. Following transfection and treatment,
the PASMCs were incubated with 10 μmol/l EdU for 4 h. Cells were
permeabilized for 20min with 0.5% Triton X-100 after fixing with 4%
formaldehyde for 30min at room temperature. Cells in each well were
washed three times with 0.1ml 3% bovine serum albumin (Cat. No.
VIC018; Xuzhou VICMED Biological Technology Co., Ltd.) and subse-
quently incubated with 1× Click-iTEdU reaction buffer at room tem-
perature for 30min in the dark. The PASMCs nuclei stained by Hoechst
were used to count cells and the visualization was performed using a
fluorescence microscope (Nikon Corporation, Tokyo, Japan).

2.12. Flow cytometry

The transfected PASMCs were cultured in 60mm plates [22]. To
perform cell cycle analysis, the cells were digested with trypsin and
fixed with 70% ethanol for 24 h at 4 °C. The cells were stained ac-
cording to the manufacturer's protocol of CycleTEST PLUS DNA Re-
agent kit (BD Biosciences). The fixed cells were washed 3 times with
PBS and centrifuged at 2000g for 5min in room temperature. The su-
pernatant was subsequently discarded. Cells were incubated with pro-
pidium iodide (PI) stain buffer for 10min and subsequently treated
with 200 μl of PBS, 200 μl of RNase A and 200 μl of PI for 10min at 4 °C
in the dark. Finally, the cells were screened by 400-mesh sieves and
analyzed by flow cytometry (FACSCanto II; BD Biosciences). The results
obtained were analyzed using the ModFit software (version 4.1; Verity
Software House, Inc., Topsham, ME, USA).

2.13. Immunofluorescence

For immunofluorescence staining, PASMCs were fixed in 4% PFA for
30min at room temperature, rinsed three times with cold PBS and
permeabilized in 0.4% triton-X 100 for 5min. After washing with PBS
three times, the cells were blocked in 1% BSA for 30min and incubated

overnight at 4 °C with Stox1 antibody with 1:200 dilutions in 1% BSA.
After extensive washes with PBS for 30min, the cells were incubated
with the secondary antibody IgG conjugated with rhodamine at a 1:500
dilution for 1 h at room temperature. DAPI (4, 6-diamidino-2-pheny-
lindole) was used as mounting solution to label the nuclei, and the cells
were observed for fluorescence images under a fluorescence microscope
(Nikon Corporation, Tokyo, Japan).

2.14. Western blotting

PASMCs, after transfection with or without siStox1, were incubated
in normal or hypoxia environments for 48 h respectively. Then, RIPA
buffer (Santa Cruz) was used to lyse the cells for 30min on ice. By
centrifugation of the lysis at 13,500g for 15min, the cell lysate super-
natant were extracted as total protein to measure the concentrations of
proteins by BCA kit from Beyotime Institute of Biotechnology (Haimen,
China). Subsequently, Total protein (20 μg) from each sample was
analyzed using 6–12% SDS-PAGE and then the gel was transferred onto
polyvinylidenedifluoride (PVDF) membranes. After blocking with 5%
non-fat milk in TBS-T for 1 h at 37 °C, The PVDF membranes were in-
cubated with antibodies overnight at 37°C and washed 6 times with
TBS-T at room temperature (5min/wash). The PVDF membranes were
shaken and incubated at room temperature for 1 h with horseradish
peroxidase labeled secondary antibody. The secondary antibodies were
goat-anti-rabbit immunoglobulin G (IgG) (cat. no. VA002; 1:5000;
Xuzhou VICMED Biological Technology Co., Ltd., Xuzhou, China; www.
vicmed.cn) and goat-anti-mouse IgG (cat. no. VA001; 1:5000; Xuzhou
VICMED Biological Technology Co., Ltd.). Following 1 h incubating and
6 times (5min/wash) thoroughly washing with TBS-T, the membranes
were incubated with ECL solution for 5min. Protein bands were vi-
sualized via VersaDoc™ MP 4000 (Bio-RadLaboratories, Inc.) and ana-
lyzed by using PDQuest Advanced 2D analysis software (version 8.0,
Bio-Rad Laboratories, Inc.).

2.15. Statistical analysis

Data are expressed as the mean ± standard error of the mean.
Comparisons between two groups were performed using unpaired
Student's t-test and three or more groups were compared using one-way
ANOVA, followed by Dunnett's test. Differences were considered to be
significant at P < .05. analysis of data was made by GraphPad Prism
program (San Diego, California, USA).

3. Result

3.1. RV hemodynamics and morphometry analysis in different group rats

In order to assess PAH model in rats, the Fulton index (the ratio of
the weights of the free wall of the right ventricle to the weight RV/
(LV+S) and RVSP measured and analyzed. Monocrotaline injection
led to increase of RV/ (LV+S) ratio, while, hypoxia condition sig-
nificantly increased RV/(LV+ S) ratio twice times(Fig. 1A,B). Com-
pared to control group, monocrotalien injection induced RVSP an ele-
vation (Fig. 1C, D, E).The above results confirmed our models were
establishment successfully.

3.2. Morphometric analysis of pulmonary vascular remodeling in lung
tissues from the rats

To explore the Stox1 function on pulmonary arterial vascular re-
modeling in PAH, the morphology of pulmonary vessels were examined
to show potential correlations of the morphological changes by hema-
toxylin-eosin stain (Fig. 2A, C). The wall thickness of the pulmonary
artery in hypoxia group was twice compared with control group
(Fig. 2B). Meanwhile, similar result was show in Fig. 2D, the mono-
crotaline group was over twice higher than control group at the wall
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thickness in the pulmonary artery. In addition, masson stain assay
showed the photographs taken from different groups (Fig. 2E, G). There
was a significant increase in the vascular collagen area of the pul-
monary artery in hypoxia group rats and in monocrataline group rats
(Fig. 2F, H). We used immunohistochemistry stain to determine the
expression of α-SM-actin in the pulmonary artery vascular from rat lung
tissues (Fig. 2I, J). The results showed the wall thickness of the pul-
monary artery vascular was increased in hypoxia and monocrotaline
groups. Meanwhile, the expression of α-SM-actin in the pulmonary
artery vascular of two groups were increased compared with that of
control group respectively. The results indicated that hypoxia and
monocrotaline injection enhanced pulmonary artery vascular re-
modeling in the rats.

3.3. The expression of Stox1 protein was increased in lung tissues and
pulmonary arterial vessels

To determine whether Stox1 was implicated in hypoxia-treated and
monocrotaline injection induced pulmonary artery vascular re-
modeling, lung samples from hypoxia group rats and monocrotaline

group rats were collected and assessed by immunohistochemistry stain.
The results showed that thickened vessel walls were present in both
hypoxia group rats (Fig. 3A) and the monocrotaline group rats
(Fig. 3C), while the relative of vascular Stox1 expression of hypoxia
group and monocrotaline group were over 2-time compared with that
of control group respectively (Fig. 3B, D). To localize Stox1 expression
in the lung vessels, Immunofluorescence of Stox1 protein was per-
formed on pulmonary arterial vessels from different group rats. The
results showed strong intensity staining of Stox1 in pulmonary artery in
hypoxia group tissues and in monocrotaline group (Fig. 3E, F). The
relative value of Stox1 expression in hypoxia group and monocrotaline
group was significantly increased compared with that of control group
by western blot assay (Fig. 3G, I). The increased value of Stox1 ex-
pression remained that Stox1 protein may play an important role in
pulmonary artery vascular remodeling.

3.4. Stox1 expression was increased in hypoxia condition in vitro

Since the Stox1 protein was increased in lung tissues from hypoxia-
treated rats, we endeavored to confirm whether Stox1 was involved in

Fig. 1. RV hemodynamics and morphometry analysis in different group rats. (A): Changes in the right ventricle/ (left ventricle plus septum) (RV/LV+ S) ratio in
control group rats and monocrotaline group rats. (B) Changes in RV/LV+S ratio in control group rats and hypoxia rats. (C, D) Assessment of right ventricular
systolic pressure in MCT-induced PAH rats and control rats. (E) Changes in right ventricular systolic pressure (RVSP). In control group rats and monocrotaline rats.
Data are shown as means± SD. Similar results were observed in three independent experiments. **P < .01, ***P < .001.
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the proliferation of PASMCs. Next we explored the expression of Stox1
in PASMCs in hypoxia condition for 0 h, 12 h, 24 h and 48 h. As shown
in Fig. 4A, the protein level of Stox1 was increased with time-dependent
manner exposed to hypoxia (Fig. 4B). Moreover, we used the small
infection solution to explore the effect of Stox1 on hypoxia-treated
PASMCs. There were three solutions provided and the western blot
assay was used to check effectiveness of inhibition of Stox1 protein
(Fig. 4C). As shown in Fig. 4D, as the Stox1 expression in PASMCs was
decreased after treated with small infection solutions, si-Stox1-rat-
1194(si-3) solution was the most effective one for knockdown of Stox1
expression (Fig. 4D).

3.5. Proliferation and migration of hypoxia-induced PASMCs was inhibited
by knocking down Stox1

Since pulmonary arterial vascular remodeling was induced by pro-
liferation of PASMCs, we investigated whether Stox1 was influence on
the regulation of PASMCs proliferation. We transfected PASMCs with si-
3 solution and set the cells in hypoxia condition for 48 h. As shown in
Fig. 5A, according to photograph by the EdU assay, the proliferation
viability of PASMCs cultured in hypoxia condition was increased
compared with the cells on normoxia condition used as control group,
while the proliferation viability of PASMCs was decreased by trans-
fected with si-3 compared with the cells in hypoxia group (Fig. 5B).
Knockdown of Stox1 resulted in decreased in cell proliferation com-
pared with that of hypoxia group, as measured by CCK-8 assay
(Fig. 5C). To investigate the role of Stox1 in PASMCs migration, we
used migration assay under microscope. As shown in Fig. 5D, hypoxia
promoted PASMCs migration compared to the migration of control
cells. Knockdown Stox1 induced a half decrease in the cell-covered area
after 48 h (Fig. 5E). All the results mentioned above proved that Stox1
was taken part in the proliferation and migration on PASMCs, which
reminded us to further explore the function of Stox1 on cell cycle in
PASMCs.

3.6. Stox1 induced cell cycle arrest in PASMCs

Further study was focused on the cell cycle and the relative proteins
expression. Cell cycle assays revealed a depression of S phase in siStox1-
treated cells by flow cytometry (Fig. 6A, B) compared with that in
hypoxia treated cells, which indicated Stox1 inhibited the cell cycle
arrest induced by hypoxia in PASMCs. To investigate the molecular
basis for this function of Stox1 in PASMCs, we measured levels of
several cell cycle-related proteins including PCNA, Cyclin A and Cyclin
E. PCNA performs critical functions during DNA replication in cell
proliferation. Cyclin A preferentially stimulates microtubule-nucleating
activity of centrosomes, and Cyclin E is a key regulator of G1-S tran-
sition. As shown in Fig. 6C, D, E, PCNA, Cyclin A and Cyclin E ex-
pression levels were significantly increased in hypoxia-treated PASMCs,
while after treated with siStox1,the expression of proteins were reduced
compared to hypoxia-treated samples (Fig. 6F, G, H).

3.7. Stox1 activated AKT signaling pathway in hypoxia PASMCs

We further examined whether AKT pathway was involved in the
effect induced by Stox1 in PASMCs. As shown in Fig. 7A, hypoxia

significantly increased phosphorylated AKT (p-AKT) protein level
compared to that of control group. Then, we used RNA interference
technology to knockdown the expression of Stox1. The results showed
p-AKT expression was decreased compared to hypoxia group. In Fig. 7B,
the ratio of the p-AKT to the total AKT was increased after hypoxia
treated in PAMSCs while the ratio was decreased after knocking down
Stox1 protein. These results indicated that AKT pathway may be in-
volved in Stox1-induced functions of PASMCs under hypoxia.

4. Discussion

Based on the above data, we explored the expression property and
biological function of the Stox1 protein in PAs and PASMCs. To the best
of our knowledge, it is the first time to find that the Stox1 was expressed
in PAs and PASMCs. We also demonstrated that Stox1 could both in-
duce proliferation and cell cycle arrest in hypoxia-treated PASMCs.
Meanwhile, at least in part, we detected that the Stox1 function on
PASMCs was mediated via the AKT pathway. These results suggested
that Stox1-AKT axis played an important role in pulmonary arterial
vascular remodeling in response to hypoxia stress.

The STOX1, a transcription factor, was discovered in 2005, and
winged helix DNA-binding domain showed great similarity to the
binding domain seen in the family of FOX transcription factors. Also, its
upstream regulation mechanism was also similar as seen in multiple
members of the FOX transcription factor family, such as the PI3K-AKT
pathway [23]. Studies have indicated that STOX1 appeared to have
multiple gene targets, especially in pathways connected to inflamma-
tion, oxidative stress, and cell cycle [12]. Moreover, recently research
shown that the gene was directly associated with genetic forms of
preeclampsia (PE) [24]. Its overexpression in choriocarcinoma cells
mimicked the transcriptional consequences of PE in the human placenta
[25]. Further study showed that increased levels of IGF1 led to in-
creased expression levels of STOX1 in extravillous trophoblasts via the
MAPK pathway. Using inhibitors of the PI3K/AKT and MAPK pathway
showed that the effect of IGF1 on STOX1 expression was accomplished
via MAPK signaling [8]. Recently results showed that siSTOX1 inhibited
phosphorylation of AKT in the inner ear utricular epithelial cells, while
over-expression of STOX1 activated phosphorylation of AKT [10].
However, it is still unclear that the functional orientation, expression
and the underling mechanisms of Stox1 activation on hypoxia-mediated
proliferation in PAH.

This study demonstrated for the first time that Stox1 was over-
expressed in the pulmonary vessels of PAH in hypoxia rats. Moreover,
we discovered the Stox1 expression was up-regulated in time-depen-
dent manner in vitro under hypoxia condition. To further validate the
potential role of Stox1 in the development of PAH, we used siRNA to
inhibit Stox1 expression in PASMCs. The proliferation of PASMCs was
reflected indirectly by CCK-8 assay. The increased effect on cell viabi-
lity of hypoxia-treated PASMCs was decreased after treated with siStox1
in PASMCs. Moreover, hypoxia induced the migration of PASMCs,
which was inhibited by treated with siStox1 in PASMCs. As Stox1 af-
fected the proliferation and migration of PASMCs, we further explored
the function of the Stox1 on cell cycle progression. Eukaryotic cells
replicate their chromosomes and partition them to two daughters,
which is the cell division cycle process [26]. There are four phases in
cell cycle, including G1 phase (before DNA replication), G2 phase

Fig. 2. Morphometric analysis of pulmonary vascular remodeling in lung tissues from the PAH rats. (A) HE staining showed pulmonary arterial vessels of lung tissues
(magnification, x100).(B) Wall thickness of the pulmonary arterial vessels. (C) HE staining showed pulmonary arterial vessels of lung tissues (magnification, x100).
(D) Wall thickness of the pulmonary arterial vessels. (E)Masson staining showed pulmonary arterial vessels of lung tissues (magnification, x100). (F) Vascular
collagen area in the pulmonary arterial vessels. (G) Masson staining showed pulmonary arterial vessels of lung tissues (magnification, x100). (H) Vascular collagen
area in the pulmonary arterial vessels. (I) Immunohistochemical evaluation of α-SM-actin expression in lung tissues(magnification, x100). (J) Immunohistochemical
evaluation of α-SM-actin expression in lung tissues (magnification, x100). Data are shown as means± SD. Similar results were observed in three independent
experiments. **P < .01, ***P < .001.
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Fig. 3. Expression of Stox1 protein was increased in lung tissues and pulmonary
arterial vessels in PAH rat model. (A) Immunohistochemical evaluation of Stox1
expression in lung tissues (magnification, x100). (B) Relative expression of Stox1
in lung tissues. (C) Immunohistochemical evaluation of Stox1 expression in lung
tissues (magnification, x100). (D) Relative expression of Stox1 in lung tissues.
(E) Immunofluorescence of Stox1 protein in pulmonary arterial vessels. (F)
Immunofluorescence of Stox1 protein in pulmonary arterial vessels (magnifica-
tion, x100). (G)The levels of Stox1 in lung tissues were measured by western
blotting assay. (H) Densitometry was applied to quantify the protein density. (I)
The levels of Stox1 in lung tissues were measured by western blotting assay. (J)
Densitometry was applied to quantify the protein density. All of the values are
denoted as the means± SD. Data are representative of at least three in-
dependent experiments. *P < .05, **P < .01, ***P < .001.
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(before mitosis), S phase (DNA replication) and M phase (chromosome
segregation) [27]. The accurate transition from G1 phase of the cell
cycle to S phase is crucial for the control of eukaryotic cell proliferation,
and its out-of-order regulation promotes oncogenesis [28,29]. Our
findings demonstrated that hypoxia enhanced the proportion of cells in
the S phases, while the effect was inhibited after treated with siStox1,
which suggested Stox1 may participant in cell cycle arrest in PASMCs.
Meanwhile, to further confirm the function of Stox1 on cell cycle of
PASMCs, we checked the expression of PCNA, Cyclin A and Cyclin E.
PCNA was an essential substance in the DNA synthesis phase of eu-
karyotic cells and an important index for evaluating the status of cell
proliferation [30]. The formation of the PCNA trimer is also essential
for targeting the replication-licensing protein, chromatin-licensing, and
DNA replication factor 1 (CDT1), for ubiquitin-dependent proteolysis to
prevent chromosomal DNA re-replication [31]. Our results showed that
blockade of the Stox1 with siStox1 decreased the expression of PCNA as
the value of PCNA expression was increased in hypoxia-treated
PASMCs. Cyclin A and Cyclin E were involved in the control of G2/M
transition and mitosis. Our results showed that blockade of the Stox1
with siStox1 decreased the expression of Cyclin A and Cyclin E. As
mentioned above, our results indicated that Stox1 was mediated the
hypoxia-induced cell proliferation, migration and cell cycle progression
in PASMCs.

During mammalian organogenesis, the AKT pathway promotes both
cell proliferation and programmed cell death in hypoxia-induced PAH
[32]. Bioinformatics analysis was used to identify AKT signaling
pathway. As stated previously, hypoxia induced and promoted the ex-
pression of AKT signaling pathway and the radio of phosphorylation to
total protein levels of AKT were abolished by knockdown of Stox1 in
PASMCs. Accumulating evidence has indicated that the activation of

AKT pathway contributed to pulmonary vascular medial thicken, mi-
gration, proliferation and cell cycle arrest of PASMCs [33].

In addition, the cell viability and migration was increased by time-
dependent manner under hypoxia exposure but reversed by blocking
Stox1 with small molecule interference in PASMCs. Meanwhile, we
indicated cell cycle progression and relative proteins expression, in-
cluding PCNA, Cyclin A and Cyclin E. The percentage of cells in the S
phase was enhanced and the expression of relative proteins was in-
creased in hypoxia condition, while all the results were decreased by
administration of siStox1. Furthermore, hypoxia significantly enhanced
the ratio of phosphorylation to total protein expression of AKT, while
the effects were reduced after treated with siStox1 in PASMCs. This
phenomenon argued that the activation of AKT was involved in the
Stox1 effect on proliferation, migration, cell cycle and signaling
pathway.

However, there remained further investigation for us to explore the
function of Stox1 in PASMCs. Firstly, the expression of Stox1 was
identified only in PAH rat models and further study should focus on
validation in patients with PH [34]. Secondly, as AKT was a down-
stream target of PI3K pathway, it is also important in revealing the
relationship of Stox1 and PI3K/AKT pathway [35]. Moreover, it is not
clear that the complexes interaction between the PI3K/AKT signaling
pathway and regulation of transcription and translation level of Stox1
in PASMCs, which should be addressed in future studies.

5. Conclusions

In conclusion, we revealed the expression of Stox1 in pulmonary
artery vessels in PAH and determined the role of Stox1 in proliferation
and migration of PASMCs. Our current results showed that Stox1

Fig. 4. Stox1 expressions were increased in hypoxia condition in vitro. (A)The expression of Stox1 was measured for 0 h, 12 h, 24 h and 48 h in PASMCs with hypoxia
condition by western blot assay. (B) Relative expression of Stox1 in PASMCs. (C) Cells were treated with si-Stox1-rat-373, si-Stox1-rat-747, si-Stox1-rat-1194,
negative control. Cells were treated with normoxia condition used as control group. Western blotting assay was used for checking the value of Stox1 protein
expression. (D) Relative value of Stox1 expression in PASMCs. Data are shown as means± SD. Similar results were observed in three independent experiments.
Asterisk indicates significant difference as determined by one-way ANOVA. **P < .01, ***P < .001. NC means negative control, si-1 means si-Stox1-rat-373, si-2
means si-Stox1-rat-747, si-3 means si-Stox1-rat-1194.
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inhibition and silencing decreased the effect of proliferation, migration
and cell cycle arrest induced by hypoxia in PASMCs. Furthermore, we
elucidated that the AKT pathway mediated, at least in part, the role of
Stox1 in hypoxia pulmonary vascular remodeling, which included the
effect on cell viability, cell cycle progression in PASMCs. Stox1 played

an important role in the pulmonary vascular remodeling in PAH
through AKT signaling. Because vascular remodeling is now recognized
as a major prognostic marker in patients at PAH, Stox1 may represent
an interesting pharmacological target greatly helpful in the develop-
ment of new therapeutic strategies for PAH.

Fig. 5. Proliferation and migration of hypoxia-induced PASMCs was inhibited by knocking down Stox1. (A) Fluorescence images of PASMCs were shown by 5-
Ethynyl-2′-deoxyuridine (EdU) staining. The cells were cultured with normoxia condition, hypoxia condition, and hypoxia condition with infection siStox1. (B)
Proliferation viability of cells was analysis according to fluorescence images. (C) CCK-8 assay was used for cell viability in PASMCs. (D) Cell migration pictures of
PASMCs were taken at different conditions representatively. (E) Relative area of migration of PASMCs in different condition was shown in histogram. Data are shown
as means± SD. Similar results were observed in three independent experiments. Asterisk indicates significant difference as determined by one-way ANOVA.
*P < .05.
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Fig. 6. Stox1 induced cell cycle arrest in PASMCs. (A) Flow cytometry plots. (B) Quantitative analysis of flow cytometry results on cell cycle progression. (C, D, E)
Protein levels of PCNA, Cyclin E, Cyclin A were analyzed by western-blotting. (F, G, H) Densitometry quantification of proteins bands was shown after 48 h
transfection with siStox1. Data are shown as means± SD. Similar results were observed in three independent experiments. Asterisk indicates significant difference as
determined by one-way ANOVA. *P < .05, **P < .01.

Fig. 7. Expression of p-AKT and total AKT in
PASMCs in hypoxia and hypoxia with siStox1. (A)
Protein levels of p-AKT and total AKT were de-
termined by western blotting. (B) Densitometry
quantification of proteins bands was shown. Data are
shown as means± SD. Similar results were observed
in three independent experiments. Asterisk indicates
significant difference as determined by one-way
ANOVA. **P < .01, ***P < .001.
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