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Abstract

Introduction: Pulmonary arterial hypertension (PAH) is a life-threatening disease without
effective therapies. PAH is associated with a progressive increase in pulmonary vascular resistance
and irreversible pulmonary vascular remodeling. SUMO1 (small ubiquitin-related modifier 1) can
bind to target proteins and lead to protein SUMOylation, an important post-translational
modification with a key role in many diseases. However, the contribution of SUMO1 to PAH
remains to be fully characterized.

Methods: In this study, we explored the role of SUMOL in the dedifferentiation of vascular
smooth muscle cells (VSMCs) involved in hypoxia-induced pulmonary vascular remodeling and
PAH in vivoand in vitro.

Results: In a mouse model of hypoxic PAH, SUMOL1 expression was significantly increased,
which was associated with activation of autophagy (increased LC3b and decreased p62),
dedifferentiation of pulmonary arterial VSMCs (reduced a-SMA, SM22 and SM-MHC), and
pulmonary vascular remodeling. Similar results were obtained in a MCT-induced PAH model.
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Overexpression of SUMOL1 significantly increased VSMCs proliferation, migration, hypoxia-
induced VSMCs dedifferentiation, and autophagy, but these effects were abolished by inhibition of
autophagy by 3-MA in aortic VSMCs. Furthermore, SUMO1 knockdown reversed hypoxia-
induced proliferation and migration of PASMCs. Mechanistically, SUMO1 promotes Vps34
SUMOylation and the assembly of the Beclin-1-Vps34-Atgl4 complex, thereby inducing
autophagy, whereas Vps34 mutation K840R reduces VVps34 SUMOQylation and inhibits VSMCs
dedifferentiation.

Discussion: Our data uncovers an important role of SUMO1 in VSMCs proliferation, migration,
autophagy, and phenotypic switching (dedifferentiation) involved in pulmonary vascular
remodeling and PAH. Targeting of the SUMO1-Vps34-autophagy signaling axis may be exploited
to develop therapeutic strategies to treat PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a lethal disease with a high mortality rate, and
characterized by pulmonary vascular remodeling [1-4]. In hypoxia-induced PAH, pulmonary
arterial vascular smooth muscle cells (PASMCs) undergo a contractile-to-synthetic
phenotypic switching, a major cause underlying pulmonary vascular remodeling [3-5]. A
contractile phenotype of vascular smooth muscle cells (VSMCs) is characterized by an
increased expression level of a repertoire of markers, including a-smooth muscle-actin (a-
SMA), SM22, and SM-MHC [6,7]. After vascular injury or pathological conditions, VSMCs
undergo a transition from a contractile phenotype to a synthetic phenotype
(dedifferentiation) with less expression levels of a-SMA, SM22, and SM-MHC, but
increased proliferation [7,8]. In PAH, excessive proliferation of PASMCs and reduced
apoptosis accelerate vascular remodeling [9]. However, the molecular mechanisms of
pulmonary vascular remodeling in PAH are complicated and remain incompletely
understood [10].

The ubiquitin system promotes important post-translational modifications of proteins, and
targets the modified proteins for degradation [11]. Small ubiquitin-related modifier-1
(SUMOL) is a small protein (11.5 kDa) that belongs to the SUMO (small ubiquitin-like
modifier) protein family [12,13]. SUMOL1 is highly conserved among different species
[14-17]. Previous studies showed that mitochondrial division or fission is significantly
enhanced in patients with PAH [18]. Mitochondrial dynamics affects apoptosis,
mitochondrial DNA stability, and the level of free oxygen and cellular oxidative stress
responses, which can affect disease development [18-22]. Boucherat et al. showed that
HSP90 was preferentially localized in the mitochondria of PAH-PASMCs in response to
stress and regulated mitochondrial DNA content and repair capacity and bioenergetic
functions involved in PAH-PASMCs proliferation [22]. Interestingly, Gamitrinib, a
mitochondria-targeted HSP90 inhibitor, was shown to improve PAH in rat PAH models [22].
Study showed the SUMO protease SENP5 impacted mitochondrial morphology and
metabolism [23]. Dynamin-related protein 1 (DRP1), which promotes mitochondrial fission
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involved in PAH, is regulated by SUMOZ1, and a recent study showed that epigenetic
upregulation of DRP1 adapter proteins MiD49 and MiD51 by miR-34a-3p was involved in
the pathophysiology of PAH [20,24-26]. The main function of SUMO1 was to prevent
proteasome-mediated degradation of proteins as a brake to ubiquitination [14,27]. SUMO1
is involved in SUMOQylation of different proteins, and stabilizes SUMOylated proteins [28].
In addition to its role in protein stability, SUMOL1 is also involved in nuclear transport,
transcriptional regulation, and apoptosis [29-31].

Autophagy is an evolutionarily conserved cell catabolic process, which is induced by
starvation or stress, and used by eukaryotic cells to degrade and recycle various damaged or
long-lived proteins and dys-functional or superfluous organelles [32-36]. Many important
cellular processes, including cell proliferation and apoptosis, are affected by autophagy
[36-38]. Autophagy is activated in several human pulmonary diseases, such as obstructive
pulmonary disease, idiopathic pulmonary fibrosis, and PAH [12,39-43]. In a rat
monocrotaline (MCT) model for PAH, chloroquine (an autophagy inhibitor) inhibited the
development of PAH by inhibiting proliferation and increasing apoptosis of PASMCs [44].

In the present study, we found that SUMO1 expression was significantly increased in both
hypoxia-induced and MCT-induced mouse models for PAH, which was accompanied with
the activation of autophagy and phenotypic switching to a synthetic phenotype of VSMCs.
Overexpression of SUMO1 promoted VSMCs proliferation, migration and dedifferentiation
via activated autophagy under hypoxia. Moreover, we provide evidence that SUMO1
regulates the activation of autophagy by inducing SUMOylation of Vps34 and the formation
of the Beclin-1-Vps34-Atgl4L complex.

Methods

Plasmids, and antibodies

The construction of the PCMV-HA-SUMO1 plasmid for overexpression of SUMO1 (human
SUMOL1 cDNA, sequence ID: NM_003352.4) was prepared by RT-PCR analysis using
HEK?293 RNA samples and subcloning into the PCMV-HA vector digested with Bgl 11 and
Not I. The construction of the PCMV-Myc-WT-Vps34 plasmid for overexpression of Vps34
(human Vps34 cDNA, sequence ID: NM_002647.3) was prepared by RT-PCR analysis
using Hela RNA samples and subcloning into the PCMV-Myc vector digested with EcoR |
and Xho I. The PCMV-Myc-WT-Vps34 plasmid was mutated into PCMV-Myc-M840-
VPS34 containing a K840R mutation using PCR-based site-directed mutagenesis as
previously described [45].

Antibodies against SM22, a-SMA, and SM-MHC were from Biosynthesis Biotechnology.
Antibodies against SUMO1, GAPDH, p62, and LC3b were from Affinity Biosciences,
Abcam, Proteintech, and Cell Signaling Technology, respectively.

2.2. Cell culture and transfection

Human pulmonary arterial SMCs (PASMCS, ATCC) were cultured in the vascular cell basal
medium (ATCC PCS-100-030) supplemented with the vascular smooth muscle growth kit
(ATCC PCS-100-042) according to the manufacturer's instruction. The cells were cultured at
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5% CO, and 37 °C in a humidified cell culture incubator. Either plasmid DNA (2 pug) or
SUMOL1 siRNA (Ribobio, Guangzhou, China) was transfected into PASMCS using Viafect
according to the manufacturer's instruction (Promega, Madison, WI, USA).

MOVAS-1, a mouse aortic VSMCs line (ATCC), was cultured in Dulbecco's Modified
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) (Gibco Life Technologies,
Gaithersburg, MD, USA). The cells were cultured at 5% CO, and 37 °C in a humidified cell
culture incubator. Plasmid DNA (2 pg) was transfected into MOVAS-1 using Viafect
according to the Manufacturer's instruction (Promega, Madison, W1, USA).

For hypoxia treatment, cell culture was incubated in a Hypoxia Chamber (HF100 Incubator,
Heal Force Bio-Meditech Holdings Limited, Shanghai, PRC) with 3% 02, 5% CO2, and
92% N2. Cells were cultured in 6-well plates and exposed to hypoxia for 24 h.

2.3. Animals

We utilized C57BL/6 male mice (8-12 weeks) in all animal experiments. This study was
approved by the Ethics Committee on Animal Research of Huazhong University of Science
and Technology.

2.4. Mouse models for PAH

Two mouse models for PAH were established as described previously [46,47]. For the
hypoxia-induced PAH model, C57BL/6 mice were randomly divided into two groups. The
control group was exposed to a normoxic condition (normal oxygen). The experimental
group was exposed to a hypoxic condition with 10% oxygen using a 500-liter ventilation
chamber for 4 weeks [48]. For the MCT-induced PAH model, C57BL/6 male mice were also
randomly divided into two groups. MCT was dissolved in ethanol at a ratio of 2:8 using
normal saline. The experimental group was injected subcutaneously with MCT at a dose of
600 mg/kg body weight once a week for four weeks. The control group was injected
subcutaneously with the same volume of solvent. All mice were housed under a constant
temperature of 22 °C and alternate cycles of 12 h of light and 12 h of darkness. All mice
were fed with a standard mouse chow diet and water.

2.5. Phenotyping of PAH mice

The mean value of pulmonary arterial pressure (mPAP) was measured in PAH mice and
control mice by inserting a 1.4F Millar Mikro-tip catheter-transducer through the right
jugular vein and into the pulmonary artery as previously described [49]. The right ventricle
(RV) and left ventricle plus septum (LV + Septum) were excised from the heart and weighed
as previously described [3]. The ratio of RV/(LV + Septum) was used as an indicator of right
ventricle (RV) hypertrophy.

The percentage of wall thickness of the media was measured as previously described
[49,50]. The percentage of vascular media wall thickness was calculated by the formula:
vascular media wall thickness (%) = area ext — area int/area ext x 100.

For measurement of muscularization, lung sections (5 pm) were stained for smooth muscle
actin (a.-SMA) to investigate the degree of muscle formation in lung tissues. These arteries
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were scored according to the degree whether they were completely muscular as previously
described [51].

The cardiac output was measured using the Vevo-2100 Ultrasound system as described
previously [52].

2.6. Cell proliferation assays

2.7.

PASMCs and MOVAS-1 were seeded into 96-well plates at a density of 5 x 102 per well.
After 24 h of culture, cells were transfected with a SUMOL expression plasmid or SUMO1
siRNA for 36 h. The transfected cells were used for cell proliferation assays with the 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (WST-8) kit (Cell Counting Kit-8 or CCK-8, Dojindo Laboratories) [7,35].
In brief, 10 pl of the CCK-8 solution was added to the cell culture and incubated for 2 h. We
then measured the rate of cell proliferation by reading absorbance at 450 nm with a
microplate reader.

Number of cells at the S phase during cell cycle

Cell cycle analysis was performed with PASMCs and MOVAS-1 cells transfected with a
SUMOL expression plasmid or SUMOL1 siRNA as described [7]. The transfection was
carried out at a cell density of 5 x 10° in six-well plates for 36 h. The transfected cells were
washed with PBS, digested with tyrisin, immobilized with ethanol, and stained with
propidium iodide (PI) for 30 min. Beckman Coulter Cytomics FC 500 flow cytometry and
CXP software (Beckman Coulter) were used for cell cycle analysis.

2.8. Cell migration

For cell migration, PASMCs and MOVAS-1 cells were seeded into six-well plates at a
density of 5 x 10° in six-well plates, and cultured under standard conditions for 24 h. Cells
were then transfected with a SUMOL expression plasmid or SUMO1 siRNA for 36 h.
Monolayer cells were scraped off with a 200 pl pipette tip to make a scratch wound. Cell
migration was determined by measuring the distance of movement of cells into the scraped
area after 12 h. The scratches were visualized with a microscope and photographed.

2.9. Real-time gRT-PCR analysis

Total RNA samples were extracted from transfected cells or mouse tissue samples using
Trizol (Invitrogen) according to the manufacturer's instruction. A total of 0.5 ug of RNA
samples were converted to cDNA using M-MLYV reverse transcriptase according to the
manufacturer's protocol (Promega, Madison, WI, USA), and used for real-time RT-PCR
analysis. Quantitative real-time PCR analysis was performed using a FastStart Universal
SYBR Green Master (Roche, Basel, BS, Switzerland) and 7900 HT Fast Real-Time PCR
System (Thermo, Waltham, MA, USA) as previously described [35,53]. Experiments were
performed in triplicate and repeated at least three times.

2.10. Western blot analysis

Western blot analysis was carried out using lung samples or cultured and transfected
PASMCs or MOVAS-1 with different antibodies as described previously [53-55]. Mice were
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anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg body
weight), and lungs were dissected out for extraction of total protein extracts. Transfected
PASMCs or MOVAS-1 cells were washed three times with PBS and then used for extraction
of total protein extracts by lysis in 20 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.1% DOC,
0.5% NP-40, 10% glycerol, 1 mM glycerophosphate, 1 mM NaF, 2.5 mM Na
pyrophosphate, 1 mM Na3VO4, and a cocktail of protease inhibitors (Calbiochem,
Millipore, MA, USA) at 4 °C. Protein extracts were then mixed with reducing loading
buffer, boiled for 15 min, centrifuged for 10 min, separated by SDS-PAGE, and transferred
to nitrocellulose membranes. The nitrocellulose membranes were cut into different slices
according to the sizes of the target proteins and the control GAPDH, and then used for
Western blot analysis. We used the 1-D analysis software and Quantity One (Bio-Rad,
Hercules, CA, USA) to capture Western blot images and quantify the intensity of protein
band signals [45,53,54]. Each experiment was repeated at least three times.

2.11. Co-IP (co-immunoprecipitation) assay

Total protein extracts from transfected MOVAS-1 cells were extracted with ice-cold lysis
buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM NacCl, 0.5% NP-40, 1% SDS, 200 uM
sodium deoxycholate, 1 mM dithiothreitol, 5 mM EDTA, 0.5 mM phenylmethanesulfonyl-
fluoride, 10 mM N-ethylmaleimide (NEM-23030), 10 mM iodoacetamide and a cocktail of
protease inhibitors. The lysates were then subjected to immunoprecipitation and Western
blotting as described previously [35].

2.12. Statistical analysis

We designed experiments and perfume statistical analyses as previously recommended [56].
All quantitative data were shown as mean + standard deviation (S.D.). The differences
between two groups of variables were compared by the two-tailed, paired or unpaired
Student's t-test. For comparisons of more than two groups, one-way analysis of variance was
employed for normal distributions and the Kruskal-Wallis test for non-normal or small
samples. A Pvalue of < 0.05 was considered as significant.

3. Results

3.1. Association of increased SUMO1 expression with the activation of autophagy in a
hypoxia-induced PAH model

In order to study the molecular pathogenic mechanism of PAH, we established a mouse
model for PAH. We exposed mice to a continuous hypoxic condition for 4 weeks, which
resulted in PAH. Compared to control mice exposed to a normoxic condition, the mice under
hypoxia developed PAH with a significant increase of mPAP (Fig. 1A), RV/(LV + Septum)
(Fig. 1B) or total pulmonary resistance (Fig. 1C). Compared with control mice, the cardiac
output of PAH mice was not changed (Fig. 1D). The thickness of the arterial wall of small
pulmonary arteries was significantly increased in hypoxic PAH mice as compared with
control mice (Fig. 1E and F).

Western blot analysis with lung tissue samples showed that the expression level of SUMO1
was significantly increased in hypoxic PAH mice compared to control mice (Fig. 2A and B).
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Interestingly, the level of autophagy activation (increased LC3b expression levels and
decreased p62 expression levels) was significantly increased in hypoxic PAH mice compared
to control mice (Fig. 2A and B). These studies revealed an association between increased
SUMOL1 expression and induction of autophagy in a hypoxic PAH mouse model.

3.2. VSMCs phenotypic switching in hypoxic PAH mice

We analyzed the expression levels of contractile VSMCs markers aSMA, SM22 and SM-
MHC to determine whether there is phenotypic switching of VSMCs to a synthetic
phenotype (dedifferentiation) in hypoxic PAH mice. Real-time RT-PCR analysis showed that
the expression levels of VSMCs contractile marker genes encoding aSMA, SM22 and SM-
MHC were significantly reduced in hypoxic PAH mice compared with that in control mice
(Fig. 3A). These results were confirmed at the protein level using Western blot analysis (Fig.
3B and C).

3.3. Increased SUMOL1 expression, induction of autophagy and phenotypic switching in a
MCT-induced PAH model

To further study the molecular pathogenic mechanism of PAH, we established another
mouse model for PAH, the MCT-induced model for PAH. The thickness of the wall of small
pulmonary arteries was significantly increased in MCT PAH mice as compared with control
mice (Fig. 4A and B). Western blot analysis with lung tissue samples showed that the
expression level of SUMO1 was significantly increased in MCT PAH mice compared to
control mice (Fig. 4C and D). Interestingly, the level of autophagy activation (increased
LC3b expression levels and decreased p62 expression levels) was also significantly
increased in MCT PAH mice as compared to control mice (Fig. 4C and D). We also
analyzed the expression levels of contractile VSMC markers a-SMA, SM22 and SM-MHC
to determine whether there is phenotypic switching of VSMCs to a synthetic phenotype
(dedifferentiation) in MCT PAH mice. The expression levels of a-SMA, SM22 and SM-
MHC were significantly reduced in MCT PAH mice compared with that in control mice
(Fig. 4E and F).

3.4. SUMOL1 accelerates hypoxia-induced proliferation and migration of VSMCs

MOVAS-1 were transfected with a mammalian expression plasmid for SUMOL1 or control
empty vector, exposed to hypoxia for 48 h, and used for cell proliferation and migration
analyses as well as cell cycle analysis. Cell proliferation assays with the CCK-8 kit showed
that hypoxia induced VSMCs proliferation, and overexpression of SUMO1 further increased
VSMCs proliferation (Fig. 5A). Similar findings were made for the expression level of cell
proliferation marker Ki-67 (Fig. 5B). Cell cycle analysis using flow cytometry showed that
hypoxia significantly increased the number of cells at the S phase during cell division, and
overexpression of SUMOL further increased the number of cells at the S phase (Fig. 5C).
Cell migration analysis using the scratch-wound healing assay showed that hypoxia
stimulated migration of VSMCs, and overexpression of SUMO1 further accelerated the
migration of VSMCs (Fig. 5D). Cell apoptosis using flow cytometry showed that hypoxia
significantly decreased the number of apoptotic cells, and SUMO1 overexpression further
reduced the apoptosis of VSMCs (Fig. 5E and F).
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3.5. SUMOL1 regulates hypoxia-induced VSMCs phenotypic switching by activating

autophagy

In order to further determine the role of SUMOL in hypoxia-induced VSMC phenotypic
switching, we characterized the effect of SUMO1 overexpression and autophagy inhibitor 3-
MA on the expression levels of a-SMA, SM22 and SM-MHC (Fig. 6A). Western blot
analysis showed that hypoxia significantly reduced the expression levels of a-SMA, SM22
and SM-MHC, which was further reduced by SUMO1 overexpression (Fig. 6A).
Meanwhile, Western blot analysis showed that SUMO1 overexpression significantly
increased the level of autophagy induced by hypoxia (increased levels of LC3b and
decreased levels of p62) (Fig. 6A). To determine whether the effect of SUMO1
overexpression on VSMC phenotypic switching is due to activation of autophagy, we treated
MOVAS-1 cells with a pharmacological inhibitor of autophagy, 3-methyladenine (3-MA),
prior to hypoxia. As shown in (Fig. 6B), the inhibition of autophagy decreased the effect of
SUMOL1 overexpression on the expression levels of aSMA, SM22 and SM-MHC.
Autophagy inhibitor 3-MA also diminished the effect of increased VSMC proliferation
induced by SUMO1 overexpression (Fig. 6C).

3.6. SUMO1 knockdown reversed hypoxia-induced proliferation and migration of PASMCs

Human PASMCs were transfected with SUMO1-speccific siRNA or control siNC, exposed
to hypoxia for 48 h, and used for cell proliferation, migration, cell cycle and apoptosis
analyses. Cell proliferation assays with the CCK-8 kit showed that hypoxia induced
significantly increased proliferation of PASMCs, however, the effect was inhibited by
SUMOL1 knockdown (Fig. 7A). Similar findings were made for the expression level of cell
proliferation marker Ki-67 (Fig. 7B). Cell cycle analysis using flow cytometry showed that
hypoxia significantly increased the number of cells at the S phase during cell division,
however, the effect was inhibited by SUMO1 knockdown (Fig. 7C). Cell migration analysis
using the scratch-wound healing assay showed that hypoxia stimulated the migration of
PASMCs, however, the effect was inhibited by SUMO1 knockdown (Fig. 7D). Cell
apoptosis analysis using flow cytometry showed hypoxia significantly decreased apoptosis,
however, the effect was inhibited by SUMO21 knockdown (Fig. 7E and F). In addition, we
determined the role of SUMOL1 in hypoxia-induced phenotypic switching and autophagy
activation of PASMCs. Western blot analysis showed that hypoxia significantly reduced the
expression levels of a-SMA, SM22 and SM-MHC, and the effect was attenuated by
SUMOL1 knockdown (Fig. 7G and H). Meanwhile, Western blot analysis showed that
SUMOL1 knockdown significantly decreased the level of autophagy induced by hypoxia
(increased levels of LC3b and decreased levels of p62) (Fig. 7G and H).

3.7. SUMOL1 binds to and SUMOQOylates Vps34, increases the autophagy initiation complex
formation among Beclin-1, Vps34 and ATG14L, and promotes hypoxia-induced VSMCs
phenotypic switching

SUMOylation of phosphatidylinositol 3-kinase Vps34 was shown to induce autophagy [57].
We, therefore, determined whether SUMOL causes Vps34 SUMOylation, and whether this
induces autophagy and VSMC phenotypic switching under hypoxia. Myc-tagged Vps34 was
co-transfected with FLAG-tagged SUMO-1 into MOVAS-1 cells, which were treated with or
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without hypoxia. Western blot analysis showed that hypoxia induced the binding of SUMO1
to endogenous Vps34 with in VSMCs (Fig. 8A and B).

We previously showed that the formation of the Beclin-1-Vps 34-Atg14L complex is
involved in autophagy activation [35]. Because SUMOL increased hypoxia-induced
autophagy, we analyzed the effect of SUMO1 on the assembly of the Beclin-1-Vps34-
Atgl4L complex. Co-immunoprecipitation assays showed that hypoxia increased the
complex formation between Beclin-1 and VVps34 and between Beclin-land Atg14L (Fig. 8C
and D), and overexpression of SUMOL1 further increased the complex formation among
Beclin-1, Vps34, and Atgl4L (Fig. 8C and D).

To determine the effect of Vps34 SUMOylation on hypoxia-induced VSMC phenotypic
switching, we characterized a mutation in VVps34, which substitutes the K residue at codon
840 with an R residue (K840R), a mutation that prevents SUMOylation of Vps34 at K840
[57]. Co-immunoprecipitation assays showed that SUMOylation of Vps34 was significantly
decreased in MOVAS-1 cells by mutation K840R (Fig. 8E and F). Western blot analysis also
showed that compared with wild type (WT) Vps34, mutant Vps34 with the K840R mutation
had significantly increased levels of aSMA, SM22 and SM-MHC in hypoxia (Fig. 8G and
H), which suggests that mutation K840R blocks the Vps34-induced VSMC phenotypic
switching to a synthetic phenotype.

Together, our data support a working model in which hypoxia increases the expression level
of SUMO1, which leads to Vps34 SUMOQylation, resulting in increased complex formation
among Beclin-1, VVps34, and Atgl14L; The Becn-1-Vps 34-Atgl4L complex induces
autophagy activation, which leads to hypoxia-induced VSMCs phenotypic switching to a
synthetic phenotype (dedifferentiation), and increased VSMC proliferation and migration,
resulting in pulmonary vascular remolding, and PAH (Fig. 9).

4. Discussion

In this study, we identified a novel molecular pathway critical to pulmonary vascular
remodeling and PAH. The novel pathway contains SUMO1, SUMOylation of VVps34, the
formation of the Beclin-1-VVps34-Atg14L complex, and activation of autophagy (Fig. 9). The
results support the key role of the SUMo1-Vps34 SUMOylation-autophagy pathway in
pulmonary vascular remodeling and PAH, and suggest that the pathway may represent a
potential therapeutic target for development of treatment strategies for hypoxic PAH.

SUMOylation is an important post-translational modification mechanism which plays a role
in many biological functions, including cell proliferation, migration, cell stress response and
tumorigenesis [58]. SUMOQylation is also involved in regulation of protein subcellular
localization, protein-DNA interaction, protein-protein interaction, transcriptional regulation,
DNA damage repair, and genome organization [58,59]. Moreover, abnormal SUMOylation
was associated with many diseases, including cardiac diseases, neurodegenerative diseases
and cancers [58,60,61]. However, the role of SUMOylation was less well-studied in PAH. To
date, there was one report showing that SUMOL1 expression was significantly increased in
the pulmonary arteries of rats under hypoxia [12]. Jiang et al. further showed that SUMO1
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interacted with HIF1a, and regulated the expression levels of HIF1a and VEGFA mRNA
and proteins [12]. However, the molecular pathogenic mechanism of increased SUMO1
expression in PAH is unknown. It is also unknown whether the regulation of HIF1a and
VEGFA by SUMOL1 is associated with pulmonary vascular remodeling and PAH. Our study
here demonstrates the increased SUMOL expression level in PAH using two mouse models,
a hypoxia-induced model and another MCT-induced model. Most importantly, we uncovered
a novel molecular mechanism by which SUMOL1 overexpression causes hypoxia-induced
VSMCs proliferation, migration, autophagy activation, and dedifferentiation, pulmonary
vascular remodeling and PAH (Fig. 9). Therefore, our data provide important insights into
the molecular pathogenic mechanisms of PAH.

A prominent feature of PAH is the increased proliferation and reduced apoptosis of PASMCs
[44]. In this study, we found that SUMO1 overexpression increased VSMC proliferation,
and SUMO1-induced autophagy activation is required for the process (Fig. 6). SUMO1
promoted a robust activation of autophagy characterized by increased LC3b levels and
decreased p62 levels in VSMCs, and inhibition of autophagy by 3-MA prevented VSMCs
proliferation induced by SUMOZ1 overexpression (Fig. 6). This is consistent with a recent
finding showing that 3-MA prevented arterial restenosis [62]. The role of autophagy in PAH
is interesting. One study showed that the expression level of LC3b was significantly
increased in lung tissue samples from PAH patients compared with normal control patients
[63]. Another study showed that LC3b expression was increased and p62 expression was
reduced in lung samples from MCT-induced PAH rats [44]. These data indicate that
autophagy was significantly activated in PAH. On the other hands, knockout animal studies
revealed conflicting results about the role of autophagy in PAH. LC3b™~ knockout mice
were more susceptibility to hypoxia-induced PAH [48], but autophagy deficiency Becni*~
mice did not demonstrate an accelerated pulmonary hypertensive response to hypoxia [48].
Our data in this study support a role of autophagy in the pathogenesis of PAH. Most
importantly, here we identified a novel mechanism involving SUMO1 overexpression and
SUMO1-mediated SUMOylation of VVps34 for activation of autophagy involved in VSMCs
functions and pulmonary vascular remodeling.

Despite the novel findings from the present study, there are several issues that remain to be
addressed in the future. First, in addition to VSMCs, SUMOL is also expressed in
endothelial cells, which are important for the pathogenesis of PAH. Future studies with
pulmonary endothelial cells may determine whether SUMOL1 plays a role in endothelial
functions relevant to PAH and whether SUMOL1 is important for a mechanism termed
endothelial-to-mesenchymal transition (EndMT) involved in PAH. Second, cell type-specific
knockout of SUMOL1 in animals may identify other novel endothelia cell-specific or
VSMCs-specific molecular mechanisms for the pathogenesis of pulmonary vascular
remodeling and PAH. Third, the molecular signaling pathway upstream of hypoxia-induced
SUMOL up-regulation remains to be fully identified. Fourth, SUMOL1 can regulate
SUMOylation of numerous other proteins. In addition to VVps34, some other substrates of
SUMO1 may also be involved in the pathogenesis of PAH. For example, SUMOL can
regulate p53 SUMOylation and the stability of p53 [64,65].
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Future studies can investigate whether SUMO1-induced p53 SUMOylation plays any role in
the pathogenesis of PAH. In addition, SUMOL1 plays an important role in DNA damage
responses [66], and the DNA damage and ROS levels in pulmonary artery endothelial cells
were much higher in PAH patients than in non-PAH controls [67,68]. SUMO1 has many
substrates involved in DNA damage and repair, including Rad1 that binds to DNA lesion
sites through SUMOylation [69], PCNA, TLS polymerase poln and REV1, XPC, Yku70,
TDG, UL44, FANCI, FANCD2, Rad52, Sae2, Mrel1-Rad50-Xrs2 (MRX), Lif1, PICH,
PARP1, MDC1, and others [70]. Hence, it may be interesting to determine whether SUMO1
also regulates PAH development by regulating SUMOylation of proteins involved in DNA
damage responses.

5. Conclusions

In summary, we have demonstrated that SUMOL1 plays a critical role in PAH as a modulator
of hypoxia-induced VSMCs proliferation, migration, autophagy activation, and
dedifferentiation, and pulmonary arterial remodeling. We also uncovered a novel molecular
mechanism underlying these processes, which involves SUMO1-induced SUMOylation of
Vps34, the formation of the Beclin-1-Vps34-Atg14L complex, and the activation of
autophagy. Inhibition of SUMO1-induced autophagy may mitigate pulmonary arterial
VSMCs proliferation and hypoxia-induced pulmonary arterial remodeling. This may serve
as a potential target for the treatment of PAH.
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Fig. 1. Hypoxia induces pulmonary vascular remodeling and PAH in mice.
Mice were exposed to a continuous hypoxic condition for 4 weeks and characterized for the

mean pulmonary artery pressure (mPAP), right ventricle/left ventricle + septum (RV/LV +
S), total pulmonary resistance, and vascular remodeling in the lungs. (A) The mPAP was
significantly increased in hypoxia-induced PAH mice compared with control mice under
normoxia. (B) The RV/LV + S ratio was significantly increased in PAH mice compared with
control mice. (C) The total pulmonary resistance was significantly increased in PAH mice
compared with control mice. (D) The cardiac output was not significantly decreased in PAH
mice compared with control mice. (E) The degree of pulmonary artery remodeling in PAH
mice increased significantly compared with control mice. (F) Analysis of pulmonary
arteries. The thickness of vessel walls was significantly increased in PAH mice compared
with control mice. Fully muscularization of small pulmonary arteries was significantly
increased in PAH mice compared with control mice. (n = 6/group, *£< 0.05, **£< 0.01).
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Fig. 2. Association of increased SUM O1 expression with activation of autophagy in PAH.
(A) Western blot analysis using lung tissue samples showed significantly increased

expression levels of SUMO1, HIF-1a and autophagy marker LC3b, and a significantly
decreased expression level of autophagy marker p62 in hypoxic PAH mice than in control
mice. (B) The Western blotting data in (A) were quantified and plotted. (n = 6/group, *P <

0.05, **P<0.01).
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Fig. 3. VSM Cs phenotypic switching in hypoxic PAH mice.
(A) Real-time RT-PCR data showed that the mRNA expression levels of contractile marker

genes for a-SMA, SM22 and SM-MHC were significantly reduced in hypoxic PAH mice

compared with control mice. (B) Western blot analysis showed that the protein expression

levels of a-SMA, SM22 and SM-MHC were significantly decreased in hypoxic PAH mice
compared with control mice. (C) Western blot data in (B) were quantified and plotted. (n =
6/group, *P < 0.05, **P< 0.01). GAPDH was used as endogenous control.
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Fig. 4. Increased SUM O1 expression, induction of autophagy and phenotypic switchingin a
M CT-induced mouse model for PAH.

(A) The degree of pulmonary artery remodeling in MCT-treated mice increased significantly
compared with control mice. (B) Analysis of pulmonary arteries. (C) Western blot analysis
using lung tissue samples showing significantly increased expression levels of SUMO1,
HIF-1a and autophagy marker LC3b, and a significantly decreased expression level of
autophagy marker p62 in MCT-treated mice than in control mice. (D) Western blot data in
(C) were quantified and plotted. (E) Western blot analysis showing that the protein
expression levels of a-SMA, SM22 and SM-MHC were significantly decreased in hypoxic
PAH mice compared with control mice. (F) Western blot data in (E) were quantified and
plotted. (n = 6/group, *P < 0.05, **P< 0.01).
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Fig. 5. Overexpression of SUM O1 increased hypoxia-induced proliferation and migration of
VSMCs.

(A) Analysis of cell proliferation of the VSMCs with the CCK-8 kit by reading the optical
absorbance density at 450 nm. Hypoxia increased VSMCs proliferation. Overexpression of
SUMOL1 further increased VSMC proliferation. (B) Overexpression of SUMOL1 increased
the hypoxia-induced increase of the mRNA expression level of Ki67 (proliferation marker).
(C) Flow cytometry analysis to measure the number of cells at the S phase during cell
division. Hypoxia significantly increased the cell number at the S phase. Overexpression of
SUMOL further increased the number of S phase cells. (D) Scratch-wound healing cell
migration assay. Hypoxia increased the migration of VSMCs, and overexpression of
SUMOL further accelerated VSMCs migration. (E) Flow cytometry analysis to measure the
number of apoptotic cells. Hypoxia significantly decreased the number of apoptotic cells.
Overexpression of SUMOL further decreased the level of apoptosis. (F) Analysis of the level
of apoptosis (n = 3/group, *£< 0.05, **P< 0.01).
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Fig. 6. SUMO1 regulates hypoxia-induced VSM Cs phenotypic switching by activating
autophagy.

(A) Overexpression of SUMOL increased hypoxia-induced autophagy while decreased the
expression levels of VSMCs contractile markers. Western blot analysis showed that hypoxia
significantly decreased the expression levels of a—~SMA, SM22 and SM-MHC. The effect
was further enhanced by overexpression of SUMO1. SUMOZ1 significantly increased the
expression level of LC3b and decreased the expression level of p62 induced by hypoxia. (B)
Western blot data in (A) were quantified and plotted. (C) Autophagy inhibitor 3-MA
diminished the effect of SUMOL overexpression on protein expression levels of a-SMA,
SM22 and SM-MHC. (D) Western blot data in (A) were quantified and plotted. (E)
Autophagy inhibitor 3-MA diminished the effect of increased VSMCs proliferation induced
by SUMOL1 overexpression. (n = 3/group, *P< 0.05, **P< 0.01).
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Fig. 7. Knockdown of SUMO1 expression rever sed hypoxia-induced proliferation, autophagy,
phenotypic switching and migration of PASMCs.

(A) Analysis of cell proliferation of PASMCs with the CCK-8 kit by reading the optical
absorbance density at 450 nm. Hypoxia increased PASMCs proliferation, however, the effect
was reversed by SUMOL1 knockdown. (B) SUMO1 knockdown reversed the hypoxia-
induced increase of the mRNA expression level of Ki67 (a proliferation marker). (C) Flow
cytometry analysis to measure the number of cells at the S phase during cell division.
Hypoxia significantly increased the cell number at the S phase. SUMO1 knockdown reduced
the effect. (D) Scratch-wound healing cell migration assay. Hypoxia increased the migration
of PASMCs, however, the effect was reversed by SUMO1 knockdown. (E) Flow cytometry
analysis to measure the number of apoptotic cells. Hypoxia significantly decreased the level
of apoptosis, however, the effect was reversed by SUMO1 knockdown. (F) Analysis of the
level of apoptosis. (G) Western blot analysis showing that hypoxia significantly decrease
expression levels of a-SMA, SM22, SM-MHC and p62, and a significantly increased
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expression level of autophagy marker LC3b in PASMCs. However, the effects were reversed
by SUMOL1 knockdown. (H) Western blot data in (G) were quantified and plotted. (n = 3/
group, *P<0.05, **P<0.01).
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Fig. 8. SUMO1 increases Vps34 SUM Oylation involved in the activation of autophagy and
hypoxia-induced VSM Cs phenotypic switching.
(A) Western blot analysis showed that hypoxia induced binding of SUMOL1 to endogenous

Vps34 in VSMCs. (B) Western blot data in (A) were quantified and plotted. (C) Co-
immunoprecipitation assays showed that hypoxia increased the Beclin-1/Vps34/ATG14L
complex formation, and overexpression of SUMOL1 further increased the complex formation
Cell extracts were immunoprecipitated with anti-Beclinl and probed with anti-Vps34, anti-
Atgl4L. (D) Western blot data in (C) were quantified and plotted. (E) Vps34 mutant with
K840R at the SUMOylation site impaired the binding of SUMOL to endogenous Vps34 in
VSMCs. (F) Western blot data in (E) were quantified and plotted. (G) Vps34 mutant with
K840R significantly increased the protein expression levels of a-SMA, SM22 and SM-
MHCas compared to that with Vps34 wild type. (G) Western blot data in (H) were
quantified and plotted. (n = 3/group, *£< 0.05, **P< 0.01).
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Fig. 9. A schematic working model for a novel SUM O1-regulated mechanism involved in
pulmonary vascular remodeling and PAH.

In the hypoxia-induced mouse model for PAH, the expression level of SUMO1 was
significantly increased, which induces VVps34 SUMOylation. VVps34 SUMOylation promotes
the formation of autophagy initiation complex Beclin-1/Vps34/ATG14L, which induces
activation of autophagy, resulting in pulmonary vascular remolding and PAH.
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