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Selenoprotein P Promotes the

Development of Pulmonary Arterial

Hypertension
Possible Novel Therapeutic Target

Editorial, see p 624

BACKGROUND: Excessive proliferation and apoptosis resistance of pulmonary
artery smooth muscle cells (PASMCs) are key mechanisms of pulmonary arterial
hypertension (PAH). Despite the multiple combination therapy, a considerable
number of patients develop severe pulmonary hypertension (PH) because of the
lack of diagnostic biomarker and antiproliferative therapies for PASMCs.

METHODS: Microarray analyses were used to identify a novel therapeutic target
for PAH. In vitro experiments, including lung and serum samples from patients
with PAH, cultured PAH-PASMCs, and high-throughput screening of 3336 low-
molecular-weight compounds, were used for mechanistic study and exploring

a novel therapeutic agent. Five genetically modified mouse strains, including
PASMC-specific selenoprotein P (SeP) knockout mice and PH model rats, were
used to study the role of SeP and therapeutic capacity of the compounds for the
development of PH in vivo.

RESULTS: Microarray analysis revealed a 32-fold increase in SeP in PAH-PASMCs
compared with control PASMCs. SeP is a widely expressed extracellular protein
maintaining cellular metabolism. Immunoreactivity of SeP was enhanced in

the thickened media of pulmonary arteries in PAH. Serum SeP levels were also
elevated in patients with PH compared with controls, and high serum SeP
predicted poor outcome. SeP-knockout mice (SeP") exposed to chronic hypoxia
showed significantly reduced right ventricular systolic pressure, right ventricular
hypertrophy, and pulmonary artery remodeling compared with controls. In
contrast, systemic SeP-overexpressing mice showed exacerbation of hypoxia-
induced PH. Furthermore, PASMC-specific SeP”- mice showed reduced hypoxia-
induced PH compared with controls, whereas neither liver-specific SeP knockout
nor liver-specific SeP-overexpressing mice showed significant differences with
controls. Altogether, protein levels of SeP in the lungs were associated with the
development of PH. Mechanistic experiments demonstrated that SeP promotes
PASMC proliferation and resistance to apoptosis through increased oxidative
stress and mitochondrial dysfunction, which were associated with activated
hypoxia-inducible factor-1a and dysregulated glutathione metabolism. It is
important to note that the high-throughput screening of 3336 compounds
identified that sanguinarine, a plant alkaloid with antiproliferative effects,
reduced SeP expression and proliferation in PASMCs and ameliorated PH in
mice and rats.

CONCLUSIONS: These results indicate that SeP promotes the development of
PH, suggesting that it is a novel biomarker and therapeutic target of the disorder.
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Clinical Perspective
What Is New?

e Selenoprotein P (SeP) in pulmonary artery smooth
muscle cells and serum from patients with pulmo-
nary arterial hypertension (PAH) are elevated and
promote cell proliferation and apoptosis resistance
through increased oxidative stress and mitochon-
drial dysfunction, which are associated with acti-
vated hypoxia-inducible factor-1a and dysregulated
glutathione metabolism.

e Using 5 strains of genetically modified mice, we
demonstrated a pathogenic role of SeP in the
development of hypoxia-induced pulmonary
hypertension.

¢ Sanguinarine, an orally active small molecule iden-
tified by high-throughput screening, reduces SeP
expression and pulmonary artery smooth mus-
cle cell proliferation and ameliorates pulmonary
hypertension.

What Are the Clinical Implications?

e SeP plays a crucial role in the pathogenesis of PAH
and is also useful as a novel biomarker and thera-
peutic target of the disorder.

e Because conventional pulmonary vasodilators have
limited efficacy for the treatment of severe PAH,
sanguinarine with the antiproliferative effect on
PAH-pulmonary artery smooth muscle cells can be
a candidate for the novel therapeutic agent of the
disease.

¢ The combination of SeP inhibitors and monitoring
serum SeP levels, which may provide good candi-
dates among patients with PAH, can be used to
demonstrate the effectiveness of this strategy.

terized by histological changes in the distal pul-

monary arteries, such as intimal lesions, medial
thickening, and perivascular inflammation." Pulmo-
nary vascular remodeling and progressive oblitera-
tion of the vessel lumen increase vascular resistance
and pulmonary arterial pressure, resulting in right
ventricular (RV) failure and premature death.? In ad-
dition to genetic considerations, such as mutations
in bone morphogenetic protein receptor 2,> many
environmental factors, including hypoxia,* infec-
tion,> smoking,® air pollution,” sex hormones,®° daily
diet,'® and medications," as well as volume overload
because of congenital heart disease' and inflamma-
tion because of collagen disease,' are involved in the
development of PAH.' All of these factors constitute
complex interactions that affect pulmonary vascu-
lature in a multistage manner.2' Thereby, vascular
cells, especially pulmonary artery smooth muscle cells
(PASMCs), will suffer epigenetic modifications, which

Pulmonary arterial hypertension (PAH) is charac-
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recruit several transcriptional factors, such as hypoxia-
inducible factor-1a (HIF-1a) and forkhead box protein
03a (FOX03a),' to the promoter region of unknown
pathogenic genes. Thus, the identification of these
genes, which cause the abnormal characteristics of
PASMCs, should be useful for the development of
novel therapies for PAH.

The characteristics of PASMCs of patients with PAH
(PAH-PASMCs) are different from those of healthy con-
trols (control PASMCs) in terms of proproliferative and
antiapoptotic features, which are similar to those of
cancer cells.”1® However, we still have limited informa-
tion as to the basal mechanism(s) of these characteris-
tics. Recently, there has been active discussion on the
abnormal features of PAH-PASMCs, particularly focus-
ing on their mitochondrial dysfunction.™ These features
of PAH-PASMCs may be caused by some unknown
pathogenic genes that promote PAH.?° It is important
to note that there seems to be a clue in the abnormal
metabolism and continuous proliferation mechanism of
cancer cells.?” The Warburg effect is important for the
maintenance of intracellular energy metabolism in can-
cer cells, suppressing mitochondrial ATP generation by
glucose oxidation and increased glycolysis.2" Here there
are emerging theories of metabolic dysregulation in the
pathogenesis of PAH, which is not restricted to PASMCs
but also affects other extrapulmonary organs.??2° Thus,
we assumed that the unknown pathogenic proteins in
PAH-PASMCs could be secreted and detected in circu-
lating blood, affect remote organs, and cause dysregu-
lation of systemic metabolism.

To identify a novel pathogenic protein, we first per-
formed microarray analyses using PAH-PASMCs and
found 32-fold upregulation of selenoprotein P (SeP, en-
coded by SEPP1) compared with control PASMCs. SeP is
a secreted protein mainly produced by hepatocytes, but
it is also detected in many types of cells.?627 SeP contains
10 selenocysteine residues and transports selenium to
maintain cellular redox state and metabolism.?®=" Re-
cently, it has been reported that SeP is upregulated in
the liver of patients with type 2 diabetes mellitus and
downregulates the metabolic switch, AMP-activated
protein kinase (AMPK).32 Moreover, single-nucleotide
polymorphisms in the SEPPT gene have been reported
to be associated with abdominal aortic aneurysm for-
mation.* These findings suggest that SeP regulates
cellular metabolism and the development of vascular
diseases. Here, we report that SeP in PASMCs promotes
cell proliferation through increased oxidative stress and
mitochondrial dysfunction in an autocrine/paracrine
manner. In addition, using 5 strains of genetically modi-
fied mice, we demonstrated a pathogenic role of SeP in
the development of hypoxia-induced pulmonary hyper-
tension (PH). Finally, we identified that sanguinarine, an
orally active small molecule, reduces SeP expression and
PASMC proliferation and ameliorates PH in mice and
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rats. Thus, our data suggest that SeP could be a novel
and realistic therapeutic target for PAH.

METHODS

Additional detailed methods are included in the online-only
Data Supplement. The data that support the findings of this
study are available from the corresponding author on reason-
able request.

Human Lung Samples

All protocols using human specimens were approved by the
Institutional Review Board of Tohoku University, Sendai, Japan
(No. 2013-1-160). Lung tissues were obtained from patients
with PAH at the time of lung transplantation (n=15) or from
control patients (n=6) at the time of thoracic surgery for lung
cancer at a site far from the tumor margins with normal lung
parenchyma as previously described.>*3> All patients provided
written informed consent for the use of their lung tissues for
the present study.

Isolation and Culture of Human
Pulmonary Artery Endothelial Cells
(PAECs) and PASMCs

PAH-PAECs were harvested from the lung tissue by elastase/
collagenase digestion and isolated using CD31 antibody-
coated magnetic beads.?*=¢ Small pulmonary arteries were
obtained from patients with PAH at the time of lung trans-
plantation. PAH-PASMCs were isolated from pulmonary arter-
ies <1.5 mm in outer diameter as previously described.?*3
PASMCs were cultured in DMEM (Thermo Fisher Scientific)
containing 10% fetal bovine serum (Thermo Fisher Scientific),
and PAECs were cultured in endothelial cell basal medium-2
(Lonza) containing endothelial growth supplement (MV
SingleQuots, Lonza) at 37°C in a humidified atmosphere of
5% CO, and 95% air. PAECs and PASMCs of passages 3 to 7
at 70% to 80% confluence were used for the experiments.

Microarray

Total RNA was extracted from PAH-PASMCs or control PASMCs
cultured in DMEM containing 10% fetal bovine serum and
penicillin-streptomycin (100 U/mL) (Thermo Fisher Scientific)
and was quantified using NanoDrop 2000C (Thermo Fisher
Scientific). Isolation of total RNA from PASMCs was per-
formed using the RNeasy Plus Mini Kit (Qiagen) according
to the manufacturer’s instructions. For microarray expression
profiling, samples were processed using the Agilent SurePrint
G3 Human Gene Expression v3 8x60K Microarray Kit (Agilent
Technologies) according to the manufacturer’s instructions.
The statistical computing software R (version 3.3.2.) and samr
(version 2.0) package of R were used for preprocessing and
statistical analysis. Differentially expressed genes were consid-
ered significant at significance analysis of microarrays t test
P values of <0.05 and absolute values of logarithm of fold
changes >1.0.%° Genes with significant changes were further
subjected to pathway analysis using ingenuity pathway analy-
sis (http://www.ingenuity.com) to identify gene sets repre-
senting specific biological processes or functions.
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Animal Experiments

All animal experiments were performed in accordance with
the protocols approved by the Tohoku University Animal
Care and Use Committee (No. 2015-Kodo-004) based on
the ARRIVE trial (Animal Research: Reporting of In Vivo
Experiments) guideline and the recent recommendations on
optimal preclinical studies in PAH.#" In all animal experiments,
we used littermates or vehicle treatment groups as controls.
The hypoxia-induced PH model of mice and Sugen/hypoxia-
induced PH model of mice and rats were used to assess the
development of PH.343542 |n the hypoxia-induced PH model,
8-week-old male mice on a normal chow or Torula yeast-
based diet that contained 1 mg of selenium/kg were exposed
to hypoxia (10% O,) or normoxia (21% O,) for 3 or 4 weeks
as previously described.*~> After 3 or 4 weeks of exposure to
hypoxia or normoxia, mice were anesthetized with isoflurane
(1.0%). To examine the development of PH, we measured
hemodynamic parameters described later, RV hypertrophy
(RVH), and pulmonary vascular remodeling.343>434446 For right
heart catheterization, a 1.2-F (for mice) or 1.4-F (for rats) pres-
sure catheter (Transonic Systems) was inserted into the right
jugular vein and advanced into the RV to measure RV systolic
pressure (RVSP) and RV end-diastolic pressure.?® For left heart
catheterization, the pressure catheter was inserted in the
common carotid artery and advanced into the left ventricle
(LV) to measure LV systolic pressure and LV end diastolic pres-
sure. Cardiac output was measured using a thermodilution
probe (AD Instruments). In the Sugen/hypoxia model, mice
and rats (Sprague-Dawley, male, 7-10 weeks of age) were
injected subcutaneously with the VEGF-receptor inhibitor
SU5416 (Sigma-Aldrich) (20 mg/kg body weight) under iso-
flurane anesthesia and were then exposed to hypoxia (10%
0,) for 3 weeks according to previous reports.#*4 After an
indicated period of treatment, the animals were examined by
treadmill exercise test, measuring hemodynamic parameters
by echocardiography, and heart catheterization.

Seahorse Analysis

Oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were determined by the Seahorse XF 24-3
analyzer (Agilent). PASMCs or PAECs were plated onto cell
culture microplates on the day before the experiments. On
the day of the experiment, cells were exposed to normoxia
(21% 0,) or hypoxia (1% O,) for 4 hours. Control PAECs were
pretreated with human SeP (10 pg/mL) or BSA (10 pg/mL)
for 12 hours, followed by exposure to normoxia (21% O,) or
hypoxia (1% O,) for 4 hours. Cells were incubated in XF assay
medium (Agilent), supplemented with 25 mmol/L glucose and
1 mmol/L pyruvate (PASMCs) or 10 mmol/L glucose, 1T mmol/L
pyruvate, and 2 mmol/L t-glutamine (PAECs) for 1 hour before
the measurement. After the recording of the basal rates of
OCR and ECAR, final concentrations of 1 pmol/L oligomycin,
1 umol/L carbonyl cyanide-4 (trifluoromethoxy) phenylhydra-
zone, and 0.5 to 0.5 pmol/L rotenone and antimycin A for
human PASMCs; 1 pmol/L oligomycin, 1 pmol/L carbonyl cya-
nide-4 (trifluoromethoxy) phenylhydrazone, and 1 to 1 ymol/L
rotenone and antimycin A for human PAECs; and 2 umol/L
oligomycin, 0.5 pmol/L carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone, and 0.5 to 0.5 ymol/L rotenone and anti-
mycin A for mouse PASMCs were added (XF Cell Mito Stress
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Test Kit, Agilent) through the instrument’s injection ports to
obtain proton leak, maximal respiratory capacity, and nonmi-
tochondrial respiration, respectively. Glycolytic capacity was
measured using an XF Glycolysis Stress Test Kit (Seahorse
Bioscience). Briefly, after incubation under normoxia or
hypoxia, cells were washed in glucose-free XF assay medium
(Agilent) containing 2 mmol/L .-glutamine at pH 7.35. ECAR
was determined after serial injection with 10 mmol/L p-glu-
cose, Tumol/L oligomycin, and 100 mmol/L 2-deoxyglucose.

High-Throughput Screening

Libraries of drugs and bioactive compounds containing 3336
unigue compounds were available from the Drug Discovery
Initiative at the University of Tokyo (http://Awww.ddi.u-tokyo.
ac.jp/en/). PAH-PASMCs were used for the first (proliferation
assay) and second (reverse-transcriptional quantitative poly-
merase chain reaction) screening, and control PASMCs were
used for counterassay (proliferation assay). PAH-PASMCs
were trypsinized and resuspended in complete medium. They
were counted, and 1000 cells/45 L were plated in each well
of a 384-well plate (catalog No. 781182, cell culture micro-
plate 384 well, Greiner Bio-One) using the Multidrop Combi
(Thermo Fisher Scientific). They were then placed in the auto-
mated incubator at 37°C for 24 hours. Fifteen pL of the diluted
compounds were added to columns 3 to 22 of every plate
by the Biomek NX? (Beckman Coulter) (compounds 5 pmol/L,
final concentration). The plates were incubated for an addi-
tional 48 hours, and the proliferation assay was performed
using Cell Titer 96 AQueous One Solution Cell Proliferation
Assay kit (Promega) according to the manufacturer’s instruc-
tions. Hits were determined as compounds that suppressed
PAH-PASMCs proliferation by >20% compared with control.
The intra- and interplate variability in a pilot screen using 12
x 384-well plates showed a coefficient of variance of 5.9%
and 4.0%, respectively.

Sanguinarine Treatment in Rats With
Sugen/Hypoxia-Induced PH

Rats (Sprague-Dawley, male, 7-10 weeks of age) were
injected subcutaneously with the VEGF-receptor inhibitor
SU5416 (Sigma-Aldrich) (20 mg/kg body weight) under iso-
flurane anesthesia and were then exposed to hypoxia (10%
0,) for 3 weeks (hypoxia+SU5416).4° On day 21, the animals
were randomized to receive sanguinarine (5 mg/kg body
weight) or vehicle via gavage under normoxia (21% O,) for
4 weeks. Rats injected with saline on day 1 and exposed to
normoxia for 7 weeks were used as a control group. Body
weight and food consumption did not significantly differ
between the sanguinarine and control groups. On day 49,
the animals were examined by treadmill exercise test, mea-
suring hemodynamic parameters by echocardiography, and
heart catheterization.?

Statistical Analyses

All results are shown as mean+SEM. Comparisons of means
between 2 groups were performed by unpaired Student's t
test or 1-way ANOVA with interaction terms, followed by
Tukey's honestly significant difference for multiple compari-
sons. Comparisons of mean responses associated with the 2
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main effects of the different genotypes and the severity of
pulmonary vascular remodeling were performed by 2-way
ANOVA with interaction terms, followed by Tukey’s honestly
significant difference for multiple comparisons. To identify the
cutoff point of the serum level of SeP that is able to classify
patients with PH for all-cause death and lung transplantation,
we performed the classification and regression trees analy-
sis.“® Statistical significance was evaluated with GraphPad
Prism 7.02 (GraphPad Software, Inc) or R version 3.3.2
(http:/Awww.R-project.org/). The time-dependent data were
analyzed by repeated-measures linear mixed-effect model
with Imer 1.1 to 12 and ImerTest 2.0 to 33 packages of R.
The ratio of fully muscularized vessels was analyzed by the
Poisson regression with the offset equals to the sum of total
vessels with multcomp 1.4 to 6 package or R. All reported P
values are 2-tailed, with a P value <0.05 indicating statistical
significance.343>4¢

RESULTS

Screening of a Novel Therapeutic Target
for PAH

To evaluate the altered phenotype of PAH-PASMCs, we
established cell libraries of primary cultured PASMCs
from patients with PAH undergoing lung transplanta-
tion (Figure 1A). To identify a novel therapeutic target
for PAH, we performed a gene expression microarray
screening using PAH-PASMCs and control PASMCs.
The microarray analysis showed significant changes in
1858 genes, which were upregulated or downregulated
in PAH-PASMCs compared with control PASMCs (Fig-
ure 1B). To select a target among the highly upregulated
genes in PAH-PASMCs, we used the following selec-
tion criteria: (1) increase in the lungs of patients with
PAH, (2) hypoxia-induced upregulation, and (3) circulat-
ing proteins in the blood (Figure 1B and Table | in the
online-only Data Supplement). After rigorous analysis,
we finally focused on SeP, which reproducibly showed a
significant increase in PAH-PASMCs compared with con-
trol PASMCs (Figure 1C). Indeed, reverse-transcriptional
guantitative polymerase chain reaction showed that
PAH-PASMCs expressed 32-fold higher SEPPT compared
with control PASMCs (Figure 1D). Because hypoxia is
an important trigger for the development of PAH,? we
regarded as highly important the hypoxia-induced in-
crease in SEPPT in PAH-PASMCs (Figure 1E). To further
confirm the protein levels of SeP in distal pulmonary
arteries, we used lung tissues from patients with PAH.
Western blot showed that the amount of SeP was sig-
nificantly increased in the lungs from patients with PAH
compared with those from controls (Figure 1F). Immu-
nostaining showed that SeP was highly expressed in the
thickened medial layer of distal pulmonary arteries in
patients with PAH (Figure 1G). Consistently, protein lev-
els of SeP were significantly increased in PAH-PASMCs
compared with control PASMCs (Figure 1H). Moreover,
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Figure 1. Screening of a novel therapeutic target for PAH.

A, Primary culture of pulmonary artery smooth muscle cells (PASMCs) from patients with pulmonary arterial hypertension (PAH). B, Schematic outline of screening to
identify a novel therapeutic target of PAH. C, Volcano plots of gene expression variations in PAH-PASMCs and control PASMCs (n=4 each). Blue plots represent probes
for SEPP1. Dashed lines represent an adjusted P value of 0.05 and +1-fold change. D, Relative mRNA expression of SEPPT in PASMCs normalized to a GAPDH internal
control (n=4 each). Values are expressed relative to control PASMCs. E, Relative mRNA expression of SEPPT in PAH-PASMCs in response to hypoxia (1% O,) for 1 hour
(n=6 each). Average expression values are normalized to a GAPDH internal control. Values are expressed relative to normoxia. F, Representative Western blots and
quantification of selenoprotein P (SeP) and f3-actin in the lungs of control patients and those with PAH (n=4 each). G, Representative immunostainings of the distal
pulmonary arteries in patients with PAH who underwent lung transplantation. Scale bars, 20 um. H, Representative Western blots and quantification of SeP levels in
PAH-PASMCs and control PASMCs normalized to a f3-actin internal control (n=4 each). Values are expressed relative to control PASMCs. I, Representative Western blots
and quantification of SeP levels in PAH-PASMCs under normoxia (21% O,) or hypoxia (1% O,) for the indicated duration normalized to a -actin internal control (n=6
each). Values are expressed relative to 24-hour normoxia. Data represent the mean+SEM. *P<0.05. Comparisons of parameters were performed with the unpaired
Student’s t test or 2-way ANOVA, followed by Tukey’s honestly significant difference test for multiple comparisons. J, Serum levels of SeP in patients with pulmonary
hypertension (PH, n=192) and controls (n=21). Baseline characteristics of samples can be found in Table Il in the online-only Data Supplement. Box-and-whisker and
dot plots of serum levels of SeP. K, Kaplan-Meier curve of the 2 groups of PH patients according to the serum SeP levels (cutoff level, 26.9 mg/L). Baseline characteris-
tics of samples can be found in Table Il in the online-only Data Supplement. The outcome was death from any cause or lung transplantation. P<0.01, log rank test.
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PAH-PASMCs showed further increase in SeP protein
by hypoxic exposure compared with normoxic controls
(Figure 11). In contrast, hypoxia increased SeP protein
levels in control PASMCs as well, and the increase was
smaller than those in PAH-PASMCs (Figure | in the on-
line-only Data Supplement). Because SeP is a secreted
protein, we further performed ELISA to evaluate the se-
rum levels of SeP in patients with PAH. It is important to
note that serum SeP levels were significantly increased
in patients with PAH compared with controls (Figure 1J),
and the event-free survival curve showed that higher
serum SeP levels predicted a poor outcome of patients
with PAH (Figure 1K). These results support the notion
that production of SeP in PASMCs and its release into
the circulation are enhanced in patients with PAH com-
pared with controls, which is further supported by the
enhanced SeP expression in the lungs of those patients
(Figure 1F and G). Here we compared the protein levels
of SeP in PAH-PASMCs and the severity of PAH assessed
by pulmonary vascular resistance in each patient. It is
interesting to note that the SeP protein levels in PAH-
PASMCs had a positive correlation with pulmonary vas-
cular resistance in each patient with PAH (Figure Il in
the online-only Data Supplement). These results suggest
that SeP in PASMCs is a potential pathogenic protein
for the development of PAH. Consistent with the higher
serum levels of SeP, serum selenium contents were sig-
nificantly increased in patients with PAH compared with
controls (Figure lll in the online-only Data Supplement).

Selenoprotein P Deficiency Ameliorates
Hypoxia-Induced PH In Vivo

We then examined a time-dependent increase in SeP pro-
tein in the lung in response to chronic hypoxia (10% O,)
in wild-type mice (Figure 2A). Thus, we used SeP-knock-
out (Sepp 1) mice and littermate controls (Sepp 7+ mice)
to evaluate the role of SeP in hypoxia-induced PH. Sepp 7~
~~ mice showed no abnormal phenotypes under physi-
ological conditions. The morphology of distal pulmonary
arteries in normoxic Sepp 7~ mice did not differ from that
of control mice (Figure 2B). In contrast, when exposed
to hypoxia for 4 weeks, they exhibited a significant dif-
ference in the medial thickness of pulmonary arteries
(Figure 2B). Compared with Sepp7+* mice, Sepp 1~ mice
showed fewer muscularized distal pulmonary arteries af-
ter hypoxic exposure (Figure 2C). Muscularized distal pul-
monary arteries exhibited immunoreactivity for a—smooth
muscle actin (Figure 2B). Consistent with these morpho-
logical changes, Sepp7** mice showed increased RVSP,
which was attenuated in Sepp 7~ mice (Figure 2D). The
increased ratio of RV to LV plus septum weight (RVH) was
also attenuated in Sepp 77~ mice (Figure 2E), suggesting a
crucial role for SeP in hypoxia-induced PH. It is interesting
to note that SeP heterozygous knockout (Sepp7+-) mice
also exhibited significantly less muscularization of distal
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pulmonary arteries and attenuated RVSP and RVH com-
pared with Sepp 7+*+ mice, the extent of which was similar
with those of Sepp 7~ mice (Figure IV in the online-only
Data Supplement). These results indicate that 1 allele de-
letion of SeP is sufficient for prevention of the develop-
ment of hypoxia-induced PH in mice.

To evaluate the role of SeP in cell proliferation, we
harvested PASMCs from Sepp7++ and Sepp 17~ mice. It
is interesting to note that Sepp 7~ PASMCs showed re-
duced proliferation compared with Sepp7+* PASMCs,
in response to platelet-derived growth factor-BB (Fig-
ure 2F). Moreover, human SeP (hSeP) treatment pro-
moted proliferation of PASMCs from both genotypes,
which was significantly reduced in Sepp7” PASMCs
compared with Sepp7+*+ PASMCs (Figure 2G). The
combination of platelet-derived growth factor-BB
and hSeP further increased Sepp7++ PASMC prolifera-
tion compared with platelet-derived growth factor-BB
alone (Figure 2H). Consistently, Western blot analysis
showed that Sepp 7~ PASMCs, compared with Sepp7+*
PASMCs, had reduced phosphorylation of extracellu-
lar signal-regulated kinase 1/2 (ERK1/2), Akt, and the
mammalian target of rapamycin (Figure 2I). Thus, these
results suggest that both intra- and extracellular SeP
promote PASMC proliferation. Indeed, Western blot
analysis of lung homogenates showed that Akt phos-
phorylation was significantly reduced in Sepp?~ mice
compared with Sepp7+* mice (Figure 2J). In contrast,
AMPK phosphorylation was significantly upregulated
in the lungs of Sepp7~- mice compared with Sepp7++
mice (Figure 2J). Furthermore, Sepp7~- mice showed
reduced Ser253 phosphorylation and increased Ser294
phosphorylation of FOXO3a in the lung compared with
Sepp1+*+ mice (Figure 2J). FOXO3a is known to be a
common target of ERK1/2, Akt, and AMPK, all of which
regulate many genes involved in inflammation, cell pro-
liferation, and metabolism.*® Thus, we used the Bio-Plex
multiplex system to evaluate the levels of cytokines/che-
mokines and growth factors in the lung and found a
significant reduction in cytokines and chemokines (eg,
interleukin-1p, chemokine [C-C motif] ligand 3, and
macrophage colony-stimulating factor) in Sepp 7~ mice
compared with Sepp7+* mice after hypoxia (Figure VA
in the online-only Data Supplement). Moreover, the se-
cretion of these factors was also reduced in Sepp7-
PASMCs compared with Sepp7++ PASMCs (Figure VB
in the online-only Data Supplement). These results sug-
gest that SeP in PASMCs is important for inflammation
and proliferation in an autocrine/paracrine manner.

Systemic Overexpression of SeP
Promotes Hypoxia-Induced PH In Vivo

To evaluate the role of systemic SeP overexpression,
we generated mice overexpressing SeP by using a SeP-
encoding plasmid (CAG promoter-human SEPPT). The
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Figure 2. Selenoprotein P deficiency ameliorates hypoxia-induced PH in vivo.

A, Representative Western blots and quantification of selenoprotein P (SeP) protein levels in the lung under normoxia (21% O,) or hypoxia (10% O,) in
wild-type mice (n=8 each). B, Representative Elastica-Masson (EM) and immunostainings for a-smooth muscle actin (aSMA) of the distal pulmonary arter-
ies from Sepp1++ and Sepp1~~ mice exposed to normoxia or hypoxia (10% O,) for 4 weeks. Scale bars, 50 um. C, Muscularization of the distal pulmonary
arteries in Sepp7** and Sepp 7~ mice exposed to normoxia (n=5 each) or hypoxia (10% O,) for 4 weeks (Sepp7**, n=13; Sepp?~, n=11). D and E, Right
ventricular systolic pressure (RVSP) and right ventricular hypertrophy (RVH) in Sepp 7+ and Sepp1~~ mice exposed to normoxia (n=5 each) or hypoxia (10%
0,) for 4 weeks (n=10 each). F, Growth curve of Sepp7+*+ and Sepp1-~ pulmonary artery smooth muscle cells (PASMCs) after treatment with or without
platelet-derived growth factor-BB (PDGF-BB) (20 ng/mL) (n=8 each) after starvation for 24 hours. Values are expressed as a ratio relative to day 1. *P<0.05
compared with Sepp7-- with PDGF-BB; §P<0.05 compared with Sepp7++ with vehicle. G, Growth curve of Sepp1++ and Sepp1-- PASMCs after treatment
with or without SeP (10 pg/mL) (n=8 each) after starvation for 24 hours. Values are expressed as a ratio relative to day 1. *P<0.05 compared with Sepp 1"~
with SeP; §P<0.05 compared with Sepp7+* with vehicle. H, Growth curve of Sepp7+* PASMCs after PDGF-BB (20 ng/mL) treatment with or without SeP
(10 pg/mL) after starvation for 24 hours (n=8 each). Values are expressed as a ratio relative to day 1. I, Representative Western blots and quantification

of phospho-extracellular signal regulated kinases 1 and 2 (ERK1/2), phospho-Akt, and phospho-mechanistic target of rapamycin (mTOR) in Sepp7*+ and
Sepp1-~ PASMCs without serum for 24 hours (n=6 each). J, Representative Western blots and quantification of phospho-Akt, (Continued)
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systemic overexpressing mice (SeP-S) and mice with
control plasmid (Ctrl-S) were then exposed to hypoxia
for 3 weeks (Figure 3A). Western blot analysis showed
that serum SeP levels were significantly higher in SeP-S
mice compared with Ctrl-S mice (Figure 3B). Moreover,
SeP in the lung was significantly increased in SeP-S mice
compared with Ctrl-S mice (Figure 3C). It is important
to note that SeP-S mice showed exacerbated remodel-
ing of distal pulmonary arteries in response to hypox-
ia compared with Ctrl-S mice (Figure 3D). Consistent
with these morphological changes, SeP-S mice showed
significant increases in RVSP and RVH in response to
hypoxia compared with Ctrl-S mice (Figure 3E). These
results suggest that systemic overexpression of SeP pro-
motes the development of hypoxia-induced PH.

Targeted Deletion of SeP in PASMCs
Ameliorates Hypoxia-Induced PH

To evaluate the specific role of SeP in PASMCs, we de-
veloped a smooth muscle-specific SeP knockout mouse
(Sepp 17¥ex/Sm22a-cret; SMC-SeppT1~-) (Figure 4A).
SMC-Sepp17~ and control (Sepp17x/Sm22a-cre™)
mice showed normal growth under physiological condi-
tions. The morphology of pulmonary arteries in normoxic
SMC-Sepp 17~ mice did not differ from that of control
mice under normoxia (Figure 4B). In contrast, SMC-
Sepp 17~ mice exhibited reduced muscularization of dis-
tal pulmonary arteries after hypoxic exposure compared
with control mice (Figure 4B). It is important to note that
SeP protein levels in the serum (Figure 4C) and the lungs
(Figure 4D) were significantly lower in SMC-Sepp 77~ mice
compared with control mice. Consistent with the mor-
phological changes and SeP expression in the lung, SMC-
Sepp 17~ mice showed reduced RVSP and RVH compared
with control mice after 4 weeks of hypoxia (Figure 4E).
These results suggest that SeP in PASMCs plays a crucial
role in the development of hypoxia-induced PH.

SeP in the Liver Is Not Crucial for the
Development of PH

Although we demonstrated a crucial role for SeP in
PASMCs, 60% of SeP is synthesized in the liver and is re-
leased into the blood under physiological conditions.?®
Thus, to examine the role of liver-derived SeP in the de-
velopment of PH, we used liver-specific SeP knockout
(Sepp 17xfox/Alb-cre*; Liver-Sepp1~-) mice (Figure VIA
in the online-only Data Supplement). Liver-Sepp -~ and
control (Sepp1™fex/Alb-cre”-) mice showed normal
growth under physiological conditions and no signifi-

SeP and Pulmonary Arterial Hypertension

cant difference in systolic blood pressure or laboratory
data.?® Serum levels of SeP were significantly lower in
Liver-Sepp 17~ mice compared with control mice under
both normoxia and hypoxia (Figure VIB in the online-only
Data Supplement). After hypoxic exposure for 4 weeks,
we found a 2.5-fold increase in serum SeP level in Liver-
Sepp 17~ mice compared with a 1.4-fold increase in se-
rum SeP level in controls (Figure VIB in the online-only
Data Supplement). This finding suggests the crucial role
of extrahepatic organs for a hypoxia-induced increase
in serum levels of SeP. Hypoxia significantly and equally
increased SeP levels (1.8-fold compared with normoxia)
in the lungs of Liver-Sepp 7~ and control mice (Figure
VIC in the online-only Data Supplement), suggesting
the considerable contribution of the lungs in hypoxia-
induced increase in serum levels of SeP. Moreover, the
morphology of pulmonary arteries from Liver-Sepp 1"~
and control mice did not differ under both normoxia
and hypoxia (Figure VID in the online-only Data Supple-
ment). Consistently, Liver-Sepp 7~ mice showed no dif-
ference in RVSP or RVH compared with control mice
(Figure VIE in the online-only Data Supplement). These
results suggest that hypoxia augments SeP production
in the lungs and a resultant increase in serum levels, a
consistent finding with the hypoxia-induced SeP pro-
duction in PAH-PASMCs (Figure 11).

Next, to further confirm the role of liver-derived
SeP, we generated mice overexpressing SeP specifi-
cally in the liver by using an albumin promoter-driven
recombinant plasmid (pLIVE-human SEPPT). The liver-
specific SeP overexpressing mice (SeP-L) and mice with
control plasmid (Ctrl-L) were then exposed to hypoxia
for 3 weeks (Figure VIF in the online-only Data Supple-
ment). Western blot analysis showed that serum levels
of SeP were higher in SeP-L mice compared with Ctrl-L
mice in both normoxia and hypoxia (Figure VIG in the
online-only Data Supplement). In contrast, SeP in the
lungs of SeP-L mice was comparable to that of Ctrl-L
mice (Figure VIH in the online-only Data Supplement).
Consistently, SeP-L mice showed no significant differ-
ence in RVSP or RVH compared with Ctrl-L mice (Figure
VI-I in the online-only Data). Altogether, liver-specific
genetically modified mice clearly demonstrated that
liver-derived SeP is not crucial in the development of
hypoxia-induced PH.

Both Intracellular and Extracellular SeP
Promote PASMC Proliferation

Considering the importance of SeP in the development
of PH in vivo, we performed mechanistic experiments

Figure 2 Continued. phospho-AMP-activated protein kinase (AMPK), phospho-forkhead box protein O3a (FoxO3a) (Ser253), and phospho-FOXO3a (Ser294)

in Sepp1*+ and Sepp 7"~ lung tissues after 4 weeks of hypoxia (10% O,) (n=9 each). Data represent the mean+SEM. *P<0.05. Comparisons of parameters were
performed with the unpaired Student’s t test or 2-way ANOVA, followed by Tukey’s honestly significant difference test for multiple comparisons. F indicates fully
muscularized vessels; Hypo, hypoxia; LV, left ventricle; N, nonmuscularized vessels; P, partially muscularized vessels; p-, phospho; RV, right ventricle; and w, weeks.
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Figure 3. Systemic SeP overexpression in mice.

A, Schematic protocol of selenoprotein P (SeP) overexpression in wild-type mice. Human SEPPT plasmid DNA (SeP-P) or control plasmid DNA (Ctrl-P) were injected
into the tail vein of wild-type mice. One week after injection, mice were exposed to normoxia or hypoxia (10% O,) for 3 weeks. B, Representative Western blots
and quantification of serum levels of SeP in SeP-P and Ctrl-P mice exposed to normoxia or hypoxia (10% O,) for 3 weeks (n=6 each). C, Representative Western
blots and quantification of SeP levels in the lungs of SeP-P and Ctrl-P mice exposed to normoxia or hypoxia (10% O,) for 3 weeks (n=6 each). D, Left, representa-
tive Elastica-Masson (EM) and immunostaining for a-smooth muscle actin (a¢SMA) of the distal pulmonary arteries in SeP-P and Ctrl-P mice exposed to normoxia
or hypoxia (10% O,) for 3 weeks. Scale bars, 50 pm. Right, muscularization of the distal pulmonary arteries in SeP-P and Ctrl-P mice exposed to normoxia (Ctrl-P,
n=10; SeP-P, n=11) or hypoxia (10% O,) (n=10 each) for 3 weeks. E, Right ventricular systolic pressure (RVSP) (left) and right ventricular hypertrophy (RVH) (right)
in SeP-P and Ctrl-P mice exposed to normoxia (Ctrl-P, n=10; SeP-P, n=11) or hypoxia (n=10 each) (10% O,) for 3 weeks. Data represent the mean+SEM. *P<0.05.
Comparisons of parameters were performed with 2-way ANOVA, followed by Tukey’s honestly significant difference test for multiple comparisons. aSMA indicates
a-smooth muscle actin; F, fully muscularized vessels; Hypo, hypoxia; LV, left ventricle; N, nonmuscularized vessels; Normo, normoxia; P, partially muscularized ves-
sels; and RV, right ventricle.

using PAH-PASMCs and hSeP purified from human se-
rum. Treatment of PAH-PASMCs with hSeP promoted
cell proliferation compared with controls (Figure 5A).
Consistently, hSeP treatment increased phosphorylation
of ERK1/2 and Akt compared with controls (Figure 5B).

608  August7,2018

Moreover, we detected increased Ser253 phosphoryla-
tion and reduced Ser294 phosphorylation of FOXO3a
after hSeP treatment (Figure 5B). Consistently, reverse-
transcriptional quantitative polymerase chain reac-
tion analysis revealed increased expression of CCNDT,

Circulation. 2018;138:600-623. DOI: 10.1161/CIRCULATIONAHA.117.033113
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Figure 4. PASMC-specific deletion of selenoprotein P (SeP) ameliorates hypoxia-induced PH.

A, Schematic outline for generating smooth muscle cell (SMC)-specific SeP knockout mice. Sepp77°iex, mice homozygous for the Sepp? conditional allele;
Sm22a-cre*, transgenic mice with Cre recombinase under the control of the Sm22a promoter. B, Left, representative Elastica-Masson (EM) and immunostain-
ings for a—smooth muscle actin (aSMA) in distal pulmonary arteries of SMC-Sepp7~- and control mice exposed to normoxia or hypoxia (10% O,) for 4 weeks.
Scale bars, 50 pm. Right, Muscularization of the distal pulmonary arteries in SMC-Sepp 7~ and control mice exposed to normoxia (n=5 each) or hypoxia (10%

0,) (control, n=13; SMC-Sepp1--, n=10) for 4 weeks. C and D, Representative Western blots and quantification of SeP protein levels in the serum and the lungs
of SMC-Sepp - and control mice exposed to normoxia or hypoxia (10% O,) for 4 weeks (n=5-6 each). E, Right ventricular (RV) systolic pressure (RVSP, left) and
RV hypertrophy (RVH, right) in SMC-Sepp 77~ and control mice exposed to normoxia (n=5 each) or hypoxia (10% O,) for 4 weeks (n=10 each). Data represent

the mean+SEM. *P<0.05. Comparisons of parameters were performed with 2-way ANOVA, followed by Tukey's honestly significant difference test for multiple
comparisons. F indicates fully muscularized vessels; Hypo, hypoxia; LV, left ventricle; N, nonmuscularized vessels; Normo, normoxia; P, partially muscularized vessels;

PASMC, pulmonary artery smooth muscle cell; and PH, pulmonary hypertension.

a cell-cycle promoter, in response to hSeP treatment
(Figure 5C). Moreover, hSeP treatment enhanced the
expression of SeP (SEPPT) in PAH-PASMCs (Figure 5D),
suggesting an autocrine/paracrine mechanism for the
regulation of SeP expression. In addition to cell prolif-
eration, SeP increased resistance to apoptosis in PAH-
PASMCs under serum starvation (Figure VIl in the on-
line-only Data Supplement). In contrast, hSeP-mediated
activation of intracellular signaling and mRNA changes
were not found in control PASMCs (Figure VIl in the on-

Circulation. 2018;138:600-623. DOI: 10.1161/CIRCULATIONAHA.117.033113

line-only Data Supplement), suggesting the importance
of altered epigenetic backgrounds in PAH-PASMCs for
SeP-mediated proliferation.

In addition to the role of extracellular SeP, we per-
formed further analyses on the role of intracellular SeP
in PAH-PASMCs. Knockdown of SeP by small interfering
RNA (siRNA) markedly suppressed cell proliferation and
apoptosis resistance in PAH-PASMCs compared with
control siRNA (Figure 5E and Figure IX in the online-
only Data Supplement). Consistently, SeP siRNA inacti-
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vated ERK1/2 and Akt (Figure 5F) and increased Ser294
phosphorylation of FOXO3a (Figure 5G). Moreover,
SeP siRNA increased the expression of BCL2L11 (Bim)
and APLN (Apelin) (Figure 5H), both of which block
PASMC proliferation.? Recently, mounting evidence has
indicated that dysfunctional DNA-damage response
mechanisms promote resistance to apoptosis and an-
tiproliferative phenotype of PAH-PASMCs.>® Moreover,
PAH-PASMCs have an upregulated critical enzyme im-
plicated in DNA repair, poly (ADP-ribose) polymerase
1 levels, and subsequent downregulation of miR-204,
which result in overexpression of bromodomain protein
4, HIF-1a, and NFAT, and finally promote their apopto-
sis-resistance.>™3 We found that SeP inhibition by siR-
NA significantly reduced poly (ADP-ribose) polymerase
1 and bromodomain protein 4 levels in PAH-PASMCs
(Figure XA in the online-only Data Supplement). In ac-
cordance with the reduced DNA repair, DNA damage
was significantly increased by SeP knockdown assessed
by DNA damage marker y-histone H2AX (Figure XB in
the online-only Data Supplement).

To further evaluate the role of intracellular SeP in
PASMCs, we overexpressed SeP in control PASMCs us-
ing an SeP-encoding plasmid. Constitutive production
of SeP in PASMCs (SeP-P) induced a 5-fold increase in
SeP compared with the control plasmid (Ctrl-P), which
increased cell proliferation in control PASMCs (Figure 5I).
Consistently, SeP overexpression activated ERK1/2 and
Akt and inactivated FOXO3a in control PASMCs (Fig-
ure 5J). These results suggest that both intracellular and
extracellular SeP promote PASMC proliferation.

Synergistic Roles of SeP and HIF-1a
in PASMC Proliferation

Hypoxia stabilizes HIF-1a, which promotes transcription
of many genes that allow cells to adapt to hypoxic envi-
ronment, especially in excessively proliferating cells.?" It
is interesting to note that Western blot analysis revealed
increased HIF-1a in PAH-PASMCs compared with con-
trol PASMCs under both normoxic and hypoxic condi-
tions (Figure 6A). Moreover, hSeP treatment further
increased HIF-1a expression in PAH-PASMCs compared
with controls (Figure 6B). In contrast, knockdown of
SeP by siRNA significantly reduced HIF-1a. expression in
PAH-PASMCs compared with control siRNA (Figure 6C).
Additionally, Sepp?~~ PASMCs showed significantly
lower protein levels of HIF-1a compared with Sepp7++
PASMCs under both normoxic and hypoxic conditions
(Figure 6D). Conversely, knockdown of HIF-1a signifi-
cantly reduced SeP expression in PAH-PASMCs com-
pared with controls (Figure 6E), suggesting a synergistic
interaction between SeP and HIF-1a expression in PAH-
PASMCs. Next, we analyzed apolipoprotein E receptor
2 (ApoER2), 1 of the receptors for SeP.%®3" It is impor-
tant to note that PAH-PASMCs showed increased levels

610  August7,2018

SeP and Pulmonary Arterial Hypertension

of AoOER2 in mRNA and protein compared with con-
trol PASMCs (Figure 6F), which may explain in part the
mechanisms for the augmented responses to extracel-
lular hSeP. Moreover, ApoER2 siRNA significantly down-
regulated the expression of SeP and HIF-1a (Figure 6G).
Consistently, ApoER2 siRNA significantly reduced hSeP-
mediated proliferation of PAH-PASMCs (Figure 6H). In
contrast, hSeP treatment increased ApoER2 expression
in PAH-PASMCs (Figure 6l), suggesting a crucial role of
ApoER2 in SeP-mediated proliferation of PASMCs. It is
interesting to note that hSeP treatment increased heme
oxygenase-1, which is induced in response to oxidative
stress, in PAH-PASMCs (Figure 6J). Consistently, 2,7-di-
chlorodihydrofluorescein staining showed that hSeP
treatment significantly increased oxidative stress levels
in PAH-PASMCs (Figure 6K). Recent studies have shown
that the pathogenesis of PAH is closely related with the
increased oxidative stress, which is provoked by the lack
of antioxidants, such as glutathione (GSH).>*>> Here
we found that the expression of glutathione synthase,
glutamate-cysteine ligase catalytic subunit, and gluta-
mate-cysteine ligase modulating subunit, all of which
are responsible for GSH synthesis, were significantly re-
duced in PAH-PASMCs compared with those in control
PASMCs under normoxia (Figure 6L). However, the ex-
pressions of glutamate-cysteine ligase catalytic and glu-
tathione synthase in PAH-PASMCs were comparable to
control PASMCs under hypoxic conditions. In contrast,
the expression of glutamate-cysteine ligase modulating
subunit was significantly lower in PAH-PASMCs com-
pared with control PASMCs under hypoxia. Moreover,
knockdown of HIF-1a significantly increased the ex-
pression of these enzymes in PAH-PASMCs (Figure 6M).
Finally, we also found an hSeP-induced increase in ATP
production in PAH-PASMCs (Figure 6N). These results
suggest that SeP-mediated PASMC proliferation is in-
duced by increased expression of ApoER2 and HIF-1a,
reduced levels of GSH synthesis, and resultant increased
oxidative stress levels in PAH-PASMCs (Figure 60).

SeP-Mediated Mitochondrial Dysfunction
in PAH-PASMCs

Considering the increased levels of SeP in PAH-PASMCs,
we next focused on the role of SeP in the ability of in-
tracellular metabolism to tolerate the hyperproliferative
status. Indeed, recent studies of PAH showed an emerg-
ing role for metabolic abnormality in PAH-PASM(Cs.19:20.22
Here, we detected higher levels of oxidative stress in
PAH-PASMCs compared with control PASMCs under
both normoxic and hypoxic conditions (Figure 7A and
Figure XIA in the online-only Data Supplement). To eval-
uate the antioxidative capacity of PAH-PASMCs, we
evaluated GSH levels by measuring reduced thiols. PAH-
PASMCs showed significantly lower levels of GSH com-
pared with control PASMCs under both normoxia and
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Figure 5. Selenoprotein P (SeP) promotes pulmonary artery smooth muscle cell (PASMC) proliferation.

A, Quantification of pulmonary arterial hypertension (PAH)-PASMC proliferation after starvation for 24 hours, followed by 48-hour treatment with human
SeP (hSeP, 10 ug/mL) or bovine serum albumin (BSA, 10 pg/mL) (n=8 each). Values are expressed as a ratio relative to day 1. B, Representative Western blots
and quantification of phospho-extracellular signal regulated kinases 1 and 2 (ERK1/2), phospho-Akt, phospho-forkhead box protein O3a (FoxO3a) (Ser253),
and phospho-FOX03a (Ser294) in PAH-PASMCs after treatment with hSeP or BSA (10 pg/mL each) for 24 hours (n=6 each). C, Reverse-transcriptional quan-
titative polymerase chain reaction (RT-PCR) analysis of CCNDT mRNA in PAH-PASMCs after treatment with hSeP or BSA (10 pg/mL each) for 24 hours (n=6
each). Average expression values are normalized to GAPDH mRNA. D, RT-PCR analysis of SEPPT mRNA in PAH-PASMCs after treatment with hSeP or BSA (10
pg/mL each) for 24 hours (n=6 each). Average expression values are normalized to GAPDH mRNA. E, Left, RT-PCR analysis of SEPPT mRNA in PAH-PASMCs
treated with control siRNA (si-Ctrl) or SEPPT siRNA (si-SeP) for 48 hours (n=6 each). Values are normalized to GAPDH mRNA. Right, Growth curve of PAH-
PASMCs after treatment with si-Ctrl or si-SeP for 48 hours (n=8 each). Values are expressed as a ratio relative to day 1. F, Representative Western blots and
quantification of phospho-ERK1/2 and phospho-Akt in PAH-PASMCs treated with si-Ctrl or si-SeP for 48 hours (n=6 each). G, Quantification of phospho-
FOXO03a (Ser253) and phospho-FOX03a (Ser294) in PAH-PASMCs treated with si-Ctrl or si-SeP for 48 hours (n=6 each). H, RT-PCR analysis of BCL2L11 and
APLN mRNA in PAH-PASMCs treated with si-Ctrl or si-SeP for 48 hours (n=6 each). Average expression values are normalized to GAPDH mRNA. 1, Left,
quantification of SeP protein levels in control PASMCs treated with human SEPPT plasmid DNA (SeP-P) or control plasmid (Continued)
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hypoxia (Figure 7B). To elicit antioxidant effects, GSH is
converted to oxidized glutathione (GSSG), and only free
GSH has antioxidant effects.”® GSSG lacks antioxidant
functions and is a byproduct of the scavenging activity
of GSH. Thus, the GSH/GSSG ratio is also important to
assess the total capacity of reactive oxygen species
(ROS) removal. We found significantly lower GSH levels
and higher GSSG levels, which resulted in a lower GSH/
GSSG ratio in PAH-PASMCs compared with control
PASMCs under both normoxia and hypoxia (Figure 7C
and Figure XIB in the online-only Data Supplement).
These findings indicate the impaired capacity of PAH-
PASMCs to remove ROS and resultant increased oxida-
tive stress. Moreover, exogenously administered SeP
increased oxidative stress levels and reduced antioxida-
tive capacity in PAH-PASMCs (Figure XIC in the online-
only Data Supplement). Additionally, we found that
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activity was higher in PAH-PASMCs compared
with control PASMCs (Figure XID in the online-only
Data Supplement). Next, we examined the effects of
SeP knockdown with siRNA. SeP siRNA canceled a hy-
poxia-mediated increase in ROS in PAH-PASMCs as-
sessed by 2,7-dichlorodihydrofluorescein staining (Fig-
ure 7D). Consistently, SeP siRNA increased GSH levels in
PAH-PASMCs, specifically in hypoxia (Figure 7E), sup-
porting the importance of SeP for regulation of GSH
levels in hypoxia. Conversely, to evaluate the signifi-
cance of increased SeP in PAH-PASMCs, we overex-
pressed SeP in control PASMCs. SeP overexpression in-
creased ROS levels compared with controls only in
hypoxia (Figure 7F). Consistently, SeP overexpression
attenuated a hypoxia-mediated increase in GSH levels
in control PASMCs (Figure 7G), supporting the inhibi-
tory role of SeP for hypoxia-mediated increase in GSH.?’
Here, selenium is a trace element that is contained in
several antioxidant enzymes such as GPx and thiore-
doxin reductase.®” Thus, to further confirm the involve-
ment of selenium in the SeP-mediated inhibition of
GSH, we prepared an SeP construct in which 10 seleno-
cysteine residues are mutated to cysteine to delete sele-
nium in SeP (Mut-P). Again, Mut-P overexpression in-
creased ROS levels and reduced GSH in control PASMCs
(Figure XIE in the online-only Data Supplement). These
results suggest that SeP overexpression in control
PASMCs reproduces a cell phenotype similar to PAH-
PASMCs. To confirm the role of SeP as a modulator of
ROS in PASMCs, we used Sepp 7+*and Sepp 17~ PASMCs.
It is important to note that Sepp7”- PASMCs showed
significantly lower levels of ROS compared with Sepp 7++
PASMCs under both normoxia and hypoxia, which ac-

SeP and Pulmonary Arterial Hypertension

companied significant downregulation of NADPH oxi-
dase activities in Sepp7”~ PASMCs compared with
Sepp 1++ PASMCs (Figure 7H and Figure XIF and G in the
online-only Data Supplement). Consistently, GSH levels
were higher in Sepp?”~ PASMCs compared with
Sepp1++ PASMCs, especially in hypoxia (Figure 7I).
Moreover, the GSH/GSSG ratio was significantly elevat-
ed in Sepp 17~ PASMCs compared with Sepp 7+* PASMCs
under both normoxia and hypoxia (Figure 7J). These re-
sults suggest that higher SeP is 1 of the mechanistic
explanations for the increased ROS in PAH-PASMCs. Us-
ing a Seahorse XF24-3 apparatus, which provides infor-
mation on mitochondrial function through real-time
measurements of OCR (a marker of oxidative phos-
phorylation) and ECAR (a surrogate for glycolysis), we
examined hypoxia-induced responses in PAH-PASMCs
and control PASMCs (Figure 7K). OCR reflects the mito-
chondrial respiration rate and energy production, and
ECAR reflects the rate of glycolysis in PASMCs. Here we
found significantly lower levels of the OCR/ECAR ratio
and maximal OCR in PAH-PASMCs compared with con-
trol PASMCs (Figure 7L and Figure XIIA and B in the
online-only Data Supplement). Moreover, hypoxic expo-
sure further reduced OCR and the OCR/ECAR ratio
compared with normoxia in both PAH-PASMCs and
control PASMCs. In contrast, nonmitochondrial respira-
tion and glycolysis were augmented in PAH-PASMCs
compared with control PASMCs, demonstrating the
shift of energy metabolism from oxidative phosphoryla-
tion to glycolysis (Figure XIIC in the online-only Data
Supplement).?® Indeed, dysregulated mitochondria in
PAH-PASMCs show mitochondrial hyperpolarization,
lower mitochondrial ROS (mROS) production, and inhi-
bition of redox-sensitive Kv channels leading to vaso-
contraction.*® Consistently, PAH-PASMCs showed in-
creased mitochondrial membrane potential (AWm)
compared with control PASMCs under both normoxia
and hypoxia (Figure XIID in the online-only Data Supple-
ment). Moreover, exogenously administered SeP further
increased AWm in PAH-PASMCs (Figure XIIE in the on-
line-only Data Supplement). Additionally, mROS levels
were lower in PAH-PASMCs compared with control
PASMCs under both normoxia and hypoxia, which was
further reduced by SeP treatment (Figure XIIF and G in
the online-only Data Supplement). It is important to
note that blocking the production of SeP by siRNA ame-
liorated the hypoxia-induced downregulation of mROS
in PAH-PASMCs (Figure XIIH in the online-only Data
Supplement. In contrast, SeP overexpression in control
PASMCs reduced the levels of mROS, which were simi-
lar in PAH-PASMCs (Figure XlI-I in the online-only Data

Figure 5 Continued. DNA (Ctrl-P) for 48 hours (n=6 each). Right, growth curve of control PASMCs after treatment with Ctrl-P or SeP-P for 48 hours (n=8
each). Values are expressed as a ratio relative to day 1. J, Representative Western blots and quantification of phospho-ERK1/2, phospho-Akt, phospho-
FOXO03a (Ser253), and phospho-FOX03a (Ser294) in control PASMCs treated with Ctrl-P or SeP-P for 48 hours (n=6 each). Data represent the mean+SEM.
*P<0.05, unpaired Student’s t test. FBS indicates fetal bovine serum p-, phospho; and si, small interfering.
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Figure 6. Synergistic roles of selenoprotein P (SeP) and hypoxia-inducible factor 1a (HIF-1c) in PASMC proliferation.

A, Representative Western blots and quantification of HIF-1a protein levels in pulmonary arterial hypertension (PAH)-pulmonary artery smooth muscle cells
(PASMCs) and control PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 2 hours (n=6 each). B, Reverse-transcriptional quantitative poly-
merase chain reaction (RT-PCR) analysis of HIFTA mRNA in PAH-PASMCs treated with human SeP (hSeP, 10 ug/mL) or bovine serum albumin (BSA, 10 pg/mL)

for 24 hours (n=6 each). Average expression values are normalized to GAPDH mRNA. C, RT-PCR analysis of HIFTA mRNA in PAH-PASMCs treated with control
SiRNA (si-Ctrl) or SEPPT siRNA (si-SeP) for 48 hours (n=6 each). Average expression values are normalized to GAPDH mRNA. D, Representative Western blots and
quantification of HIF-1a protein levels in Sepp7** and Sepp1-- PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 2 hours (n=6 each). E, RT-
PCR analysis of HIF1A and SEPPT mRNA in PAH-PASMCs treated with si-Ctrl or HIFTA siRNA (si-HIF-1a) for 48 hours (n=6 each). Values are normalized to GAPDH
mRNA. F, RT-PCR analysis of apolipoprotein E receptor 2 (ApoER2) mRNA and Western blot analysis of ApoER2 protein in PAH-PASMCs and control PASMCs (n=6
each). Average expression values are normalized to GAPDH mRNA. G, RT-PCR analysis of ApoER2, SEPP1, and HIFTA mRNA in PAH-PASMCs treated with si-Ctrl
or ApoER2 siRNA (si-ApoER2) for 48 hours (n=6 each). Values are normalized to GAPDH mRNA. H, Quantification of hSeP (10 pg/mL)-mediated proliferation in
PAH-PASMCs after treatment with si-Ctrl or si-ApoER2 for 48 hours (n=8 each). Values are expressed as a ratio relative to control. I, RT-PCR analysis of ApoER2
MRNA in PAH-PASMCs after treatment with hSeP or BSA (10 pg/mL each) for 24 hours (n=6 each). Average expression values are normalized to GAPDH mRNA.
J, RT-PCR analysis of HMOXT mRNA in PAH-PASMCs after treatment with hSeP or BSA (10 pg/mL each) for 24 hours (n=6 each). Average expression values are
normalized to GAPDH mRNA. K, Left, Representative images of 2,7-dichlorodihydrofluorescein (DCF) fluorescence in PAH-PASMCs after treatment (Continued)
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Supplement). Recently, mounting evidence indicates
that mitochondrial dynamics are relevant to the mecha-
nisms of apoptosis, cell proliferation, and mitochondrial
energy metabolism in PAH, like cancer cells.” PAH-
PASMCs show increased dynamin-related protein—1
and reduced mitofusin-2, promoting impaired mito-
chondrial fusion, increased fission, and fragmentation
of the mitochondrial networks in PASMCs.%283 Thus, we
next examined the morphologies of mitochondria in
control and PAH-PASMCs. Consistent with a recent re-
port,® PAH-PASMCs showed more fragmented mito-
chondrial morphology compared with control PASMCs
(Figure 7M). Next, we further examined hypoxia-medi-
ated metabolic changes in Sepp?** and Seppi
PASMCs (Figure 7N). We found a significantly higher
OCR/ECAR ratio and maximal OCR in Sepp 1~ PASMCs
compared with Sepp 7++ PASMCs (Figure 70 and Figure
XIlIA and B in the online-only Data Supplement). More-
over, hypoxic exposure reduced the OCR/ECAR ratio
and maximal OCR compared with normoxia in both
Sepp1++ and SeppT”- PASMCs. In contrast, glycolysis
was lower in Sepp 17~ PASMCs compared with Sepp 1++
PASMCs, demonstrating the shift of energy metabolism
from glycolysis to oxidative phosphorylation (Figure
XIIC in the online-only Data Supplement). Consistent
with the upregulated mitochondrial function, Sepp7~-
PASMCs showed higher levels of mROS compared with
Sepp1+* PASMCs under both normoxia and hypoxia
(Figure XllID in the online-only Data Supplement).
Moreover, Sepp17~ PASMCs showed increased mito-
chondrial networks compared with Sepp7++ PASMCs
(Figure 7P). Consistent with the effects of SeP on mROS,
mitochondrial membrane potential, and its metabo-
lism, we found that SeP inhibition significantly reduced
protein levels of survivin in PAH-PASMCs (Figure XIIIE in
the online-only Data Supplement). Survivin mediates
apoptosis resistance through mitochondrial membrane
hyperpolarization in PAH-PASMCs.> We found that ex-
ogenously administered SeP caused phosphorylation of
dynamin-related protein—1 at serine 616 (but not at ser-
ine 637) and increased the expression of pyruvate dehy-
drogenase kinase 1 in PAH-PASMCs (Figure XIIIF in the
online-only Data Supplement). Mitochondrial fission is
induced by phosphorylation of dynamin-related pro-
tein-1at Ser616 and inhibited by phosphorylation at

SeP and Pulmonary Arterial Hypertension

Ser637.54 Moreover, HIF-1a activates pyruvate dehydro-
genase kinase, inhibits pyruvate dehydrogenase, and
suppresses mitochondrial glucose oxidation.?? Thus,
SeP promotes mitochondrial fission and suppresses mi-
tochondrial respiration. These results suggest that the
balance between mitochondrial fission and fusion is
fundamentally regulated by intracellular SeP levels in
PASMCs. Additionally, SeP promotes switching from
oxidative phosphorylation to anaerobic metabolism as
an adaptive response to mitochondrial dysfunction, es-
pecially in hypoxia (Figure XIV in the online-only Data
Supplement).

SeP-Mediated Dysregulation of PAECs

It has been clearly demonstrated that PAH-PAECs with
loss of bone morphogenetic protein receptor 2 are sus-
ceptible to apoptosis as a result of a dysregulation in
PPARy/p-catenin/apelin signaling axis, resulting in a re-
duced number of peripheral PAs.? Thus, we next exam-
ined the role of SeP in PAECs. First, we compared the
expression of SeP in PAH-PAECs and control PAECs and
found that the SeP expression was significantly higher
in PAH-PAECs compared with control PAECs under
both normoxia and hypoxia (Figure XVA in the online-
only Data Supplement). Second, we examined the mi-
tochondrial function and glycolytic capacity in control
PAECs and found upregulation of both OCR and ECAR
by treatment with human SeP compared with BSA con-
trols under both normoxia and hypoxia (Figure XVB in
the online-only Data Supplement). Moreover, hypoxic
exposure reduced OCR and increased ECAR in PAECs in
BSA controls. In contrast, SeP treatment prevented the
hypoxia-induced reduction in OCR and kept it at higher
levels or even showed an increase in ECAR compared
with BSA controls (Figure XVB in the online-only Data
Supplement). Indeed, excessively enhanced mitochondri-
al oxidative phosphorylation has been shown to induce
endothelial dysfunction and apoptosis, contributing to
pulmonary vascular remodeling.%5%¢ Thus, we next exam-
ined the PAEC viability by treatment with human SeP for
12 hours. Consistent with the results in OCR and ECAR,
SeP treatment significantly reduced cell proliferation and
induced apoptosis in PAECs after serum starvation (Fig-
ure XVC and D in the online-only Data Supplement).

Figure 6 Continued. with hSeP or BSA (10 pg/mL each) for 24 hours. Scale bars, 50 pm. Right, Quantification of DCF fluorescence intensity in PAH-PASMCs after
treatment with hSeP or BSA (10 pg/mL each) for 24 hours (n=8 each). Values are normalized to cell numbers with BSA treatment. L, RT-PCR analysis of glutamate-
cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase modulating subunit (GCLM), and glutathione synthase (GSS) mMRNA in PAH-PASMCs and control
PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=6 each). Average expression values are normalized to GAPDH mRNA. M, RT-PCR
analysis of GCLC, GCLM, and GSS mRNA in PAH-PASMCs treated with si-Ctrl or si-HIF-1a for 48 hours (n=6 each). Values are normalized to GAPDH mRNA. N,
Quantitation of ATP production in PAH-PASMCs after treatment with hSeP or BSA (10 pg/mL each) for 1 hour (n=8 each). Values are normalized to cell numbers
with BSA treatment. O, Schematic representation of the molecular mechanisms promoting SeP expression by HIF-1a activation and forkhead box protein O3a
(FoxO3a) inactivation. Extracellular SeP induces oxidative stress, HIF-1a activation, and FOXO3a inactivation via SeP-ApoER2 signaling in PAH-PASMCs. Consti-
tutively active HIF-1a induces transcription of many genes and dysregulation of mitochondrial energy metabolism, which promotes cell proliferation, apoptosis
resistance, survival, and stress resistance by targeting several downstream genes, including SeP. ROS, reactive oxygen species. Throughout, data represent the
mean+SEM. *P<0.05. Comparisons of parameters were performed with the unpaired Student’s t test or 2-way ANOVA, followed by Tukey’s honestly significant

difference test for multiple comparisons. si indicates small interfering.
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Figure 7. Selenoprotein P (SeP)-mediated mitochondrial dysfunction in pulmonary arterial hypertension (PAH)-pulmonary artery smooth muscle
cells (PASMCs).

A, Quantification of 2,7-dichlorodihydrofluorescein (DCF) fluorescence intensity in PAH-PASMCs and control PASMCs after exposure to normoxia (21% O,) or
hypoxia (1% O,) for 4 hours (n=8 each). B, Quantification of reduced thiols in PAH-PASMCs and control PASMCs after exposure to normoxia (21% O,) or hypoxia
(1% O,) for 4 hours (n=8 each). C, Quantification of GSH/GSSG ratio in PAH-PASMCs and control PASMCs after exposure to normoxia (21% O,) or hypoxia (1%
0,) for 4 hours (n=8 each). GSH, glutathione; GSSG, oxidized glutathione. D, Quantification of DCF fluorescence intensity in PAH-PASMCs after treatment with
control siRNA (si-Ctrl) or SEPP1 siRNA (si-SeP) for 48 hours, followed by exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8 each). E, Quantifica-
tion of reduced thiols in PAH-PASMCs treated with si-Ctrl or si-SeP for 48 hours, followed by exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8
each). F, Quantification of DCF fluorescence intensity in human control PASMCs treated with human SEPPT plasmid DNA (SeP-P) or control plasmid DNA (Ctrl-P)
for 48 hours, followed by exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8 each). G, Quantification of reduced thiols in control PASMCs after
treatment with Ctrl-P or SeP-P for 48 hours, followed by exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8 each). H, Quantification of DCF fluo-
rescence intensity in Sepp7** and Sepp 7~ PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8 each). I, Quantification of reduced
thiols in Sepp7+*+ and Sepp1-"~ PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=8 each). (Continued)
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Sanguinarine Downregulates SeP and
Ameliorates PH in Animal Models

Based on the experimental findings on the crucial
role of SeP in PASMC proliferation, we then aimed to
identify a therapeutic agent to downregulate SeP. For
this purpose, we performed in silico screening with
the Life Science Knowledge Bank software (http://
www.Iskb.w-fusionus.com/ ) and found that there is
no compound with an inhibitory effect on SeP. Then
we used the public chemical library in the Drug Dis-
covery Initiative (http://www.ddi.u-tokyo.ac.jp/en/), a
collection of 3336 clinically used compounds and de-
rivatives. We performed a high-throughput screening
and identified 3 compounds that reduce SeP expression
and proliferation of PAH-PASMCs (Figure 8A). Among
them, we focused on sanguinarine, a benzophenan-
thridine alkaloid derived from the root of Sanguinaria
Canadensis, with antiproliferative effects against can-
cers.%” We found that sanguinarine treatment reduced
SeP expression and cell proliferation and induced apop-
tosis in PAH-PASMCs (Figure 8B and Figure XVI in the
online-only Data Supplement). Consistently, we found
that SeP inhibition by sanguinarine downregulated poly
(ADP-ribose) polymerase 1 and bromodomain protein
4 compared with vehicle controls, resulting in a signifi-
cant increase of DNA damage in PAH-PASMCs (Figure
XVIl in the online-only Data Supplement). Administra-
tion of sanguinarine upregulated mitochondrial respi-
ration in PAH-PASMCs compared with vehicle controls
(Figure XVIIIA in the online-only Data Supplement).
Consistently, SeP inhibition by sanguinarine reduced
survivin proteins in PAH-PASMCs (Figure XVIIIB in the
online-only Data Supplement). We then examined the
effect of oral administration of sanguinarine in hypox-
ia-induced PH in mice (Figure XVIIIC in the online-only
Data Supplement). Daily administration of sanguinarine
via gavage during 28 days of chronic hypoxia had no
effect on body weight or food consumption compared
with vehicle controls (Figure XVIID in the online-only
Data Supplement). A hypoxia-induced increase in SeP in
the lungs was significantly attenuated by sanguinarine
treatment compared with vehicle controls (Figure 8C).
In contrast, protein levels of SeP in the liver did not

SeP and Pulmonary Arterial Hypertension

change in response to sanguinarine treatment (Figure
XVIIIE in the online-only Data Supplement). Moreover,
sanguinarine significantly reduced the serum levels of
SeP especially after hypoxic exposure (Figure 8D). San-
guinarine significantly suppressed muscularization of
distal pulmonary arteries after hypoxic exposure com-
pared with vehicle controls (Figure 8E). Consistently,
sanguinarine significantly ameliorated hypoxia-induced
increases in RVSP and RVH compared with vehicle con-
trols (Figure 8F). Next, to further evaluate the thera-
peutic potential of sanguinarine for PAH, we used an-
other animal model of PH, in which rats were exposed
to chronic hypoxia for 21 days in combination with
an injection of SU5416 (Sugen/hypoxia model) (Figure
XVIIIF in the online-only Data Supplement). In this Su-
gen/hypoxia rat model, we started sanguinarine treat-
ment after development of PH (treatment protocol).
Daily administration of sanguinarine via gavage for 28
days had no effect on body weight or food consump-
tion compared with vehicle controls (Figure XVIIG in
the online-only Data Supplement). Protein levels of SeP
in the lungs were significantly elevated in the Sugen/
hypoxia rat model (Figure 8G), and were significantly
reduced by sanguinarine treatment. Consistently, san-
guinarine treatment significantly reduced RVSP, RV
end diastolic pressure, and RVH and increased cardiac
output compared with vehicle controls (Figure 8H and
I and Figure XIXA in the online-only Data Supplement).
Sanguinarine also improved hemodynamic parameters,
such as tricuspid annular plane systolic excursion, pul-
monary artery acceleration time, RV internal diameter,
RV myocardial performance index, and cardiac output
determined by echocardiography (Figure XIXB in the
online-only Data Supplement). In contrast, sanguinarine
did not change LV systolic pressure and LV end diastolic
pressure determined by catheter or LV ejection fraction
determined by echocardiography (Figure XIXA and B in
the online-only Data Supplement). Finally, sanguinarine
treatment significantly improved exercise capacity as-
sessed by a treadmill walking distance (Figure 8J). Next,
we prepared a mouse model of Sugen/hypoxia-induced
PH using SMC-Sepp 1~ mice, which were treated with
sanguinarine to further evaluate the contribution of
SeP-mediated therapeutic effects. Consistent with the

Figure 7 Continued. J, Quantification of GSH/GSSG ratio in Sepp7+* and Sepp -~ PASMCs after exposure to normoxia (21% O,) or hypoxia (1% O,) for 4 hours
(n=8 each). K, Quantification of oxygen consumption rate (OCR) of PAH-PASMCs and control PASMCs under normoxia (21% O,) or hypoxia (1% O,) for 4 hours
(n=5 each). Oligomycin inhibits ATP synthase (complex V) and the decrease in OCR, followed by oligomycin correlates to the mitochondrial respiration associated
with cellular ATP production. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupling agent that disrupts the mitochondrial membrane
potential. As a result, electron flow through the electron transport chain is uninhibited and oxygen is maximally consumed by complex IV. Rotenone and antimycin
A were injected to inhibit the flux of electrons through complexes I and Ill, respectively, and thus shut down mitochondrial oxygen consumption. L, Quantification
of the OCR/ECAR (extracellular acidification rate, a surrogate for glycolysis) ratio in PAH-PASMCs and control PASMCs under normoxia (21% O,) or hypoxia (1%
0,) for 4 hours (n=5 each). M, Left, Representative images of PAH-PASMCs and control PASMCs labeled for mitochondria. Nuclei were counterstained using DAPI
(4',6-diamidino-2-phenylindole). Scale bars, 20 um. Right, Representative transmission electron microscopy (TEM) images of PAH-PASMCs and control PASMCs.
Scale bars, 2 um. N, Quantification of OCR of Sepp7+* and Sepp7~- PASMCs under normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=5 each). O, Quantifica-
tion of the OCR/ECAR ratio in Sepp7++ and Sepp1~- PASMCs under normoxia (21% O,) or hypoxia (1% O,) for 4 hours (n=5 each). P, Left, Representative images
of Sepp7++ and Sepp1-- PASMCs labeled for mitochondria. Nuclei were counterstained using DAPI. Scale bars, 20 pm. Right, Representative TEM images of
Sepp1++ and Sepp -~ PASMCs. Scale bars, 2 pm. Data represent the mean+SEM throughout. *P<0.05. Comparisons of parameters were performed with 2-way
ANOVA, followed by Tukey's honestly significant difference test for multiple comparisons. si indicates small interfering.
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Figure 8. Sanguinarine ameliorates PH in animal models in vivo.

A, Schematic outline of high-throughput screening to identify compounds that suppress SEPPT expression and proliferation in pulmonary arterial hypertension
(PAH)—pulmonary artery smooth muscle cells (PASMCs). First, we treated PAH-PASMCs with 3336 compounds (5 pmol/L each) for 48 hours and performed a
proliferation assay (MTT assay). We identified 113 compounds that suppressed PAH-PASMCs proliferation by >20%. We then treated PAH-PASMCs with these
113 compounds (5 pmol/L each) for 4 hours, extracted total RNA to measure the selenoprotein P (SeP) expression by RT-PCR, and found 31 compounds that sup-
press SEPPT mRNA. We excluded compounds with known adverse effects on the heart or lungs and those producing harmful effects on control PASMCs. Finally,
we selected 3 compounds for administration in hypoxia-induced pulmonary hypertension (PH) in mice. MTT, 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide. B, Results of the 113 compounds that suppress PAH-PASMC proliferation (blue bars) and SEPPT gene expression (brown plots). C, Representative West-
ern blots and quantification of SeP protein levels in the lungs with or without sanguinarine treatment (5 mg/kg/day) under normoxia or hypoxia (10% O,) for 4
weeks (n=6 each). D, Representative Western blots and quantification of SeP protein levels in the serum with or without sanguinarine treatment under normoxia
or hypoxia (10% O,) for 4 weeks (n=6 each). E, Left, Representative Elastica-Masson (EM) and immunostainings for a-smooth muscle actin (aSMA) of the distal
pulmonary arteries. Scale bars, 50 pym. Right, Muscularization of the distal pulmonary arteries with a diameter of 20 to 70 ym in mice exposed to normoxia (n=6
each) or hypoxia for 4 weeks (n=15 each). N, nonmuscularized vessels; P, partially muscularized vessels; F, fully muscularized vessels. F, Right ventricular (RV) sys-
tolic pressure (RVSP, left) and right ventricular hypertrophy (RVH, right) in mice with or without sanguinarine treatment under normoxia (n=6 each) or hypoxia
(10% O,) for 4 weeks (n=13-14 in RVSP, n=7 in RVH). G, Representative Western blots and quantification of SeP protein levels in the lungs of normoxia controls
or rats exposed to chronic hypoxia for 21 days in combination with the VEGF receptor blocker, SU5416 (Sugen/hypoxia rats), (Continued)
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results in the rat model of Sugen/hypoxia-induced PH,
sanguinarine treatment significantly improved the he-
modynamic parameters, RV function, and exercise
capacity in the SMC-Sepp7++ Sugen/hypoxia (control)
mice (Figure XXA through C in the online-only Data
Supplement). In contrast, SMC-Sepp 7~ Sugen/hypoxia
mice showed significant amelioration of PH compared
with controls. Additionally, sanguinarine treatment did
not show further improvements in SMC-Sepp 7~ mice
(Figure XXA through C in the online-only Data Supple-
ment). These findings strengthen the SeP-mediated de-
velopment of Sugen/hypoxia-induced PH and the san-
guinarine-mediated amelioration of PH. Consistently,
sanguinarine treatment significantly reduced prolifera-
tion of Sepp7+* PASMCs to a similar level in Sepp1-
PASMCs. In contrast, proliferation of Sepp77~ PASMCs
was not affected by sanguinarine treatment (Figure
XXD in the online-only Data Supplement). These results
suggest that sanguinarine suppresses SeP in the lungs
and ameliorates PH and RV failure in different animal
models of PH.

DISCUSSION

The present study demonstrates that upregulation of SeP
in PASMCs is a novel pathological change in PAH that in-
duces proliferation, enhanced oxidative stress, and mito-
chondrial dysfunction in PASMCs. The present study also
suggests the novel strategy of SeP inhibition in PASMCs
to prevent the development of PH. These concepts are
based on the following findings: (1) SeP was upregulated
in PAH-PASMCs; (2) 5 genetically modified mice showed
a critical role for SeP in PASMCs in the development of
hypoxia-induced PH; (3) higher SeP in PAH-PASMCs in-
duced HIF-1a upregulation, FOXO3a inactivation, a re-
duced GSH/GSSG ratio, increased oxidative stress, and
mitochondrial dysfunction, resulting in excessive prolif-
eration of PAH-PASMCs; and (4) sanguinarine reduced
SeP expression and PASMC proliferation, as well as ame-
liorated PH in animal models of different mechanisms.

SeP as a Novel Pathogenic Protein in the
Pathogenesis of PAH

Because there is a limited efficacy in the treatment of pa-
tients with severe PAH, we performed a series of screen-
ing to find a novel therapeutic target. After the rigorous
analyses of microarray screening with PAH-PASMCs, we

SeP and Pulmonary Arterial Hypertension

finally focused on SeP as a pathogenic protein in PAH.
As demonstrated in the present study, SeP is a secreted
protein that promotes PASMC proliferation. Although it
has been shown that 60% of serum SeP is produced by
hepatocytes in the physiological condition,? SeP is also
expressed in many types of cells for secretion.33685° |n-
deed, we demonstrated that SeP is highly upregulated
in the distal pulmonary arteries of patients with PAH.
Our findings suggest that the upregulation of SeP in
PAH-PASMCs is a trigger as well as a promoter for the
development of PAH. We also demonstrated a synergis-
tic interaction among SeP, HIF-1a, and FOXO3a in PAH-
PASMCs through extracellular SeP-ApoER2 signaling.
Thus, SeP-mediated PASMC proliferation may mechanis-
tically involve HIF-1a—mediated mitochondrial dysfunc-
tion, similar to cancer cells.”® Indeed, activated HIF-1a
in normoxia is well known in PAH-PASMCs. It induces
transcription of many genes producing proproliferative
and antiapoptotic signals, impaired oxidative glucose
metabolism, and the shift to aerobic glycolysis.”" In con-
trast, under physiological conditions, activated HIF-1a
stimulates FOX03a,'® which promotes cellular adapta-
tion to hypoxic stress, suppresses survival signals, and
induces apoptosis.”?”®> Thus, the complex interaction
between HIF-1a and FOXO3a is substantially involved in
the fine control of cellular homeostasis and pathological
adaptation.” In PAH-PASMCs, we found that the expres-
sion of SeP and HIF-1a affected each other, which ac-
companied SeP-mediated activation of Akt, ERK1/2, and
resultant FOXO3a phosphorylation and degradation.
These findings suggest that excessive SeP disrupts the
fine tuning of intracellular homeostasis between HIF-1a
and FOX03a, which induces constitutive activation of
HIF-1a and mitochondrial dysfunction in PAH-PASMCs.
Additionally, we found that serum levels of selenium
were increased in patients with PAH, suggesting that SeP
function as a selenium supplier is preserved in patients
with PAH. In the present study, overexpression of Mut-P,
which has no selenium, also increased ROS levels and
reduced GSH in control PASMCs, which was similar to
the effect by overexpression of intact SeP. Indeed, it has
been reported that SeP possesses 2 functions: enzyme
activity in the N-terminal region and selenium-supply ac-
tivity in the C-terminal region.” Additionally, ApoER2 is a
candidate receptor for SeP in PAH-PASMCs and activates
intracellular signaling pathways.”® Altogether, our find-
ings on selenium status in patients with PAH and previ-
ous reports indicate that SeP-mediated development of
PAH is independent of its selenium supply.

Figure 8 Continued. followed by treatment with vehicle or sanguinarine via gavage during 28 days after induction of PAH (n=8 each). H, RVSP (left) and RVH
(right) in Sugen/hypoxia rats by treatment with vehicle or sanguinarine via gavage during 28 days after induction of PAH (n=6 for control rats that did not receive
SU5416 injection or chronic hypoxia; n=12 for vehicle or sanguinarine-treated rats per group). I, Cardiac output (CO) in Sugen/hypoxia rats by treatment with
vehicle or sanguinarine via gavage during 28 days after induction of PAH (n=6 for control, n=8 for vehicle, and n=11 for sanguinarine-treated rats per group).

J, Walking distance assessed by a treadmill test (n=6 for control and n=12 for vehicle- or sanguinarine-treated rats per group). Data represent the mean+SEM.
*P<0.05. Comparisons of parameters were performed with 1- or 2-way ANOVA, followed by Tukey’s honestly significant difference test for multiple comparisons.
Hypo indicates hypoxia; LV, left ventricle; Normo, normoxia; Sang, sanguinarine; and SU + Hx, Sugen/hypoxia.
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SeP Enhances Oxidative Stress
in PAH-PASMCs

Mounting evidence provides insights into the role of oxi-
dative stress in the pathogenesis of PAH.”” Animal mod-
els of PH show increased oxidative stress and decreased
antioxidant levels, both of which promote PASMC pro-
liferation, pulmonary vascular remodeling, and RV fail-
ure.”® One of the mechanisms for the enhanced produc-
tion of ROS in PAH-PASMCs is an excessive activation
of NADPH oxidases.”® The activation of NADPH oxidases
increases ROS generation, promotes PASMC hyperplasia
and hypertrophy, and contributes to the transcription
and stabilization of HIF-1a.8° Additionally, the cellular
redox status depends on the balance between oxidized
and reduced forms of intracellular redox molecules, in
which GSH plays a crucial role. Because protein levels
of GSH in quiescent cells are much higher than those
of GSSG, oxidation of GSH and conversion to GSSG will
dramatically decrease the GSH/GSSG ratio and signifi-
cantly change the cellular redox status. Both changes in
the redox potential because of the decrease in the GSH/
GSSG ratio and the generation of ROS can induce the
formation of mixed disulfides between cysteine residues
of some proteins and GSH.®" According to this mecha-
nism induced by a decreased GSH/GSSG ratio and in-
creased ROS, the GSH adducts on HIF-1a Cys>2° inhibit
its degradation and stabilize the transcription factor,
with a resultant increase in target gene expression.® In
PAH-PASMCs, the mechanisms for their apoptosis resis-
tance and excessive proliferation can be explained by
normoxic activation of HIF-1a (pseudohypoxic environ-
ment)?? and the resultant metabolic shift toward glyco-
lytic metabolism, and downregulation of mitochondrial
glucose oxidation (Warburg effect).’ In the present
study, we found that the enhanced expression of SeP
reduced the GSH/GSSH ratio and increased oxidative
stress levels, contributing to the enhanced expression
and stabilization of HIF-1a even in normoxia, and these
changes had no relation to selenium content in SeP.
In addition to these findings, we found that Sepp7~-
PASMCs had an increased GSH/GSSG ratio, reduced
ROS levels, and reduced HIF-1a levels in both normoxia
and hypoxia. These results suggest that SeP, even with-
out its selenium content, acts as an upstream negative
regulator of antioxidative stress signaling, which both
induces ROS generation through NADPH oxidases and
stabilizes HIF-1a, providing a potential mechanism of
SeP-mediated HIF-1a activation and resultant prolifera-
tion of PASMCs and their survival in PAH.

SeP Causes Metabolic Shift in PAH-
PASMCs

Dysregulated mitochondrial function in PAH-PASMCs
causes a decrease in the production of mROS with a

Circulation. 2018;138:600-623. DOI: 10.1161/CIRCULATIONAHA.117.033113
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resultant normoxic activation of HIF-1a, which induces
pyruvate dehydrogenase kinase, impairs mitochondrial
respiration and glucose oxidation, and promotes a gly-
colytic metabolic state.?? This metabolic shift impairs the
function of the mitochondrial electron transport chain
further, which reduces mROS in PAH-PASMCs.8 More-
over, reduced levels of mROS inhibit the Kv channel and
increase intracellular calcium concentration, which aug-
ments PASMC constriction.”®8 Thus, a metabolic shift
toward glycolytic metabolism and downregulation of
mitochondrial glucose oxidation in PAH-PASMCs will
contribute to their apoptosis resistance and excessive
proliferation.' Our present findings support all of these
pathological changes in PAH-PASMCs as follows: (1)
PAH-PASMCs exhibited a decrease in de novo synthesis
of GSH, (2) PAH-PASMCs had lower levels of GSH/GSSG
ratio and increased levels of ROS generated by NADPH
oxidases compared with control PASMCs, (3) PAH-
PASMCs had increased levels of HIF-1a and mitochon-
drial fragmentation, (4) PAH-PASMCs had lower levels
of maximal OCR and the OCR/ECAR ratio compared
with control PASMCs with a resultant increase in mito-
chondrial membrane potential (AWm) and decrease in
mROS production, and (5) Sepp 77~ PASMCs showed an
increased GSH/GSSG ratio, lower ROS, increased mito-
chondrial network, and increased mitochondrial energy
metabolism compared with Sepp7+* PASMCs. These
findings suggest a possible mechanism that excessive
SeP reduces GSH, whereas it increases GSSG produc-
tion, upregulates ROS production by NADPH oxidases,
and stabilizes HIF-1a even under normoxic conditions,
contributing to the pseudohypoxic state, mitochondrial
dysfunction, and excessive proliferation/apoptosis-resis-
tance in PAH-PASMCs.

Study Limitations

Several limitations should be mentioned for the present
study. First, although we found a 32-fold increase of SeP
in PAH-PASMCs compared with control PASMCs, the un-
derlying mechanisms for it remain to be elucidated. It is
established and we have confirmed that the activities of
NADPH oxidases and resultant oxidative stress levels are
significantly higher in PAH-PASMCs.?? In contrast, SeP is
important for selenium homeostasis, where SeP with a
selenocysteine amino acid residue plays a crucial role in
cellular homeostasis.?® Functionally characterized seleno-
proteins consist of 5 GPx and 3 thioredoxin reductases,
all of which contain 1 selenocysteine.?” Here, GPx is an
enzyme family with peroxidase activity, which serves to
protect cells from oxidative damage.>’ When we con-
sider the roles of selenoproteins, upregulation of SeP in
PAH-PASMCs can be explained, at least in part, by cellu-
lar responses to protect the cells against excessive oxida-
tive stress. Indeed, we found that serum selenium levels
were significantly increased in patients with PAH. Here,
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it was previously demonstrated that SeP has bifunctional
enzyme activities in the N-terminal region and selenium-
supply activity in the C-terminal region.”> Moreover, it
is also known that ApoER2, 1 of the receptors for SeP,
uptakes extracellular SeP and activates intracellular sig-
naling.’® In the present study, overexpression of Mut-P
(SeP without any selenium) increased ROS levels and re-
duced GSH in control PASMCs. Altogether, these find-
ings and previous reports suggest that upregulated SeP
in PAH-PASMCs promotes the development of PAH in-
dependently from its selenium supply. Thus, in addition
to the traditionally known roles as a cargo for selenium,
SeP protein may have other functions, including an in-
hibitory effect on GSH, resulting in increased oxidative
stress, excessive proliferation, and apoptosis resistance
in PAH-PASMCs. Second, the beneficial effects of san-
guinarine may involve mechanisms other than reducing
SeP. Indeed, sanguinarine regulates several intracellular
molecules, including signal transducer and activator of
transcription, STAT3.%” Thus, sanguinarine may amelio-
rate PH by reducing SeP and by other mechanisms.

CONCLUSIONS

PAH is a rare disease, with an estimated prevalence of
52 cases per million.®> However, the prevalence of PAH
is rapidly increasing along with medical awareness and
is much higher in patients with lung disease, congeni-
tal heart disease, collagen disease, and infectious dis-
orders.> Moreover, it is estimated that the prevalence
of PH is about 1% of the general population, which
increases to 10% of individuals >65 years of age.> Over
the past 20 years, substantial efforts have been made
to develop effective therapies for patients with PAH.%¢
However, we still have limited therapeutic strategies,
and no established treatments are available for most
patients with PAH.8¢ Because conventional pulmonary
vasodilators have limited efficacy for the treatment of
severe PAH, we have performed a series of screens and
found a novel therapeutic target, SeP. As shown in
the present study, SeP promoted PASMC proliferation,
which prompted us to find an SeP inhibitor as a novel
therapy for PAH. At this point, we have no drugs avail-
able for targeting PASMC proliferation® and a limited
report of SeP targeting, in which metformin may sup-
press its expression in the liver via AMPK activation.®’
Coincidentally, we have recently demonstrated that
endothelial AMPK plays a crucial role in suppressing
the development of hypoxia-induced PH, which can be
achieved with metformin.>®* However, metformin has no
effect on the expression of SeP in PAH-PASMCs (unpub-
lished data). Moreover, we performed in silico screening
and found no compound with an inhibitory effect on
SeP. Thus, we performed a high-throughput screening
of small molecules and identified an orally active small
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molecule, sanguinarine. It has been reported that oral
sanguinarine administration successfully inhibited tu-
mor growth.®” When we consider the proproliferative
role of SeP in PAH-PASMCs, the antiproliferative effect
of sanguinarine in several kinds of cancer in vivo could
be attributed to the suppression of SeP.®” Actually, in
the present study, sanguinarine administration to the
animal models of PH revealed therapeutic effects on PH
and RV failure without any adverse effects.

In the present study, we demonstrated that SeP is
a secreted protein that promotes PASMC proliferation.
Moreover, serum levels of SeP were significantly elevat-
ed in patients with PAH, in whom higher serum levels of
SeP predicted a poor outcome. Conversely, treatment
with SeP inhibitors reduced protein levels of SeP and
ameliorated PH. Based on these results, serum levels
of SeP can be used as a novel biomarker for PAH and
are useful to evaluate the therapeutic effect of SeP in-
hibitors (companion diagnostics). Using a combination
of SeP inhibitors and serum levels of SeP, we may find
good candidates among patients with PAH who can be
used to demonstrate the effectiveness of this strategy.
By targeting SeP, we will promote translational research
and develop early diagnostics and novel therapeutic
agents for the treatment of patients with PAH.

In conclusion, SeP is a crucial molecule in the patho-
genesis of PAH and is useful as a novel biomarker and
therapeutic target of the disorder.
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