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Hypoxia induces endothelial-mesenchymal transition
in pulmonary vascular remodeling
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Abstract. It is well established that hypoxia induces epithe-
lial-mesenchymal transition in vitro and in vivo. However,
the role of hypoxia in endothelial-mesenchymal transition
(EndMT), an important process in the pathogenesis of pulmo-
nary hypertension, is not well-characterized. The present study
demonstrated a significant downregulation of the endothelial
marker CD31 and its co-localization with a mesenchymal
marker, a-smooth muscle actin (a-SMA), in the intimal
layer of small pulmonary arteries of rats exposed to chronic
hypoxia. These results suggest a possible role of hypoxia in
inducing EndMT in vivo. Consistent with these observa-
tions, pulmonary microvascular endothelial cells (PMVECs)
cultured under hypoxic conditions exhibited a significant
decrease in CD31 expression, alongside a marked increase in
the expression of a-SMA and two other mesenchymal markers,
collagen (Col) 1A1 and Col3A1. In addition, hypoxia promoted
the proliferation and migration of a-SMA-expressing mesen-
chymal-like cells, but not of PMVECs. Of note, knockdown
of hypoxia-inducible factor la. (HIF-1a) effectively inhibited
hypoxic induction of a-SMA, CollAl and the transcrip-
tion factor Twistl, while rescuing hypoxic suppression of
CD31; these results suggest that HIF-1a is essential for
hypoxia-induced EndMT and that it serves as an upstream
regulator of Twistl. Mechanistically, HIF-1a. was identified to
bind to the promoter of the Twistl gene, thus activating Twistl
transcription and regulating EndMT. Collectively, the present
results indicate that the HIF-1o/Twistl pathway has a critical
role in mediating the effect of hypoxia-induced EndMT in
pulmonary arterial remodeling.
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Introduction

Chronic hypoxia is an important factor contributing to the
near-irreversibility of hypoxia-induced pulmonary hyperten-
sion (HPH), a condition characterized by structural remodeling
of small pulmonary arteries (PAs). These important morpho-
logical changes are characterized by an abnormal increase in
numbers of smooth muscle (SM)-like cells [cells expressing
a-SM actin (a-SMA)] in the PA wall (1,2), which results in
thickening of muscular and elastic vessels, muscularization
of distal vessels, and eventual development of pulmonary
hypertension. The small pulmonary arteries and veins may be
distinguished based on the relative abundance of SM cells or
SM-like cells in vessel walls. However, the origin of SM-like
cells has remained elusive.

Epithelial-mesenchymal transition (EMT) is a process
wherein epithelial cells undergo phenotypic changes and
develop into mesenchymal/SM-like cells (3). Similarly,
endothelial cells may acquire a mesenchymal or SM-like
phenotype, a process referred to as endothelial-mesenchymal
transition (EndMT). Evidence of EndMT has been reported in
the context of cardiac and vascular development, wound healing
and various diseases, including fibrosis, diabetic nephropathy,
heterotopic ossification and cancer (4-10). Transdifferentiated
cells co-express the endothelial marker CD31 and the SM-like
cell type marker a-SMA. Thus, EndMT is regarded as another
important mechanism for the generation of SM-like cells. The
endothelial cell appears to be one of the targets in hypoxia,
and endothelial cell dysfunction has a direct and indirect
role in the process of pulmonary vascular remodelling (11).
Ranchoux et al (12) reported that EndMT may be a source of
a-SMA-expressing cells. The EndMT participates in vascular
remodeling as a characteristic of pulmonary hypertension;
however, the underlying mechanism has remained to be fully
elucidated.

Hypoxia-inducible transcription factor-la (HIF-1a) is a
critical regulator of the cellular response to hypoxia. HIF-1a
activity in the endothelium of PAs has been observed to
significantly increase in pulmonary hypertension (13). The
HIF-la-regulated gene Twist (14,15) has an important role
in EMT, cell movement and proliferation (16-18). However,
the role of HIF-1a/Twist in EndMT has remained to be fully
characterized. In the present study, a significant upregulation
of HIF-1a in hypoxic pulmonary microvascular endothelial
cells (PMVECs) was demonstrated, and knockdown of HIF-1a.
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and Twistl effectively blocked hypoxia-induced EndMT. It
appeared that HIF-1a regulated the EndMT through binding
to the promoter of the Twistl gene and subsequently activating
Twistl transcription and expression.

Materials and methods

Animal model. A total of 36 male Sprague Dawley rats (age,
6-8 weeks; weight, 200-250 g) were obtained from the Fourth
Military Medical University. All experimental procedures
were approved by the Animal Use and Care Committee for
Research and Education of The Fourth Military Medical
University (Xi'an,China). Control rats were housed undera 12-h
light/dark cycle at room temperature (humidity: 50-60%) and
were provided water and a standard laboratory diet ad libitum.
Rats were housed for 28 days in a chamber containing 10%
oxygen for exposure to continuous hypobaric hypoxia. A
gradual decrease in oxygen concentration was employed in
order to acclimatize the rats to the hypoxic conditions (19).
Over 30 min, the pressure was slowly increased at the begin-
ning of hypoxia by 0.5 atm, and the oxygen concentration was
reduced to 10%. The gradual decrease in the oxygen concen-
tration had no observable negative effect on the rats. After
4 weeks, the HPH models were successfully replicated. Rats in
the normoxic group (control group) were housed continuously
in room air (n=6 per group). At the end of hypoxia exposure,
the right ventricular systolic pressure (RVSP) and the ratio
of ventricular weight [right ventricle/(left ventricle+septum),
denoted as RV/(LV+S)] were measured. Increases in RVSP and
RV/[LV+S] were considered as being indicative of HPH.

Cell culture and chemical reagents. The lung was isolated
from healthy adult rats under sterile conditions. After washing
repeatedly with sterile D-Hank's buffer, tissues at the edge
and surface of the lung (thickness, ~] mm) were removed,
dissected into small pieces and cultured in M200 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
supplemented with a growth factor cocktail [fibroblast growth
factor, heparin, hydrocortisone and epidermal growth factor
(Gibco; Thermo Fisher Scientific, Inc.)] and 20% fetal bovine
serum FBS (HyClone; GE Healthcare, Little Chalfont, UK).
Primary cultures used were confirmed to be uncontaminated
with SM cells by immunostaining for a-SMA and CD31 or
VIII factor. In the normoxic group, PMVECs were cultured
at 37°C in a humidified atmosphere of 5% CO, in air. In
the hypoxic groups, PMVECs were incubated in a hypoxic
chamber containing 1% O,, 5% CO, and 94% N, for 7 days,
and SM-like cells were then obtained. In another experiment,
PMVECs were also stimulated with transforming growth
factor (TGF)-f (10 ng/ml) in normoxic conditions for 7 days.
Antibodies against a-SMA (MA1-744) were obtained from
Thermo Fischer Scientific, Inc. (Waltham, MA, USA).
Monoclonal antibodies against CD31 (ab64543) and Twistl
(ab50581) were purchased from Abcam (Cambridge, MA,
USA). collagen (Col) 1A1 (sc-293182) and Col3A1 (sc-271249)
were purchased from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Anti-HIF-1a monoclonal antibody (MAB5382)
was purchased from EMD Millipore (Billerica, MA, USA).
Secondary antibodies (anti-rabbit or anti-mouse IgG antibody
conjugated to horseradish peroxidase; 7074 and 7076; 1:2,000)
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were purchased from Cell Signaling Technology (Danvers,
MA, USA). Recombinant human TGF-§ was purchased from
R&D Systems (Minneapolis, MN, USA).

Immunofluorescence. Frozen tissue sections or cultured cells
grown on coverslips were washed with PBS and fixed in 1%
paraformaldehyde. Cells were subsequently permeabilized
with 0.2% Triton X-100 in PBS at room temperature for 5 min.
The cells and tissue sections were blocked by 2% goat serum
(OriGene Technologies, Beijing, China) at 37°C for 1 h. Then
they were incubated with primary antibodies (CD31, 1:500;
a-SMA, 1:1,000) overnight at 4°C. Subsequently, samples
were incubated with secondary antibody (Alexa Fluor® 594
donkey anti-mouse IgG; R37115; 1:500; Molecular Probes;
Thermo Fischer Scientific, Inc.) for 2 h at room temperature.
Fluorescence was examined by confocal laser scanning
microscopy.

Immunohistochemistry. Sagittal sections of the right lung were
placed in 4% paraformaldehyde and processed for paraffin
embedding. Sections (5 gm) were prepared and mounted
on glass slides prior to overnight incubation at 4°C with
anti-Twistl antibody (1:500). Slides were washed and incu-
bated with corresponding secondary antibodies conjugated
with alkaline phosphatase (Expose Rabbit specific HRP/DAB
detection IHC kit; ab80437; Abcam). Sections were evaluated
using an Olympus BX50 optical microscope (Olympus
Corporation, Tokyo, Japan) equipped with an image analysis
program (Image Pro Plus version 6.0; Media Cybernetics, Inc.,
Rockville, MD, USA).

Electron microscopy. Transmission electron microscopy
(TEM) analysis was performed using glutaraldehyde-fixed
PMVECs embedded in resin (Epon 812 epoxy resin). The
clean slide was placed in 0.25% Formvar solution and then
placed vertically on filter paper to air dry. Then the slide was
exposed vertically to the surface of the water. The supporting
membrane on the surface of the glass slide was removed and
the 75-mesh copper grids placed on the membrane, removed
from water and allowed to dry. Thin sections (50-80 nm) were
collected on the formvar-coated copper grids and stained with
3% uranyl acetate and lead citrate solutions for 20-30 min
respectively at room temperature. Following air drying at
room temperature, the sections were examined under an
electron microscope (JEM1200EX II; JEOL, Tokyo, Japan);
images were captured.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from lung tissues and
PMVECs with TRIzol (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Briefly,
template RNA (1 pg/ul) was added to the individual tubes
containing the master mix, using the Omniscript RT kit
(Qiagen, Inc.). These were centrifuged briefly to collect residual
liquid from the walls of the tubes, which were then incubated
for 2 h at 37°C. Then 2 ul RNase A (10 mg/ml) was added and
the reaction mix incubated for 10 min at 65°C, 5 min at 93°C
and then cooled immediately on ice. RT-qPCR was performed
with a MyiQ (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
using SYBR-Green I dye (Applied Biosystems; Thermo Fisher
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Table I. Primer sequences for real-time polymerase chain reaction.

Gene Forward (5'-3") Reverse (5'-3")

a-SMA TTGTGGATCAGCGCCTTCAGTT GACAGGCCAGGGCTAGAAGG
vWF CCAACAGCCAGTCTCCCGTT TGACGTAGGAGCAGTTGCCG
CD31 TTCCGAGGGTGGCTTGAGTG GAGGGAAGGCAATGGGGGTT
Vimentin TGCAGTCACTCACCTGCGAA CATTTCACGCATCTGGCGCT
CollAl ATCACCAGACGCAGAAGTCATA ACCAGGAGGACCAGGAAGTC
Col3Al GGAACAACTGATGGTGCTACTG CCAAAATAAGAGGGGTGAAG
[(-actin ATCATGTTTGAGACCTTCAACA CATCTCTTGCTCGAAGTCCA

SMA, smooth muscle actin; vVWF, von Willebrand factor; Col, collagen.

Scientific, Inc.). Primer pairs used in the present study are
listed in Table I. Each PCR was performed in a 50 ul mixture
containing 1 ul cDNA, 5 ul 10X Qiagen PCR buffer (Qiagen,
Inc.), 10 ul 5X Q-Solution (Qiagen, Inc.), 1 ul each of deoxy-
nucleotide triphosphate mix (10 mM), 0.1 #M of each sense
and antisense primer and 0.5 ul Taq DNA polymerase (Qiagen,
Inc.), by using the Taq DNA Polymerase kit (Qiagen, Inc.). The
amplification reaction consisted of initial denaturation at 95°C
for 2 min, followed by three-step cycling that consisted of
denaturation at 95°C for 10 sec, annealing at 60°C for 30 sec
and extension at 70°C for 30 sec for 30 cycles. The comparative
threshold cycle (Cq) method was employed for quantification
of transcripts (20).

Western blot assay. Lung tissues and cultured PMVECs
were placed in lysis buffer (50 mM NaCl, 50 mM NaF,
50 mM sodium pyrophosphate, 5 mM EDTA, 5 mM EGTA,
2 mM Na;VO,, 0.5 mM phenylmethylsulfonyl fluoride and
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid at
pH 7.4, together with 0.1% Triton X-100, 10 mg/1 leupeptin and
5% aprotinin) respectively. Protein concentrations were deter-
mined with the bicinchoninic acid protein assay. Equivalent
amounts of protein (50 ug) were subjected to 10% SDS-PAGE
and transferred onto a nitrocellulose membrane (Bio-Rad
Laboratories). Membranes were blocked overnight at 4°C with
PBS containing 5% non-fat dry milk and 0.1% Tween-20.
Following blocking, membranes were incubated overnight at
4°C with primary antibodies, including anti-HIF-1a (1:500),
anti-CD31 (1:500), anti-Twistl (1:500), anti-a-SMA (1:1,000),
anti-vimentin (ab92547; 1:200) and anti-B-actin (A2228;
1:4,000; Sigma-Aldrich; Merck KGaA). Proteins were incu-
bated with secondary antibodies (anti-rabbit or anti-mouse
IgG antibody; Cat. 7074 and Cat. 7076; 1:2,000; Cell Signaling
Technology) for 1 h at 37°C in PBS containing 1% non-fat
dry milk and 0.1% Tween-20. The chemiluminescence signal
was detected using enhanced chemiluminescent substrate
(SuperSignal™ West Femto Trial Kit, Thermo Fisher
Scientific, Inc.).

Cell transfection. Primary PMVECs were transduced with
lentiviral vector containing small interfering (si)RNA targeting
either rat HIF-1a or Twist]l (Genechemgene, Shanghai, China).
For transduction, cells were seeded in 6-well plates at a density

of 5x10° cells per well. Virus particles were added at a multi-
plicity of infection of 40, followed by incubation for 36 h. Cells
were then washed and incubated at 37°C for 60 h prior to PCR
and western blot analysis. The sequences of Twist]l siRNA and
HIF-1a siRNA were 5-GGCGGCCAGGTACATCGACTT-3'
and 5'-AACCAGTTGAATCTTCAGATA-3', respectively. The
sequences of negative control was TTCTCCGAACGTGTC
ACGT.

Cell proliferation. PMVECs or hypoxia-induced SM-like cells
were seeded on to 96-well plates and incubated for 24 and 48 h
under normoxic or hypoxic conditions. Subsequently, 10 ul
MTT solution (5 mg/ml) was added into each well and following
4 h of incubation the supernatant was gently removed by a
pipette and discarded, and 150 ul dimethyl sulfoxide added.
The optical density values were detected at a wavelength of
490 nm using a spectrophotometer (Bio-Tek Power Wave XS,
Bio-Tek, Winooski, VT, USA).

Wound healing assay. PMVECs and SM-like cells were
grown to confluence. A linear wound was made by scraping
the cell layer with a 0.5 ml plastic Pasteur pipette. Following
two washes with culture medium to remove the detached cells
and debris, the cells were exposed to normoxic or hypoxic
conditions for 24 and 48 h, and the size of the wounds was
measured.

Chromatin immunoprecipitation (ChIP). The ChIP assay
was performed using the EZ-Zyme™ Chromatin Prep Kit
(EMD Millipore) according to the manufacturer's instruc-
tions. In brief, cell lysates were incubated with 1 ug RNA
polymerase II, IgG (1 pg/ml; Wanleibio Co., Ltd., Shenyang,
China) or anti-HIF-1a antibody (1:500). The immunopre-
cipitated DNA was amplified using Twistl promoter-specific
primers (21). PCR generated a 196-bp product from the regula-
tory region of the Twistl promoter containing CCACGTGG.
Primers for Twist]l were as follows: Forward 5"-TCGGATGAA
AGCACAGTCG-3' and reverse 5'-GCCACCGACTTCCTG
AGA-3.

Statistical analysis. All values are expressed as the
mean * standard error of the mean. Statistical analysis
was performed using analysis of variance and multiple
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Figure 1. Endothelial-mesenchymal transition was observed in PAs of rat models of HPH. Confocal microscopy images displaying immunofluorescent staining
of the (A) larger proximal and (B) distal PA in frozen lung sections from control or HPH rats. Endothelial cells were detected using anti-CD31 antibody (green).
Immunostaining of smooth muscle-like cells was performed using an antibody against a-SMA (red). Sections were counterstained with DAPI (blue). Only
small amounts of smooth muscle-like cell marker were detected in the intimal layer of larger PA from the merged image, but obvious co-localization of CD31
and a-SMA expression was observed in the small PAs following hypoxic exposure (scale bar, 20 or 50 ym). SMA, smooth muscle actin; HPH, hypoxia-induced

pulmonary hypertension; PA, pulmonary artery.

comparisons were made by Tukey's method. Statistical anal-
ysis was processed by SPSS version 16.0 (SPSS, Inc., Chicago,
IL, USA). Differences were considered to be statistically
significant at P<0.05.

Results

Hypoxia induces transdifferentiation of endothelial cells into
SM-like cells in small, but not in large PAs. A rat model of
chronic HPH was used to examine the effect of hypoxia on
EndMT in vivo. In large proximal PAs, hypoxia did not appear
to alter the expression of endothelial marker CD31 and mesen-
chymal marker a-SMA (Fig. 1A). By contrast, a considerable
downregulation of CD31 along with significant upregulation
of a-SMA was observed in small distal PAs (Fig. 1B). In
addition, hypoxia led to PA remodeling, as evidenced by the
appreciable intimal thickening (Fig. 1B). Of note, CD31 was
co-localized with a-SMA (Fig. 1B), which suggested trans-
differentiation of endothelial cells into a-SMA-expressing
mesenchymal-like cells (SM-like cells). These results indicate
that HPH is associated with remodeling of small PAs and that
hypoxia may induce EndMT in vivo.

Hypoxia induces transdifferentiation of endothelial cells
into SM-like cells in vitro. Next, the present study sought
to determine the role of hypoxia in EndMT in vitro. As
presented in Fig. 2, Weibel-Palade bodies, as well as abun-
dant pinocytotic vesicles near the plasma membrane, were
observed in the cytoplasm of normal PMVECs, while a-SMA
stress fibers were undetectable, which is a typical phenotype
of endothelial cells. However, following hypoxic exposure,
mixed cell populations were observed in PMVECs. Certain
cells exhibited well-developed endoplasmic reticulum whose
cisternae were expanded, and increased protein secretion and
abundant VEC-specific pinocytotic vesicles were present in
the cytoplasm (Fig. 2B), whereas other cells exhibited SM-like
features, including aggregation of a-SMA filaments in the
cytoplasm and presence of dense bodies abutting the cell
membrane (Fig. 2C). Pinocytotic vesicles were not observed
in these cells (Fig. 2C). These results suggest that hypoxic

PMVECs undergo a transition from endothelial cells to
SM-like cells.

To further confirm the role of hypoxia in EndMT in vitro,
endothelial and mesenchymal markers were examined in
hypoxic PMVECs. The results indicated that 7 days of hypoxia
exposure attenuated the protein expression of CD31, but
markedly enhanced the expression of a-SMA and the mesen-
chymal markers CollAl and Col3A1 (Fig. 3A). This effect
was comparable to that of TGF-f, a known potent inducer of
EndMT. The mRNA expression of these markers exhibited a
similar trend (Fig. 3B). These results suggest that the effect of
hypoxia in inducing EndMT was akin to that of TGF-f.

Increased cell proliferation and migration are important
features associated with EndMT. Therefore, the degree of
proliferation and migration of PMVECs and SM-like cells after
EndMT under hypoxic conditions was detected. As presented
in Fig. 4A and B, PMVECs did not exhibit any proliferation
and migration potential under hypoxia over 48 h. Conversely,
SM-like cells exhibited time-dependent proliferation and
migration under hypoxia. As the SM-like cells were derived
from the PMVECs incubated in hypoxia over 7 days, these
results demonstrate that hypoxia induces EndMT, resulting in
a phenotype with increased cell proliferation and migration.

HIF-1a is essential for hypoxia-induced EndMT. HIF-1a
is known to be a master regulator of the hypoxic response.
Therefore, the present study examined the role of HIF-1a
in hypoxia-induced EndMT. The present results indicated
that hypoxia induced the expression of HIF-la (Fig. 5A).
Upregulation of Twistl expression was also detected in
the small PA specimens from HPH rats (Fig. 6). Of note,
knockdown of HIF-1a effectively inhibited 7 days of hypoxia
exposure-induced expression of Twistl, a-SMA and CollAl,
while reversing hypoxia-induced suppression of CD31
expression (Fig. 5). These results indicate that HIF-1a has an
essential role in hypoxia-induced EndMT and that it may act
as an upstream regulator of Twistl.

Twistl is important in hypoxia-induced EndMT. Since
hypoxia also upregulates Twistl, the present study next sought
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Figure 2. Transmission electron micrographs of normoxia- and hypoxia-treated PMVECs. (A) Normal PMVECs exhibited abundant pinocytotic vesicles
near the plasma membrane (triangles) and Weibel-Palade bodies (arrows) in the cytoplasm. (B) Hypoxia-induced cells displayed a mixed phenotype.
Well-developed endoplasmic reticulum was present, whose cisternae were expanded, and increased protein secretion (arrow) as well as abundant vascular
endothelial cell-specific pinocytotic vesicles (triangles) were present in the cytoplasm. (C) PMVECsS cultured under hypoxic conditions exhibited typical
features of smooth muscle cells, including the aggregation of intermediate filaments (triangles) in the cytoplasm and dense bodies (arrows) close to the cell
membrane (scale bar, 0.5 ym). PMVECs, pulmonary microvascular endothelial cells.
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Figure 3. Expression of endothelial and smooth muscle-like cell markers in pulmonary microvascular endothelial cells. (A) Effects of hypoxia and TGF-f on
the expression of endothelial and smooth muscle-like cell markers. Western blot analysis demonstrated that hypoxia and TGF-f obviously decreased CD31
expression and increased a-SMA, CollAl and Col3Al expression. (B) Expression of endothelial and smooth muscle-like cell markers was measured by reverse
transcription-quantitative polymerase chain reaction analysis prior to and after hypoxic exposure and TGF-f treatment. A marked upregulation of a-SMA,
CollAl and Col3Al expression was noted following hypoxic exposure. Values are expressed as the mean + standard error of the mean (n=6). "P<0.05 vs.
control. TGF, transforming growth factor; SMA, smooth muscle actin; Col, collagen; VWF, von Willebrand factor.
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Figure 4. Cell proliferation and migration following hypoxic exposure. (A) Proliferation of PMVECs and SM-like cells was measured by an MTT assay. The
results indicated that hypoxia induced proliferation of SM-like cells but not of PMVECs. Values are expressed as the mean + standard error of the mean (n=6).
“P<0.05 vs. control. (B) Migration of PMVECs and SM-like cell was measured by a wound-healing assay. (a) Treatment of PMVECs with hypoxia for 24 h;
(b) treatment of PMVECs with hypoxia for 48 h; (c) treatment of SM-like cells with hypoxia for 24 h; and (d) treatment of SM-like cells with hypoxia for 48 h.
Hypoxia facilitated the migration of SM-like cells. SM, smooth muscle; PMVECs, pulmonary microvascular endothelial cells; OD, optical density.
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Western blot analysis demonstrated that siHIF-1a markedly increased CD31 expression and decreased a-SMA, CollAl, Twistl and HIF-1a expression upon
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Figure 6. Immunhistochemical analysis of Twist] in rat lungs. Immunostaining with an antibody to Twistl in (A) lungs of rats kept under normoxic conditions
compared with (B) lungs from hypoxic rats (scale bar, 20 gm). Positive staining was indicated by a brown color. The results indicated that Twistl staining was
enhanced in hypoxic lung sections.
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Figure 7. Effect of Twistl inhibition on expression of endothelial and smooth muscle-like cell markers in pulmonary microvascular endothelial cells. Western
blot analysis demonstrated that siTwistl obviously increased CD31 expression and decreased a-SMA and Coll1Al expression upon hypoxic exposure. "P<0.05
vs. control; “P<0.05 vs. hypoxia group. SMA, smooth muscle actin; Col, collagen; siTwistl, small interfering RNA targeting Twist1.
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DAPI Merge

Figure 8. Hypoxia-induced PMVECs express endothelial and SM-like cell markers in vitro. Double immunofluorescent staining for CD31 (red) and a-SMA
(green) was performed on PMVECs. Cells were counterstained with DAPI (blue). (magnification, x400 by confocal microscopy). PMVECSs were positive for
CD31 but negative for a-SMA expression. PMVECs acquired an elongated, SM-like morphology when incubated under hypoxic conditions for 7 days. Certain
cells expressed lower levels of endothelial markers CD31 but large amounts of a-SMA. siHIF-1a or siTwistl inhibited the endothelial-mesenchymal transition
process. PMVECs, pulmonary microvascular endothelial cells; SMA, smooth muscle actin; siHIF-1a, small interfering RNA targeting hypoxia-inducible

factor-1a.

to determine the function of Twistl in hypoxia-induced
EndMT. Similar to HIF-1a, knockdown of Twistl also
altered the expression of CD31, a-SMA and CollAl in
hypoxic PMVECs (Fig. 7). The knockdown efficiency of the
siRNAs was 80-85%. It appeared that knockdown of HIF-1a
exerted a more obvious effect on hypoxia-induced PMVEC
transdifferentiation to mesenchymal-like cells than that of
Twistl. This was evidenced in the obviously greater inhibi-
tion of hypoxia-induced a-SMA expression by knockdown
of HIF-1a, as compared with the effect of Twistl knockdown
(Fig. 8). This observation is consistent with the hypothesis that
HIF-1ais an upstream regulator of Twistl. These results suggest
that Twistl may be a mediator of hypoxia/HIF-la-induced
EndMT in vitro.

HIF-1a binds with the promoter of the Twistl gene. The present
study then investigated the mechanism by which HIF-1a regu-
lates Twistl.An 8-bp HIF-1a-binding sequence (CCACGTGG)
located between 321 and 328 bp upstream of the first exon of

250 bp
100 bp

M  Twist! Inputl IgG NG RNA Input2
poly-
merase ||

Figure 9. HIF-1o-Twistl interaction. Chromatin immunoprecipitation assay
results demonstrated the existence of HIF-binding sites in the Twist1 promoter,
indicating that Twistl is an HIF-regulated gene. HIF, hypoxia-inducible
factor; IgG, immunoglobulin G; M, marker; NG, negative control.

the Twistl transcript was identified using JASPAR database
(http://jaspar2016.genereg.net/). A ChIP assay was performed
to determine whether HIF-la indeed binds to this site. As
presented in Fig. 9, HIF-1a physically interacted with the
binding sequence of the Twistl promoter in PMVECs, which
suggests that HIF-1a regulates Twistl expression by binding
to the Twistl promoter, and that the HIF-1a-Twistl axis is an
important pathway in hypoxia-induced EndMT.
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Discussion

The present study indicated that endothelial cells in the
pulmonary vasculature differentiate towards an SM pheno-
type via EndM transdifferentiation upon exposure to hypoxia.
The endothelium may be a potential source of SM cells in the
vascular system, and the HIF-1a-Twistl intracellular signaling
pathway is involved in this process.

Increased expression of a-SMA was observed in the walls
of small PAs in response to chronic exposure to hypoxia. These
SM-like cells not only lead to abnormal vasoconstriction,
but also have the ability to proliferate, migrate and produce
extracellular matrix, which contributes to structural remod-
eling and results in pulmonary hypertension. These SM-like
cells are thought to be derived from the proliferation of resi-
dent vascular SM cells, an SM-like subpopulation residing
within the media (22) or from adventitial fibroblasts (23).
Several studies have indicated that circulating progenitor cells
and resident vascular progenitor cells may acquire an SM-like
phenotype at the site of vascular injury (19,24). However,
endothelial cells were observed to retain the capacity to
transition into mesenchymal or SM-like cells in vitro. With
TGF-f treatment, isolated endothelial cells from the bovine
aorta were previously reported to convert to spindle-shaped
a-SMA-expressing cells (25). Zhu et al (26) reported that
hypoxia induced transdifferentiation of endothelial cells into
SM-like cells and that this process was regulated by myocardin.
Similarly, Ranchoux et al (12) reported that EndMT may be a
source of those a-SMA-expressing cells. EndMT participates in
vascular remodeling associated with pulmonary hypertension.
In the present study, cells with expression of a-SMA were not
observed in the intimal layer of large proximal PA specimens
from HPH rats, although certain a-SMA-expressing cells were
observed in distal PA specimens. Pulmonary hypertension is
characterized by cellular changes in the walls of PAs. These
changes include the appearance of SM-like cells in previously
non-muscularized vessels, and medial and adventitial thick-
ening of the muscular and elastic vessels. In addition, intimal
changes have been consistently observed in rat models of
HPH; however, these intimal changes are typically minimal, at
least from a morphological point of view (27). The magnitude
of the changes depends on the species studied for exposure
to hypoxia. Since it is hard to morphologically distinguish
between small pulmonary arteries and veins, small circular
vessels that had a greater expression of SM cells than pulmo-
nary arteries were selected for analysis in the present study.
In vitro, it was observed that hypoxia induced transdifferentia-
tion of PMVECs into SM-like cells. Therefore, endothelium
appears to be a source of SM-like cells.

Next, the present study explored whether HIF-1o. may
modulate the transdifferentiation of endothelial cells. HIF-1a
is a transcriptional regulator that has an important role in the
cellular response to hypoxia. In addition, animals deficient in
HIF-1a have attenuated HPH (28). HIF-1a transcriptionally
controls a diverse number of genes, including those involved
in vascular remodeling. Higgins et al (29) reported that
hypoxia promotes fibrogenesis through HIF-la-mediated
stimulation of EMT. As an HIF-la-regulated gene, Twist, a
basic helix-loop-helix transcription factor, was identified as a
crucial factor in the EMT (30,31). Ranchoux et al (12) reported
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that EndMT involves neoexpression of Twistl. Sun et al (32)
reported that Twist promoters contain HIF-1a-binding sites,
that HIF-1a induces Twist expression in hypoxic tubular cells,
and that this has a role in the EMT during renal fibrogenesis.
In the present study, when siRNA was used to block the
expression of HIF-1a, hypoxia-induced a-SMA expression
was markedly suppressed in PMVECs. Knockdown of HIF-1a.
also resulted in a marked inhibition of Twistl expression
induced by hypoxia. When Twistl was knocked down by
siRNA, the expression of CD31, a-SMA and CollAl was also
altered in hypoxic PMVECs, and hypoxia-induced EndMT
was effectively inhibited. This indicates that Twistl also medi-
ates hypoxia-induced EndMT in PMVECs, and that HIF-1a
is an upstream regulator of Twistl. The process of EndMT
is therefore likely to be in part regulated by HIF-1lo-Twistl.
In addition, the Twistl gene promoter was identified to
contain HIF-1a-binding sites, and that HIF-1a induces Twistl
expression in PMVECs, further confirming this interaction.

Although HPH is an important subtype of pulmonary
hypertension and has the features of pulmonary hypertension,
hypoxia is not defined as the major etiological factor. Thus,
the HPH model used in the present study may not entirely
replicate the actual pathogenesis of pulmonary hyperten-
sion. To better understand the precise molecular mechanisms
involved in the pathogenesis of pulmonary hypertension, other
factors, including inflammation, should also be taken into
consideration.

In conclusion, the present study provides evidence of the
EndMT process taking place in pulmonary vascular remod-
eling under chronic hypoxic conditions. The HIF-1a-Twistl
pathway was also suggested to be involved in EndMT. These
observations may help explain the appearance of SM-like cells
in the intima of PAs in HPH. Identification of EndMT in PAs
and elucidation of associated signaling pathways will confer
novel insight into the pathogenesis of pulmonary hypertension.
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