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thelial-to-mesenchymal transition. Am J Physiol Lung Cell Mol
Physiol 314: L256–L275, 2018. First published October 26, 2017;
doi:10.1152/ajplung.00096.2017.—Pulmonary vascular remodeling
characterized by concentric wall thickening and intraluminal obliter-
ation is a major contributor to the elevated pulmonary vascular
resistance in patients with idiopathic pulmonary arterial hypertension
(IPAH). Here we report that increased hypoxia-inducible factor 2�
(HIF-2�) in lung vascular endothelial cells (LVECs) under normoxic
conditions is involved in the development of pulmonary hypertension
(PH) by inducing endothelial-to-mesenchymal transition (EndMT),
which subsequently results in vascular remodeling and occlusive
lesions. We observed significant EndMT and markedly increased
expression of SNAI, an inducer of EndMT, in LVECs from patients
with IPAH and animals with experimental PH compared with normal
controls. LVECs isolated from IPAH patients had a higher level of
HIF-2� than that from normal subjects, whereas HIF-1� was upregu-
lated in pulmonary arterial smooth muscle cells (PASMCs) from
IPAH patients. The increased HIF-2� level, due to downregulated
prolyl hydroxylase domain protein 2 (PHD2), a prolyl hydroxylase
that promotes HIF-2� degradation, was involved in enhanced
EndMT and upregulated SNAI1/2 in LVECs from patients with
IPAH. Moreover, knockdown of HIF-2� (but not HIF-1�) with
siRNA decreases both SNAI1 and SNAI2 expression in IPAH-
LVECs. Mice with endothelial cell (EC)-specific knockout (KO) of
the PHD2 gene, egln1 (egln1EC�/�), developed severe PH under
normoxic conditions, whereas Snai1/2 and EndMT were increased
in LVECs of egln1EC�/� mice. EC-specific KO of the HIF-2�
gene, hif2a, prevented mice from developing hypoxia-induced PH,
whereas EC-specific deletion of the HIF-1� gene, hif1a, or smooth
muscle cell (SMC)-specific deletion of hif2a, negligibly affected

the development of PH. Also, exposure to hypoxia for 48 –72 h
increased protein level of HIF-1� in normal human PASMCs and
HIF-2� in normal human LVECs. These data indicate that in-
creased HIF-2� in LVECs plays a pathogenic role in the develop-
ment of severe PH by upregulating SNAI1/2, inducing EndMT,
and causing obliterative pulmonary vascular lesions and vascular
remodeling.

endothelial cell; intimal lesion; prolyl hydroxylase domain-containing
protein; pulmonary arterial hypertension

INTRODUCTION

Idiopathic pulmonary arterial hypertension (IPAH) is a life-
threatening disease with a 5-yr survival rate from the time of
diagnosis of 68% (24). Sustained pulmonary vasoconstriction,
excessive pulmonary vascular remodeling, in situ distal arterial
thrombosis, and increased pulmonary vascular wall stiffness
result in the increase of pulmonary vascular resistance (PVR)
and pulmonary arterial pressure (PAP) in patients with idio-
pathic, heritable, and associated pulmonary arterial hyperten-
sion (PAH). Progressive pulmonary vascular remodeling, char-
acterized by concentric pulmonary arterial wall thickening and
obliterative intimal lesions, is one of the major causes for the
elevation of PVR and PAP in almost all patients with IPAH
(33, 59). Although lung vascular endothelial cell (LVEC)
proliferation has been implicated in occlusive intimal le-
sions and plexiform lesions in small pulmonary arteries of
patients with IPAH, the precise mechanism is not fully
understood (59, 63).

Pathological studies indicate that the cell types found in the
intraluminal occlusions contain cell markers of mesenchymal
cells and smooth muscle cells (SMCs), while cell markers of
endothelial cells (ECs) are not prominent (83). Endothelial-to-
mesenchymal transition (EndMT) results in ECs obtaining
markers of mesenchymal cells and SMCs, while concurrently
losing EC markers (26). EndMT has recently been linked to the
formation of obliterative vascular lesions in PAH (28, 30, 42,
55, 60). EndMT results in increased migratory capacity in
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LVECs and may also play an important role in converting
slowly proliferating LVECs to a highly proliferative cell type
(e.g., myofibroblasts) contributing to the formation and pro-
gression of occlusive intimal lesions in patients with IPAH and
animals with severe pulmonary hypertension (PH). In this
study, we aimed at investigating the signaling pathways in-
volved in EndMT in LVECs from patients with IPAH and
animals with severe PH.

Hypoxia-inducible factor (HIF) is a family of transcription
factors including three members: HIF-1, HIF-2, and HIF-3
(64). Although HIF-1� and HIF-2� proteins have similar
functional domains and target expression of both overlapping
and divergent genes, they may serve different functions in
vascular morphogenesis and systemic hypoxic response (8, 9,
21, 31, 66, 85). Prolyl hydroxylase domain proteins (PHDs)
hydroxylate conserved proline residues within HIF (5). Hy-
droxylation of HIF facilitates the binding of von Hippel-Lindau
protein (VHL) to HIF, turning HIF into a substrate for E3
ubiquitin ligase and directs HIF polyubiquitylation and protea-
somal degradation (5). We (27) and other investigators (22, 36,
78) have recently reported that endothelial-specific knockout
(KO) of the PHD2 gene, egln1, results in spontaneous PH
under normoxic conditions due to severe pulmonary vascular
remodeling including obliterative pulmonary vascular lesions.
Additionally, in response to low O2, HIF-� subunits (e.g.,
HIF-1�, HIF-2�) have been shown to upregulate expression of
members of the SNAI family of zinc-finger transcription fac-
tors, which are known inducers of EndMT (45, 81). In this
study, we investigate the pathogenic roles of the PHD2/HIF-
1/2�/SNAI signaling cascade and EndMT in the development
and progression of PAH.

METHODS

Experimental animals and pulmonary hypertension models. All
animal experiments were approved by the University of Arizona
Animal Care and Use Committee and were performed according to
the university guidelines that comply with national and international
regulations. In the rodent models of PH, male C57BL/6J mice from
Jackson Laboratories and Sprague-Dawley (SD) rats from Charles
River Laboratories were utilized. Mice were exposed to room air
(normoxia) or 10% O2 (hypoxia) for 3–5 wk as previously described
(72). After chronic exposure to normobaric hypoxia, mice were
anesthetized with ketamine/xylazine before hemodynamic measure-
ments or organ procurement for ex vivo experimentation. For mono-
crotaline (MCT)-mediated PH model, MCT is dissolved in 0.5 N HCl
to 200 mg/ml, neutralized to pH 7.4 with 0.5 N NaOH, and then
diluted with sterile water to 60 mg/ml. One dose of MCT (60 mg/kg
body weight) was subcutaneously injected in rats. Control rats were
injected with the equivalent volume of the dissolvent solution accord-
ing to their weights. Food and water were provided ad libitum, and the
rats were checked once per day. Phenotypic characterization studies
were performed at either 2- or 4-wk time points after MCT injection.

Generation of KO mice. Cre-Lox technology was used to generate
EC- or SMC-specific KO mouse lines according to the methods
previously described (27, 72). The egln1 floxed mice were crossed
with Tie2-Cre mice for more than two generations to create Tie2-
Cre�/egln1flox/flox mice, referred to as EC-specific egln1 KO mice
(egln1EC�/�). For the inducible and EC-specific KO mice, hif1a
floxed mice and hif2a floxed mice were crossed with Tie2-CreERT2

mice to create Tie2-CreERT2�/hif1aflox/flox mice or Tie2-CreERT2�/
hif2aflox/flox mice, referred to as inducible EC-specific hif1� KO mice
(hif1aEC�/�) and inducible EC-specific hif2� KO mice (hif2aEC�/�),
respectively. In these mouse strains, a tamoxifen-inducible Cre re-

combinase is under the control of the tie2 promoter. The tamoxifen
administration to induce gene KO was made as previously described
(72). Mice were allowed to recover for 2 wk following the tamoxifen
administration regimen before subsequent experimental manipulation.

Hemodynamic measurements in animals. Rats or mice were
weighed before the experiment and once a week during the experi-
ment. Right ventricular pressure (RVP), right ventricular systolic
pressure (RVSP), and the Fulton index as a parameter of RV hyper-
trophy (RVH) were measured as previously described (73). For
morphometric analysis, the lung tissues were fixed, embedded, and
sectioned. Slides were stained with hematoxylin and eosin and used to
determine and quantitate pulmonary arterial wall thickness as previ-
ously described (73).

Lung angiography. Rats were anesthetized with a simultaneous
intraperitoneal injection of ketamine/xylazine cocktail and heparin (20
mg/kg body wt). Rats were examined for lack of tactile response to a
footpad pinch to confirm proper sedation. Microfil polymer was mixed
and injected into the beating RV, allowing the normal outflow of the
right heart and the apparatus (NE-300, Pump Systems) to pump the
Microfil into the arteries of the lung. After 45 min at room tempera-
ture, the heart and lungs were removed into a glass scintillation vial
filled with 1X PBS. The tissues were then completely dehydrated
(1 h/concentration) by ethanol using the following concentrations in
the order of 50, 70, 80, 95, and 100% (2 times for 100%). After
dehydration, the tissue-containing vial was filled with Methyl Salic-
ylate (Sigma-Aldrich) and gently shaken overnight at room tempera-
ture. The lungs were then photographed with a microscope camera,
and the ImageJ program (National Institutes of Health) was used to
measure the number of branches—the number of junctions along the
whole length of the pulmonary arterial tree in the lungs.

Isolated perfused/ventilated mouse lung experiment. The PAP was
measured using the isolated perfused/ventilated mouse lung system as
described previously (84). Briefly, mice were anesthetized and venti-
lated with a gas mixture of 21% O2-5% CO2 in N2 via a rodent
ventilator (minivent type 845; Harvard Apparatus). The pulmonary
circulation was maintained in a closed circuit via a peristaltic pump
(ISM 834; Isomatec). After basal PAP was stabilized for 40–60 min,
the experiments were performed.

Human lung tissues and human EC culture. Approval for the use of
human lung tissues and cells was granted by the University of Arizona
Institutional Review Board. Human samples used in this study were
derived from seven donor lung explants not suitable for lung trans-
plantation and six idiopathic PAH (IPAH) patients. LVECs were
obtained from Lonza or provided by the Pulmonary Hypertension
Breakthrough Initiative. The demographic information is listed in

Table 1. Demographic information of human subjects from
whom LVECs are isolated for the study

Subjects Sex Age Race Type of Cells

Failed donor-1 Male 25 White Type II
Failed donor-2 Female 49 White Type II
Failed donor-3 Female 46 Black Type II
Failed donor-4 Female 49 White EC-M
Failed donor-5 Male 51 White EC-M
Failed donor-6 Female 55 White EC-M
Failed donor-7 Male 49 White EC-M
IPAH patient-1 Male 51 White Type II
IPAH patient-2 Female 32 White Type II
IPAH patient-3 Male 51 White EC-M
IPAH patient-4 Male 16 White EC-M
IPAH patient-5 Female 16 White EC-M
IPAH patient-6 Female 22 White EC-M

Based on the Pulmonary Hypertension Breakthrough Initiative definition,
Type II denotes microvascular endothelial cell; EC-M denotes pulmonary
arterial endothelial cell. LVECs, lung vascular endothelial cells; IPAH, idio-
pathic pulmonary arterial hypertension.
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Table 1. Cell line authentication has been carried with fluorescence-
activated cell sorting (FACS) and immunocytochemistry (ICC) with
CD31 (FACS), von Willebrand factor (vWF), and vascular endothe-
lial cadherin (VE-cadherin) (ICC). The percentage of positive cells
that exhibit CD31, vWF, and VE-cadherin signal was over 90% in
human LVEC cultures. LVECs from normal controls and IPAH
patients were cultured in flasks precoated with 0.1% gelatin in EBM-2
medium (Cat. No., CC-3156 Lonza) supplemented with EGM-2 MV
Bullet Kit (Cat. No. 4147, Lonza) in a humidified 95% air-5% CO2

incubator at 37°C. Human LVECs were used between passages four
and nine for the experiments. In some experiments, cells were treated
with transforming growth factor-�1 (TGF-�1) (10 ng/ml) for 7 days
followed by cell collection and experimentation. TGF-�1 was recon-
stituted at 20 �g/ml in sterile 4 mM HCl containing 1 mg/ml bovine
serum albumin (BSA) and then diluted with sterile water to 10 �g/ml.
Vehicle group was treated with 4 mM HCl containing 1 mg/ml BSA.
The medium was changed every other day. Cells were harvested for
either RNA or protein isolation. For immunocytochemistry and pro-
liferation assay, cells were grown on 12-mm-diameter coverslips
followed by cell fixation and staining. Roxadustat (FG-4592) (Sigma-
Aldrich) was used for pharmacological inhibition of PHD activity in
vitro. FG-4592 was dissolved in 0.01% DMSO. Normal LVECs were
treated with FG-4592 (100 �M) or vehicle (0.01% DMSO) for 4 h.
Control siRNA (Cat. No. sc-37007, Santa Cruz Biotechnology),
HIF-1� siRNA (Cat. No. sc-35561, Santa Cruz Biotechnology), or
HIF-2� siRNA (Cat. No. c-35316, Santa Cruz Biotechnology) at the
concentration of 60 pM were used with Lipofectamine RNAiMAX
(Cat. No. 13778075, Invitrogen) for transfection in IPAH cells for
4–6 h. Cells were harvested for protein isolation 48 h after transfec-
tion. For hypoxia treatment experiments normal cells were exposed to
hypoxia (3% O2) in a humidified incubator at 37°C for 48–72 h.

Human smooth muscle cell culture. Approval for the use of human
lung tissues and cells was granted by the UA Institutional Review
Board. PASMC samples utilized in this study were derived from four
donor lung explants not suitable for lung transplantation and 4 IPAH
patients. Pulmonary arterial smooth muscle cells (PASMCs) were
obtained from Lonza or provided by Cleveland Clinic. The demo-
graphic information of human PASMCs is listed in Table 2. Smooth
muscle cell line authentication has been carried with �-smooth muscle
actin (�-SMA) (FACs and ICC), SM22� (ICC), and smooth muscle
myosin heavy chain (ICC). The percentage of positive cells that
exhibit �-SMA, SM22�, and smooth muscle myosin heavy chain
signal was over 95% in human PASMC cultures. PASMCs were
cultured in 100-mm dishes in SmGM-2 medium (Cat. No. CC-3181,
Lonza,) supplemented with SmGM-2 SingleQuot Bullet Kit (Cat. No.
4149, Lonza) in a humidified 95% air, 5% CO2 incubator at 37°C. The
medium was changed every other day. Cells were allowed to grow to
80–90% confluence and harvested for protein isolation. For hypoxia
treatment, experiments normal cells were exposed to hypoxia (3% O2)
in a humidified incubator at 37°C for 48–72 h.

Isolation and preparation of mouse lung pulmonary vascular ECs.
Mouse lung vascular ECs were isolated based on a method previously

described (17). Briefly, the lungs were quickly dissected from the
anesthetized mouse, and lung tissues were minced and incubated for
1 h at 37°C with M199 containing 1 mg/ml collagenase II and 0.6
U/ml dispase II. The digested tissues and cells were filtered using
sterile 40-�m nylon mesh and washed in M199 containing 2% fetal
calf serum. The filtered cell suspension was then incubated with
Dynabeads (Invitrogen) at 4°C for 1 h, and beads attached to ECs
were then isolated or captured by Dynal magnet (Invitrogen). For EC
isolation, beads were first coated with sheep anti-rat IgG and incu-
bated with purified rat anti-mouse CD31 monoclonal antibody (1
�g/ml) overnight at 4°C and then washed with a PBS solution
containing 0.1% BSA and 2 mM EDTA. The purity of ECs in isolated
cells from lungs was tested by DiI-acLDL uptake and Bandeiraea
simplicifolia lectin-FITC (BS-l, Sigma-Aldrich) staining. Cultured
human PASMCs were used as negative control. Mouse lung vascular
ECs were seeded on a coverslip, cultured at 37°C, fixed, and stained
as previously described (17). The percentage of positive cells that
exhibit both acLDL and BS-l signal was over 93% in mouse lung
vascular EC cultures.

5=-Ethynyl-2=-deoxyuridine cell proliferation assay. LVECs from
normal subjects and IPAH patients were seeded on 12-mm-diameter
coverslips at a density of 1 � 104. LVECs from both groups were treated
with 10 �M 5=ethnyl-2=-deoxyuridine (EdU) (Life Technologies) 24 h at
37°C after the initial plating to monitor cell proliferation. The cells were
fixed and permeabilized after 24 h of EdU incubation, followed by
labeling and detection of newly synthesized DNA using the Click-iT EdU
Alexa Fluor 594 imaging kit (Thermo Fisher Scientific). Hoechst 33342
(1:2,000) (Molecular Probes) was used to counterstain nuclear DNA. The
coverslips were mounted on glass slides by using ProLong Diamond
Antifade Mountant (Life Technologies). All reagents were prepared
according to manufacturer’s instructions. The stained cells were exam-
ined using a Zeiss AxioObserver.Z1 fluorescence microscope (Carl Zeiss
Microscopy), and nuclear images were acquired using the Zen Pro 2012
imaging software (Carl Zeiss Microscopy). Six fields (~60–75 cells/field)
on each coverslip were randomly selected to measure proliferation rate as
a percentage of EdU incorporation.

Real-time RT-PCR analysis. Total RNA was isolated from lung
tissues (50–100 �g) or primary cultured LVECs by using QIAzol
reagent (Qiagen). After homogenization, the tissue or cell samples
were processed according to QIAzol reagent instructions. To elimi-
nate residual contaminating genomic DNA, the RNA preparation was
further treated with RNase-free DNase (Thermo Scientific) (1 U/1 �g
RNA) for 30 min at 37°C. The RNA was dissolved in 20–50 �l
RNase-free water depending on the quantity of the precipitation and
stored at �80°C. Determination of RNA concentration and purity was
performed by optical density (OD) measurement (ratio of OD at 260
nm to OD at 280 nm is greater than 1.7) using a Nano-Drop
spectrophotometer (Thermo Scientific). Integrity and quality of RNA
were evaluated by 1.5% agarose gel electrophoresis.

One microgram of RNA was converted to first-strand cDNA by
using a High Capacity cDNA Reverse Transcription (RT) Kit with
random primers (Applied Biosystems). The cDNA samples were
amplified with mRNA-specific primers in a Thermal Cycler (Bio-
Rad). PCR primers were purchased from Integrated DNA Technolo-
gies. An invariant mRNA of GAPDH was used as an internal control
to normalize the PCR products. The PCR products were electropho-
resed through 1.5% agarose gel, and amplified cDNA bands were
visualized by Photo Imager (VWR). The real-time PCR amplification
was conducted with iTaq Universal SYBR Green Supermix (Bio-Rad)
by using mRNA-specific primers and completed by 100 ng of syn-
thesized cDNA in a CFX96 real-time PCR detection system (Bio-
Rad) in triplicate. Melting curve analysis was performed to evaluate
the specificity of primers. Oligonucleotide primers used in this study
are listed in Table 3. GAPDH as a reference gene was also used to
normalize Ct values. A no template control was included in each PCR
run to control for contamination. We used the 2-��Ct method to
calculate relative quantification of mRNA expression. ��Ct formula

Table 2. Demographic information of human subjects from
whom PASMCs are isolated for the study

Subjects Sex Age Race Type of Cells

Failed donor-1 Female 56 White PASMC
Failed donor-2 Male 57 White PASMC
Failed donor-3 Male 35 Hispanic PASMC
Failed donor-4 Female 51 Hispanic PASMC
IPAH patient-1 Female 32 White PASMC
IPAH patient-2 Male 41 White PASMC
IPAH patient-3 Male 45 White PASMC
IPAH patient-4 Female 57 White PASMC

PASMC, pulmonary arterial smooth muscle cell.
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is as follows: ��Ct 	 �Ct1 – �Ct2, where �Ct1 	 Ct of the mRNA
target (experimental sample) – Ct of the mRNA reference gene
(experimental sample) and �Ct2 	 Ct of mRNA target (control sam-
ple) – Ct of the mRNA reference gene (control sample).

Western blot analysis. Lysed lung tissues or cells were sonicated
and centrifuged at 12,000 rpm for 15 min at 4°C. The supernatants
were collected, and protein concentration was determined by BCA
protein assay reagent (Thermo Fisher Scientific) by using BSA as a
standard. Cell lysates with equal quantities of protein (50 mg) were
mixed and boiled in 6 � SDS sample buffer (Boston BioProducts).
Protein suspensions were electrophoretically separated on an 8%
acrylamide gel, and protein bands were transferred to nitrocellulose
membranes by electroblot in a Mini Trans-Blot cell transfer apparatus
(Bio-Rad) under conditions recommended by the manufacturer. After
1 h of incubation in blocking buffer (5% nonfat milk powder in
1 � TBS containing 0.1% Tween 20) for 1 h at room temperature, the
membranes were then incubated with anti-Phd2 (Cat. No. 4835, Cell
Signaling), anti-Hif1� (Cat. No. 610958, BD Transduction Laborato-
ries), anti-Hif-2� (Cat. No. NB100-122, Novus), anti-Snai1 (Cat. No.
3879, Cell Signaling), anti-Snai2 (Cat. No. 9585, Cell Signaling), and
anti-�-actin (Cat. No. sc-47778, Santa Cruz Biotechnology) overnight
at 4°C. Finally, the membranes were washed and exposed to anti-
rabbit and anti-mouse horseradish peroxidase-conjugated IgG for 60
min at room temperature. The bound antibody was detected with an
enhanced chemiluminescence detection system (Thermo Fisher Sci-
entific). Band intensity was normalized to �-actin controls and is
expressed in arbitrary units.

Immunofluorescence. Human LVECs were grown on 12-mm-di-
ameter coverslips and treated with TGF-�1 as described above. Cells
were fixed with 4% paraformaldehyde (Cat. No. 15714, EM Sciences)

at 37°C for 10 min or with 100% methanol for 10 min at �20°C. For
antigen retrieval, cells grown on coverslips were incubated at room
temperature (22–24°C) with 0.1% TritonX-100 in PBS for 5 min,
followed by incubation with 0.05% SDS. Murine and rat paraffin-
embedded tissue sections were sectioned and deparaffinized in xylene
followed by isopropanol dilutions. Antigen retrieval was performed in
10 mM Citrate Buffer, pH 6. Cell and tissue sections were blocked
with antibody dilution buffer (Cat. No. ADB250, Ventana Medical
Systems) for 1 h at room temperature. Cells were stained with antibodies
against SNAI1 (Cat. No. ab53519, Abcam), SNAI2 (Cat. No. 9585, Cell
Signaling), platelet/EC adhesion molecule 1 (PECAM1) (Cat. No.
ab645593, Abcam), vimentin (VIM) (Cat. No. 5741, Cell Signaling),
cadherin 5 (CDH5) (Cat. No. ab33168Abcam), SM �-actin (ACTA2)
(Cat. No. ab7817, Abcam), transgelin (TAGLN) (Cat. No. ab14106,
Abcam), S100A4 (Cat. No. ABF32, Millipore). Antibodies were diluted
in antibody dilution buffer and stained overnight at 4°C. Primary anti-
bodies were detected using AlexaFluor conjugated isotype-specific sec-
ondary antibodies (1:1,000; Invitrogen) diluted in antibody dilution buffer
to stain for 1 h at room temperature. Nuclei were stained with Hoechst
(1:1000; Cat. No. H3570, Invitrogen) diluted in PBS for 10 min. Cover-
slips were mounted on slides in Prolong Gold (Cat. No. P36934, Invit-
rogen).

Immunohistochemistry experiment. Human and murine paraffin-
embedded tissue sections used for the immunohistochemistry exper-
iments were sectioned and deparaffinized in xylene followed by
isopropanol dilutions. Antigen retrieval was performed with 10 mM
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH
6.0) for staining with an antibody recognizing HIF-2� (Cat. No.
ab73895, Abcam). A goat anti-rabbit secondary antibody conjugated
to peroxidase (Cat. No. ab6721, Abcam) was incubated on the tissue

Table 3. Oligonucleotide primers used for PCR in this study

Gene Names (GenBank accession no.)
Predicted
Size, bp Sense Antisense

Location,
Nucleotides

Human
SNAI1 (NM_005985.3) 150 5=-GTTCTTCTGCGCTACTGCTG-3= 5=-TTAGGTCTCAAATGGAAGGTCGT-3= 33–182
SNAI2 (NM_003068.4) 200 5=-GACACATTAGAACTCACACGGG-3= 5=-GACCGACGACACATCGTGTG-3= 780–979
PECAM1 (NM_000442.4) 130 5=-TTGAGACCAGCCTGATGAAACCCT-3= 5=-ATAGCGAACTTGGGTCCTTTGCCT-3= 3318–3447
CDH5 (NM_001795.3) 260 5=-TGTGGGCTCTCTGTTTGTTG-3= 5=-CTTTGTCTCGGGTCCAGTAA-3= 999–1258
ACTA2 (NM_001141945.2) 186 5=-TCCCTGAACACCACCCAGTG-3= 5=-CACTGTTACCGAGACCCGAG-3= 439–624
S100A4 (NM_002961.2) 140 5=-AGTCAGAACTAAAGGAGCTGC-3= 5=-CTGAAGGTTCTCATGACACAG-3= 161–300
FN1 (NM_212482.2) 172 5=-AACAAACACTAATGTTAATTGCCCA-3= 5=-CGTCTGGGTCGAATCTCAAGA-3= 7619–7790
MKI67 (NM_001145966.1) 109 5=-TGGGTCTGTTATTGATGAGCC-3= 5=-CAGAAGTCTTACCTTCCTTCAGT-3= 411–519
PHD1 (or Egln2) (NM_053046.3) 194 5=-AGCCCCTAAGTCAGGCTCTC-3= 5=-GGTGTCGGTGGAGATGGTGA-3= 467–660
PHD2 (or Egln1) (NM_022051.2) 147 5=-GGGACATTCATTGCCTCACTCTC-3= 5=-CTAACCCGTGTATTGTCGTTCG-3= 120–266
PHD3 (or Egln3) (NM_001308103.1) 86 5=-GGCATCACGGAAGCCTTAACA-3= 5=-ACAAGAATTAGGTCCCGACAACC-3= 917–1002
HIF-1� (NM_001243084.1) 98 5=-CAAGAACCTACTGCTAATGCCACC-3= 5=-GTAGAGGTAGAGGATGGGTGTATG-3= 2123–2220
HIF-2� (or EPAS-1) (NM_001430.4) 196 5=-TCTGAAAACGAGTCCGAAGCC-3= 5=-TGAAGTGAGTAGGGACGCTGG-3= 733–928
GAPDH (NM_001289746.1) 144 5=-GCACCGTCAAGGCTGAGAAC-3= 5=-TGACCGCAGAAGTGGTGGTA-3= 2574–2717
Rat
Snai1 (NM_053805.1) 155 5=-AGAGTTGTCTACCGACCTTGC-3= 5=-CGCACACACCTCAAGTGGAAG-3= 19–173
Snai2 (NM_013035.1) 192 5=-CACACACAGTGATCATTTCTCCA-3= 5=-TAGAAACCCCGCACATTCGG-3= 71–262
Pecam1 (NM_031591.1) 154 5=-TCTCCATCCTGTCGGGTAACG-3= 5=-CTTTGGCACTTACTGTGGGTTC-3= 1676–1829
Cdh5 (NM_001107407.1) 107 5=-AACAACCACGACAATACCGC-3= 5=-TAGAGGCTGTTACCCTACGG-3= 1619–1725
Ctnnd1 (NM_001107740.1) 132 5=-GAGCACCCTTGATGCAGAAGA-3= 5=-AGCGACCTGATAACACGGTT-3= 3147–3278
Acta2 (NM_031004.2) 152 5=-GGAGATGGCGTGACTCACAA-3= 5=-AAGCACTGATGACGACTCGC-3= 529–680
Vim (NM_031140.1) 113 5=-GCTGCGAGAAAAATTGCAGG-3= 5=-ACCGTGCAGAACTGGAACTT-3= 632–744
Mki67 (NM_001271366.1) 199 5=-CTGGTCACCATCAAGCGGAG-3= 5=-TCAGTTTCTCGTTCTCCGTTATAA-3= 402–600
Gapdh (NM_017008.4) 156 5=-GCAAGGATACTGAGAGCAAGAG-3= 5=-TATTTCAAGCGACGTGGGAG-3= 1121–1276
Mouse
Snai1 (NM_011427.3) 167 5=-TTGTGTCTGCACGACCTGTGGAAA-3= 5=-TGGGTGAGCCTACACTTCT-3= 632–798
Snai2 (NM_011415.2) 164 5=-CACATTCGAACCCACACATTGCCT-3= 5=-TCTGTCTAGTTTGGACTCCCGTGT-3= 647–810
Pecam1 (NM_001032378.2) 158 5=-AAGCCAACAGCCATTACGGT-3= 5=-GTGGTTCTCTTGCCTTCCGA-3= 2169–2326
Cdh5 (NM_009868.4) 115 5=-GCTCACGGACAAGATCAGCTC-3= 5=-AAGGGGTCTATCTGTGGGGG-3= 96–210
Acta2 (NM_007392.3) 140 5=-CGTGGCTATTCCTTCGTGAC-3= 5=-CCTCTTCTCGATGCTTGCG-3= 699–838
S100A4 (NM_011311.2) 193 5=-AGCACTTCCTCTCTCTTGGTC-3= 5=-GGACCCCTTTTCCTGTCTACT-3= 15–207
Phd2 (or Egln1) (NM_053207.2) 268 5=-AGAAGGCAAAGCCCAGTTTG-3= 5=-CGTCATGGGTGCAGTGGATG-3= 1172–1439
Gapdh (NM_001289726.1) 151 5=-GTGTCCGTCGTGGATCTGA-3= 5=-GAGGACGCTGAAGTTGTCGTT-3= 802–952

L259HIF-2�/SNAI/EndMT AXIS IN PULMONARY HYPERTENSION

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00096.2017 • www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Midwestern Univ Lib (132.174.254.157) on December 20, 2022.

https://www.ncbi.nlm.nih.gov/protein/549428
https://www.ncbi.nlm.nih.gov/nuccore/301336132
https://www.ncbi.nlm.nih.gov/nuccore/324072669
https://www.ncbi.nlm.nih.gov/nuccore/313760623
https://www.ncbi.nlm.nih.gov/nuccore/953953844
https://www.ncbi.nlm.nih.gov/nuccore/1003701538
https://www.ncbi.nlm.nih.gov/nuccore/9845514
https://www.ncbi.nlm.nih.gov/nuccore/973353087
https://www.ncbi.nlm.nih.gov/nuccore/225543214
https://www.ncbi.nlm.nih.gov/nuccore/321400154
https://www.ncbi.nlm.nih.gov/nuccore/237649101
https://www.ncbi.nlm.nih.gov/nuccore/809281405
https://www.ncbi.nlm.nih.gov/nuccore/340545530
https://www.ncbi.nlm.nih.gov/nuccore/262527236
https://www.ncbi.nlm.nih.gov/nuccore/576583523
https://www.ncbi.nlm.nih.gov/nuccore/61097927
https://www.ncbi.nlm.nih.gov/nuccore/29789043
https://www.ncbi.nlm.nih.gov/nuccore/75832032
https://www.ncbi.nlm.nih.gov/nuccore/157817742
https://www.ncbi.nlm.nih.gov/nuccore/157820046
https://www.ncbi.nlm.nih.gov/nuccore/148298812
https://www.ncbi.nlm.nih.gov/nuccore/14389298
https://www.ncbi.nlm.nih.gov/nuccore/405113060
https://www.ncbi.nlm.nih.gov/nuccore/402691727
https://www.ncbi.nlm.nih.gov/nuccore/954170031
https://www.ncbi.nlm.nih.gov/nuccore/42476308
https://www.ncbi.nlm.nih.gov/nuccore/761631382
https://www.ncbi.nlm.nih.gov/nuccore/160333283
https://www.ncbi.nlm.nih.gov/nuccore/440309867
https://www.ncbi.nlm.nih.gov/nuccore/239985466
https://www.ncbi.nlm.nih.gov/nuccore/158303305
https://www.ncbi.nlm.nih.gov/nuccore/576080554


for 60 min at room temperature (22–24°C), followed by detection with
the peroxidase substrate 3,3=-diaminobenzidine (Cat. No. K3467,
Dako). The tissues were counterstained with hematoxylin 1 (Cat. No.
7221, Thermo Scientific). Slides were mounted with Faramount
Aqueous Mounting Media (Cat. No. S3025, Dako).

Immunofluorescence imaging and analysis. Fluorescently stained
cells and tissue sections were imaged with a Leica TCS SP5 II laser
scanning confocal microscope with a �20 (0.7NA PL Apo; Leica
Microsystems) or �63 objective (1.4NA PL Apo; Leica Microsys-
tems). Z-stacks were acquired at a total thickness of 6.0 
 0.5 �m. Z
images were processed postacquisition to maximum projections by
using the Leica LAS AF software. At least three images were obtained
per sample. Mean fluorescence intensity was quantified in 10 regions
of interest per image. Discontinuous adherens junctions were quanti-
fied from cells grown to confluence in vitro and imaged to detect
antibodies recognizing adherens junction proteins (PECAM1 or
CDH5). For each cell, the associated adherens junctions were imaged
at �63 and scored as either having smooth staining along the adherens
junction (continuous) or as having at least one gap along the adherens
junction (discontinuous).

Antibody validation. The antibodies we used in this study have all
been validated by many investigators who conducted similar experi-
ments. The anti-PHD2 antibody (Ab) (Cat. No. 4835, CST) was
validated in Western blot experiments by using lung ECs isolated
from wild-type (WT) and Egln1Tie2 mice (22). This antibody was also
confirmed by WB experiments in human bone osteosarcoma epithelial
cells transfected with control and PHD2 siRNA (40). The anti-HIF-1�
antibody (Cat. No. 610958, BD Transduction Laboratories) was val-
idated by WB experiments using human colon carcinoma cells trans-
fected with or without HIF-1� siRNA under normoxic and hypoxic
conditions (13). Additionally, this antibody was validated by WB
experiments in WT human embryonic stem cells and two CRISPR-
Cas9 HIF-1�-KO mutants (67). To determine hypoxia-induced in-
creases in HIF-1� and HIF-2� protein levels, we used antibodies
against HIF-1� (no. 610959) and HIF-2� (no. NB100-122) that were
validated by WB analysis in human ECs treated with control and
siRNA or shRNA (27). The antibody for HIF-2� (no. NB100-122)
was also validated by Western blot experiments in human breast
adenocarcinoma cells transfected with HIF-2� shRNA (48). The
anti-SNAI1 antibody (Cat. No. 3879, Cell Signaling) was validated by
Western blot experiments in human prostate cancer cells overexpress-
ing SNAI1 and by targeting knockdown of SNAI1 with shRNA (56).
This antibody was validated by siRNA-meditated knockdown of
SNAI in human mammary epithelial cells (87). Another anti-SNAI1
antibody (Cat. No. ab53519, Abcam) we used in this study was
verified by using SNAI1 knockdown with shRNA in HEK-293 cells
(86). The anti-SNAI2 antibody (Cat. No. 9585, Cell Signaling) was
validated by Western blot experiments in breast cells isolated from
WT and snai2-KO mice (14). The anti-VIM antibodies (Cat. No.
5741, Cell Signaling, and Cat. No. ab20346, Abcam) were validated
in Western blot experiments showing that treatment with siRNA for
VIM (for 72 h) significantly downregulated VIM, whereas treatment
with control nontargeting siRNA had no significant effect on endog-
enous VIM expression (11). The anti-CDH5 antibody (Cat. No.
ab33168, Abcam) was validated by the company’s customers, and the
vender guaranteed that this product worked in Western blot experi-
ments in which siRNA targeting CDH5 significantly decreased the
CDH5 expression level. The anti-ACTA2 antibody (Cat. No. ab7817,
Abcam) was validated by Western blot experiments and immunocy-
tochemical-staining indicating that untreated control cells showed no
expression of smooth muscle �-actin (SMA) or ACTA2, whereas
TGF-�1 stimulation strongly increased SMA/ACTA2 protein expres-
sion level (68). The polyclonal anti-AGLN antibody (cat. nos.
ab14106 and ab10135, Abcam) was validated by Western blot, im-
munohistochemistry, and immunocytochemistry experiments in hu-
man, mouse, and rat tissues and cells. These experiments showed that
stable depletion of SM22� or AGLN by specific shRNA achieved

57% knockdown of SM22� or AGLN in cells expressing AGLN-
shRNA compared with cells expressing a control sense RNA hairpin
(16, 54, 58, 74). The anti-S100A4 antibody (Cat. No. ABF32, Milli-
pore) was validated by Western blot and immunocytochemistry ex-
periments showing that the parental cells infected with the empty
vector expressed very low level of S100A4, whereas S100A4-express-
ing cells established by retroviral infection expressed a much higher
level of the fibroblast-specific protein 1 (S100A4) (43).

Statistics. The composite data are expressed as means 
 SE. Sta-
tistical analysis was performed using paired or unpaired Student’s
t-test or ANOVA and post hoc tests (Student-Newman-Keuls) where
appropriate. Differences were considered to be significant at P � 0.05.

RESULTS

EndMT markers and proliferation rate are significantly
enhanced in LVECs from IPAH patients. EndMT is character-
ized by the loss of cell-cell adhesion and the conversion of the
cell phenotype to that of a spindle-shaped cell. Molecular
changes associated with EndMT include a decrease in EC
markers, such as platelet/EC adhesion molecule 1 (PECAM1)
or CD31 and VE-cadherin or CDH5, as well as increased
expression of mesenchymal cell markers, such as the fibroblast
markers VIM, fibronectin 1 (FN1), and calcium-binding pro-
tein S100A4, and the SMC markers, such as ACTA2 and
TAGLN (26). Moreover, the SNAI zinc-finger family of tran-
scription factors (SNAI1, SNAI2, and SNAI3, also known as
SNAIL, SLUG, and SMUC, respectively) has also been shown
to have increased expression that is important in the progres-
sion of EndMT (38). To investigate whether LVECs from
patients with IPAH display phenotypic and molecular changes
typical of EndMT, we compared the mRNA and protein
expression levels of EndMT biomarkers in LVECs from nor-
mal subjects and patients with IPAH. As shown in Fig. 1,
LVECs from IPAH patients exhibited significantly 1) upregu-
lated mRNA expression level of SNAI1 and SNAI2; 2) down-
regulated mRNA expression of biomarkers of the endothelial
lineage including platelet and EC adhesion molecule 1 (PECAM1,
also known as CD-31) and vascular endothelial cadherin (CDH5);
3) increased mRNA expression of biomarkers of SMC lineage
including ACTA2; and 4) increased mRNA expression of
fibroblast-specific protein S100A4 (also known as FSP1) and
FN1 (Fig. 1A) in comparison to normal LVEC. Furthermore,
the immunocytochemistry experiments also showed that the
protein expression of SNAI1 (EndMT marker) was signifi-
cantly increased, the protein expression of PECAM1 (EC
marker) was decreased, and the protein expression level of the
SMC marker TAGLN (also known as SM22) was increased in
IPAH-LVECs compared with normal LVECs (Fig. 1, B and C).
Cells from early (4–6) and late (6–9) passages were used for
experiments and showed similar results. These data indicate
that IPAH-LVECs undergoes EndMT.

To determine if LVECs from patients with IPAH have a
higher proliferative index, we compared EdU incorporation
and expression of a proliferation marker (MKI67) in LVECs
from normal subjects and patients with IPAH. EdU incorpora-
tion (Fig. 1, D and E, left), as well as cell number (Fig. 1E,
right), in IPAH-LVECs cultured in 2% FBS-DMEM were
significantly greater than in normal LVECs. The enhanced
proliferation rate of IPAH-LVECs was also associated with a
significantly upregulated mRNA expression level of MKI67
(Fig. 1F). These data indicate that the enhanced EndMT
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observed in LVECs from IPAH patients was indeed associated
with increased proliferation.

TGF-�1 induces EndMT in normal human LVECs to a level
similarly seen in IPAH-LVECs. Transforming growth factor �
(TGF-�) is a fibrotic factor that is known to induce EndMT in
many cell types including LVECs (25, 46, 49, 61). To deter-
mine if TGF-�1 induces phenotypic changes of LVECs we
compared the cell length of normal LVECs treated with vehicle
or TGF-�1 (10 ng/ml) for 7 days and IPAHs cells. Our
experiments revealed that the length of LVECs isolated from
IPAH patients were distinctly larger or longer compared with
groups treated with vehicle or TGF-�1 at day 1 (Fig. 2A). At
day 7 of TGF-�1 treatment, LVECs exhibited significantly
increased cell length compared with TGF-�1-treated cells at
day 1 and the cells treated with vehicle at day 7 (Fig. 2A, right).
The morphology of LVECs treated with TGF-�1 for 7 days
changed from a cobblestone to spindle-shaped, fibroblast-like
appearance similar to that observed in LVECs isolated from
patients with IPAH. In normal LVECs, PECAM1 localizes to

adherens junctions that form continuous cell-cell contacts.
Immunofluorescence staining to visualize adherens junctions
(using PECAM1 staining) revealed that normal LVECs formed
continuous adherent junctions; however, LVECs from IPAH
patients and the normal LVECs treated with TGF-�1 both
exhibited a significant increase in discontinuous adherens junc-
tions (Fig. 2B).

To examine if TGF-�1 induces EndMT in normal LVECs,
we compared the mRNA and protein expression levels of
EndMT biomarkers in LVECs from normal subjects to that of
normal LVECs treated with TGF-�1 for 7 days. As shown in
Fig. 2C, treatment of normal LVECs with TGF-�1 significantly
1) increased protein expression level of SNAI1, 2) decreased
protein expression of PECAM1, 3) increased protein expres-
sion of VIM, and 4) increased protein expression of TAGLN.
Moreover, mRNA expression of EndMT-related transcription
factors (SNAI1 and SNAI2) and of mesenchymal (ACTA2 and
FN1) markers were upregulated while endothelial (PECAM1
and CDH5) markers were downregulated (Fig. 2D). These
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Fig. 1. Endothelial-to-mesenchymal transition (EndMT) and cell proliferation are enhanced in lung vascular endothelial cells (LVECs) isolated from patients with
idiopathic pulmonary arterial hypertension (IPAH). A: real-time RT-PCR analysis of SNAI1, SNAI2, PECAM1, CDH5, ACTA2, S100A4, and FN1 (normalized
to GAPDH expression) in LVECs isolated from healthy subjects (n 	 7) and IPAH patients (n 	 6). B: representative images showing immunofluorescence in
normal and IPAH-LVECs stained for SNAI1, PECAM1, and TAGLN. Nuclei counterstained with Hoechst. Scale bar, 100 �m. C: summarized data showing
the mean fluorescence intensity for each antigen in normal and IPAH-LVECs (n 	 3 per group; for each experiment, we analyzed three fields of view with 10
regions of interest per field of view). D: representative images showing nuclear staining (left, Hoechst, blue), 5=ethnyl-2=-deoxyuridine (EdU) staining (middle,
AlexaFluor, red), and overlay images (right, overlay, purple) of normal and IPAH-LVECs. Scale bar, 100 �m. E: summarized data showing the percentage of
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3 fields of view with 6 regions of interest per field of view). F: real-time RT-PCR analysis of MKI67 (normalized to GAPDH expression) in normal (n 	 7) and
IPAH (n 	 6) LVECs. Values are median 
 CI. *P � 0.05; **P � 0.01; ***P � 0.001 vs. normal.
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results indicate that EndMT can be induced in normal LVECs
and that this transforms the cells to have molecular and
phenotypic characteristics that mimic LVECs from IPAH pa-
tients.

Downregulated PHD2 and upregulated HIF-2� are corre-
lated with EndMT in LVECs. To determine if PHD and HIF
play a role in the observed EndMT seen in LVECs from
patients with IPAH, we compared the mRNA expression level
of PHDs in normal and IPAH-LVECs. As shown in Fig. 3A,
the mRNA expression levels of PHD 1/2/3 in cells from IPAH
patients was significantly lower than in normal LVECs. A
significantly higher level of HIF-2� in the intraluminal occlu-
sions and the endothelium was found in lung tissue isolated
from IPAH patients (Fig. 3B) and in LVECs from IPAH
patients (Fig. 3, C and D). As shown in Fig. 3D, the immuno-
cytochemistry experiments showed that HIF-2� in the nuclei of
IPAH-LVECs was significantly higher than in normal LVECs.

Although all PHD isoforms have similar functions, PHD2 is
the main regulator of HIF level and the essential isoform to
regulate angiogenesis in adult mice (4, 71). Consistent with
this, pharmacological inhibition of PHD2 (and other PHD
isoforms) with 100 �M of FG-4592 (also known as Roxadu-
stat), a potent small-molecule inhibitor of PHD2 (41), for 4 h
significantly increased HIF-2� protein level in normal LVECs
(Fig. 3E). These results indicate that PHD2/HIF-2� signaling

pathway is correlated with EndMT in LVECs isolated from
IPAH patients, and inhibition of PHD2 alone is sufficient to
increase HIF-2� in normal LVECs.

HIF-2�, but not HIF-1�, upregulates SNAI1/2 in LVECs
isolated from IPAH patients. To study what type of cells
express HIF-1� and/or HIF-12� in lung tissue isolated from
normal subjects and IPAH patients, we compared the protein
level of HIF-1� and HIF-2� in normal LVECs and IPAH-
LVECs as well as in normal PASMCs and IPAH-PASMCs. As
shown in Fig. 4, we were unable to detect HIF-1� protein in
LVECs from normal subjects and IPAH patients. However,
HIF-1� protein level was significantly higher in PASMCs
isolated from IPAH patients than in PASMCs from normal
subjects (Fig. 4A). The protein levels of HIF-2� were signifi-
cantly increased in IPAH-LVECs compared with normal
LVECs, whereas HIF-2� protein level was not significantly
different between normal PASMCs and IPAH-PASMCs (Fig.
4B). To determine if HIF-1� and/or HIF-2� regulates SNAI1/2
in LVECs isolated from IPAH patients we transfected cells
with HIF-1� or HIF-2� siRNA. Real-time RT-PCR showed
that HIF-1� siRNA indeed decreased mRNA level of HIF-1�
but not HIF-2�, whereas HIF-2� siRNA significantly de-
creased mRNA level of HIF-2� but not HIF-1� (Fig. 4C).
Furthermore, silencing HIF-2� with siRNA significantly de-
creased protein level of both SNAI1 and SNAI2 transcription
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factors in IPAH-LVECs (Fig. 4D), whereas silencing HIF-1�
in IPAH-LVECs with siRNA had no diminishing effect on
SNAI1 and SNAI2 expression (Fig. 4D). These results indicate
that HIF-2� (but not HIF-1�) is significantly increased in
IPAH-LVECs under normoxic conditions in comparison to
normal LVECs, whereas HIF-1� is significantly increased in
IPAH-PASMCs compared with normal PASMCs. The protein
expression level of HIF-1� in normal LVECs and IPAH-
LVECs was too low to be detected in our experiments.

To further examine the different role of HIF-1� and HIF-2�
in LVECs and PASMCs, we conducted a set of in vitro
experiments to compare the protein levels of HIF-1� and
HIF-2� in human (h) LVECs and PASMCs incubated under
normoxic (Nor) and hypoxic (Hyp, 3% O2) conditions. Expo-
sure of human PASMCs to hypoxia for 48–72 h significantly
increased HIF-1� protein expression without affecting the
protein level of HIF-2� (Fig. 4E). Exposure of human LVECs
to hypoxia, however, did not increase HIF-1� level, but sig-
nificantly increased HIF-2� (Fig. 4E). These results indicate
that the basal protein expression level of HIF-1� and HIF-2�
in human LVECs is very low and hypoxia (for 48–72 h)
selectively increases HIF-1� (but not HIF-2�) in human
PASMCs and HIF-2� (but not HIF-1�) in human LVECs.
Taken together, the observations from these experiments lead
us to conclude that upregulated HIF-2� as a result of down-

regulation of PHD2 under normoxic conditions increases the
transcription factors SNAI1 and SNAI2 and, subsequently,
triggers EndMT in LVECs from IPAH patients.

The next set of experiments is designed to further examine
whether the endothelial HIF-2�/SNAI signaling and EndMT
are also associated with the development and progression of
experimental PH in animals.

EndMT is present in the lung vasculature of rats with
monocrotaline-induced PH. Injection of monocrotaline (MCT)
results in severe PH in rats after 2–4 wk, which has been used
as an important animal model to study pathogenic mechanisms
of PH and conduct drug development experiments on PH (69).
Two weeks after MCT injection, the rats developed mild PH,
determined by the level of RVSP and RV hypertrophy,
whereas 4 wk after the injection, the animals developed severe
PH (Fig. 5, A and B). Four weeks after rats had received the
MCT injection, RVSP was increased by 2.6 times (from
26.7 
 2.7 to 70.1 
 2.7 mmHg, P � 0.001 vs. control)
compared with the RVSP level in control rats (Fig. 5A). The
Fulton index, or the ratio of the weight of right ventricle (RV)
to the weight of left ventricle (LV) and septum (S) [RV/(LV �
S)], was increased by 2.3 times in MCT-PH rats after 4 wk of
MCT injection (from 0.25 
 0.01 to 0.58 
 0.06, P � 0.001
vs. control) (Fig. 5B). The increased RVSP and RV hypertro-
phy were also associated with pulmonary vascular remodeling,
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determined by increased pulmonary arterial (PA) wall thick-
ness (Fig. 5C) and significantly reduced lung arterial
branches, junction numbers, and length in pulmonary an-
giography (Fig. 5, D and E). The PA thickness, normalized
by the total PA cross area, was increased by 60% in
MCT-PH rats after 4 wk of MCT injection (from
0.51 
 0.04 to 0.82 
 0.02, P � 0.001 vs. control) (Fig.
5C). The angiograph data showed that the number of
branches, the number of junctions, and the total length of
the vessels were decreased, respectively, by 75.7% (from
142.67 
 11.90 to 34.6.01 
 4.94, P � 0.01), 80.7% (from
60.33 
 5.84 to 11.60 
 1.92, P � 0.01), and 76.2%
(from 7.27 
 0.67 to 1.73 
 0.39, P � 0.01) in MCT-PH
rats after 4 wk of MCT injection (Fig. 5, D and E). These
data indicate that the MCT-injected rat is a good animal
model to study pathogenic mechanisms and therapeutic
interventions of PH.

We investigated if EndMT was enhanced in the endothe-
lium of remodeled small pulmonary arteries in MCT-PH
rats. We observed that the intimal layer of small arteries
from MCT-PH rats have significantly 1) increased protein
expression level of Snai1, 2) decreased protein expression of
Pecam1, and 3) increased protein expression of Tagln and

Acta2 (Fig. 6, A and B). Furthermore, we observed that the
lung tissues (mainly contained ECs) from MCT-PH rats
have significantly 1) increased mRNA expression level of
Snai1 and Snai2; 2) decreased mRNA expression level of
Pecam1, Cdh5, and catenin delta 1 (Ctnnd1, also known as
p120-catenin); and 3) increased protein expression of Acta2
and VIM (Fig. 6C). These data indicate that LVECs from
MCT-PH rats have undergone EndMT. Similar to that ob-
served in LVECs from patients with IPAH, the enhanced
EndMT witnessed in LVECs from rats with MCT-PH was
also associated with a significant increase of the cell prolif-
eration marker Mki67 (Fig. 6D) and a decrease of Phd2 or
Egln1 (Fig. 6E). These results demonstrate that LVECs in
the MCT animal model of severe PH also exhibit charac-
teristics of EndMT due potentially to downregulation of
Phd2, further underscoring the importance of EndMT in the
pathogenesis of severe PH.

Endothelial cell-specific deletion of the Phd2 gene, egln1,
results in spontaneous pulmonary hypertension under nor-
moxic conditions. Given that HIFs have been shown to increase
expression of SNAI family members of zinc-finger transcrip-
tion factors (45, 81), which are known inducers of EndMT, we
sought to investigate if the PHD2/HIF-1/2� signaling pathway
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is involved in EndMT during the development and progression of
severe PH. To specifically knockout the PHD2 gene (egln1) in
ECs, we used the Tie-driven egln1F/F mice (i.e., egln1EC�/� mice)
in this study (37, 52). The heterozygous (egln1EC�/�) and ho-
mozygous (egln1EC�/�) KO mice both developed PH spontane-
ously under normoxic conditions. The PA systolic pressure, de-
termined by measuring RVSP, was 23.8 
 1.6 mmHg in the WT
littermates (egln1�/�) (Fig. 7A) and 36.4 
 1.1 and 62.7 
 3.7
mmHg in egln1EC�/� and egln1EC�/� mice, respectively (Fig.
7A). The elevated RVSP in egln1EC�/� mice was also associated
with significant RV hypertrophy. The Fulton index in egln1EC�/�

(WT littermates), egln1EC�/�, and egln1EC�/� mice was
0.22 
 0.01, 0.29 
 0.01 (P � 0.01 vs. WT), and 0.44 
 0.02
(P � 0.001 vs. WT), respectively (Fig. 7B). In egln1EC�/� mice,
we also observed severe pulmonary vascular remodeling charac-
terized by concentric PA wall thickening and intraluminal occlu-
sions (Fig. 7, C and D). We observed that there was approximately
an 85% increase in the PA wall thickness in egln1EC�/� mice
compared with WT mice (Fig. 7D, left). The lung tissues from
egln1EC�/� mice exhibited 9.46 
 2.0% of small pulmonary
arteries that were completely or partially obliterated (Fig. 7D,
right). Obliterative lesions were not detected (ND) in small pul-
monary arteries in lung tissues from the WT (egln1�/�) mice (Fig.
7D, right). In egln1EC�/� mice, the protein (Fig. 7E) and mRNA
(Fig. 7F) expression of Phd2 in lung tissues was indeed signifi-
cantly lower than in the WT mice. The heterozygous egln1-KO
(egln1EC�/�) mice also had significantly reduced Phd2 or Egln1
mRNA expression as compared with WT mice (Fig. 7F).

As expected, deletion of egln1 in ECs resulted in increased
expression of HIF-2� in freshly isolated mouse LVECs under
normoxic conditions (Fig. 7, G and H). In our immunocyto-
chemistry experiments, we observed that HIF-2� in the nu-
cleus was significantly higher in lung ECs isolated from WT
mice than in lung ECs isolated from egln1EC�/� mice (Fig.
7G). The Western blot experiments showed that increased
HIF-2� protein level in lung ECs isolated from egln1EC�/�

mice was associated with a significant decrease in the protein
level of Phd2 (Fig. 7H). These data indicate that endothelial-
specific KO of the PHD2 gene, egln1, induces severe PH and
RV hypertrophy in mice, due obviously to concentric PA wall
thickening and occlusive PA intimal lesions. The increased
HIF-2� in lung ECs, which upregulates the transcription fac-
tors Snai1 and Snai2 that triggers EndMT, is potentially a
critical mechanism involved in the development and progres-
sion of PH in egln1EC�/� mice.

Endothelial-specific deletion of the Phd2 gene, egln1, results
in EndMT associated with obliterative pulmonary vascular
lesions. As described earlier, downregulation of PHD2 and the
resultant increase in HIF-2� in LVECs are associated with the
development and progression of pulmonary vascular remodel-
ing in patients with IPAH. Increased expression of HIF-2� was
found in LVECs freshly isolated from egln1EC�/� mice under
normoxic conditions (Fig. 7H). Furthermore, enhanced EndMT,
determined by upregulation of SNAI genes and mesenchymal
marker genes (e.g., Acta2, Tagln, Vim, Fn1, and S100A4) and
downregulation of endothelial markers (e.g., Pecam1, Cdh5,
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and Ctnnd1), was found to be associated with the development
and progression of severe PH in patients with IPAH and
animals with MCT-PH. It is unknown how increased endothe-
lial HIF-2� results in severe PH and how endothelial HIF-2�
is involved in activating EndMT to cause severe pulmonary
vascular remodeling and PH in egln1EC�/� mice.

HIF-2� is known to transcriptionally upregulate SNAI genes,
which subsequently induces EndMT (45). Indeed, markers of
EndMT (i.e., Snai1 and Snai2) in the lung tissues of egln1EC�/�

mice were significantly increased in comparison to the WT litter-
mates. As shown in Fig. 8, the endothelium of small PA and the
PA with occlusive intimal lesions from egln1EC�/� mice exhib-
ited significantly 1) increased protein expression level of Snai1
and Snai2, 2) increased protein expression of Tagln and Acta2,

and 3) increased expression of S100A4 (Fig. 8, A and B). Fur-
thermore, the lung tissues (mainly contained ECs) from
egln1EC�/� mice exhibited significantly 1) increased mRNA ex-
pression level of Snai1 and Snai2, 2) decreased mRNA expres-
sion level of Pecam1 and Cdh5, 3) increased protein expres-
sion of Acta2, and 4) increased expression of S100A4 (Fig.
8C). These data indicate that deletion of the PHD2 gene,
egln1, in lung ECs and the subsequent upregulation of
HIF-2� result in EndMT to contribute to the development
and progression of pulmonary vascular wall thickening and
occlusive intimal lesions in severe PH.

Endothelial cell-specific deletion of hif2a prevents mice from
developing pulmonary hypertension under hypoxic conditions.
To determine if endothelial HIF-1� and/or HIF-2� are neces-
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sary for the development and progression of experimental PH,
we measured and compared RVSP, Fulton index, and PA wall
thickness in WT, hif1aEC�/�, and hif2aEC�/� mice. As shown
in Fig. 9, there was no significant difference of RVSP, Fulton
index, and PA wall thickness between WT littermates (hif2a�/�)
and hif2aEC�/� mice under normoxic conditions (Fig. 9, A–D).
Exposure of WT mice to hypoxia (10% O2 for 3 wk) significantly
increased RVSP (Fig. 9, A and B), enhanced RV hypertrophy
determined by the Fulton index (Fig. 9C), and resulted in signif-
icant PA wall thickening (Fig. 9D).

Endothelial-specific deletion of hif2a (hif2aEC�/�) signif-
icantly attenuated or abolished the hypoxia-induced in-
creases in RVSP, Fulton index, and PA wall thickness in
hif2aEC�/� mice (Fig. 9, A–D). Smooth muscle-specific
deletion of hif2a, however, had no effect on the hypoxia-
mediated PH (Fig. 9, E–G). Chronic exposure to normobaric
hypoxia (10% O2 for 3 wk) significantly increased RVSP
(from 21.43 
 1.30 to 39.64 
 0.70 mmHg, P � 0.001) and
the Fulton index (from 0.23 
 0.01 to 0.38 
 0.01, P � 0.01),
respectively, in WT mice (Fig. 9, E–G). In hif2aSM�/� mice,
hypoxic exposure also significantly increased RVSP (from
20.57 
 0.90 to 39.46 
 1.50 mmHg, P � 0.001) and the Fulton
index (from 0.24 
 0.01 to 0.40 
 0.02, P � 0.01), respectively
(Fig. 9, E–G). There was no significant difference in the hypoxia-
induced increases in RVSP and Fulton index between WT and
hif2aSM�/� mice (Fig. 9, F and G). These data indicate that
smooth muscle-specific KO of the HIF-2� gene, hif2a, has no
protective effect of hypoxia-induced PH in mice.

Furthermore, we also examined whether endothelial-specific
KO of the HIF-1� gene, hif1a, ameliorate the development and
progression of PH under hypoxic condition. Three weeks of
exposure to normobaric hypoxia significantly increased RVSP
(from 22.50 
 1.30 to 38.00 
 0.90 mmHg, P � 0.001) and

the Fulton index (from 0.25 
 0.02 to 0.39 
 0.03, P � 0.01),
respectively, in WT mice (Fig. 9, H–J). In hif1aEC�/� mice,
hypoxic exposure also significantly increased RVSP (from
22.00 
 0.70 to 36.50 
 1.50 mmHg, P � 0.001) and the
Fulton index (from 0.25 
 0.01 to 0.36 
 0.03, P � 0.01),
respectively (Fig. 9, H–J). There was no significant difference
in the hypoxia-induced increases in RVSP and Fulton index
between WT and hif1aEC�/� mice (Fig. 9, I and J). These data
indicate that EC-specific KO of the HIF-1� gene, hif1a, has no
protective effect of hypoxia-induced PH in mice. The inability
of chronic hypoxia to cause PH and RV hypertrophy in only
hif2aEC�/� mice (but not in hif2aSM�/� or hif1aEC�/� mice)
indicates that upregulated HIF-2� expression in pulmonary
vascular ECs plays an important pathogenic role in the devel-
opment and progression of PH.

Endothelial deletion of hif1a or hif2a has no effect on acute
hypoxia-induced pulmonary vasoconstriction. To investigate
whether endothelial HIF-2� is also involved in the regula-
tion of pulmonary vasoconstrictive response to contractile
stimuli or pulmonary vascular reactivity, we determined and
compared the high K�-mediated vasoconstriction and alve-
olar hypoxia-induced vasoconstriction in isolated perfused/
ventilated lungs from WT and hif2aEC�/� mice. As shown
in Fig. 10, intrapulmonary perfusion of solutions containing
10, 20, 30, 40, 60, 80, and 120 mM K�, caused a dose-
dependent increase in PAP (Fig. 10A). The amplitudes of the
high K�-induced increases in PAP at different doses and the
EC50 of the high K�-induced increases in PAP in isolated
perfused/ventilated lungs from WT littermates were both
comparable to those in isolated perfused/ventilated lungs
from hif1aEC�/� and hif2aEC�/� mice (Fig. 10, A and B). As
shown in Fig. 10B, the dose-response curves of the high
K�-induced increases in PAP obtained from isolated per-
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fused/ventilated lungs of hif1aEC�/� and hif2aEC�/� mice
overlap with the curves obtained from the respective WT
mice.

The alveolar hypoxia (by ventilation of 3% O2 via a mini
ventilator) reversibly increased PAP in isolated perfused/ven-
tilated lungs from WT mice; the amplitude of acute hypoxia-
induced increase in PAP (4.1 
 0.3 mmHg) was ~16% of the
high K�-induced increase in PAP at the maximal dose
(24.5 
 0.3 mmHg) (Fig. 10C). Endothelial-specific deletion
of the HIF-1� gene, hif1a (hif1aEC�/�), or the HIF-2� gene,

hif2a (hif2aEC�/�), had no effect on the acute hypoxia-induced
increase in PAP (Fig. 10, A, shadowed, and C). Neither HIF-1�
nor HIF-2� in pulmonary vascular ECs appear to be involved
in the regulation of acute hypoxia-induced pulmonary vaso-
constriction. Taken together, these data indicate that endothe-
lial HIF-2� (but not HIF-1�) plays an important role in the
development and progression of PH by contributing to concen-
tric pulmonary vascular remodeling and obliterative pulmonary
vascular intimal lesions rather than via increased vasoconstric-
tion.
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DISCUSSION

In this study, our results demonstrate the following: 1) LVECs
isolated from patients with IPAH and animals with experimental
PH exhibited high level of EndMT (characterized by increased
SNAI1 and SNAI2, downregulated PECAM1 and CHD5, upregu-
lated ACTA2 and TAGLN, and upregulated S100A4 and FN1,
and were highly proliferative (characterized by increased EdU
incorporation and Mki67 expression) in comparison to LVECs
isolated from normal controls; 2) protein expression level of
HIF-2� in LVECs from IPAH patients was significantly
greater than in LVECs from normal controls, and the upregu-
lated HIF-2� in IPAH-LVECs was associated with a decreased
protein level of PHD2, a hydroxylase that promotes HIF
degradation; 3) downregulation of HIF-2� in LVECs from
IPAH patients with siRNA leads to decrease in protein level of
SNAI1 and SNAI2, two transcription factors involved in ini-
tiating EndMT; 4) mice (egln1EC�/�) with EC-specific KO of
the PHD2 gene, egln1, spontaneously develop severe PH
characterized by excessive pulmonary vascular remodeling and
occlusive lesions as a result of increased protein level of
HIF-2� and enhanced translocation of HIF-2 to the nucleus in
LVECs; 5) LVECs from egln1EC�/� mice exhibited high level
of EndMT in comparison to LVECs from the WT littermates
(egln1EC�/�); and 6) endothelial-specific KO of the HIF-2�
gene, hif2a, ameliorates the development and progression of
experimental PH in mice (hif2aEC�/�) compared with the WT
control mice (hif2aEC�/�). These observations provide com-
pelling evidence that EndMT, due likely to the Hif-2-mediated
upregulation of Snai1/Snai2, plays an important pathogenic
role in the development and progression of concentric pulmo-

nary vascular wall thickening and occlusive pulmonary vascu-
lar intimal lesions. Inhibition of the HIF-mediated EndMT in
LVECs would thus be a novel approach to develop novel
therapies for severe pulmonary hypertension.

EndMT is a process by which ECs reprogram to acquire a
mesenchymal phenotype in association with upregulation of
SMC-specific and/or fibroblast-specific genes and downregu-
lation of EC-specific genes. SNAI1 and SNAI2 are two struc-
turally related transcription factors that initiate EndMT (39).
EndMT enables slowly growing ECs to reprogram to a highly
proliferative mesenchymal cell phenotype such as myofibro-
blasts or fibroblasts (2, 47). EndMT has been implicated during
the development and progression of pulmonary vascular re-
modeling in patients with IPAH and animals with experimental
PH (19, 28, 30, 60). In the present study, we demonstrated that
EndMT was enhanced in LVECs from IPAH patients and that
normal LVECs from healthy donors can be induced to undergo
EndMT by in vitro treatment with TGF-�1. The increased
expression of TGF-� isoforms has been found in pulmonary
arteries from patients with IPAH (7). In addition to the en-
hanced EndMT in LVECs isolated from IPAH patients, we
also demonstrated that EndMT was enhanced in rats with
MCT-induced PH. The MCT-PH model was chosen for this
study because it is associated with severe pulmonary vascular
remodeling, including progressive obstruction of small arteries
and precapillary arterioles (50, 69). Interestingly, that TGF-�
has been shown to be particularly upregulated in the MCT
model (3, 12, 47). We observed that ECs in lung tissue from
MCT-PH rats undergoes EndMT, similar to that seen in IPAH-
LVECs. Although inflammation plays a critical role in the
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development of pulmonary vascular remodeling through dif-
ferent mechanisms, a recent report demonstrates that inflam-
mation induces EndMT via upregulation of SNAI1 and SNAI2
downstream of TGF-�1, TNF-�, and IL-1� (62). We also
showed that TGF-�1 induced EndMT in LVECs and therefore
may contribute to the development and progression of pulmo-
nary vascular remodeling in PAH.

Moreover, LVECs from IPAH patients and MCT-PH rats
had higher proliferation rate compared with controls, which
indicate that EndMT may be a source of highly proliferative
ECs. There are also other mechanisms involved in the control-
ling of LVEC proliferation and differentiation, for example,
BMPR2 signaling. Recent findings revealed the complex cross
talk between BMPR2 and TGF-� signaling pathways. Hypox-
ia- and MCT-induced PH animal models display decreased
BMPR2 expression and increased TGF-� expression (3, 12,
47). TGF-�1-induced EndMT was associated with reduced
BMPR2 expression in vitro and in vivo and partially amelio-
rated by stimulating BMPR2 signaling (30, 61). These data
suggest that EndMT may enhance vascular remodeling induced
by the impaired BMPR2 pathway via conversion of slowly
growing fully differentiated LVECs into highly proliferative
mesenchymal cells.

HIF-1 and HIF-2 includes a heterodimer of an inducible
subunit called HIF-� and a constitutively expressed subunit
HIF-�. PHD family members hydroxylate HIF-� so that it can
be recognized by the ubiquitin E3 ligase and directed to the
proteasome for degradation (34, 35). HIF-� protein levels are
stabilized in responsive to hypoxia, and also under normoxic
conditions in response to stimuli such as growth factors,
inflammatory cytokines, infectious microorganisms, and NO
(64). The mechanism by which HIF-� protein levels are
stabilized (or increased) involves decreased expression or de-
creased catalytic activity of PHD. PHD2/HIF signaling medi-
ates adaptive molecular responses to low O2 availability and
plays an important role in the development and progression of
PH (65). We propose that both HIF-1� and HIF-2� are impor-
tant for the development of pulmonary hypertension, but their
pathogenic roles appeared to be different in different cell types
and processes. Upregulated HIF-1� in PASMCs from IPAH
patients may play an important role in the development and
progression of pulmonary arterial medial hypertrophy and
sustained pulmonary vasoconstriction (6, 16, 31, 70, 79). Our
results suggest that upregulated HIF-2� in lung ECs plays a
predominant role in promoting EndMT and, potentially, occlu-
sive intimal/neointimal lesions and severe pulmonary vascular
wall thickening in IPAH. Interestingly, the findings from this
study are consistent with the previous reports that HIF activa-
tion is independent of pO2 in patients with PAH (6, 76).

Accumulating evidence demonstrates that deficiency of
PHD2 leads to vascular remodeling (22, 36, 78). Indeed, we
observed decreased PHD2 expression in LVECs from rats with
MCT-induced PH, which is similar to that seen in LVECs
isolated from IPAH patients. Previous studies revealed that
TGF-�1 markedly and specifically decreases both mRNA and
protein levels of PHD2 through the Smad-signaling pathway
(51). Moreover, EC-specific deletion of the PHD2 gene in-
creased the expression of TGF-�1, which indicates the positive
feedback loop to maintain TGF-�1 signaling pathway (77). In
this study we observed that HIF-2� protein level was elevated
in IPAH-LVECs, whereas HIF-1� was upregulated in IPAH-

PASMCs under normoxic conditions. Our findings are consis-
tent with recent studies by Chae et al. (15) that demonstrated
the upregulation of both HIF-� isoforms in response to
TGF-�1 in nonhypoxic conditions. However, TGF-�1 induces
promoter activity of vascular endothelial growth factor
(VEGF) through HIF-2�, but not HIF-1�, which indicate the
differential roles of HIF-� subunits in the TGF-�1 signaling
pathway and the development and progression of pulmonary
vascular remodeling. Recently VEGF has been established as a
contributor to pulmonary vascular remodeling in LVECs (1,
44), thus further highlighting the importance of HIF-2� in the
development of EndMT and obliterative pulmonary vascular
lesions in PAH. Hypoxia decreases PHD2 activity, which in
turn leads to stabilization of HIF-�. Endothelial-specific dele-
tion of the PHD2 gene, egln1, (using Tie2-Cre mice) results in
significant increases in HIF-2� and Snai1/Snai2 in LVECs.
Additionally, egln1EC�/� mice exhibited severe PH under
normoxic conditions associated with 1) significant concentric
PA thickening and intraluminal obliteration and 2) a significant
level of EndMT in lung vascular endothelium.

Here, in investigating the role of the PHD/HIF pathway in
the formation of intraluminal occlusions, we found that dele-
tion of the PHD2 gene, egln1, in ECs increased the HIF-2� by
decreasing its degradation, which then activated EndMT by
upregulating Snai1 and Snai2, and resulted in severe pulmo-
nary vascular remodeling including intraluminal obliterations
in egln1EC�/� mice. Vice versa, siRNA targeted knockdown of
HIF-2�, but not HIF-1�, decreases SNAI1/2 protein expres-
sion in IPAH-LVECs. Furthermore, our results demonstrated
that EC deletion of the HIF-2� gene, hif2a, but not EC deletion
of the HIF-1� gene, hif1a, or SM-specific deletion of the
HIF-2� gene, hif2�, was able to prevent mice from developing
chronic hypoxia-induced PH, RV hypertrophy, and pulmonary
vascular remodeling (determined by increased PA wall thick-
ness), further emphasizing the unique role of HIF-2� in the
endothelium. These results are supported by previous findings
demonstrating that haploinsufficiency for hif2a, or endothelial-
specific deletion of hif2a, protects mice against vascular re-
modeling and PH (10, 20, 29, 57). The obtained data were
confirmed by in vitro experiments. We observed a hypoxia-
induced increase in expression of both HIF isoforms, but in
different cells, i.e., HIF-2� was exclusively elevated in
LVECs, whereas HIF-1� was upregulated in PASMCs only.
Given that hypoxia induces EndMT (46, 80, 81), we conclude
that endothelial HIF-2� but not HIF-1� can also contribute to
EndMT in hypoxia-induced PH by promoting SNAI1/2. Our
results further suggest a mechanism whereby augmented
PHD2/HIF-2�/SNAI signaling in LVECs contributes to the de-
velopment of pulmonary vascular remodeling characterized by
obliterative pulmonary vascular lesions via enhanced EndMT in
LVECs.

Stabilized HIF-� leads to dimerization with HIF-� and
accumulation in the nucleus where the heterodimeric complex
interacts with coactivators (e.g., p300/CBP), binds to the HIF-
binding site or the HIF-responsive element (5=-RCGTG-3=) in
the promoter regions of various genes, and promotes transcrip-
tion to enhance cell proliferation (23). The EndMT-related
transcription factor SNAI1 is a direct target of HIF-�, suggest-
ing that stabilization of HIF-� may be an upstream activator of
EndMT (45, 81).
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HIF-1� and HIF-2� are structurally similar in their
dimerization domains but differ in their transactivation do-
main. Indeed, others have shown that they have unique target
genes (18, 32, 53). In human melanoma cells, high levels of
HIF-2� are associated with increased metastatic capacity and
poor prognosis (45). Overexpression of HIF-2� in melanoma
cells significantly upregulates expression of SNAI1. In con-
trast, overexpression of HIF-1� has no effect on mRNA
expression level of SNAI1 (45). These data imply that in some
cell types, HIF-2�, but not HIF-1�, is a crucial transcription
factor responsible for induction of EndMT. Furthermore,
HIF-1� is expressed ubiquitously, but HIF-2� is predomi-
nantly expressed in the lung endothelium (75). Taken together
with our observations in this study, we suggest that endothelial
HIF-2� plays a unique pathogenic role in the development and
progression of concentric pulmonary vascular wall thickening
and obliterative pulmonary vascular lesions in PAH and severe
PH in general.

IPAH is a fatal and progressive pulmonary vascular disease
without a cure. A better understanding of the pathogenic
mechanisms contributing to concentric PA wall thickening and
intraluminal occlusions may provide an opportunity for devel-
oping novel drug targets and therapeutic strategies. Our studies
strongly support the premise that the activation of an endothe-
lial HIF-2�/SNAI signaling pathway is a pivotal pathogenic
sequence of events that leads to severe pulmonary vascular
remodeling. Combined activation of PHD2, inhibition of HIF-
2�, and attenuation of EndMT in LVECs may yield a unique
therapeutic approach for the treatment of IPAH and other
forms of pulmonary hypertension.
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