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Abstract

Mechanical forces are translated into biochemical stimuli by mechanotransduction channels, such as the mechanically activated
cation channel Piezo2. Lung Piezo2 expression has recently been shown to be restricted to endothelial cells. Hence, we aimed
to investigate the role of Piezo2 in regulation of pulmonary vascular function and structure, as well as its contribution to develop-
ment of pulmonary arterial hypertension (PAH). The expression of Piezo2 was significantly reduced in pulmonary microvascular
endothelial cells (MVECs) from patients with PAH, in lung tissue from mice with a Bmpr2þ /R899X knock-in mutation commonly
found in patients with pulmonary hypertension, and in lung tissue of monocrotaline (MCT) and sugen-hypoxia-induced PH (SuHx)
PAH rat models, as well as from a swine model with pulmonary vein banding. In MVECs, Piezo2 expression was reduced in
response to abnormal shear stress, hypoxia, and TGFb stimulation. Functional studies in MVECs exposed to shear stress illus-
trated that siRNA-mediated Piezo2 knockdown impaired endothelial alignment, calcium influx, phosphorylation of AKT, and nitric
oxide production. In addition, siPiezo2 reduced the expression of the endothelial marker PECAM-1 and increased the expression
of vascular smooth muscle markers ACTA2, SM22a, and calponin. Thus, Piezo2 acts as a mechanotransduction channel in pul-
monary MVECs, stimulating shear-induced production of nitric oxide and is essentially involved in preventing endothelial to mes-
enchymal transition. Its blunted expression in pulmonary hypertension could impair the vasodilator capacity and stimulate
vascular remodeling, indicating that Piezo2 might be an interesting therapeutic target to attenuate progression of the disease.

NEW & NOTEWORTHY The mechanosensory ion channel Piezo2 is exclusively expressed in lung microvascular endothelial cells
(MVECs). Patient MVECs as well as animal models of pulmonary (arterial) hypertension showed lower expression of Piezo2 in the
lung. Mechanistically, Piezo2 is required for calcium influx and NO production in response to shear stress, whereas stimuli
known to induce endothelial to mesenchymal transition (EndMT) reduce Piezo2 expression in MVECs, and Piezo2 knockdown
induces a gene and protein expression pattern consistent with EndMT.

endothelial-to-mesenchymal transition; lung microvascular endothelial cell; Piezo2 channel; pulmonary hypertension; shear stress

INTRODUCTION

The pulmonary vasculature comprises a low-pressure, high-
flow circulation, with a much lower resistance as compared
with the systemic circulation. Oxygen concentrations in the
lungs are normally high, and there is little metabolically active
tissue, precluding metabolic vasodilation in regulation of

pulmonary vascular tone. As such, pulmonary vascular tone
regulation is different from that in the systemic vasculature
and is largely dependent on shear stress-dependent regulation
of endothelial function (1). Hence, mechanosensing and
mechanotransduction are important processes in regulation
of pulmonary vasomotor tone and pulmonary vascular resist-
ance (PVR). Depending on intensity and duration, alterations
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in mechanical forces may not only have acute effects, modu-
lating the release of vasoactive components, such as nitric ox-
ide (NO) and endothelin, but also cause long-term effects such
as inflammation, contributing to endothelial to mesenchymal
transition (EndMT) (2–5), and structural remodeling through
obstruction of the distal pulmonary arterioles (6). Thus,
altered mechanical forces are increasingly recognized to con-
tribute to the development of pulmonary vascular disease in
general and pulmonary arterial hypertension (PAH) in particu-
lar (7). PAH is characterized by an imbalance in TGFb-bone
morphogenetic protein (BMP) signaling, leading to endothelial
dysfunction and hyperproliferation, as well asmuscularization
of the distal pulmonary vasculature.

Mechanical forces are translated into biochemical stimuli
by mechanotransduction channels, such as the mechani-
cally activated Piezo (Piezo1 and Piezo2) cation channels (8).
Piezo1 is vital for early vascular development and is involved
in flow-mediated calcium influx in endothelial cells (9, 10).
Piezo1 activation in response to changes in flow results in
activation of inflammatory signaling and altered NO produc-
tion in both systemic (11, 12) and pulmonary endothelial cells
(13). Intriguingly, lung Piezo2 expression has been recently
shown to be restricted to pulmonary endothelial cells (14). In
metastatic cancer cells, Piezo2 modulates RhoA activity, for-
mation of actin-based stress fibers, and orientation of focal
adhesions (15), processes that also play a role in endothelial
responses to shear stress. Whether Piezo2 plays a role in
physiological regulation of PVR and/or whether its altered
expression may contribute to development or progression of
pulmonary vascular disease is currently unknown.

Here, we hypothesized that mechanosensing through
Piezo2 plays a role in the regulation of pulmonary vascular
function and that loss of Piezo2 may play a role in the devel-
opment of pulmonary vascular disease. Consequently, our
study aimed to elucidate 1) if expression of Piezo2 is altered
in lung microvascular endothelial cells (MVECs) of patients
with PAH, as well as in four animal models reflecting differ-
ent stages and/or aspects of pulmonary hypertension (PH),
Bmpr2þ /R899X mice in which PH is caused by alterations in
BMP signaling, and MCT and SuHx PAH rat models and
swine with pulmonary vein banding (PVB), in which devel-
opment of PH is accompanied by a alterations in shear
stress through redistribution of flow from the caudal
(banded) lobes toward the unbanded cranial lobes; and 2)
whether such altered Piezo2 expression may predispose
to development of pulmonary vascular disease by altering
pulmonary endothelial mechanosensing and subsequent
acute (NO production) and long-term (endothelial align-
ment to flow, EndMT) cellular responses.

MATERIAL AND METHODS

All animal experiments were performed in accordance
with Directive No. 2010/63EU of the European parliament
on the protection of animals used for scientific purposes,
with the Guide for the Care and Use of Laboratory
Animals, adopted by the National Institute of Health and
with the approval of the Central Committee for Animal
Experiments in The Netherlands [AVD101002016636
(swine), AVD1010020197725 (mice)], as well as the animal
welfare body of the Erasmus University Medical Center.

Rat experiments were approved by the Ethics Committee
of the Universit�e Paris-Saclay (No. 11484).

Mouse Model

Bmpr2þ /R899X mice (n = 6), which have a premature stop
codon in the Bmpr2 gene leading to reduced BMPRII expres-
sion, have been previously described (16). Bmpr2þ /þ litter-
mates served as wild-type (WT) controls (n = 7). Mice were
bred and housed at the Erasmus University Medical Center
under specific pathogen-free (SPF) conditions, fed ad libi-
tum, and had free access to drinking water. Mice were eutha-
nized and analyzed when 31 wk old as previously described
(17). In short, mice were anesthetized by an intraperitoneal
injection with urethane (2 mg/g). Urethane was used since
this anesthetic has a minimal effect on the cardiovascular
and respiratory system. An ultrasound measurement was
performed to assess cardiac output. Subsequently, a tracheal
canula (miniVent type 845, Hugo Sachs Elektronik, March-
Hugstetten, Germany) was placed, the thorax was opened
and the right ventricle (RV), and pressure was measured
using a pressure catheter (Miller, Inc., Houston, TX) via api-
cal puncture, after which heart and lungs were excised. RV
and left ventricle (LV) þ septum (S) were next separated and
weighted separately. The Fulton index was calculated by
dividing the weight of the RV by the weight of LV þ S. The
postcaval lung lobe was stored at �80�C until processing of
the material for gene expression.

Rat Models

Two well-established rat models of severe PAH were used
for this study (18, 19). Briefly, monocrotaline (MCT)-induced
PH (MCT) was established in 4-wk-old male Wistar rats
(Janvier Labs, Saint Berthevin, France), with a single subcu-
taneous injection of MCT (40 mg/kg, Sigma-Aldrich, Saint-
Quentin-Fallavier, France), and evaluated after 3 wk (MCT-
PH, n = 10; and controls, n = 6). Sugen-hypoxia-induced PH
(SuHx) was established in 4-wk-old male Wistar rats (Janvier
Labs, Saint Berthevin, France), by a single subcutaneous
injection of SU5416 (20 mg/kg; Sigma-Aldrich, Saint-
Quentin-Fallavier, France) combined with exposure to nor-
mobaric hypoxia for 3 wk followed by normoxia for 5 wk
(SuHx-PH, n = 6; and controls, n = 8). After measurement of
hemodynamic parameters, the thorax was opened and the
left lung immediately removed and frozen until processing
of gene expression experiments.

Swine Model

Eighteen Yorkshire� Landrace swine of either sex obtained
from a commercial breeder (3 to 4 wk old, 6± 1 kg) entered the
study. Swine were individually housed in the animal center of
the Erasmus University Medical Center, fed twice a day, and
had free access to drinking water. Sedation was induced with
an intramuscular injection of tiletamine-zolazepam (5 mg/kg;
Virbac, Barneveld, The Netherlands), xylazine (2.25 mg/kg;
AST Pharma, Oudewater, The Netherlands), and atropine (0.5
mg) for sedation and were subsequently anesthetized with an
intravenous bolus of thiopental (10 mg/kg; Rotexmedica,
Trittau, Germany). After relaxation of the vocal chords, an en-
dotracheal tube was inserted and secured and ventilation was
started [O2:N2 (1:2)]. Anesthesia was maintained by adding
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sevoflurane (2% vol/vol, Pharmachemie, Haarlem, The
Netherlands) to the gas mixture. Pulmonary vein banding
(PVB) of the confluent of the veins draining the caudal lung
lobes was subsequently induced in 10 swine as previously
described, resulting in progressive pulmonary hypertension
(20, 21). Sham-operated animals served as control (n = 8). All
swine were chronically instrumented 4 wk after PVB, and
hemodynamics, consisting of aortic blood pressure, pulmo-
nary artery pressure (PAP), left atrial pressure, and cardiac
output, were obtained with swine standing quietly 11 to 12 wk
after PVB (20, 21). Twelve weeks after PVB, swine were anes-
thetized and euthanized by excision of the hearts and lungs.
Lung tissue of the right caudal and cranial lobes was har-
vested for gene expression analysis and isolation of swine
lung microvascular endothelial cells (sMVECs) as previ-
ously described (22). Briefly, lung tissue was submerged in
collagenase type 2 (Worthington Biochemical Corp.) and
incubated at 37�C for 20 min. The tissue was next placed in
10 mL of endothelial basal medium supplemented with 2
MV Bulletkit (Lonza, Basel, Switzerland) and 10 U/mL hepa-
rin (Leo Pharma, B.V., Amsterdam, The Netherlands), in
which cells were squeezed out of the tissue via mechanical
compression using a cell scraper. The resulting cell suspen-
sion was filtered with a 70-mm filter (BD Bioscience, Breda,
The Netherlands), after which the flow through was washed
twice in culture medium and filtered once more using a
20-mm filter (pluriSelect, Leipzig, Germany). Endothelial clus-
ters cannot pass the 20-mm filter and by flipping the filter
upside down, these clusters could be eluted from the filter
and seeded on fibronectin (Roche, Basel, Switzerland)-coated
plates.

HumanMicrovascular Endothelial Cells

Lung specimens were obtained after lung transplant of
patients with idiopathic PAH (iPAH) and lobectomy or
pneumonectomy for localized lung cancer of control sub-
jects (see Table 1). Preoperative echocardiological evalua-
tions, including echocardiography, were performed in the
control subjects to rule out PAH, and the lung specimens
from the control subjects were collected distant from the
tumor foci.

Isolation and Culture of Human Pulmonary ECs for
Piezo Expression

Pulmonary MVECs were isolated and cultured as previ-
ously described (23). The isolated pulmonary MVECs were
strongly positive for acetylated low-density lipoprotein
(coupled to Alexa Fluor 488), vonWillebrand factor (vWF),
CD31, and Ulex europaeus agglutinin-1 and negative for
ACTA2.

Human Primary Cell Culture

Human lung MVECs (Lonza) were obtained from three
healthy donors. PAH lung microvascular endothelial cells
(PAH-MVECs) were obtained from two iPAH donors. All cells
were cultured in endothelial basal medium supplemented
with 2 MV Bulletkit (Lonza) and 1� penicillin-streptomycin
solution (Biowest, Alveringem, Belgium) in 5% CO2 at 37�C.
Confluent cells between passage 6–8 were used in the experi-
ments. All results were obtained and confirmed in at least
two donors. Donors’ characteristics can be found in Table 2.

Hypoxia and TGFb2 Stimulation on Endothelial Cells

Human lung MVECs were seeded on 12-well plates and
exposed to 1% O2 for hypoxia (versus 21% O2 for normoxic
conditions) for 24 h. After 24-h hypoxia or normoxia, cells
were lysed for RNA isolation. For TGFb2 stimulation, MVECs
were treated with 10 ng/mL of TGFb2 (302-B2, R&D systems,
Chatillon, France) for 96 h, after which cells were lysed for
RNA isolation.

Shear Stress Experiments

Human lung MVECs were seeded on m-Slide I 0.6 Luer
Ibidi treated slides or m-Slide I 0.2 Luer Ibidi treated slides
(Ibidi, Munich, Germany) depending on the shear stress val-
ues required. The number of cells seeded on the slides was
according to the manufacturer’s instructions. After seeding,
cells were allowed to attach to the chambers for 24 h before
initiating laminar flow. The chambers were connected with
the red perfusion set and constant flow was applied by the
Ibidi pump system (Ibidi, Munich, Germany). The flow sys-
tem was maintained in 5% CO2 at 37�C. Normal (21 dyn/cm2)
and high shear stress (67 dyn/cm2) values were set according
to values reported in small vessels in patients with pulmo-
nary hypertension (52–116 dyn/cm2) and controls (20 dyn/
cm2) (3, 7, 24). Shear stress was gradually increased over time
for both normal shear stress (NSS, from 4 to 15 to 21 dyn/cm2

Table 1. Baseline characteristics of all patients with PAH
and non-PAH controls

Patients with PAH Controls

n 8 10
Age, yr 40 ± 13 76 ± 12
Sex, male/female 2/6 5/3
Mutation in BMPR2 gene, y/n 0/8 NA
NYHA functional class, I/II/III/IV 0/0/7/1 NA
6MWD, m 382 ± 110 NA
mPAP, mmHg 69±26 NA
CI, L/min/m2 3.2 ± 0.6 NA
PVRi, mmHg/L/min/m2 9.2 ± 2.3 NA
PCWP, mmHg 11.4 ± 3.4 NA

Values are means ± SE; n, number of patients. NYHA, New York
Heart Association; 6MWD, 6-min walking distance; mPAP, mean
pulmonary artery pressure; CI, cardiac index; PVRi, pulmonary
vascular resistance; PCWP, pulmonary capillary wedge pressure;
PAH, pulmonary arterial hypertension; NA, not applicable.

Table 2. Donor characteristics of human MVECs used in
in vitro experiments

Assay Sex Age, yr

Controls
Control 1 SS, PCR, IF, WB F 68
Control 2 SS, PCR, IF, WB, ELISA F 62
Control 3 SS, PCR, IF, WB, ELISA M 40

PAH MVECs
Patient 1 SS, PCR, IF M 23
Patient 2 SS, PCR, IF F 33

PAH, pulmonary arterial hypertension; MVEC, microvascular
endothelial cell; SS, shear stress; PCR, polymerase chain reaction;
IF, immunofluorescent staining; WB, Western blot; M, male; F,
female.
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increase every 24 h) and high shear stress (HSS, from 8 to 21
to 67 dyn/cm2 increase every 24 h). For studies on alignment
to shear stress and Piezo gene expression, MVECs exposed to
shear stress were compared with static controls on similar
Ibidi slides.

siRNA Transfection

Human lung MVECs at 70% confluence were transfected
with 50 nmol nontargeting siRNA (D-001810-10-20, GE
Healthcare Dharmacon, Cambridge, UK) and Piezo2 siRNA
(J-013925-18-0002, GE Healthcare Dharmacon) using
DharmaFECT 1 Transfection Reagent (T-2001-02, GE Health-
care Dharmacon). For improved efficiency, the siRNA transfec-
tion was repeated 24 h after the initial transfection, and cells
were used for experiments 24 h after the second transfection.

Live Cell Calcium Imaging

Human lung MVECs were seeded on the m-Slides I 0.4
Luer ibidi-treated slides and allowed to attach for 24 h. On
the day of experiments, cells were loaded with 2 μM
Fluo-4AM ester (Thermo Fisher Scientific, Bleiswijk, The
Netherlands) with 1 mM probenecid and 0.04% Pluronic
F-127(AAT Bioquest). Slides were incubated for 30 min in 5%
CO2 at 37�C. Slides were then connected with the yellow/
green perfusion (longer tubes, easy to fit in the confocal sys-
tem) set to the Ibidi pump system. The Ibidi pump system
and slides were then transferred to the stage of Leica SP5
confocal microscope of which the�20 objective and the 488-
nm laser were used. Images were acquired at 1-s intervals for
5 min. The shear-induced excitation was normalized with
the fluorescence intensity in the same slide under static con-
dition. All imaging experiments were performed in 5% CO2

at 37�C.

Determination of Nitrite 1 Nitrate Levels

To determine flow-induced nitrite þ nitrate release
from endothelial cells, 1 � 105 human lung MVECs cells
were seeded on m-Slides I 0.4 Luer ibidi-treated slides.
Twenty-four hours after seeding, cells were either kept
under static conditions or exposed to normal shear stress.
Forty-eight hours after onset of shear stress, culture me-
dium was isolated from the ibidi m-Slides. Subsequently,
this medium was used in the nitrite/nitrate fluorometric
assay (780051, Cayman Chemical) according to the manu-
facturer’s instructions. Nitrite þ nitrate release was calcu-
lated by multiplying the concentration with the total
medium volume.

Quantitative Real-Time Polymerase Chain Reaction

RNA isolation was performed in different laboratories, using
different protocols. Total RNA was isolated from lung tissue
from PAH rat models, as well as from PAH and control MVECs
using RNeasy mini kit (Qiagen, Valencia, CA). Total RNA (1 μg)
was reverse transcribed using High-Capacity RNA-to-cDNA kit
(Invitrogen, Carlsbad, CA) according tomanufacturer’s instruc-
tions. RT-qPCR was performed on Step-One Plus Real-Time
PCR machine (Applied Biosystems). Gene expression levels
were quantified using preverified Assays TaqMan primer/
probe sets: Taqman assays for Piezo1Hs00207230_m1 and
for Piezo2 Hs00926218_m1 (Applied Biosystems, Foster

City, CA). The expression level of each gene was normal-
ized to 18S ribosomal RNA (4319413E, Applied Biosystems)
using the comparative DDCt method.

For porcine lung tissue, as well as following the experi-
ments in which human MVECs were exposed to different
stimuli, total RNA was isolated using the ISOLATE II RNA
Mini Kit (Bioline, London, UK) according to the manufac-
turer’s instructions. From mice, the postcaval lobe was ho-
mogenized using lysis buffer and quarter-inch ceramic
spheres. RNAwas next extracted using TRIzol reagent as pre-
viously described (17). With the use of SensiFast cDNA
Synthesis Kit (Bioline), 0.5 mg RNA was reverse transcribed
into cDNA. Quantitative real-time PCR was performed by
using SYBR Green Master mix (Bioline) on a CFX-96 Real-
Time detection system (Bio-Rad CFX-96, Hercules, CA).

Gene expression levels relative to control were calculated
using the DDCt method normalized to housekeeping genes.
Different housekeeping genes were used depending on spe-
cies and shown in Table 3. For MVECs exposed to shear
stress, only one housekeeping gene (ACTB) was used,
because of the limited amount of RNA obtained from each
experiment. The sequences of primers used are listed in
Table 3.

Western Blot Analysis

Total protein was extracted from human lungMVECs using
RIPA buffer supplemented with protease and phosphatase in-
hibitor cocktail (Thermo Scientific 78443). To obtain sufficient
protein for Western blots, one sample consisted of protein iso-
lated from three Ibidi chambers withMVECs exposed to shear
stress, whereas for experiments solely consisting of statically
cultured MVECs, one sample consisted of MVECs obtained
from one well of a six-well plate. Protein lysates were loaded
in precast protein gels (4–20% gradient gel, Bio-Rad) and
transferred to a PVDF membrane (Amersham Hybond P 0.2
PVDF, GE health, Little Chalfont, UK). After blocking with 5%
bovine serum albumin (BSA) (Sigma Aldrich, Houten, The
Netherlands) at room temperature for 1 h, the membranes
were incubated overnight at 4�C with the primary antibodies
listed in Table 4. The membranes were washed with Tris-buf-
fered saline-Tween 20 (TBST) three times for 5 min each, after
which they were incubated with horseradish peroxidase-con-
jugated or fluorescently labeled secondary antibodies at room
temperature for 1 h.

Proteins were detected by chemiluminescence using
enhanced chemiluminescence substrate (GE Health) or
using the Odyssey system (LI-COR Biosicences, Lincoln, NE)
according to the manufacturer’s protocol. Quantification of
bands by densitometry analysis was conducted in Image
Studio software (LI-COR Biosciences).

Immunofluorescence

Cells were grown to confluence in a 12-well plate on a
glass coverslip or in ibidi m-Slides. The confluent cell layers
were fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature, after which cells were washed three
times with PBS. The fixed cells were permeabilized with
0.1% Triton X-100 (Sigma Aldrich) for 10 min and blocked
with 2% BSA in PBS for 1 h. Thereafter, the samples were
put at 4�C overnight with indicated primary antibody
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(Table 4). Subsequently, cells were washed three times
with PBS, followed by incubation with a fluorescently la-
beled secondary antibody in 1% BSA, protected from light
at room temperature for 1 h. The stained cells were
washed three times with PBS and fixed with mounting
medium containing DAPI (Vector Lab H1200, Bleiswijk,
The Netherlands). Imaging was performed with the Leica
SP5 confocal microscope. The images were captured with
�40 or �63 objective. To measure cellular morphology in

different shear stress settings, cells were stained with vas-
cular endothelial (VE)-cadherin to label the cell mem-
branes. Cell alignment to flow was subsequently determined
as the length-to-width ratio of individual MVECs by using
ImageJ.

Statistical Analysis

The exact statistical test and number of samples per
experiment is specified in the text. Statistical analyses were

Table 3. Primer sequences used for quantitative PCR

Gene Sense Primer Sequence Antisense Primer Sequence

Human
Piezo1 TCGCTGGTCTACCTGCTCTT GGCCTGTGTGACCTTGGA
Piezo2 GCCCAACAAAGCCAGTTGAA GGGCTGATGGTCCACAAAGA
PECAM1 GTGAGGGTCAACTGTTCTGT GTGACCAGTTCACTCTTGGT
Calponin TGAAGTACGCAGAGAAGCAG CAGCTTGGGGTCGTAGAG
ACTA2 CTATGAGGGCTATGCCTTGCC GCTCAGCCAGTAGTAACGAAGGA
SM22A ATCTGGGCGGCCTACA CCAACAAGGGTCCATCCTACG
VE-cadherin TGACGTGAACGACAACTGGC GACGCATTGAACAACCGATG
DSCR1 GAGGACGCATTCCAAATCAT AGTCCCAAATGTCCTTGTGC
ACTB TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG
GAPDH TGCCAAATATGATGACATCAAGAA GGAGTGGGTGTCGCTGTTG

Swine
Piezo1 GGTCCTCTACTGGCTGCTG CCAGTGTGACCTTGGATGCT
Piezo2 GAGCTGGTGGTCTTCAACGA ATCCCATAATGCCGTAGCCG
ACTB TCCCTGGAGAAGAGCTACGA AGCACCGTGTTGGCGTAGAG
GAPDH GCTCATTTCCTCGTACGACAAT GAGGGCCTCTCCTCCTCGC
Cyclo AGACAGCAGAAAACTTCCGTG AAGATGCCAGGACCCGTATG

Mice
Piezo1 GCTTTTGGGAAGCACTCTGC AGTTGCCCAAGATACGGGTG
Piezo2 CCAAGTAGCCCATGCAAAAT GCATAACCCTGTGCCAGATT
ACTB ACTGTCGAGTCGCGTCCA ATCCATGGCGAACTGGTGG
RPLP0 TTTGACAACGGCAGCATTTA CCGATCTGCAGACACACACT

Rat
Piezo1 GACGCCTCACAAGGAAAGC GGGCAGCATCTATGTCATCC
Piezo2 GACAGTATCTCCAGCGAGCC ATCTGGAGTGAGGCTGACCT

Table 4. Antibodies used in the WB and IF

Antibodies Host Company Dilution Used

Primary antibody
Anti-eNOS/NOS type III Mouse BD Biosciences 6190297 1:1,000 WB
Phospho-eNOS (Ser1177) antibody Rabbit Cell Signaling 9571S 1:1,000 WB
Akt antibody Rabbit Cell Signaling 9272 1:1,000 WB
Phospho-Akt (Ser473) Rabbit Cell Signaling 4060 1:2,000 WB
CD31 (PECAM-1) (89C2) Mouse Cell Signaling 3528 1:1,000/1:100 WB/IF
GAPDH (14C10) Rabbit Cell Signaling 2118 1:1,000 WB
ACTB antibody Rabbit Cell Signaling 4967 1:1,000 WB
a-Smooth muscle actin (D4K9N) Rabbit Cell Signaling 19245 1:1,000 WB
Anti-TAGLN/transgelin antibody Rabbit Abcam ab14106 1:1,000/1:100 WB/IF
Calponin 1 (D8L2T) Rabbit Cell Signaling 17819 1:100 IF
VE-cadherin antibody Mouse R&D Systems MAB9381 1:100 IF

Secondary antibody
Anti-rabbit HRP linked Cell Signaling 7074 1:2,000 WB
Anti-mouse HRP linked Cell Signaling 7076 1:2,000 WB
IRDye 680RD goat anti-mouse IgG LI-COR D1014-03 1:5,000 WB
IRDye 680RD goat anti-rabbit IgG LI-COR D00115-06 1:5,000 WB
Anti-rabbit IgG (H þ L)
(Alexa Fluor 488 conjugate)

Cell Signaling 4412 1:500 IF

Donkey anti-mouse IgG (H&L)
(Alexa Fluor 488)

Abcam ab150105 1:500 IF

Goat anti-mouse IgG (H þ L)
(Alexa Fluor 568)

Invitrogen A-11004 1:500 IF

Acti-Stain 555 phalloidin Cytoskeleton PHD1-A 1:100 Actin IF

WB, Western blotting; IF, immunofluorescence; eNOS, endothelial nitric oxide synthase; VE, vascular endothelium; HRP, horseradish
peroxidase; H þ L, heavy and light chains of the IgG molecule; PECAM, platelet endothelial cell adhesion molecule-1.
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performed using GraphPad Prism 9, and P < 0.05 was con-
sidered significant. Data are presented asmeans ± SE.

RESULTS

Reduced Piezo2 Gene Expression in PAH: Role of TGFb
Signaling

Piezo transcription was assessed by RT-qPCR in lung
MVECs of patients with PAH, control subjects, as well as in
lung tissue of four different animal models of PH (Fig. 1A).
Expression of Piezo2, but not Piezo1, was lower in lung

MVECs of patients with PAH as compared with control sub-
jects. Bmpr2þ /R899X mice, mice with a knock-in of a BMPR2
mutation commonly found in humans with PAH, showed a
reduced expression of both Piezo1 and Piezo2 in the lungs
(Fig. 1B) at a time point (6 to 7 mo of age) at which right ven-
tricular hypertrophy was present (Table 5) and lesions were
found in the pulmonary vasculature (16, 17). Similarly,
Piezo2 expression tended to be reduced in lungs of MCT rats
(Fig. 1C, P = 0.0559) and was significantly reduced in lungs of
SuHx rats (Fig. 1D), whereas Piezo1 was either increased
(SuHx, Fig. 1D) or unaltered (MCT; Fig. 1C). The reduction in
Piezo2 was accompanied by an increase in total pulmonary
resistance and right ventricular hypertrophy (Table 6).

Figure 1. Piezo gene expression in lung tissue/MVECs in patients with PAH and PH animal models. A: Piezo1 and Piezo2 gene expression was
quantified by RT-qPCR in pulmonary microvascular endothelial cells (MVECs) isolated from control donors and patients with idiopathic pulmonary
arterial hypertension (iPAH). Gene expression was normalized to 18S (control, n = 10; and iPAH n = 8; unpaired t test). B: Piezo1 and Piezo2 gene
expression was quantified by RT-qPCR in Bmpr2þ /R899X mice and wild-type (WT) controls. Gene expression was normalized with RPLP0 and ACTB
(WT, n = 6; and Bmpr2þ /R899X mice, n = 7; unpaired t test). C: Piezo1 and Piezo2 gene expression was quantified by RT-qPCR in control rats and
MCT-PAH rats. Gene expression was normalized to 18S (control, n = 6; and MCT rats, n = 10, unpaired t test). D: Piezo1 and Piezo2 gene expression
was quantified by RT-qPCR in control normoxia rats and SuHx) rats. Gene expression was normalized to 18S (normoxia rats, n = 8; and SuHx rats,
n = 6; unpaired t test). E: Piezo1 and Piezo2 gene expression in lung MVECs isolated from control swine and caudal and cranial lobes from PVB
swine. Gene expression was normalized with ACTB and GAPDH and Cyclo (control, n = 4; PVB caudal lobes, n = 3; and PVB cranial lobes, n = 3;
one-way ANOVA with Tukey’s multiple comparison test). �P < 0.05; ��P < 0.01. MCT, monocrotaline; MVEC, microvascular endothelial cell; PAH,
pulmonary arterial hypertension; PH, pulmonary hypertension; SuHx, sugen-hypoxia-induced PH.

Table 5. Characteristics of the mouse model

Controls Bmpr21 /R899X Mice P Value

n 6 7
Sex, female/male 4/2 3/4
Heart rate, beats/min 544 ± 17 548 ±22 0.89
RVSP, mmHg 18.5 ± 0.5 20.6 ± 2.3 0.50
Cardiac index, mL/min/g 0.15 ± 0.02 0.18 ± 0.02 0.32
Body weight, g 32 ± 4 30 ± 3 0.66
RV/BW, mg/g 0.65 ±0.07 0.80 ±0.04 0.07
LV/BW, mg/g 3.18 ± 0.22 3.37 ± 0.21 0.56
Fulton index 0.20 ±0.01 0.24 ±0.01� 0.026

Values are means ± SE; n, number of mice. RVSP, right ventricu-
lar systolic pressure; RV, right ventricular weight; LV, left ventric-
ular weight; BW, body weight; Fulton index, RV/LV. �P < 0.05 by
unpaired t test.

Table 6. Characteristics of the rat models

Control SuHx Control MCT

Sex, female/male 0/8 0/6 0/6 0/10
Heart rate, beats/min 282 ±81 325 ±28 334 ±28 316 ± 10
RVSP, mmHg 15 ± 1 45 ± 11� 18 ± 2 45 ± 4�
Cardiac output, mL/min 97 ± 9 41 ± 2� 110 ± 5 63 ± 8�
TPR, mmHg/mL/min 160 ±22 1,081 ± 286� 162 ± 17 735 ± 123�
Body weight, g 508 ±57 456 ±64 475 ± 44 432 ± 42
Fulton index 0.29 ±0.02 0.71 ± 0.1� 0.32 ±0.02 0.75 ±0.12

Values are means ± SE; n, number of rats. SuHx, sugen-hypoxia-
induced pulmonary hypertension; MCT, monocrotaline; RVSP,
right ventricular systolic pressure; TPR, total pulmonary resist-
ance. �P < 0.05 by unpaired t test vs. corresponding control group.
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To further assess whether disturbed TGFb signaling and/
or hypoxia, well-documented factors involved in the etiology
of pulmonary hypertension (25–27), could be causally related
to dysregulated Piezo expression, cultured human lung
MVECs from healthy donors were treated with TGFb2 or
exposed to hypoxia. Exposure to TGFb2, as well as to hy-
poxia, led to a significant reduction in endothelial Piezo2
expression whereas Piezo1 expression was not affected (Fig.
2,A and B).

Shear Stress and Piezo Expression

To investigate to what extent exposure to abnormal shear
stress in vivo was involved in the altered expression of
Piezo2, Piezo expression was evaluated in lung tissue
of swine, 12 wk after banding of the confluent of the pulmo-
nary veins draining the caudal lung lobes. As previously
described, this banding results in overt pulmonary hyperten-
sion (Table 7), with a redistribution of cardiac output from
the caudal lung lobes to the cranial lobes, resulting in a
mixed phenotype with high pressure/low shear stress in the
vasculature draining into the stenotic pulmonary veins (cau-
dal lobes), and high pressure/high shear stress in the vascu-
lature draining into the unaffected pulmonary veins (cranial
lobes) (20, 21). Piezo1 mRNA expression was unaltered in
both high and low shear stress territories as compared with
control swine (Table 7). Conversely, Piezo2 expression was

downregulated in the caudal lobes (low shear stress territo-
ries) in comparison with control lung tissue and unaltered in
the cranial lobes (high shear stress territories) lung tissue
compared with control lung tissue (Table 7). In a subset of
animals, MVECs were isolated from lung tissue of the cranial
and caudal lobes. Similar to our findings in human MVECs
of patients with PAH, in MVECs isolated from both cranial
and caudal lobes, Piezo1 expression was unaltered as com-
pared with control, whereas Piezo2 mRNA expression was
significantly lower inMVECs isolated from both caudal lobes
and cranial lobes as compared with control MVECs (Fig. 1E).

To assess a causal relation between the alterations in shear
stress and altered Piezo expression, human lung MVECs
from healthy donors and patients with PAH were exposed to
normal shear stress (21 dyn/cm2) and compared with stati-
cally cultures MVECs as well as MVECs exposed to high
shear stress (67 dyn/cm2) (Fig. 3A). In MVECs from healthy
donors, Piezo1 expression was lower in statically cultured
MVECs as compared with MVECs exposed to both normal
shear stress and high shear stress, but no difference was
found between normal and high shear stress (Fig. 3B).
However, in line with the findings in swine MVECs, Piezo2
expression was reduced in statically cultured cells and in
response to abnormally high shear stress as compared with
normal shear stress (Fig. 3B). The changes in Piezo2 expres-
sion in response to alterations in shear stress were paralleled
by changes in the expression of the endothelial markers

Figure 2. Piezo gene expression changes in stimulated human lung MVECs. A: Piezo1 and Piezo2 gene expression in statically cultured lung microvas-
cular endothelial cells (MVECs) exposed to 21% O2 (normoxia) or 1% O2 (hypoxia) for 24 h (n = 9, unpaired t test). B: Piezo1 and Piezo2 gene expression in
lung MVECs exposed to 10 ng/mL TGFb2 for 96 h (n = 5, unpaired t test). A and B: gene expression was normalized with ACTB. ���P< 0.001. MVEC, mi-
crovascular endothelial cell.

Table 7. Characteristics of the swine model

Control Swine PVB Swine P Value

n 8 10
Sex, female/male 4/4 5/5
Heart rate, beats/min 132 ± 6 132 ± 4 0.96
Systemic blood pressure, mmHg 88 ± 4 90 ± 4 0.78
Pulmonary artery pressure, mmHg 18.8 ± 1.2 42.9 ± 3.0� 0.000001
Cardiac index, L/min/kg 0.17 ± 0.01 0.17 ± 0.01 0.97
Body weight, kg 59 ± 4 54 ± 4 0.48
RV/BW, g/kg 1.13 ± 0.17 1.73 ± 0.10� 0.006
LV/BW, g/kg 2.64 ±0.38 3.06 ±0.11 0.26
Fulton index 0.43 ±0.01 0.56 ±0.03� 0.001
Normalized gene expression (n = 6–9)
Piezo1 (caudal lobes) 1.05 ±0.06 0.92 ±0.07 0.64
Piezo2 (caudal lobes) 1.25 ±0.07 0.84 ±0.12� 0.01
Piezo1 (cranial lobes) 0.87 ± 0.05 0.80 ±0.04 0.32
Piezo2 (cranial lobes) 1.02 ±0.06 1.07 ± 0.14 0.75

Values are means ± SE; n, number of swine. PVB, pulmonary vein banding; RV, right ventricular weight; LV, left ventricular weight;
BW, body weight; Fulton index, RV/LV. �P < 0.05 by unpaired t test.
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platelet endothelial cell adhesion molecule-1 (PECAM1) and
VE-cadherin (Fig. 3D). Interestingly, although Piezo1 expres-
sion was unaltered in MVECs from patients with PAH, its
altered expression in response to changes in shear stress was

lost. Similarly, expression of PECAM1 and VE cadherin was
not influenced by alterations in shear stress in these cells
(Fig. 3D). Conversely, although expression of Piezo2 was
reduced in MVECs from patients with PAH, modulation of
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its expression in response to shear stress was maintained,
albeit that difference appeared to be smaller (Fig. 3B). Also,
alignment of the MVECs in the direction of flow was main-
tained in PAH MVECs. Thus, static MVECs exhibited a cob-
blestone morphology, whereas 72-h exposure to normal
shear stress (21 dyn/cm2) results in elongated and aligned
cells (Fig. 3, A and D), as evidenced by an increase in the
length:width ratio (Fig. 3E). in MVECs from both healthy
donors and patients with PAH. The length:width ratio was
also increased in MVECs exposed to abnormally high shear
stress (67 dyn/cm2), although some cells appeared to elon-
gate to a spindle shape, suggesting a defective shear
response in both groups (Fig. 3,A and C).

These findings, in combination with the transcriptional
data from the experimental P(A)H models, provide evidence
that various signaling routes, including hypoxia, TGFb, and
shear stress, may contribute to the altered expression of
Piezo2 in PAH, and that alterations in Piezo2 parallel
changes in endothelial phenotype in PAH. Given the puta-
tivemechanosensory capacities of Piezo channels, we set out
to unravel how impaired Piezo2 expression affects endothe-
lial function and vascular remodeling and to what extent
this could contribute to progression of microvascular disease
in PAH.

Piezo2 Expression is Essential for Shear-Induced
Synthesis of Nitric Oxide

The functional role of Piezo2 as a mechanosensory ion
channel was assessed using Piezo2 knockdown in human
lung MVECs by siRNA, after which the shear-induced cal-
cium influx in these cells was compared with that in nontar-
geting siRNA-treated (NT siRNA) control MVECs using the
membrane-permeable calcium indicator Fluo-4AM. Piezo2
siRNA strongly reduced Piezo2 mRNA levels in shear-
exposed lung MVECs (Fig. 4A), but did not affect Piezo1
expression. Piezo2 siRNA markedly inhibited the shear-
induced calcium influx, as evidenced by a lower amplitude
of Fluo-4AM intensity compared with MVECs transfected
with NT siRNA (Fig. 4B and Supplemental videos S1 and S2;
see https://doi.org/10.6084/m9.figshare.21173878). Similarly,
the peak calcium influx intensity in Piezo2 siRNA-treated
cells was significantly lower compared with the NT siRNA-
treated MVECs (Fig. 4C). In line with these findings, Down
syndrome critical region gene 1 (DSCR1), a small signaling
molecule transcriptionally regulated by the Ca2þ /calmodu-
lin-dependent serine/threonine protein (28), was decreased
in MVECs treated with Piezo2 siRNA after 48 h exposure to
normal shear stress (Fig. 4D).

To further dissect the consequences of impairedmicrovas-
cular Piezo2 expression in pulmonary hypertension, endo-
thelial function in the absence of Piezo2 was studied. Shear
stress-stimulated nitric oxide (NO) production is dependent
on phosphorylation of endothelial NO synthase (eNOS) at
Ser1177, which in turn relies on calcium-dependent phospho-
rylation of AKT (Ser473) (29). Piezo2 knockdown reduced
both AKT and eNOS phosphorylation in lung MVECS
exposed to 48 h of normal shear stress (Fig. 4, E and F). In
line with this reduced activation of eNOS, nitrite þ nitrate
production in the MVECs’ supernatants after shear stress
was lower in the supernatants of Piezo2 knockdown MVECs,
whereas there was no difference in nitrite þ nitrate produc-
tion in supernatant of static MVECs (Fig. 4G), indicating a
lower production of NO in response to shear stress in the ab-
sence of Piezo2. Altogether, our results imply that Piezo2
functions as a shear stress-sensitive calcium channel in lung
MVECs that participates in shear-dependent NO synthesis.

Piezo2 is Involved in Shear-Induced Alignment of
Endothelial Cells

Normal shear stress plays a key role in maintaining nor-
mal vascular structure, whereas abnormally low or high
shear stress is a risk factor associated with (pathological) vas-
cular remodeling. Piezo2 siRNA impaired the alignment in
response to normal shear stress, with a decrease in length:
width ratio as compared with cells treated with nontargeting
siRNA (Fig. 5,A and B). Furthermore, staining of filamentous
actin (F-actin) suggested a more randomly distributed struc-
ture of the cytoskeleton in the Piezo2 siRNA-treated MVECs,
all suggesting that Piezo2 is indispensable for a proper adap-
tation of lung endothelial cells to shear stress (Fig. 5A).

Impaired Piezo2 Expression Triggers EndMT

To evaluate the impact of impaired Piezo2 expression on
EndMT, a process that could significantly contribute to vas-
cular remodeling and elevated pulmonary resistance (30),
lung MVECs were treated with Piezo2 siRNA after which the
expression of the endothelial markers PECAM1 and VE-cad-
herin, as well as the vascular smooth muscle cell (VSMC)
markers a-smooth muscle actin (ACTA2), smooth muscle
protein 22-a (SM22A), and Calponin was analyzed. Piezo2
siRNA treatment resulted in a decreased mRNA expression
of PECAM1 when compared with nontargeting siRNA-
treatedMVECs, whereas VE-cadherin levels remained stable.
mRNA expression of VSMCmarkers ACTA2, SM22A, and cal-
ponin was significantly increased following Piezo2 siRNA
(Fig. 6A). These results were confirmed by immunoblots,

Figure 3.Morphological adaptation to shear stress, endothelial markers, and Piezo expression. A: representative brightfield microscopy �10 magnifica-
tion images of statically cultured control MVECs and PAH MVECs, and MVECs exposed to normal shear stress (NSS, 21 dyn/cm2) or high shear stress
(HSS, 67 dyn/cm2). Arrows, direction of flow. B: Piezo1 and Piezo2 gene expression were quantified by RT-qPCR in control MVECs and PAH MVECs that
were exposed to NSS (21 dyn/cm2) or HSS (67 dyn/cm2) or cultured statically. Box plots represent minimum, maximum, median. Fold changes compared
with statical conditions. Gene expression was normalized to ACTB (control, n = 6–12; and PAH, n = 4–6; one-way ANOVA with Tukey’s multiple compari-
son test). C: representative VE-cadherin (white) immunostaining of control MVECs and PAH MVECs, either statically cultured or after exposure to NSS
and HSS. Arrows, direction of flow; arrowheads, areas with low VE-cadherin staining. Scale bar = 20 mm. D: PECAM1 and VE-cadherin gene expression
were quantified by qPCR in control MVECs and PAH MVECs that were exposed to NSS (21 dyn/cm2) or HSS (67 dyn/cm2) or statically cultured. Box plots
represent minimum, maximum, median. Fold changes compared with statical conditions. Gene expression was normalized from ACTB (control, n = 4–7;
and PH, n = 4–6; one-way ANOVA with Tukey’s multiple comparison test). E: quantification of shear adaptation (length-to-width ratio) in different shear
stress settings (n = 139–209 single cells, 5 independent experiments; PAHMVECs, n = 114–158 single cells, 5 independent experiments; repeated-meas-
ures ANOVA). ��P < 0.01, ���P < 0.001. MVEC, microvascular endothelial cell; PAH, pulmonary arterial hypertension; PECAM1, platelet endothelial cell
adhesion molecule-1.
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demonstrating increased protein levels of ACTA2, SM22A
and decreased expression of PECAM1 (Fig. 6, D and E).
Immunofluorescence images also showed decreased
expression of PECAM1 and increased levels of calponin
and SM22A in the Piezo2 knockdown MVECs (Fig. 6, B and
C). Altogether these results imply that decreased Piezo2

expression may stimulate the transition of lung MVECs to-
ward a more smooth muscle-like phenotype, thereby con-
tributing to vascular remodeling.

Hence, various signaling routes known to be involved in
the development of PAH contribute to impaired expression
of Piezo2 in pulmonary hypertension, which in turn may
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further the deterioration of vascular tone regulation and
induce structural changes in the pulmonary vasculature.

DISCUSSION

The main findings of our study are summarized in the Fig. 7,
and indicate that 1) lung (microvascular endothelial cells) Piezo2
expression was decreased in human PAH and four different

animal models of P(A)H, and 2) that a dysbalance between
TGFb and BMP-signaling reduces Piezo2 expression. 3) Piezo2
acts as a mechanosensor in lungMVECs regulating intracellular
calcium and subsequent NO production in response to shear
stress. 4) Piezo2 is required for endothelial alignment upon ex-
posure to shear stress and that 5) impaired Piezo2 expression
promotes EndMT. The implications of these findings, as well as
the limitations of our studywill be discussed below.

Figure 4. Piezo2 in acute shear stress-induced responses in human lung MVECs. A: Piezo1 and Piezo2 gene expression in normal shear stress (21 dyn/
cm2)-exposed MVECs after treatment with nontargeting (NT) siRNA or Piezo2 siRNA (n = 7, unpaired t test). B: representative single-cell profile of
changes in intracellular calcium in MVECs exposed to 21 dyn/cm2 shear stress measured by Fluo-4AM. Blue, NT siRNA; red, Piezo2 siRNA. C: quantifica-
tion the maximal intensity of Fluo-4AM in MVECs exposed to 21 dyn/cm2 shear stress [n = 81–91 single cells, 5 independent experiments (color coded);
repeated-measures ANOVA]. D: DSCR1 gene expression in shear (21 dyn/cm2)-exposed MVECs after treatment with NT siRNA or Piezo2 siRNA (n = 7,
unpaired t test). E: representative Western blots of phosphor (p)-eNOS, p-AKT, and GAPDH in shear (21 dyn/cm2)-exposed MVECs after treatment with
NT siRNA or Piezo2 siRNA. F: quantification [fold change as compared with NT siRNA (blue) of ratio of p-eNOS to eNOS and the ratio of p-AKT to AKT
(n = 4; 1 sample t test with deviation from 1 (=NT siRNA)]. G: nitrite þ nitrate production in conditioned medium of statically cultured MVECs or after expo-
sure of MVECs to shear stress (21 dyn/cm2) for 48 h (n = 3 to 4, paired t test). �P< 0.05; ���P< 0.001. eNOS, endothelial nitric oxide synthase; MVEC, mi-
crovascular endothelial cell.
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geting (NT) and Piezo2 siRNA-treated MVECs exposed to NSS. Blue, counterstaining with DAPI; arrow, direction of flow; arrowheads, abnormal F-actin
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shear stress.

H968 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00220.2022 � www.ajpheart.org
.

http://www.ajpheart.org


Piezo Expression in PAH

Piezo1 is expressed in both endothelial cells and vascular
smooth muscle cells, where it mediates opposing effects. In
smooth muscle cells, a Piezo1-mediated calcium increase
results in contraction (13, 31) and Piezo1 expression was
shown to be upregulated in pulmonary arterial smooth
muscle cells in pulmonary hypertension (31). Conversely,
in endothelial cells, Piezo1-mediated calcium elevations
are involved in flow-induced ATP release and NO forma-
tion (12, 13) and Piezo1 mediates flow pattern-dependent

(unidirectional flow versus disturbed flow) activation of
atheroprotective and atherogenic signaling (11, 12).
Depending on the model, Piezo1 expression in whole lung
was increased (SuHx), unaltered (PVB, cranial and caudal
lobes, MCT) or decreased (Bmpr2þ /R899X). A potential ex-
planation for these divergent findings may be that defects
in cytoskeletal structure have previously been shown in
the Bmpr2þ /R899X mice (32, 33), which may directly
impact the function and potentially also expression of
mechanosensors such as Piezo1 and Piezo2, while in
turn Piezo1 modulates the cytoskeleton dynamics (34).
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Figure 6. Role of Piezo2 in EndMT. A: gene expression of Piezo1 and Piezo2, PECAM1 and VE-cadherin (endothelial markers), and SM22A, calponin, and
ACTA2 (smooth muscle markers) in statically cultured nontargeting (NT) and Piezo2 siRNA-treated MVECs (n = 14; unpaired t test). Gene expression was
normalized with ACTB. B and C: representative immunostainings of PECAM1 (red) and calponin (green) (B) and PECAM1 (red) and SM22A (green) (C) in
statically cultured MVECs treated with NT siRNA or Piezo2 siRNA. Blue, counterstaining with DAPI. Scale bars = 40 mm. D: representative Western blots
of PECAM1, ACTA2, SM22A, and GAPDH in statically cultured MVECs treated with NT siRNA or Piezo2 siRNA. E: quantification of Western blot results
relative to GAPDH levels (n = 8, unpaired t test). ��P < 0.01, ���P < 0.001. EndMT, endothelial to mesenchymal transition; PECAM1, platelet endothelial
cell adhesion molecule-1, SM22A, smooth muscle protein 22-a.
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Alternatively, the difference in Piezo1 expression may
reflect alterations in muscularization of the pulmonary
microvasculature and/or smooth muscle cell Piezo1
expression, as Piezo1 expression was unaltered in lung
MVECs of patients with PAH and swine with PH.
Furthermore, the increase in Piezo1 expression in SuHx is
consistent with recent findings in lungs of hypoxia
exposed rats, although this was most prominent in the
endothelial cells (35), which appears to be in contrast
with our in vitro findings that exposing of MVECs to hy-
poxia does not alter Piezo1 expression.

Piezo2 is highly expressed in the lung as compared
with other organs (36), has been proposed to act as a sen-
sor of lung inflation (37), and previous studies have
shown that loss-of-function mutation in the human
PIEZO2 gene causes an autosomal recessive syndrome of
muscular atrophy with perinatal respiratory defects
(37, 38). Yet, although Piezo2 expression is primarily
located to lung endothelial cells (14), a role for Piezo2 in
mechanotransduction in the pulmonary circulation had
not been studied to date.

Our study shows that Piezo2 expression is reduced in
lung MVECS from patients with PAH and swine with type
2 PH secondary to pulmonary vein stenosis as well as in
lungs of mice with the Bmpr2þ /R899X knock-in mutation
and in lungs of rats with MCT- and SuHx-induced PAH.
We therefore evaluated stimuli that might alter Piezo2
expression as well as the role of Piezo2 in several processes
associated with development and/or progression of P(A)H,
including reduced NO production, abnormal endothelial
alignment, and EndMT.

Piezo, Shear Stress, and Endothelial Health

Pulmonary vascular homeostasis requires a healthy endo-
thelium. A key factor in this vascular homeostasis is the en-
dothelial response to shear stress, with production of NO
that exerts vasodilator, anti-inflammatory, and antithrom-
botic effects, thereby contributing to low PVR. Endothelial
cells align in the direction of flow and exhibit a quiescent
phenotype. Abnormal shear stress levels and abnormal
responses to shear stress have been proposed as key factors
in the development and progression of pulmonary hyperten-
sion. Piezo channels integrate a variety of mechanical stim-
uli, such as shear stress, tension, and translate them into
short-term effects like changes in ion concentrations and
long-term effects via changes in gene expression (39).

Actual shear stress levels in the pulmonary microvascula-
ture are currently unknown. Computational modeling esti-
mated that average wall shear stress in the large pulmonary
arteries of pediatric patients with PH decreases with increas-
ing disease severity (from 20 to 6 dyn/cm2), whereas it
increases in the distal small arteries (from 20 to 52 in moder-
ate disease and 116 dyn/cm2 in severe disease) (3). The data
in the human pulmonary vasculature correspond well with
data from the healthy porcine pulmonary vasculature at 22
wk of age, with a shear stress of 20 dyn/cm2 in the main pul-
monary artery and around 40–50 dyn/cm2 in the distal small
arteries (40). With a stenosis around the left pulmonary ar-
tery, shear stress in the pulmonary small arteries distal to the
stenosis decreased to around 18 dyn/cm2 whereas it increased
to around 70 dyn/cm2 in the unstenosed distal pulmonary
vasculature. According to these shear stress computational

Figure 7. Summary of effects of Piezo2 in
the pulmonary microvasculature that may
contribute to the development of pulmo-
nary hypertension. Created with Biorender.
com, and published with permission.
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measurements, and within the specification of the Ibidi sys-
tem, normal shear stress values were set at 21 dyn/cm2 and
high shear stress values were at 67 dyn/cm2. These shear
stress levels are somewhat higher than the “high” shear stress
values in previous studies being 14 dyn/cm2 (5, 41) and 21
dyn/cm2 (4) respectively, which, based on the studies men-
tioned (3, 40), do reflect normal shear stress rather than high
shear stress as observed in pulmonary hypertension (3).

Mechanosensing and mechanotransduction are required
for endothelial responses to shear stress. For this purpose sev-
eral proteins, including Piezo1, VE-cadherin, and PECAM1
colocalize cell-cell junctions in the cell membrane and form
mechanosensing complexes (7). In healthy lung MVECs,
Piezo1 transcription increased when these MVECs were
exposed to normal and high shear stress, whereas expression
of Piezo2 was highest under normal shear stress. Alterations
in Piezo1 transcription in response to shear stress were abro-
gated in MVECs from patients with PAH. Conversely,
although Piezo2 expression was reduced in MVECs from
patients with PAH, the reduction in expression in response to
abnormally high or low shear stress was maintained.
Interestingly, in healthy MVECs, alterations in Piezo2 expres-
sion were paralleled by changes in VE-cadherein and
PECAM1, whereas in MVECs from patients with PAH, the
expression pattern of VE-cadherin and PECAM1 resembled
Piezo1. Altogether, our findings are consistent with previous
observations that the mechanotransduction complex is
altered in PAH (4), and for the first time, suggest that Piezo2 is
a key component of this complex.

One of the first responses to an increase in shear stress is
an elevation in intracellular calcium, subsequent activation
of eNOS and production of NO. Mechanosensitive cation
channels including transient receptor potential vanilloid 4
(TRPV4) (42, 43) and Piezo1 have been found to play a role in
these mechanically induced increases in calcium and NO in
pulmonary endothelial cells (13). The present study adds
Piezo2 to the list of functional mechanosensitive cation
channels in the pulmonary endothelium, by showing that
knockdown of the mechanosensitive ion channel Piezo2,
which in absence of specific and commercially available
antibodies (44, 45) was solely verified on transcriptional
level, markedly attenuates the increase in intracellular cal-
cium in response to shear stress, as demonstrated by the
strong reduced shear-mediated elevation of Fluo-4AM fluo-
rescence intensity. These findings are in accordance with
findings in other cell types, showing that Piezo2 activation
leads to a rapid increase in calcium in intestinal epithelium
(46) and breast cancer cells (15). Evidence for a more sus-
tained activation of Piezo2 in response to shear stress is pro-
vided by our finding that Piezo2 knockdown reduced mRNA
expression of DSCR1, a protein that is upregulated in response
to increases in intracellular calcium (47), after 48 h of expo-
sure to shear stress.

NO production by eNOS in response to shear stress is
enhanced by the calcium/calmodulin induced dissociation
from the caveolae followed by eNOS phosphorylation at
Ser1177, through the PI3K-AKT pathway (48). Knockdown of
Piezo2 reduced both phosphorylation of AKT as well as
eNOS at Ser1177 in lung MVECS after 48 h of exposure to
shear stress in the present study. These data are consistent
with Piezo2-mediated PI3K activation in sensory neurons

mediating touch sensitivity (49, 50) and suggest that activa-
tion of AKT is calcium dependent. The latter is consistent
with recent studies showing calcium-dependent phosphoryl-
ation of AKT using knockdown of Piezo1 (29), although it has
previously been proposed that shear stress-induced phos-
phorylation of AKT is calcium independent (51). Altogether,
these findings imply that Piezo2 knockdown reduces intra-
cellular calcium in the presence of shear stress and impairs
shear-induced NO production.

In this study, we found that Piezo2, which shows a 42%
homology with Piezo1 (8), regulates endothelial NO produc-
tion in a similar fashion as has previously been shown for
Piezo1. Previously, it has been demonstrated that loss of both
Piezo1 and Piezo2 in the stretch-sensitive neurons of the
baroreceptor complex is required to obliterate the control of
heart rate and blood pressure (52), whereas loss of either
Piezo1 or Piezo2 impaired the increase in intracellular cal-
cium in response tomechanical stimuli in articular chondro-
cytes (53). Conversely, data from the present study show no
change in Piezo1 following knockdown of Piezo2, and sug-
gest that loss of Piezo2 is sufficient to significantly attenuate
phosphorylation of Akt and eNOS and even completely block
increase in intracellular calcium. Hence, our results suggest
that Piezo2 is a crucial mechanotransduction channel re-
sponsible for sensing of and responding to acute changes in
shear stress in lung MVECs.

Role of Piezo2 in Endothelial Alignment in Response to
Shear Stress

Prolonged exposure to normal shear stress results in elon-
gation of the endothelial cells in the direction of flow as
shown in Fig. 4. Previous studies have shown that endothe-
lial elongation in response to shear stress is perturbed in the
lung vasculature of patients with pulmonary hypertension
secondary to congenital heart disease in situ (54), and
delayed in vitro in lung MVECs isolated from patients with
PAH (4). Although Piezo2 expression was lower in MVECs
from patients with PAH, Piezo2 was still upregulated, albeit
to a lesser extent, in response to normal shear stress, and we
found no changes in alignment to shear stress in MVECs
from patients with PAH compared with healthy MVECS,
although we only evaluated one time point. However, knock-
down of Piezo2 with siRNA did impair the alignment to
shear stress, which was associated with an altered actin
cytoskeletal structure. Similarly, Piezo2 has been shown to
control formation of actin-based stress fibers and orientation
in breast cancer cells and colocalizes with actin stress fibers
in gut epithelial cells (15, 46). Importantly, F-actin reorgan-
ization in pulmonary artery endothelial cells was shown to
be accompanied by development of mesenchymal morphol-
ogy (27, 55), which is one of the hallmarks of pulmonary
hypertension. Thus, Piezo2 may be a critical factor in pulmo-
nary hypertension, connecting the abnormal shear stress
response to endothelial dysfunction including EndMT.

Role of Piezo2 in Endothelial to Mesenchymal Transition

EndMT involves altered TGFb signaling, inflammation,
hypoxia as well as altered mechanical forces (25–27). In the
present study, we demonstrated that exposure of MVECs to
hypoxia or to TGFb2, stimuli known to induce EndMT (56,

H971AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00220.2022 � www.ajpheart.org

http://www.ajpheart.org


57), resulted in a 40–50% reduction in Piezo2 mRNA.
Furthermore, a reduced Piezo2 expression, through Piezo2
siRNA, resulted in a reduction in PECAM1 mRNA expression
and an increase in ACTA2, SM22A, and calponin. Changes in
expression of these markers of EndMTwere confirmed at the
protein level. A direct link between Piezo2, altered TGFb sig-
naling, and EndMT is further suggested by the observation
that Bmpr2þ /R899X mice show a reduced Piezo2 expression
in the lungs, at a time that thesemice did not show overt pul-
monary hypertension, but did show enhanced musculariza-
tion of the lung vasculature (16, 17). Similarly, rats with MCT
and SuHx-induced PAH, that show increased circulating
TGFb levels, higher TGFb-R2 levels in, and increased muscu-
larization of the pulmonary vasculature, showed reduced
Piezo2 levels in the lung. Although a direct link between the
increased muscularization and the loss of Piezo2 remains to
be established, it is likely that reduced Piezo2, either through
impaired NO production in the MVECs, with subsequent
reduction in cGMP-mediated inhibition of smooth muscle
cell proliferation or through a direct activation of EndMT,
plays a central role in this pulmonary vascular remodeling.
Taken together, the fact that Piezo2 is reduced in response to
stimuli known to induce EndMT and that loss of Piezo2
induces a gene and protein expression pattern consistent
with EndMT, suggests that Piezo2 may be a novel player in
this process.

Conclusions and Perspective

Our findings suggest that Piezo2 is an important mechano-
sensor that is essential to maintain normal pulmonary mi-
crovascular endothelial function. Loss of Piezo2 expression
in lung microvascular endothelial cells, as observed in
patients with PAH and four separate animal models, reflect-
ing different aspects of pulmonary (arterial) hypertension,
could facilitate disease progression by limiting both NO pro-
duction and alignment in response to shear stress, as well as
by promoting EndMT (Fig. 7). Till date, Piezo2-specific anti-
bodies, agonists or antagonists are not available, but, to fur-
ther substantiate the importance and therapeutic potential
of targeting Piezo2 in pulmonary hypertension, future stud-
ies incorporating these compounds will be essential.
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