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ABSTRACT
Pulmonary arterial hypertension (PAH) is characterized by vascular remodeling associated with
extracellular matrix (ECM) deposition, vascular cell hyperproliferation, and neointima formation
in the small pulmonary artery. Endothelial dysfunction is considered a key feature in the
initiation of vascular remodeling. Although vasodilators have been used for the treatment of
PAH, it remains a life-threatening disease. Therefore, it is necessary to identify novel therapeutic
targets for PAH treatment. Periostin (POSTN) is a secretory ECM protein involved in
physiological and pathological processes, such as tissue remodeling, cell adhesion, migration,
and proliferation. Although POSTN has been proposed as a potential target for PAH treatment,
its role in endothelial cells has not been fully elucidated. Here, we demonstrated that POSTN
upregulation correlates with PAH by analyzing a public microarray conducted on the lung
tissues of patients with PAH and biological experimental results from in vivo and in vitro
models. Moreover, POSTN overexpression leads to ECM deposition and endothelial
abnormalities such as migration. We found that PAH-associated endothelial dysfunction is
mediated at least in part by the interaction between POSTN and integrin-linked protein kinase
(ILK), followed by activation of nuclear factor-κB signaling. Silencing POSTN or ILK decreases
PAH-related stimuli-induced ECM accumulation and attenuates endothelial abnormalities. In
conclusion, our study suggests that POSTN serves as a critical regulator of PAH by regulating
vascular remodeling, and targeting its role as a potential therapeutic strategy for PAH.
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Introduction

Pulmonary hypertension (PH) is classified into five groups
according to its hemodynamic characteristics, clinical
presentation, pathophysiological mechanisms, and thera-
peutic management (Simonneau et al. 2019). Pulmonary
arterial hypertension (PAH) belongs to group 1 and is
defined as an increase in the mean pulmonary arterial
pressure (PAP) by > 25 mmHg at rest (Simonneau et al.
2019; Yeo et al. 2022). PAH is a rare disease with a low sur-
vival rate and is characterized by vascular remodeling
accompanied by pulmonary arterial vasoconstriction
due to neointima formation and hyperproliferation of pul-
monary vascular cells, such as smooth muscle cells (SMCs)
and endothelial cells (ECs) (Lee et al. 2014; Simonneau
et al. 2019; Yun et al. 2020; Chen et al. 2022). Vascular

remodeling elevates vascular resistance and PAP, even-
tually leading to right ventricular heart failure (Lee et al.
2014; Ranchoux et al. 2018; Simonneau et al. 2019; Yun
et al. 2020). Endothelial dysfunction has been proposed
as the main player in the pathology of PAH because
various studies have demonstrated that EC proliferation,
angiogenesis, and endothelial-to-mesenchymal transition
(EndMT) are closely associated with vascular remodeling
(Ranchoux et al. 2018; Yun et al. 2020; Russomanno
et al. 2021; Yun et al. 2023). In addition, extracellular
matrix (ECM) degradation and reorganization contribute
to vascular remodeling in the pathological region of
PAH (Thenappan et al. 2018; Yun et al. 2020; Ambade
et al. 2021). Given that only vasodilators focused on symp-
tomatic relief have been developed and used for the
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treatment of PAH (Lee et al. 2014; Yun et al. 2020), it is
important to identify and utilize therapeutic targets
related to the pathogenesis of PAH.

Periostin (POSTN) is a secretory ECM protein and acts as
a ligand for cell membrane integrins and regulates ECM
organization by serving as a scaffold for ECM proteins
such as fibronectin (FN), tenascin C (TNC), collagen, and
laminin and accessory proteins such as bone morphogen-
etic protein 1 (BMP-1) and cellular communication network
factor 3 (CCN3) (Snider et al. 2008; Kudo and Kii 2018; Seki
et al. 2019; Kim BR et al. 2022). POSTN is involved in tissue
remodeling, migration, invasion, and metastasis in various
cancers (Dorafshan et al. 2022). Previous studies have
demonstrated that POSTN expression is correlated with
PAH (Abdul-Salam et al. 2010; Kumar et al. 2015; Wang
XD et al. 2016; Seki et al. 2019; Nie X et al. 2020; Wang J
et al. 2022; Yoshida et al. 2022). POSTN expression was
increased in the lung tissue or serum of patients with
PAH (Abdul-Salam et al. 2010; Kumar et al. 2015; Wang J
et al. 2022; Yoshida et al. 2022). Pulmonary vascular remo-
delingwas attenuated in POSTN -/- SU5416 combinedwith
hypoxia (SuHx) mouse model (Yoshida et al. 2022). POSTN
expressing cell-specific transforming growth factor beta
(TGF-β) signaling inhibition animal model (Pn-Cre/
Tgfbr1fl/fl mice) prevents PH (Seki et al. 2019). Although
a few studies have suggested importance of POSTN in
PAH, investigations on functional roles of EC-derived
POSTN in ECM remodeling has not been fully explored.

Integrin-linked protein kinase (ILK), a serine/threonine
kinase, plays an important role in various physiological
processes such as signal transduction, cell survival, cell
adhesion, and ECM assembly by anchoring to integrins
(Hannigan et al. 1996; Wu and Dedhar 2001; Shen
et al. 2020). Previous studies have shown that POSTN
promotes ILK expression in leukemia (Ma et al. 2019),
renal cancer (Jia YY et al. 2021), macrophages (Wei
et al. 2023), and endometrial epithelial cells (Zheng
et al. 2016). Reportedly, elevated ILK expression is seen
in the lung tissue of patients with PAH and in animal
models of PAH, and ILK inhibitors attenuates PAH in
animal models (Kudryashova et al. 2016; Shen et al.
2020). However, the relationship between POSTN and
ILK in pulmonary arterial endothelial cells (PAECs) and
their roles in PAH have not been studied.

In this study, we determined the role of POSTN in vas-
cular remodeling. We observed the upregulation of
POSTN in the lung tissue of PAH animal models and
various PAH-related stimuli in PAECs. POSTN overexpres-
sion upregulates ECM proteins and induces endothelial
abnormalities. Treatment with PAH-related stimuli
showed similar effects that were ameliorated by POSTN
knockdown. In this study, we found that POSTN interacted
with ILK, which is involved in the nuclear factor-κB (NF-κB)

signaling pathway. These findings suggest that POSTN
may be a key regulator of vascular remodeling by inducing
endothelial dysfunction, a process essential for PAH, and
could be a potential therapeutic target for PAH.

Materials and methods

Animals

All animal experiments were approved by the Sookmyung
Women’s University Institutional Animal Care and Use Com-
mittee. Male Sprague–Dawley rats were used in this study.
For the SuHx rat model, rats were subcutaneously injected
with Sugen5416 (20 mg/Kg body weight) (Sigma Aldrich,
Burlington, MA, USA), subsequently exposed to hypoxia
(10% oxygen) for three weeks and kept in room air for
another two weeks. For the monocrotaline (MCT) rat
model, the rats received a single subcutaneous injection of
monocrotaline (60 mg/Kg body weight) (Sigma-Aldrich)
and were kept in room air for three weeks. The lung tissue
was removed and snap-frozen for further experiments.

Microarray datasets

Microarray datasets were obtained from the NCBI GEO
dataset (GSE53408) (Zhao et al. 2014).

Cell culture and transfection

PAECs (Lonza, Basel, Switzerland) were cultured at 37 °C in
a 5% CO2 incubator in endothelial cell growth medium-2
(Lonza), 1% penicillin–streptomycin (Welgene, Daegu,
Republic of Korea), and MycoZap (Lonza). For the exper-
imental treatments, PAECs were grown to 70–90% confl-
uency. Lenti-HEK293X cells were cultured in Dulbecco’s
modified Eagle’s medium (HyClone, USA) supplemented
with 10% fetal bovine serum (Gibco, USA) and 1% penicil-
lin–streptomycin (Welgene). Small interfering RNA (siRNA)
(Stealth siRNA; Invitrogen, Grand Island, NY, USA) was
transfected using Lipofectamine RNAi MAX (Invitrogen)
or DharmaFECT4 according to the manufacturer’s instruc-
tions. Plasmid DNAs were transfected into cells using Lipo-
fectamine 2000 (Invitrogen).

Reagents

PAECs were either pre-treatedwith 10 ng/mL transforming
growth factor beta 2 (TGF-β2) (Peprotech, USA, #100-35B)
and 1 ng/mL interleukin 1 beta (IL-1β) (R&D Systems, Min-
neapolis, MN, USA, 201-LB-005) or interleukin 13 (IL-13)
(R&D, 213-ILB, 10 ng/mL) for designated time points. TGF-
β2 was dissolved in distilled water containing 0.1%
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bovine serumalbumin (BSA). IL-1β and IL-13were dissolved
in Phosphate-Buffered Saline (PBS) containing 0.1% BSA.

Real-time polymerase chain reaction

Total RNA was isolated using the miRNeasy RNA iso-
lation kit (Qiagen, Hilden, Germany). For mRNA analysis,
purified RNA was reverse transcribed using the qPCRBIO
cDNA Synthesis Kit (PCR BIOSYSTEMS, London, UK).
qRT-PCR was performed using qPCRBIO SyGreen Blue
Mix Lo-ROX (PCR BIOSYSTEMS), according to the manu-
facturer’s instructions. Ribosomal 18S RNA was used as
an internal control.

Co-immunoprecipitation and western blotting

The cells were lysed with RIPA buffer (Biosesang, Yong-in,
Republic of Korea) containing a protease and phosphatase
inhibitor cocktail (Roche Diagnostics, Risch-Rotkreuz, Swit-
zerland). Centrifugation was performed at 13,000 rpm
and 4 °C for 15 min. Protein concentrations were deter-
mined using the Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). For secreted protein
analysis, the medium was collected and centrifugated at
1800rpm at 4 °C for 5 min and then supernatant was
harvest. Equal amounts of total protein were separated
using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinyl difluoride mem-
branes (Millipore, Burlington, MA, USA). Immunoblotting
was performed using primary antibodies specific for FN
(1:3000, Santa Cruz Biotechnology, Dallas, TX, USA),
POSTN (1:4000, Abcam, Cambridge, UK), Matrix Metallo-
peptidase (MMP) 2 (1:2000, Cell Signaling Technology,
Danvers, MA, USA), and GAPDH (1:5000, Cell Signaling
Technology). Immunodetection was performed using
horseradish peroxidase-conjugated mouse (1:4000;
Thermo Fisher Scientific) and rabbit (1:4000; Cell Signaling
Technology) secondary antibodies. An enhanced chemilu-
minescence detection method (Thermo Fisher Scientific)
was used.

Immunofluorescence

Rat lung tissues were fixed with 10% neutral buffered for-
malin (NBF) for 24 h, then embedded in paraffin. The
paraffin blocks were sectioned at 5 μm and deparaffinized
usingHistoclear (Chayon, Seoul, Republic of Korea, HS-200).
After rehydration, antigen retrieval was performed with
Borg Decloaker RTU solution (Biocare Medical, Pacheco,
CA, USA, BRR1000AG1) for 15 min in a high-pressure
cooker and then blocked in blocking buffer (1% BSA, 5%
goat serum, 1xPBS) for 1 h at room temperature. The sec-
tions were incubated with anti-POSTN (1:200, Abcam,

ab14041), Von Willebrand Factor (vWF)-FITC (1:200,
Abcam, ab8822) overnight at 4 °C. The following day, the
sections were incubated with secondary antibody Alexa
Fluor secondary rabbit 568 for 1 h at room temperature
and counterstained with 4’,6-Diamidino-2-Phenylindole
(DAPI) (Thermo Fisher Scientific) to visualize the nuclei.
Imaging was performed using a Zeiss confocal microscope
(ZEISS LSM-700, Carl Zeiss, Oberkochen, Germany).

Immunocytochemistry

PAECswere fixedwithNBF for 5 min andwashedwith PBS.
For permeabilization, cells were incubated with 0.1%
Triton X-100 in PBS for 5 min. After blocking with 1% BSA
in PBS for 1 h, the primary antibodies were applied over-
night at 4 °C. FN (1:200; BD Biosciences, Franklin Lakes,
NJ, USA), MMP2 (1:200; Cell Signaling Technology), and
POSTN (1:300; Abcam) antibodies were used. The second-
ary antibodies used were goat anti-rabbit Alexa Fluor 488
and 568. Images were obtained using a Leica DMI8 micro-
scope and a Zeiss confocal microscope.

Lentivirus production

Lentiviral open reading frame (ORF) clones of the human
POSTN vector were purchased fromOriGene technologies
(Rockville, MD, USA). Lentiviral particles were produced by
cotransfection with pMDLg/pRRE, pRSV-Rev, or pMD2.G.
After 72 h of transfection, the supernatant was collected
and concentrated using an Amicon centrifugal filter (Milli-
pore; MWCO 10,000). Titrations were performed using a
qPCR Lentivirus Titration kit (Abcam, LV900).

Migration assay

PAECs were plated in 12 well plate at a density of 2 × 105

cells/well. After infection or transfection with or without
drug treatment, the cells were scratched using a P200
pipette tip. The cells were allowed to migrate, and the
gap distance was captured using a camera-equipped
microscope at the designated time points. Gap closure
was calculated using ImageJ software.

Permeability assay

PAECs transfected with siRNA were seeded into a 0.2%
gelatin pre-coated SPLInsert Hanging 24 well (SPL,
Pyeongtaek, Republic of Korea) at a density of 1 × 105

cells per well. 500 μL medium was added into the lower
chamber. The cells were treated with the drugs daily for
3 days. The permeability assay was performed using fluor-
escein isothiocyanate (FITC)-dextran (Sigma-Aldrich,
FD40S). Serum free medium containing 1 mg/mL FITC-
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dextran was added to insert and 500 μL serum free media
into lower chamber. After 10–30 min, the medium in the
lower chamber was harvested and the fluorescence inten-
sity was measured using a microplate reader (BioTek
Instruments, Winooski, VT, USA) at 428/525 nm.

Statistical analysis

All experiments were performed at least three times,
and analyses were performed using GraphPad Prism
software (version 8.0). When two groups were com-
pared, statistical differences were assessed using an
unpaired two-tailed Student’s t-test. Statistical signifi-
cance was determined using a one-way analysis of var-
iance, followed by Turkey’s multiple comparison test.
Statistical significance was set at P value < 0.05.

Results

POSTN is upregulated in the lung tissue of
patients with PAH and in PH animal models

First, we analyzed public GEO profiles (GSE53408) to
identify the involvement of POSTN in PAH. Transcrip-
tomic analysis showed that the lung tissues of patients
with PAH had higher POSTN expression than the
normal tissues (Figure 1(a)) (Zhao et al. 2014). Next, we
analyzed POSTN expression in the lung tissues of two
well-known animal models of PAH, the SuHx and MCT
injection models (Stenmark et al. 2009), and found sig-
nificantly increased protein and mRNA expression
(Figure 1(b, c)). Since ECs play a key role in vascular
homeostasis, and endothelial dysfunction contributes
to the pathogenesis of PAH (Kim et al. 2013; Ranchoux
et al. 2018; Yun et al. 2020), we co-stained POSTN with
an EC marker (vWF) to investigate which vascular cells
were the main origin of POSTN. We found that POSTN
expression was significantly increased in the vascular
ECs of the lung tissues of SuHx and MCT models
(Figure 1(d)). These results indicate that endothelial
POSTN plays an important role in PAH pathogenesis.

PAH-related stimuli increased POSTN expression
in PAECs

We investigated whether POSTN expression was affected
by various PAH-related stimuli in PAECs. Many studies
have reported that various cytokines including IL-1β, IL-
6, and IL-13 and growth factors such as TGF-β, fibroblast
growth factor, and vascular endothelial growth factor are
correlated with PAH (Soon et al. 2010; Hu et al. 2020;
Guignabert and Humbert 2021; Monteiro et al. 2021;
Rafikov et al. 2022). A previous study reported that co-

treatment with TGF-β2 and IL-1β induces EndMT, an
important pathological process that contributes to vascu-
lar remodeling in PAH (Maleszewska et al. 2013; Monteiro
et al. 2021). PAECs stimulated with TGF-β2 (10 ng/mL) and
IL-1β (1 ng/mL) exhibited elevated POSTN expression
(Figure 2(a, b)). In addition, IL-13 (10 ng/mL) upregulated
POSTN expression (Figure 2(c, d)). Mutated or reduced
expression of the Bone Morphogenetic Protein Receptor
Type 2 (BMPR2) is closely linked to PAH (Hopper et al.
2016). BMPR2 knockdown indeed upregulated POSTN
expression (Supplementary figure 1(a)). The pro-inflam-
matory cytokine IL-6 slightly upregulated POSTN
expression (Supplementary figure 1(b)). Hypoxia is a key
process that leads to pulmonary vascular proliferation
and remodeling in PAH by regulating vasoactive factors
and inflammatory cytokines (Pugliese et al. 2015).
Exposure to hypoxia increased the POSTN levels in
PAECs (Supplementary figure 1(c)). Collectively, we
confirmed that POSTN upregulation was significantly
associated with endothelial abnormalities in PAH-related
conditions.

POSTN overexpression upregulated ECM proteins
and induced endothelial abnormalities PAECs

Given that POSTN is upregulated by PAH-related
stimuli in PAECs, we overexpressed POSTN in PAECs
using lentiviruses or recombinant proteins to further
investigate the role of POSTN. ECM deposition is the
main characteristic of vascular remodeling that
increases in the lung tissue of patients with PAH
(Ambade et al. 2021; Liu et al. 2022). During ECM remo-
deling, proteases, including MMP, play a central role in
ECM degradation (Ambade et al. 2021). Therefore, we
speculated that POSTN regulated ECM deposition. We
analyzed the correlation between POSTN and ECM pro-
teins using lentivirus-transduced PAECs. POSTN overex-
pression upregulated FN expression in both the lysate
and conditioned medium (Figure 3(a)). In addition, we
found that the secretion of MMP2 was increased by
POSTN (Watanabe et al. 2012). Immunocytochemistry
confirmed the elevated FN levels after POSTN overex-
pression (Figure 3(b)). Collectively, ECM protein
expression positively correlated with POSTN
expression. To investigate the effects of POSTN on
cell function, we performed migration assay and phal-
loidin staining of PAECs. Wound closure was signifi-
cantly increased in PAECs overexpressing lentiviral
POSTN compared with that in the control group
(Figure 3(c)). Actin cytoskeleton reorganization is
related to EC permeability because actin plays an
important role in determining endothelial barrier integ-
rity (Prasain and Stevens 2009; Ling et al. 2022). To
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determine the changes in the actin cytoskeleton, we
seeded PAECs on rhPOSTN-pre-coated glass. Phalloidin
staining was performed 1 h after seeding, and stress
fiber formation was increased in the rhPOSTN-coated
group compared with that in the control group
(Figure 3(d)). These data demonstrated that POSTN
induced altered phenotypes and functional abnormal-
ities in PAECs associated with PAH pathogenesis.

POSTN knockdown ameliorates ECM deposition
and endothelial abnormalities

We further tested whether POSTN knockdown affected
ECM deposition. We found the TGF-β2 and IL-1β
induced MMP2 was abrogated by POSTN knockdown
(Figure 4(a)). To elucidate the effect of POSTN on endo-
thelial function, we examined the ability of ECs to
migrate. PAECs stimulated with TGF-β2 and IL-1β

Figure 1. Upregulation of POSTN in the lung tissue of patients with PAH and PAH animal models.: a, POSTN mRNA level in the lung
tissue of patients with PAH from public GEO dataset (GSE53408). b, Protein and c, mRNA expression of POSTN in the lung tissue of
SuHx and MCT rat models. d, Representative images of POSTN/vWF co-localization in the lung tissue of SuHx and MCT rat models.
Lung sections were stained for POSTN (red), vWF (green) and DAPI (blue). Scale bar = 50 µm. * P < 0.05, ** P < 0.01, *** P < 0.001
determined by the unpaired two-tailed Student’s t-test. Error bars, S.E.M.
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showed increased migration, which was alleviated by
silencing POSTN (Figure 4(b)). To further examine the
endothelial permeability, we performed a vascular per-
meability assay using dextran. Co-treatment of TGF-β2
and IL-1β markedly increased permeability, which was
reduced by POSTN knockdown (Figure 4(c)). Similarly,
POSTN knockdown reduced FN expression elevated by

IL-13 and alleviated the migratory ability of PAECs (Sup-
plementary Figure 2(a, b)). We investigated the effect of
POSTN on hypoxia-exposed PAECs and found that FN
deposition was reduced by POSTN knockdown (Sup-
plementary Figure 3(a, b)). Finally, we examined the
NF-κB activity in this context, which is a key transcription
factor generally activated by PAH-related stimuli and

Figure 2. POSTN expression is increased in lysates and conditioned medium in PAECs stimulated with PAH-related stimuli.: a, Protein
expression and b, Immunostaining images of FN and MMP2 in PAECs stimulated with of TGF-β2 (10 ng/mL) and IL-1β (1 ng/mL) for 5
days. Scale bar = 20 µm. c, Protein expression and d, Immunostaining images of FN in PAECs stimulated with IL-13 (10 ng/mL) for 4
days. Scale bar = 20 µm. ** P < 0.01, *** P < 0.001 determined by the unpaired two-tailed Student’s t-test. Error bars represent S.E.M.
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found that p-p65 was elevated by co-treatment of TGF-
β2 and IL-1β, which were restored by POSTN knockdown
(Figure 4(d)). These results indicate that targeting POSTN
may be a potential therapeutic strategy for treating PAH
by modulating endothelial function.

ILK binds to POSTN and regulates endothelial
functions

Next, we investigated the mechanism by which POSTN
regulates ECM remodeling in PAH. Recent studies have
reported that POSTN binds to integrins and increases
ILK, which activates various downstream pathways
such as NF-κB and Akt/mTOR signaling in cancer cells
(Ma et al. 2019; Jia YY et al. 2021; Wei et al. 2023).

However, the molecular mechanisms underlying the
expression of POSTN and ILK in ECs remain unclear.
We hypothesized that ILK plays a key role in the regu-
lation of endothelial function by binding to POSTN. As
expected, the interaction between POSTN and ILK was
confirmed by coimmunoprecipitation (Figure 5(a)). As
ILK expression was increased by co-treatment of TGF-
β2 and IL-1β, we next investigated whether inhibition
of ILK shows similar effects with POSTN knockdown. ILK
knockdown decreased FN expression, which was upre-
gulated by TGF-β2 and IL-1β, indicating reduced ECM
accumulation (Figure 5(b)). To further assess whether
ILK knockdown could ameliorate endothelial function,
we performed migration and permeability assays. ILK
silencing reduced the cell migration induced by PAH-

Figure 3. POSTN induces ECM deposition and endothelial abnormalities in PAECs.: a, Protein expression of FN and MMP2 in response
to infection with the lentiviral POSTN vector for 4 days. b, Immunostaining images of FN after POSTN overexpression. Scale bar =
50 µm. c, Migration assay after overexpression of the POSTN lentivirus for 3 days. Scale bar = 200 µm. d, Representative images of
F-actin after POSTN overexpression in PAECs. Cells were plated onto glass coverslips coated with or without rhPOSTN (10 µg/mL)
and then stained with rhodamine-phalloidin. Scale bar = 50 µm. * P < 0.05, ** P < 0.01, *** P < 0.001 determined by the unpaired
two-tailed Student’s t-test. Error bars represent S.E.M.
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related stimuli (Figure 5(c)). In addition, ILK knockdown
significantly restored cell permeability impaired by co-
treatment of TGF-β2 and IL-1β (Figure 5(d)). These data
suggest that targeting ILK could be an alternative strat-
egy for reducing ECM deposition and attenuating endo-
thelial function.

Discussion

PAH is a rare but fatal disease with a low survival rate
due to right ventricular hypertrophy and right heart
failure (Humbert et al. 2019; Yun et al. 2020). Currently,
PAH treatments target three pathways: stimulating the

nitric oxide–cyclic guanosine monophosphate biological
pathway, increasing the effects of prostacyclin on recep-
tors, and antagonizing the endothelin pathway (Ruopp
and Cockrill 2022). These treatments induce vasodilation
and lower pulmonary vascular resistance and blood
pressure (Yun et al. 2020; Ruopp and Cockrill 2022).
However, there is no effective cure for this condition.
The main features of PAH are ECM deposition and vascu-
lar remodeling, accompanied by neointima formation
and abnormal hyperproliferation of vascular cells such
as ECs and SMCs (Cho et al. 2018; Thenappan et al.
2018; Humbert et al. 2019). Interestingly, it has been pro-
posed that endothelial injury leads to endothelial

Figure 4. POSTN knockdown ameliorates ECM deposition and endothelial function.: a, Protein expression of MMP2 after TGF-β2
(10 ng/mL) and IL-1β (1 ng/mL) co-treatment for 5 days with or without POSTN knockdown (2 nM). b, Migration assay after TGF-
β2 (10 ng/mL) and IL-1β (1 ng/mL) co-treatment with or without POSTN knockdown (10 nM). Scale bar = 200 µm. c, Permeability
assay after TGF-β2 (10 ng/mL) and IL-1β (1 ng/mL) co-treatment with or without POSTN knockdown (5 nM). d, Protein expression
of phosphorylated p65 by co-treatment of TGF-β2 (10 ng/mL) and IL-1β (1 ng/mL) for 24 h with or without POSTN siRNA (5 nM) trans-
fection. P < 0.05, ** P < 0.01, *** P < 0.001, as determined by unpaired two-tailed Student’s t-test or one-way ANOVA with Bonferroni’s
multiple comparison test. Error bars represent S.E.M.
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abnormalities and EndMT, initiating ECM remodeling in
the early stages of PAH pathogenesis (Thenappan et al.
2018), suggesting that ECM deposition plays a critical
role in the progression of PAH and targeting its
process can be a promising therapeutic strategy.

POSTN has been shown to be associated with fibrotic
diseases such as asthma (Jia G et al. 2012), skin sclerosis
(Yamaguchi et al. 2013), renal disease (Raman et al.
2017), cardiac fibrosis (Oka et al. 2007), pulmonary
fibrosis (Naik et al. 2012), and PH (Abdul-Salam et al.

Figure 5. ILK interacts with POSTN and ILK inhibition reduces ECM deposition and attenuates endothelial function.: a, Interaction
between ILK and POSTN in PAECs as determined by co-immunoprecipitation. b, Protein expression of ILK and FN after co-treatment
of TGF-β2 (10 ng/ml) and IL-1β (1 ng/ml) for 3 days in conjugation with ILK siRNA (24 nM) transfection. c, Migration assay after co-
treatment with TGF-β2 (10 ng/ml) and IL-1β (1 ng/ml) (upper) or IL-13 (10 ng/ml) (lower) with or without ILK knockdown (5 nM). Scale
bar = 200 µm. d, Permeability assay after TGF-β2 (10 ng/ml) and IL-1β (1 ng/ml) co-treatment with or without ILK knockdown (5 nM). *
P < 0.05, ** P < 0.01, *** P < 0.001 determined by unpaired two-tailed Student’s t test or one-way ANOVA with Bonferroni’s multiple
comparison test. Error bars represent S.E.M.
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2010; Kumar et al. 2015; Nie X et al. 2020; Wang J et al.
2022; Yoshida et al. 2022). Previous studies reported
that POSTN is differentially expressed in the lung tissues
of rats with hypoxia-induced PH and in patients with
PAH (Abdul-Salam et al. 2010; Wang J et al. 2022). In
addition, it has been demonstrated that serum POSTN
was elevated in the serum of patients with PH (Yoshida
et al. 2022). Despite the importance of ECs on pathogen-
esis of PAH, studies on the role of POSTN in PAECs are
barely researched. Nie et al. performed cytokine antibody
array analysis and revealed that POSTN is the most
increased protein in the pulmonary arteries of patients
with PH (Nie X et al. 2020). Here, we showed that
POSTN levels were significantly increased, especially in
the endothelium, among vascular cells, as well as in the
lung tissue of SuHx- and MCT-induced PH rat lungs.

Many studies have shown that imbalance between
TGF-β and BMP signaling is a major player in PAH (Rol
et al. 2018). Cytokine-mediated inflammation is an
important contributor to the pathogenesis of PAH
(Groth et al. 2014).. According to the previous studies,
various cytokines including IL-1β, IL-2, IL-4, IL-6, and IL-
13 are elevated in the blood of patients with PAH
(Soon et al. 2010; Rafikov et al. 2022). TGF-β family and
cytokines are well known to contribute to endothelial
dysfunction and EndMT (Cho et al. 2018; Yun et al.
2020; Unenkhuu et al. 2021). TGF-β2 increases POSTN
secretion in human pulmonary microvascular ECs
(PMVECs) (Yoshida et al. 2022). IL-1β induces cytoskeletal
reorganization and alteration of EC morphology in
human dermal microvascular ECs (Romero et al. 1997).
Several studies have reported that co-treatment of TGF-
β2 and IL-1β synergistically induces EndMT in various
ECs including PAECs, human umbilical vein ECs, and eso-
phageal microvascular ECs (Maleszewska et al. 2013; Nie
L et al. 2014; Monteiro et al. 2021). Expression of IL-13 and
its target POSTN was increased in the lung tissues of
patients with Schistosoma-PAH and Schistosoma-
exposedmice (Kumar et al. 2015). Reportedly, IL-13 treat-
ment induces EndMT by downregulating miR-424/503
(Takagi et al. 2018). We demonstrated that POSTN
expression is upregulated in PAECs stimulated with IL-
13 alone or co-treatment with TGF-β2 and IL-1β. We
also investigated POSTN expression under various PAH-
related conditions, such as BMPR2 silencing, IL-6, and
1% O2 hypoxia. Since BMPR2 mutations and reduced
expression are closely related to PAH, BMPR2 dysfunction
is considered an initiating factor for PAH (Evans et al.
2016; Hiepen et al. 2019). Furthermore, impairment of
BMPR2 induces endothelial dysfunction and EndMT,
leading to PH (Teichert-Kuliszewska et al. 2006; Ranchoux
et al. 2015; Hopper et al. 2016). In our study, POSTN was
significantly increased in response to BMPR2 knockdown,

unlike a previous study that reported no expression
changes in POSTN by silencing BMPR2 (Nie X et al.
2020). Chronic hypoxia is thought to be a major stimulus
for PH development and vascular remodeling of the pul-
monary arteries, and directly affects ECs, affecting per-
meability, coagulation, inflammation, and other
processes (Stenmark et al. 2006). IL-6 is considered a
key cytokine in PAH and is mainly regulated through
JAK/STAT signaling (Steiner et al. 2009; Soon et al.
2010; Groth et al. 2014). In this study, we demonstrated
that exposure to both 1% O2 and IL-6 increased POSTN
expression. Although previous studies on the role of
POSTN focused on human pulmonary artery smooth
muscle cells (PASMCs) in PH context so far (Li et al.
2004; Li et al. 2007; Wang XD et al. 2016), recent studies
have attempted to identify its role in both PASMCs and
pulmonary ECs, including PAECs and PMVECs (Nie X
et al. 2020; Yoshida et al. 2022). Our group is the first to
discover that consistent upregulation of POSTN occurs
in PAECs stimulated by several pathogenic factors
involved in PAH. Collectively, our findings indicate that
POSTN plays an important role in PAH development.

POSTN is known to interact with the ECM and accessory
proteins such as collagen, TNC, laminin, CCN3, BMP-1, and
FN (Kudo and Kii 2018). Reportedly, POSTN overexpression
promotes secretion and accumulation of FN in the endo-
plasmic reticulum in fibroblasts (Kii et al. 2016; Nikoloudaki
et al. 2020). MMP2 and MMP9 are involved in POSTN-
mediated TGF-β activation that leads to collagen
expression in epithelial cells (Sidhu et al. 2010). Moreover,
POSTN promotes MMP2 expression in human periodontal
ligament cells under hypoxic conditions (Watanabe et al.
2012). Although POSTN is closely related to ECM remodel-
ing, its effect on ECs has not been thoroughly investigated.
Here, we showed, for the first time, that POSTN increased
MMP and FN synthesis in PAECs. ECM deposition was
also confirmed in the lung tissues of the SuHx model.
Although our results indicate that POSTN expression in
PAECs contributes to ECM deposition during PAH patho-
genesis, studies on EC-specific POSTN overexpression or
deletion are required to demonstrate the EC-derived
POSTN in animal models.

PAH is characterized by vascular remodeling, includ-
ing EC proliferation, migration, and EndMT; thus, endo-
thelial dysfunction is considered a trigger for PAH (Xue
et al. 2020; Yun et al. 2020; Kurakula et al. 2021). Propro-
liferative and antiapoptotic ECs have been found in the
distal pulmonary arteries of patients with idiopathic PAH
(Tu et al. 2011). EndMT-induced ECs show increased
migration ability (Ranchoux et al. 2015). Our data
showing that POSTN increases the migration of PAECs
is in line with the results of a previous study (Nie X
et al. 2020). We further demonstrated that POSTN was

10 D. LEE ET AL.



involved in the permeability of PAECs. As POSTN knock-
down reduced ECM deposition and ameliorated
migration ability, EC-derived POSTN caused endothelial
abnormalities and induced tissue remodeling.

Although several studies have reported that POSTN
increases the mRNA and protein levels of ILK in cancer
(Zheng et al. 2016; Ma et al. 2019; Jia YY et al. 2021) and
autosomal dominant polycystic kidney disease (ADPKD)
cells (Raman et al. 2018), the relationship between
POSTN and ILK in ECs has not been explored. Here, we
show that ILK expression was increased by co-treatment
of TGF-β2 and IL-1β, moreover, ILK interacts with POSTN.
Given that ILK silencing ameliorates endothelial function
in PAECs stimulated by PAH-related stimuli, the POSTN-
ILK complex may play an important role in POSTN-
mediated abnormal endothelial function.

ILK acts as a scaffold for ECM proteins, receptors, integ-
rins, and actin cytoskeleton (Wu and Dedhar 2001). The
interaction between ILK and the actin cytoskeleton regu-
lates the physical strength of the connections and signal
transduction, leading to morphological changes (Wu and
Dedhar 2001). Cytoskeletal changes in ECs cause abnormal
endothelial functions such as increased permeability
(Kayyali et al. 2002). Reportedly, POSTN induces stress
fiber formation in ADPKD cells and PAECs (Raman et al.
2018; Nie X et al. 2020). Hiepen et al. reported that
BMPR2-deficient ECs show increased integrin β1-ILK com-
plexes at the cell junction, which associate with increased
F-actin and accumulation of ECM protein, Fibrillin 1 with
FN remodeling (Hiepen et al. 2019). These studies may
provide clues to our data that PAECs seeded on
rhPOSTN-coated glasses show increased F-actin
expression and increased permeability after exposure to
PAH-related stimuli.

ILK activates NF-κB signaling by phosphorylating p65 at
serine 536 (Wani et al. 2011; Ma et al. 2019; Wei et al. 2023).
Recent studies showed that POSTN promotes the
expression of p-p65 and ILK (Ma et al. 2019; Wei et al.
2023). ActivatedNF-κB signalingwas abrogatedby integrin
or ILK inhibitors (Ma et al. 2019;Wei et al. 2023). In addition,
POSTN knockdown reduced p-p65 levels in chondrocytes
(Duanetal. 2021).Here,weshowedthatPOSTNknockdown
decreased NF-κB activation in PAECs stimulated with PAH-
related stimuli. These data indicate that NF-κB signaling
was involved in POSTN-mediated ECM deposition and
abnormal endothelial function. However, further research
to elucidate inhibitory effect of ILK in POSTN-mediated
NF-κB signaling in PAECs are needed.

In summary, we demonstrated that POSTN expression
was significantly increased in the lung tissues of PAH
animal models and in PAH-related stimuli-treated
PAECs. POSTN promotes ECM deposition and endothelial
abnormalities through its association with ILK. Given that
POSTN or ILK inhibition strategies improve endothelial
function and ECM accumulation, we provide the insight
that the POSTN-ILK association is a key regulator of vascu-
lar remodeling, an essential process in PAH, and can be a
potential therapeutic target for PAH (Figure 6).
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