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ARTICLE INFO ABSTRACT

Article history:

Pulmonary artery endothelial dysfunction is associated with pulmonary arterial hypertension (PAH).
Based on recent studies showing that microRNA (miR)-27b is aberrantly expressed in PAH, we hy-
pothesized that miR-27b may contribute to pulmonary endothelial dysfunction and vascular remodeling
in PAH. The effect of miR-27b on pulmonary endothelial dysfunction and the underlying mechanism
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Ke}’Wf’rde were investigated in human pulmonary artery endothelial cells (HPAECSs) in vitro and in a monocrotaline
g;‘i];”b (MCT)-induced model of PAH in vivo. miR-27b expression was upregulated in MCT-induced PAH and
¥

. inversely correlated with the levels of peroxisome proliferator-activated receptor (PPAR)-y, and miR-27b

Pulmonary artery hypertension AR . . . .
Endothelial nitric oxide synthase inhibition attenuated MCT-induced endothelial dysfunction and remodeling and prevented PAH asso-
NO ciated right ventricular hypertrophy and systolic pressure in rats. PPARy was confirmed as a direct target
of miR-27b in HPAECs and shown to mediate the effect of miR-27b on the disruption of endothelial nitric
oxide synthase (eNOS) coupling to Hsp90 and the suppression of NO production associated with the PAH
phenotype. We showed that miR-27b plays a role endothelial function and NO release and elucidated a
potential mechanism by which miR-27b regulates Hsp90-eNOS and NO signaling by modulating PPARY

expression, providing potential therapeutic targets for the treatment of PAH.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Pulmonary arterial hypertension (PAH) is a rare but severe dis-
ease characterized by sustained vasoconstriction and progressive
narrowing of small resistance pulmonary arteries and arterioles
caused by medial thickening, fibrosis and the formation of angio-
proliferative lesions [1]. Pulmonary artery endothelial dysfunction
and apoptosis of pulmonary artery endothelial cells play an early
role in the pathogenesis of PAH, whereas the subsequent prolifer-
ation and migration of smooth muscle cells, fibroblasts and endo-
thelial cells drive vascular remodeling, which leads to a progressive
increase in vascular resistance [2]. Research efforts in the last years
have provided insight into the pathogenesis of PAH, and several
potential mechanisms have been identified, including alterations of
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growth factor pathways, cytokines, inflammation, and mitochon-
drial metabolism, and mutations in the bone morphogenetic pro-
tein receptor-2 (BMPR2) gene among others [3]. Emerging evidence
indicates that peroxisome proliferator-activated receptor (PPAR)-v,
a ligand-activated transcription factor involved in the regulation of
cellular differentiation, development, metabolism, inflammation
and tumorigenesis, favorably affects several pathways associated
with the pathogenesis of PAH [4]. PPARs heterodimerize with the
retinoid X receptor and bind to PPAR response elements in the
promoter region of target genes [5]. Endothelial cell PPAR-y acti-
vation downregulates endothelin 1 and the endogenous nitric ox-
ide synthase inhibitor asymmetric dimethylarginine, which are
involved in insulin resistance and PAH [6,7]. PPAR-y promotes
endothelial cell proliferation and migration by inducing endothelial
nitric oxide synthase (eNOS), which produces the vasodilator nitric
oxide (NO) from the amino acid r-arginine in endothelial cells.
Endothelial dysfunction is characterized by impaired endothelial
NO production, and PPAR-y stimulates the release of NO from the
endothelium to protect the vascular wall, suggesting that impaired
activation of PPAR-y targets may be associated with the patho-
genesis of PAH [8—10]. eNOS forms a complex with the chaperone
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HSP90, which stabilizes and preserves the activity of the enzyme,
thus playing a role in the regulation of NO production in endothelial
cells [11].

microRNAs (miRNAs) are small non-coding RNAs that regulate
gene expression by specific binding to the 3’-untranslated region
(3’-UTR) of target mRNAs, modulating expression by translational
repression or mRNA destabilization [12]. Several aberrantly
expressed miRNAs have been associated with PAH [13]. The miR-27
family has been shown to play a role in many cellular processes.
miR-27b functions as an angiogenic switch by promoting endo-
thelial tip cell fate and sprouting [14,15]. The regulation of mRNAs
by the miR-27 family is important in many cancers [16,17]. miR-27b
was previously shown to target PPAR-y in human multipotent
adipose-derived stem cells, and it functions as a tumor suppressor
in neuroblastoma by downregulating PPAR-y [18,19].

In this study, we used human pulmonary artery endothelial cells
(HPAECs) and an MCT model of pulmonary hypertension to
examine the role of miR-27b in pulmonary artery endothelial
dysfunction and explore the underlying mechanisms. We show that
miR-27b plays a role in pulmonary artery endothelial function and
PAH by modulating eNOS activity and NO signaling via its target
PPAR-vy, providing insight into the regulation of pulmonary hy-
pertension by miRNAs and potential therapeutic targets for the
treatment of PAH.

2. Materials and methods
2.1. Animals and experimental design

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University
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Fig. 1. Effect of miR-27b inhibition on MCT-induced endothelial dysfunction and PAH. (A) RT-PCR analysis of miR-27b expression in the lungs of control (n = 8)
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School of medicine. Adult male Sprague—Dawley rats, 300—350 g in
body weight, were treated by subcutaneous injection of saline or
60 mg/kg MCT for 28 days to induce pulmonary hypertension. Rats
were divided into two groups, normal control (ctrl, n = 8) and MCT-
PAH (n = 36); MCT-PAH rats (n = 36) were randomized into 3
groups and received intravenous injection (tail vein) of PBS, anti-
miR-27b, or PPARY 2 weeks after MCT induction.

2.2. Hemodynamic and morphometric analyses

To measure right ventricular systolic pressure (RVSP), a catheter
was inserted into the right jugular vein under isoflurane anesthesia.
For calculation of right ventricle to left ventricle plus septum [RV/
(LV + S)] ratio, the hearts of rats were dissected and the RV wall was
cut out and weighed, then the LV and septum were weighed and
the ratio was calculated as an index of RV hypertrophy.

2.3. Morphometric analysis of pulmonary hypertension

Sections of paraffin-embedded lungs were prepared and stained
with hematoxylin and eosin (H&E). The slides were evaluated by
light microscopy, and the extent of vascular remodeling was
assessed by a researcher blinded to the treatment groups.

2.4. Endothelial cell culture

HPAECs were obtained from the Institute of Biochemistry and
Cell Biology (Chinese Academy of Sciences, Shanghai, China) and
grown in Dulbecco's Modified Eagle's Medium supplemented with
10% fetal bovine serum, 100 IU/mL penicillin, and 100 ug/mL
streptomycin at 37 °C in a humidified atmosphere with 5% CO,.
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mean + SD. *p < 0.05, **p < 0.01 vs. control; #p < 0.05, **p < 0.01 vs. PBS control in MCT-PAH group.
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2.5. Immunoprecipitation and immunoblot analysis

For western blot analysis, lysates of HPAECs or lung tissues
were prepared in ice cold lysis buffer with protease inhibitors
(Pierce Laboratories, Rockford, IL) and subjected to western blot
using the indicated primary antibodies and the appropriate
horseradish peroxidase (HRP) conjugated secondary antibodies
(Abcam, Cambridge, UK). Bands were visualized by enhanced
chemiluminescence and normalized to the B-actin loading con-
trol. For Immunoprecipitation analysis, proteins were incubated
with anti-eNOS or anti-Hsp90 antibody (Abcam) followed by
incubation with protein G plus/protein A agarose beads (Cal-
biochem, La Jolla, CA). After centrifugation, precipitates were
immunoblotted for Hsp90 and eNOS following standard
protocols.

2.6. Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using Trizol reagent (Invitrogen, USA).
The relative expressions of miR-27b were measured TagMan
microRNA assay (Applied Biosystems) according to the manufac-
turer's protocol, and snRNA U6 was used as an endogenous control.
The relative mRNA expressions were detected by SYBR green qPCR
assay (BioRad, Hercules, USA) as previously described [20] and
normalized to B-actin. Primers used are as follows: PPARY, 5'- GGA
TGC AAG GGT TTC TTC CG -3’ (forward), 5- GCA CGT GTT CCG TGA
CAATC -3’ (reverse); B-actin, 5'- GAG CAC AGA GCC TCG CCT TT -3/
(forward), 5'- AGA GGC GTA CAG GGA TAG CA -3’ (reverse).

2.7. Luciferase assays

Firefly luciferase reporter plasmids containing the wild-type 3’-
UTR of PPARy or a mutant derivative bearing mutations in the
miR-27b seed sequence were co-transfected with miR-27b, anti-
miR-27b, or negative control (NC) into HPAECs using Lipofectamine
2000 (Invitrogen, Carlsbad, CA). The ratio of firefly to Renilla
luciferase activity was measured using the Dual Luciferase Reporter
Assay System (Promega) and expressed as relative to the activity of
the NC.

2.8. Measurement of NO level

The levels of NO was determined by measuring -NO and its
oxidation products NO, and NO5 (collectively referred to as NOx) in
the culture medium above confluent PAEC monolayers and lung
tissue homogenate as described previously [21]. NO was detected
with a Sievers chemiluminescence nitric oxide analyzer (Model
280; Sievers, Boulder, USA). Standard curves with NaNO3 were
performed daily.

2.9. Statistical analyses

Each experiment was repeated at least three times. Data are
presented as the mean + SD. The results were analyzed by a two-
tailed Student's t-test. The correlation between miR-27b and
PPARY expression were analyzed using Pearson correlation coeffi-
cient. A value of p < 0.05 was considered to be statistically
significant.
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Fig. 2. PPAR-y is a target of miR-27b in human pulmonary artery endothelial cells (HPAECs). (A) RT-PCR analysis of miR-27b expression in adenovirus infected HPAECs. (B)
Conservation of the miR-27b binding site in the 3’-UTR of PPARy. The miR-27b seed match is indicated by vertical lines. (C) Luciferase activity of reporters containing the wild-type
or mutant 3’-UTR (8-bp deleted) of PPARy 24 h after transfection with miR-27b, anti-miR-27b or negative control (NC). (D and E) PPARy mRNA (D) and protein (E) levels were
assessed by qRT-PCR and western blotting with $-actin as a loading control in HPAECs co-transfected with miR-27b, anti-miR-27b or negative control (NC) and mock or PPARy
expression vector. The results of quantitative analysis of changes in the expression of PPAR-y are shown. Values represent the mean + SD (n = 3). *p < 0.05, **p < 0.01 vs. NG;

##1 < 0.01 vs. miR-27b group; ¥p < 0.01 vs. NC with PPARy treatment group.
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3. Results

3.1. miR-27b inhibition ameliorates MCT-induced endothelial
dysfunction and PAH

To examine the role of miR-27b in endothelial dysfunction
leading to pulmonary hypertension, we used a rat model of MCT-
induced PAH. miR-27b expression was upregulated in the lungs of
MCT-PAH rats compared to untreated controls, and effectively
downregulated by anti-miR-27b, (Fig. 1A). Anti-miR-27b signifi-
cantly attenuated the MCT-PAH induced increases in RVSP and the
RV/(LV + S) ratio, which is an indicator of RV hypertrophy (Fig. 1 B
and C). Fig 1D shows representative H&E stained sections of rat
lungs, indicating pulmonary vascular media hypertrophy induced
by MCT, which is attenuated by treatment with anti-miR-27b.
Measurement of wall thickness showed the significant effect of
miR-27b on attenuating MCT-induced pulmonary artery
remodeling.

3.2. miR-27b targets PPARY in HPAECs

Infection with adenovirus overexpressing miR-27b effectively
upregulated and anti-miR-27b downregulated the expression of
miR-27b in HPAECs (Fig. 2A). To confirm that PPARY is a target of
miR-27b in HPAECs, luciferase reporter constructs were generated
by cloning the wild-type or mutated 3/-UTR region of PPARY con-
taining the miR-27b seed sequence (Fig. 2B) and co-transfecting
them with miR-27b or anti-miR-27b into HPAECs. The results of
luciferase assays showed that miR-27b overexpression significantly
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inhibited and anti-miR-27b significantly increased the reporter
activity of the wild-type but not that of the mutant PPARy 3’-UTR
(Fig. 2C). In addition, ectopic expression of miR-27b significantly
downregulated PPARy at the mRNA and protein levels, whereas
anti-miR-27b restored PPARY levels in cells co-transfected with
mock or a PPARY expression vector (Fig. 2D). Taken together, these
results indicate that miR-27b directly targets and modulates the
expression of PPARY in HPAECs.

3.3. miR-27b modulates PPARy dependent Hsp90-eNOS signaling in
HPAECs

Based on previous studies showing that PPARy improves
endothelial function by upregulating eNOS activity and NO syn-
thesis [22,23], and the role of Hsp90 on stabilizing eNOS, we
examined the effect of miR-27b on PPARy-dependent eNOS/Hsp90
levels and interaction in HPAECs. Ectopic expression or inhibition of
miR-27b did not significantly affect the protein levels of eNOS or
Hsp90 in mock or PPARY overexpressing HPAECs (Fig. 3A and B).
Immunoprecipitation analyses showed that miR-27b disrupted the
eNOS/Hsp90 interaction, whereas anti-miR-27b or PPARY over-
expression restored eNOS/Hsp90 complex formation in HPAECs
(Fig. 3C). miR-27b significantly suppressed NO release compared to
the negative control, whereas anti-miR-27b or PPARYy over-
expression restored NO levels in HPAECs (Fig. 3D). Taken together,
these results indicate that miR-27b disrupts eNOS stability and
activity and inhibits endothelial cell NO production via a PPARy
dependent mechanism.
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Fig. 3. miR-27b and PPARy regulate eNOS/Hsp90 interactions and NO production in HPAECs. (A and B) Representative immunoblots of eNOS (A) and HSP90 (B) in HPAECs
transfected with the indicated RNAs. The results of quantitative analysis of fold change are showed below. B-actin served as the loading control. (C) Immunoprecipitation analysis of
the association between eNOS and Hsp90 in HPAECs in response to miR-27b overexpression or inhibition. Representative immunoblots and the mean eNOS/HSP90 ratio are shown.
(D) NO levels were determined in HPAECs transfected with miR-27b, anti-miR-27b or negative control (NC) with mock or PPARY expression vector. Values represent the mean + SD

(n = 3). *p < 0.05, **p < 0.01 vs. NC; Ep < 0.05 vs. NC with PPARY treatment group.
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3.4. miR-27b modulates PPARy dependent Hsp90-eNOS signaling in
MCT-induced PAH

To further examine the role of miR-27b in pulmonary artery
endothelial function associated with PAH, the effect of miR-27b
inhibition on PPARY expression, eNOS/HSP90 interaction and NO
release was assessed in rat lungs exposed to MCT-induced PAH.
MCT-PAH significantly downregulated PPARYy, whereas miR-27b
inhibition or PPARYy overexpression significantly rescued the
mRNA and protein levels of PPARY in rat lungs (Fig. 4A and B).
Correlation analysis showed that the expression of miR-27b was
inversely correlated with that of PPARYy in MCT-induced PAH rat
lungs (r = —0.376, p < 0.05; Fig. 4C). Immunoprecipitation analysis
further showed that miR-27b inhibition or PPARY overexpression
significantly restored the interaction of eNOS with HSP90, which
was significantly decreased by MCT treatment in rat lungs (Fig. 4D).
Similarly, the levels of NOx were decreased in response to MCT-
induced PAH in rat lungs, and infection with anti-miR-27b or
ectopic expression of PPARYy restored NOx to control levels (Fig. 4E).
Taken together, these results confirm that miR-27b affects NO
production by regulating eNOS/Hsp90 interaction via the modula-
tion of PPARY expression in the lungs of MCT-PAH rats.

4. Discussion

Endothelial dysfunction plays a critical role in the pathogenesis of
pulmonary vascular disease, however, the mechanisms underlying
these changes remain unclear. Here, we examined the miR-27b
mediated regulation of PPARY dependent eNOS activity and NO

signaling and its role in pulmonary artery endothelial function and
PAH. In a rat model of MCT induced PAH, miR-27b was upregulated
significantly, and its inhibition ameliorated the PAH phenotype,
decreasing RSVP and attenuating right ventricular and pulmonary
vascular media hypertrophy. The involvement of miRNAs in the
etiology of PAH was suggested by Brock et al., who showed that the
miR-17/92 cluster plays a role in the development of pulmonary
hypertension by modulating the expression of BMPR2 [24]. Several
miRNAs including miR-27b have been shown to play a role in
vascular disorders. miR-27b overexpression promotes the hyper-
trophic growth of primary cultured cardiomyocytes by targeting
PPARY, and administration of anti-miR-27b attenuates cardiac hy-
pertrophy and dysfunction in a mouse model of transverse aortic
constriction [25]. miR-27b targets PPARY to regulate adipocyte dif-
ferentiation and modulate inflammatory responses [26,27]. In the
present study, we analyzed the mechanism by which miR-27b
contributes to vascular remodeling in PAH via its target PPARy. We
confirmed PPARY as a target of miR-27b in HPAECs and showed that
miR-27b promotes endothelial dysfunction by downregulating
PPARY. PPARY plays a role in several diseases including diabetes,
inflammation, cancer and atherosclerosis, and its involvement in the
progression of pulmonary hypertension has been demonstrated in
several studies [27]. Aberrant expression of PPARY is associated with
pulmonary hypertension and contributes to the abnormal endo-
thelial cell phenotype associated with PAH [28,29]. PPARy mRNA
and protein expression are decreased in patients with pulmonary
hypertension [26,29], and in the mouse lung, rosiglitazone, a PPARY
antagonist, attenuates hypoxia induced pulmonary hypertension,
vascular remodeling and reactive oxygen species generation [30].
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These studies indicate that loss of PPARY signaling plays an impor-
tantrole in the pathogenesis of PAH, underscoring the importance of
our findings showing the miR-27b regulation of PPARY expression
and its role in vascular endothelial cell function.

PPARY exerts a protective effect on pulmonary vascular function
via a number of mechanisms associated with the inhibition of
pulmonary vascular remodeling and the promotion of endothelial
cell function [31]. PPARy was shown to stimulate the release of NO,
a critical modulator of vascular tone and smooth muscle cell pro-
liferation, from endothelial cells without affecting the expression of
eNOS [32,33]. The activity of eNOS is regulated by several factors
including phosphorylation, cofactors such as tetrahydrobiopterin
(BHg), FAD, FMN, r-arginine, and oxygen, and protein—protein in-
teractions [34]. Because Hsp90 binds to eNOS and modulates its
activity, playing a critical role in the regulation of NO release and
consequently the endothelium-dependent responses of blood
vessels [11], we examined the effect of the miR-27b/PPARY axis on
Hsp90/eNOS levels and interaction and NO signaling in HPAECs and
in our MCT-PAH model. Our results showed that miR-27b did not
affect eNOS levels, but disrupted eNOS/Hsp90 interaction and NO
production in correlation with the downregulation of PPARY in
both cultured cells and a rat model of PAH. These results indicate
that the effect of miR-27b and PPARYy on NO production does not
involve the regulation of eNOS expression, but rather the modu-
lation of its activity via coupling to Hsp90. Our results support
previous findings showing the involvement of PPARYy in pulmonary
vascular disease through the regulation of NO production, and
elucidate a potential mechanism underlying the role of miR-27b in
vascular disorders.

In conclusion, our findings show that miR-27b upregulation
plays a role in the pathogenesis of PAH via the modulation of the
expression of its target PPARy. We elucidated a novel mechanism
by which miR-27b regulates the stability of eNOS and NO produc-
tion through the modulation of PPARY levels and thus by indirectly
affecting the eNOS/Hsp90 interaction. Future studies should further
examine miR-27b expression and its correlation with PPARY levels
in PAH, as well as the effect of miR-27b inhibition on other PPARY
mediated pathways such as the oxidative stress response, which
may clarify the potential of miR-27b as a therapeutic target for the
treatment of vascular disorders.
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