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ARTICLE INFO ABSTRACT

Keywords: Aim: Growing evidence suggests that endothelial-mesenchymal transition (EndMT) play key roles in pulmonary
miR-27a arterial remodeling during pulmonary arterial hypertension (PAH), but the underlying mechanisms have yet to
Smad5 be fully understood. miR-27a has been shown to promote proliferation of pulmonary arterial cells during PAH,
1d2

but its role in EndMT remains unexplored. This study was designed to investigate the role and underlying
mechanism of miR-27a in EndMT during PAH.

Main methods: Rats were exposed in hypoxia (10% O-) for 3 weeks to induce PAH, and human pulmonary artery
endothelial cells (HPAECs) were exposed in hypoxia (1% O,) for 48 h to induce EndMT. Immunohistochemistry,
in situ hybridization, immunofluorescence, real-time PCR and Western blot were conducted to detect the ex-
pressions of RNAs and proteins, and luciferase assay was used to verify the putative binding site of miR-27a.
Key findings: We found that hypoxia up-regulated miR-27a in the tunica intima of rat pulmonary arteries and
HPAEGs, and that inhibition of miR-27a suppressed hypoxia-induced EndMT. Furthermore, elevated expression
of miR-27a suppressed bone morphogenetic protein (BMP) signaling by targeting Smad5, thereby lessening 1d2-
mediated repression of the 2 critical mediators of EndMT (Snail and Twist).

Significance: Our data unveiled a novel role of miR-27a in EndMT during hypoxia-induced PAH. Thus, targeting

Pulmonary arterial hypertension
Endothelial-mesenchymal transition

of miR-27a-related pathway may be therapeutically harnessed to treat PAH.

1. Introduction

Pulmonary arterial hypertension (PAH) is a severe disease char-
acterized by increased pulmonary vascular resistance and pulmonary
artery pressure. It causes right ventricular failure and ultimately death
[1,2]. Pulmonary arterial remodeling has been recognized as an im-
portant contributor to increased pulmonary artery pressure during the
progression of PAH [3].

Recently, growing evidence suggests that endothelial-mesenchymal
transition (EndMT) contributes greatly to pulmonary arterial re-
modeling in PAH [4]. During EndMT, endothelial cells undergo oval-to-
spindle change in morphology; meanwhile, the endothelial markers
(VE-cadherin, CD31) are decreased, while mesenchymal markers (Vi-
mentin, a-SMA) are increased [4]. MicroRNAs (miRNAs) are a class of
endogenous ~22 nucleotides-long small noncoding RNAs, which re-
press mRNA translation and/or promote its degradation by binding to

the 3’-untranslated region (3’ UTR) of mRNA [5]. miR-27a, an inducer
of epithelial-mesenchymal transition in cancers [6,7], has been im-
plicated in the proliferation of pulmonary vascular cells during PAH
[8-10]. Moreover, EndMT is considered as a specific case of epithelial-
mesenchymal transition, suggesting that miR-27a might also participate
in the regulation of EndMT in PAH.

Perturbed bone morphogenetic protein (BMP) signaling gives rise to
various vascular diseases [11]; Mutation of the gene encoding BMPRII
receptor and/or aberrant expression of other key components of BMP
signal transduction (such as ALK1l, Smad8 and BMP9) have been
identified in patients with PAH [12-15]. Recently, reduced BMPRII has
been demonstrated to trigger PAH by mechanistically promoting
EndMT [16]. However, the question of whether the abnormal expres-
sion of other BMP signaling molecules could cause EndMT in PAH re-
mains unanswered. Smad5, a pivotal effector of BMP signaling, has
been found to be down-regulated in rat pulmonary arterial smooth
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muscle cells (PASMCs) in hypoxia-induced PAH [17]; however, evi-
dence suggesting that Smad5 modulates EndMT in PAH is presently
unavailable. Inhibitors of DNA binding proteins (Id) are the targets of
Smad transcription factors [18] and participate in regulating the ex-
pression of Twist and Snail, both of which are critical mediators of
EndMT [19-21]. Therefore, our hypothesis is that Smad5 would reg-
ulate EndMT via modulating Id proteins.

This study is designed to explore the role of miR-27a in hypoxia-
induced EndMT in PAH. Our results demonstrate that miR-27a acts as a
pro-EndMT factor by targeting Smad5 and consequently suppressing
1d2.

2. Materials and methods
2.1. Animal experiments

Sprague-Dawley rats (male, 180-220 g) were purchased from the
Experimental Animal Center of Central South University, China (SCXX
(XIANG) 2009-0004). Animal experiments in this study were performed
in compliance with the Guide of the Medicine Animal Welfare
Committee of Xiangya School of Medicine, Central South University.

SD rat were kept in hypoxia at 10% O, for 3 weeks to induce PAH,
and control rats were kept in normoxia for 3 weeks. Three weeks later,
the right ventricle systolic pressure, the ratio of right ventricle weight to
tibia length and the ratio of RV weight to left ventricle plus inter-
ventricular septum were measured and calculated to verify the PAH
model. The fresh isolated pulmonary arteries and the right lower lobes
of the lungs were used for the subsequent experiments.

2.2. Hematoxylin—eosin staining

The fresh right lower lobes of lungs were excised and fixed with 4%
paraformaldehyde for 24 h, then the fixed tissues were embedded in
paraffin and cut into slices with a thickness of 5um. Next, after de-
waxing in xylene and rehydration in alcohol gradient, the slices were
stained by hematoxylin and eosin to analyze the morphometric change
of pulmonary artery.

2.3. Immunohistochemistry

Immunohistochemistry kit (SP-9000) was purchased from ZSGB-Bio
(Beijing, China), and immunohistochemistry was conducted in ac-
cordance to manufacturer's instructions. After dewaxing and rehydra-
tion, the slices were placed into citrate antigen retrieval solution at
95 °C for 30 min to retrieve antigen. Next, the slices were permeabilized
with Triton X-100 for 1 h and then incubated with 3% H,0, deionized
water to remove endogenous peroxidase for 10 min. After blocking with
goat serum for 1 h, the slices were incubated with primary antibody at
4°C overnight and then biotin-labeled secondary antibody at room
temperature for 1 h. Finally, the slices were incubated with HRP-labeled
streptomycin solution for 45 min at room temperature and developed
with 3,3-diaminobenzidine (DAB) solution. The information of the
primary antibodies was described in Table 1.

2.4. In situ hybridization

In situ hybridization kit was purchased from Boster (Wuhan, China),
and in situ hybridization was conducted according to the manufacturer's
instructions. After dewaxing and rehydration, the slices were incubated
with 3% citric acid solution containing pepsin at room temperature for
15 min to expose the interest RNA. Then, 1% paraformaldehyde was
used to fix the slices. After fixation, the slices were incubated with pre-
hybridization solution for 4 h at 37 °C to decrease background. Next, the
slices were incubated with hybridization solution at 37 °C overnight and
washed with 2 x saline sodium citrate (SSC) solution (10 x SSC: 1.5M
NaCl, 0.15M Na-citrate, pH7.0), 0.5 X SSC and 0.2 x SSC in turn.
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After washing, the slices were blocked with blocking buffer and in-
cubated with biotin-labeled digoxin at 37 °C for 1 h. Finally, the slices
were incubated with streptavidin-biotin complex and avidin-biotin-
peroxidase in turn and developed with 3,3-diaminobenzidine solution.

2.5. Cell culture and treatment

Human pulmonary artery endothelial cells (HPAECs) (3100,
ScienCell) were purchased from ScienCell Research Laboratories (San
Diego, USA). The cells were cultured in Endothelial Cell Medium (ECM)
(1001, ScienCell) with 5% fetal bovine serum (FBS) (0025, ScienCell),
1% Endothelial Cell Growth Supplement (1052, ScienCell) and 1%
Penicillin/Streptomycin Solution (0503, ScienCell) at 37 °C under 5%
CO,. Before treatment, the cells were cultured in ECM with 1% FBS for
24 h to synchronize cells. Then, hypoxia groups were cultured in hy-
poxia (1% O,) for 48 h and control groups were cultured in normoxia.

2.6. Cell transfection

miR-27a inhibitor and mimic were purchased from RiboBio
(Guangzhou, China), Smad5-expressing and Id2-expressing plasmids
were constructed and synthesized by Genechem (Shanghai, China).
Ribo FECT™ CP transfection kit was used to transfect inhibitor, mimic
or plasmids into cells according to the manufacturer's instructions. After
transfection for 24 h, cells were used for the further experiments. The
working concentration of miR-27a inhibitor, miR-27a mimic, Smad5-
expressing plasmids and Id2-expressing plasmids were 200 nM, 50 nM,
150 ng/ml and 100 ng/ml, respectively.

2.7. Immunofluorescence

For lung tissues, after dewaxing and rehydration, the slices were
placed into citrate antigen retrieval solution at 95 °C for 30 min to re-
trieve antigen. Then, the slices were permeabilized with Triton X-100
for 1 h. After blocking with goat serum for 1 h, the slices were incubated
with the first specific primary antibodies at 4 °C overnight and subse-
quently incubated with Cy3-labeled goat anti-rabbit IgG (P0183,
Beyotime, Shanghai, China) at room temperature for 1h. Then, the
slices were washed with PBS and incubated with the anti-CD31 anti-
body at 4 °C overnight and subsequently incubated with FITC-labeled
goat anti-mouse IgG (P0196, Beyotime, Shanghai, China) at room
temperature for 1 h. Finally, the slices were washed with PBS and ob-
served under the fluorescence microscopy. The information of the pri-
mary antibodies was described in Table 1.

For cells, after treatments, the cells were washed and fixed with 4%
paraformaldehyde. After blocking with 5% bovine serum album (BSA),
the cells were incubated with the first specific primary antibodies
(Table 1) at 4°C overnight and subsequently incubated with the sec-
ondary fluorescent antibody (Cy3 or FICT) at room temperature. Fi-
nally, the cells were observed under the fluorescence microscopy.

2.8. Real-time PCR

RNAiso Plus (9108, TaKaRa, Beijing, China) was used to extract
total RNA in from pulmonary artery and HPAECs. PrimeScript™ RT
reagent Kit (RRO37A, TaKaRa, Beijing, China) was used for RNA reverse
transcription. The reverse transcription primers and real-time PCR
primers of miR-27a were purchased from RiboBio (Guangzhou, China),
real-time PCR primers of Smad5 and B-actin mRNA were synthesized by
Sangon Biotech (Shanghai, China). TB Green™ Premix Ex Taq™
(RR420A, TaKaRa, Beijing, China) was used for quantitative analysis of
miRNAs and mRNAs via ABI Prism 7300 system (Applied Biosystems).
The PCR conditions refer to the TB Green™ Premix Ex Taq™ instructions.
B-actin and U6 were used as endogenous controls of mRNA and
miRNAs, respectively. Smad5 forward, TCTTTAGATGGACGCCTGCA
and reverse, TCATTGTGGCTCAGGTTCCT; B-actin forward, TGACGTG
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Table 1
The information of the primary antibodies.
Anti-bodies Brand Cat. no. Source Dilution ratio Application
CD31 Abcam ab119339 Mouse IF: 1:100 IF
CD31 Santacruz sc-376764 Mouse WB: 1:200 WB
Vimentin Abcam ab92547 Rabbit WB: 1:1000, IF/IHC: 1:200 WB, IF, IHC
a-SMA Abcam ab32575 Rabbit WB: 1:1000, IF/IHC: 1:200 WB, IF, IHC
Smad5 Abcam ab40771 Rabbit WB: 1:500, IF/IHC: 1:50 WB, IF, IHC
p-Smad5 Abcam ab92698 Rabbit WB: 1:500, IHC: 1:50 WB, IHC
1d2 Abcam ab166708 Mouse WB: 1:500 WB
1d2 Abcam ab217551 Rabbit IHC: 1:100 IHC
Snail Abcam ab53519 Goat WB: 1:500, IHC: 1:100 WB, IHC
Twist Abcam ab50581 Rabbit WB: 1:1000, THC: 1:400 WB, THC
Twist Proteintech 25465-1-AP Rabbit IP: 4 ug/1 mg total protein P
E2A Proteintech 21242-1-AP Rabbit WB: 1:500 P
B-actin Beyotime AF0003 Mouse WB: 1:1000 WB
GACATCCGCAAAG and reverse, CTGGAAGGTGGACAGCGAGG. 3. Results

2.9. Western blot

RIPA Lysis Buffer (P0013B, Beyotime, Shanghai, China) with 0.1%
PMSF was used to extract total protein. BCA Protein Assay Kit (P0010,
Beyotime, Shanghai, China) was used to measure the protein con-
centration. After denaturation, proteins were separated by 8/10/15%
SDS-PAGE (depended on the molecular weight of the interest protein)
and then transferred to polyvinylidene fluoride membranes. After
blocking with 5% BSA, the membranes were incubated with primary
antibodies at 4 °C overnight and then incubated with the HRP-labeled
secondary antibody at room temperature for 1 h. The chemilumines-
cence signals were developed with the BeyoECL Star (PO018AS,
Beyotime, Shanghai, China) and analyzed by ChemiDoc XRS + system
(Bio-Rad Co. Ltd. USA). B-actin was used as an endogenous control. The
information of the primary antibodies was described in Table 1.

2.10. Co-immunoprecipitation

1 mL whole cell lysate with 1000 ug protein was prepared first.
Then, 4 pg anti-Twist antibody was added into the whole cell lysate for
pulling down the interest complexes. After incubation overnight at 4 °C,
30 L protein A agarose (P2006, Beyotime, Shanghai, China) was added
into the whole cell lysate for collecting the complexes. After incubation
for 4h at 4 °C, the protein A agarose was collected and then mixed with
RIPA buffer containing 1 x SDS for denaturation. Finally, Western blot
was conducted to examine the expression of E2A. The information of
the primary antibodies was described in Table 1.

2.11. Luciferase assay

The 3’ UTR of Smad5 mRNA with putative/mutant miR-27a binding
site was cloned into pmiR-RB-Report™ Vector (Ribobio, Guangzhou,
China). Renilla luciferase (Rluc) acts as a reporter, and firefly luciferase
(Luc) acts as a control. HPAECs grown in 96-well plates were co-
transfected with the Vector (2 pg) and miR-27a mimic (50 nM) by ribo
FECT™ CP transfection kit. After incubation for 48 h, renilla and firefly
luciferase activities was detected with Dual-Luciferase® Reporter Assay
System (E1910, Promega).

2.12. Statistical analysis

SPSS software (Version 19.0) was used for statistical analysis. Data
were expressed as mean * S.E.M. Statistical analysis was performed by
unpaired Student's t-test for two groups; One-way ANOVA followed by
Newman-Student-Keuls test was performed for multiple groups.
Differences were considered statistically significant when P < 0.05.
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3.1. Hypoxia induced PAH and EndMT in vivo and in vitro

This study is designed to explore whether miR-27a mediates hy-
poxia-induced EndMT in PAH via repressing BMPs signal by targeting
Smad5. To induce PAH, rats were exposed to hypoxia (10% O,) for
3 weeks. Right ventricle systolic pressure, ratio of right ventricle weight
to tibia length and ratio of RV weight to left ventricle plus inter-
ventricular septum were all significantly increased (25.2 = 0.48 vs
42.8 + 1.43,0.042 + 0.002 vs 0.075 * 0.002 and 0.188 =+ 0.007 vs
0.434 = 0.015, respectively) in hypoxia-exposed rats (Fig. 1la);
meanwhile, the thickness of pulmonary artery wall in hypoxia group
was increased markedly (Fig. 1b). These results indicate that rats ex-
posed to hypoxia suffered from PAH.

To examine whether endothelial cells undergo EndMT, double-la-
belling immunofluorescence was conducted. As revealed (Fig. 1c), in
pulmonary arteries of hypoxia-induced PAH rats, PAECs expressed a-
SMA (a mesenchymal marker), which was absent in control rats.
Meanwhile, the expression of CD31 (an endothelial marker) was down-
regulated (1.000 = 0.000 vs 0.245 + 0.050), whereas the expression
of both a-SMA and Vimentin (another mesenchymal marker) was up-
regulated (1.000 = 0.000 vs 1.598 * 0.161 and 1.000 + 0.000 vs
2.674 = 0.339, respectively) in pulmonary arteries of hypoxia-exposed
rats (Fig. 1d). Additionally, HPAECs acquired the mesenchymal-like
phenotypes after exposure to hypoxia (Fig. 1e). These results indicated
that hypoxia induced mesenchymal transition of PAECs in vivo and in
vitro.

3.2. miR-27a promoted hypoxia-induced EndMT

miR-27a has been shown to be up-regulated in pulmonary arteries
in PAH [8,9]. In this study, we further verified its up-regulation
(1.157 = 0.115 vs 1.843 + 0.129) in pulmonary arteries in hypoxia-
induced PAH; In situ hybridization revealed that miR-27a was up-
regulated considerably in the tunica intima of pulmonary arteries
(Fig. 2a). Consistently, after in vitro exposure to hypoxia, miR-27a in
HPAECs was also up-regulated (1.212 * 0.109 vs 1.590 * 0.129)
(Fig. 2b).

To explore whether miR-27a mediates hypoxia-induced EndMT,
miR-27a inhibitor was transfected into HPAECs before exposure to
hypoxia. As shown in Fig. 2c-e, miR-27a inhibitor efficaciously sup-
pressed the expression of miR-27a (1.041 + 0.105vs 0.013 + 0.002);
and it reversed hypoxia-induced increase in both Vimentin and a-SMA
(1.729 = 0.024 vs 0.888 * 0219 and 1.541 = 0.149 s
0.934 = 0.087, respectively), hypoxia-induced decrease in CD31
(0.622 = 0.013 vs 0.917 = 0.112), as well as the morphological
change of HPAECs. Additionally, as shown in Fig. 2f-h, miR-27a mimic
up-regulated the expression of miR-27a (1.108 = 0.070 vs
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Fig. 1. Hypoxia induced PAH and EndMT in vivo and in vitro. (a) RVSP, RV/tibia length and RV/(LV + IS) in each group (n = 10). (b) Hematoxylin—eosin staining
in rat pulmonary artery. (c) The expression of both CD31 and a-SMA in rat pulmonary artery detected by double-labelling immunofluorescence; the arrows indicated
that hypoxia induced the expression of a-SMA in the tunica intima of rat pulmonary artery. (d) The expression of CD31, Vimentin and a-SMA in rat pulmonary artery
detected by Western blot (n = 3). (e) The morphologic change of HPAECs after exposure to hypoxia for 48 h. RVSP, right ventricle systolic pressure; RV, right

ventricle; LV, left ventricle; IS, interventricular septum. Data are mean = S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Control.
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Fig. 2. miR-27a promoted hypoxia-induced EndMT. (a) The expression of miR-27a in rat pulmonary artery detected by in situ hybridization and real-time PCR
(n = 3); the arrows indicated the expression of miR-27a in the tunica intima of pulmonary artery. (b) The expression of miR-27a in HPAECs detected by real-time
PCR (n = 3). (¢) The efficiency of miR-27a inhibitor in HPAECs detected by real-time PCR (n = 3). (d) The expression of CD31, Vimentin and a-SMA in hypoxia-
induced HPAECs after miR-27a inhibitor transfection detected by immunofluorescence. (e) The expression of CD31, Vimentin and a-SMA in hypoxia-induced
HPAECs after miR-27a inhibitor transfection detected by Western blot (n = 3). (f) The efficiency of miR-27a mimic in HPAECs detected by real-time PCR (n = 3). (g)
The expression of CD31, Vimentin and a-SMA in HPAECs after miR-27a mimic transfection detected by immunofluorescence. (h) The expression of CD31, Vimentin
and a-SMA in HPAECs after miR-27a mimic transfection detected by Western blot (n = 3). Data are mean = S.E.M. *P < 0.05, **P < 0.01 compared with Control,
#P < 0.05 compared with Hypoxia.
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Fig. 3. Smad5 is a target of miR-27a in hypoxia-induced EndMT. (a) The expression of both Smad5 and p-Smad5 in rat pulmonary artery detected by Western blot
(n = 3). (b) The expression of both Smad5 and p-Smad5 in rat pulmonary artery detected by immunohistochemistry; the arrows indicated the expression of both
Smad5 and p-Smad5 in the tunica intima of pulmonary artery. (c) The expression of both Smad5 and CD31 in rat pulmonary artery detected by double-labelling
immunofluorescence. (d) The expression of both Smad5 and p-Smad5 in hypoxia-induced HPAECs after miR-27a inhibitor transfection detected by Western blot
(n = 3). (e) The expression of Smad5 mRNA in hypoxia-induced HPAECs after miR-27a inhibitor transfection detected by real-time PCR (n = 3). (f) The putative
binding site of miR-27a in 3’ UTR of Smad5 mRNA, and the mutant 3’ UTR of Smad5 mRNA. (g) Luciferase analysis for examining whether miR-27a targets 3’ UTR of
Smad5 mRNA (n = 3). Rluc acts as a reporter and Luc acts as a control, Rluc/Luc ratio indicates the relative luciferase activity of Smad5 mRNA. WT, wild type; Mut,
mutant. NC, negative control. *P < 0.05, **P < 0.01, ***P < 0.001 compared with Control or WT + NC, #P < 0.05 compared with Hypoxia. Data are
mean *+ S.E.M.
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3.347 = 0.335), and induced HPAECs to acquire the phenotype of
mesenchymal-like cells. These results indicated that hypoxia-induced
up-regulation of miR-27a in vivo and in vitro promoted EndMT in hy-
poxia-induced PAH.

3.3. Smad> is a target of miR-27a in hypoxia-induced EndMT

It is well known that BMP signals play critical roles in PAH and
Smads5 is a key effector in BMP signaling [11]. To investigate whether
Smad5 contributes to hypoxia-induced EndMT, the abundance of total
Smad5 and phosphorylated Smad5 (p-Smad5, the activated form of
Smad5) [22] in rat pulmonary arteries were examined. As shown in
Fig. 3a, both Smad5 and p-Smad5 were down-regulated
(1.000 = 0.000 vs 0.773 = 0.013 and 1.000 = 0.000 vs
0.468 = 0.070, respectively) in abundance in pulmonary arteries of
hypoxia-treated rats. Moreover, immunohistochemistry and immuno-
fluorescence revealed that the down-regulation of both Smad5 and p-
Smad5 occurred principally in the intima of pulmonary arteries (Fig. 3b
and c).

Bioinformatic analysis predicted that Smad5 would be a target of
miR-27a. To experimentally validate, miR-27a inhibitor was transfected
into HPAECs. As shown, inhibition of miR-27a reversed hypoxia-in-
duced protein down-regulation of both Smad5 and p-Smad5
(0.605 + 0.071 vs 0.886 = 0.104 and 0.586 *+ 0.058 vs
0.763 = 0023, respectively) (Fig. 3d), but exerted no discernable ef-
fects on Smad5 mRNA (0.791 = 0.022 vs 0.809 = 0.021) (Fig. 3e). To
explore whether miR-27a targets 3 UTR of Smad5 mRNA, we mutated
the putative binding site (Fig. 3f). As shown in Fig. 3g, miR-27a mimic
reduced the luciferase activity in cells transfected with construct con-
taining wild-type Smad5 3’ UTR (1.000 = 0.000 vs 0.638 = 0.065),
whereas luciferase activity was unchanged using 3’ UTR binding sites-
mutated construct. These results indicated that miR-27a repressed the
translation of Smad5 mRNA by binding to its 3’ UTR.

3.4. Overexpression of Smad5 up-regulated Id2 and thereby down-regulated
Snail and Twist

Id2 has been demonstrated to be decreased in PASMCs in hypoxia-
induced and familial PAH [17,23]. In this study, Id2 was verified to be
down-regulated (1.000 + 0.000 vs 0.581 =+ 0.105) in pulmonary ar-
teries in hypoxia-induced PAH rats (Fig. 4a), and im-
munohistochemistry revealed that hypoxia induced down-regulation of
Id2 was most pronounced in the intimal layers (Fig. 4b). To investigate
whether Id2 is a target of Smad5, Smad5-expressing plasmid was
transfected into HPAECs. As shown in Fig. 4c, heterologous expression
of Smad5 reversed hypoxia-induced down-regulation of both Smad5
and p-Smad5 (0.562 + 0.059 vs 1.095 = 0.063 and 0.587 = 0.116vs
0.970 = 0.046, respectively). Meanwhile, hypoxia-induced down-reg-
ulation of Id2 was also reversed (0.590 + 0.065 vs 0.782 =+ 0.042) by
Smad5 overexpression (Fig. 4d).

Snail and Twist are crucial pro-EndMT transcription factors [24]. In
the present study, we found that both Snail and Twist were up-regu-
lated (1.000 = 0.000 vs 1.490 + 0.109 and 1.000 = 0.000 vs
1.711 = 0.216, respectively) in pulmonary arteries in hypoxia
(Fig. 4e), which occurred in the intima of pulmonary arteries as re-
vealed by immunohistochemistry (Fig. 4f). To see whether Id2 mod-
ulates the expression of Snail and Twist, Id2 was heterologously ex-
pressed in HPAECs. As shown in Fig. 4g, hypoxia-induced down-
regulation of Id2 was reversed (0.490 + 0.065 vs 1.122 = 0.065) in
cells transfected with 1d2-expressing plasmid. Meanwhile, hypoxia-in-
duced up-regulation of both Snail and Twist were reversed
(1.743 = 0.217 vs 1.015 * 0.147 and 1.764 * 0.042 s
0.722 *+ 0.095, respectively) upon Id2 overexpression (Fig. 4h). Twist
belongs to helix-loop-helix transcription factors and initiates tran-
scription by assembling with E-proteins and then binding to the E-box
of target genes [25]. Id proteins repress transcriptional activity and
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stability of Twist by competitively binding with E-proteins [20,25]. To
validate, co-immunoprecipitation analysis was conducted. As shown in
Fig. 4i, Twist bound to E2A (a ubiquitous E-protein), and over-
expression of Id2 suppressed hypoxia-induced up-regulation of Twist-
E2A complex. There results suggest that Smad5 mediated EndMT by
modulating Id2.

4. Discussion

PAH is a devastating cardiovascular disease with high mortality and
poor prognosis. Pulmonary arterial remodeling, the underlying patho-
logical basis of increased pulmonary vascular resistance and pulmonary
artery pressure, eventually causes right ventricular failure and death
[1,2]. EndMT, an intriguing and important pathological process, plays a
key role in pulmonary arterial remodeling during PAH. [4]. In this
study, we demonstrated, for the first time, the role of miR-27a in
EndMT during hypoxia-induced PAH. Mechanistically, miR-27a sup-
pressed BMP signaling by targeting Smad5, thereby weakening Id2-
mediated repression of Snail and Twist (Fig. 5).

miRNAs, a class of small noncoding RNAs, are critical regulators of
physiological functions but their dysregulation gives rise to a wide
spectrum of diseases [26]. miRNAs have been emerging as promising
biomarkers and therapeutic targets for PAH [27]. miR-27a, a tumor-
related factor [28], has been demonstrated to be increased and promote
the proliferation of vascular cells in pulmonary arteries during PAH
progression [8-10]. It is well documented that proliferation of vascular
cells and/or EndMT contributes greatly to pulmonary arterial re-
modeling in PAH [3,4]. Therefore, miR-27a could be a therapeutic
target for PAH if it promotes EndMT in PAH. This hypothesis has been
substantiated in the present study. Right ventricular failure is a serious
complication of PAH and accounts for the ultimate death. Interestingly,
up-regulation of miR-27a has been observed in transverse aortic con-
striction-induced cardiac hypertrophy [29], implying that miR-27a
would enhance the progression of right ventricular failure in PAH.

BMP signaling is crucial to blood vessel development, but its
anomalies underlie many vascular diseases, such as PAH [11]. BMPR II
receptor mutation has been identified in PAH patients [12,30]. Dysre-
gulation of BMP signaling has been demonstrated in experimental an-
imals or patients with PAH [13-15], and correction of dysfunctional
BMP signaling reverses PAH efficiently [31,32]. Those lines of evidence
suggest that maintenance of BMP signaling homeostasis may serve as a
therapeutic avenue for PAH. Here, we found that both Smad5 and p-
Smad5 were down-regulated in PAECs during hypoxia-induced EndMT.
Mechanistically, miR-27a, which was up-regulated by hypoxia, sup-
pressed the translation of Smad5 mRNA by binding to its 3" UTR. These
results suggested that miR-27a suppressed BMP signaling by targeting
Smad5, thereby promoting hypoxia-induced EndMT.

Id proteins are a class of basic helix-loop-helix transcription factors.
They lack DNA binding domain, and thus act as dominant-negative
regulators of transcription [25]. Id1-3 have been found to be down-
regulated in PASMCs in monocrotaline-induced and familial PAH
[23,33], and Id2 is down-regulated in PASMCs in hypoxia-induced PAH
[17]. Nonetheless, the role of Id2 in EndMT during hypoxia-induced
PAH has yet to be elucidated. We demonstrated that Id2 was down-
regulated in EndMT during hypoxia-induced PAH and attenuated hy-
poxia-induced EndMT by reducing the expression of Snail and Twist.
Id2 has been shown to down-regulate Snail via repression of trans-
forming growth factor 3 signaling [21] and reduce the transcriptional
activity and stability of Twist by competitively binding with E-proteins
[20,25]. Together with our data, the available evidence suggests that
down-regulation of Id2 could be a key trigger of hypoxia-induced
EndMT.

5. Conclusion

In summary, the present study has demonstrated that in hypoxia-
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Fig. 4. Overexpressing Smad5 up-regulated Id2 and thereby down-regulated Snail and Twist. (a) The expression of Id2 in rat pulmonary artery detected by
Western blot (n = 3). (b) The expression of Id2 in rat pulmonary artery detected by immunohistochemistry; the arrows indicated the expression of Id2 in the tunica
intima of pulmonary artery. (c) The expression of both Smad5 and p-Smad5 in hypoxia-induced HPAECs after Smad5-expressing plasmids transfection detected by
Western blot (n = 3). (d) The expression of Id2 in hypoxia-induced HPAECs after Smad5 overexpression detected by Western blot (n = 3). (e) The expression of both
Snail and Twist in rat pulmonary artery detected by Western blot (n = 3). (f) The expression of both Snail and Twist in rat pulmonary artery detected by im-
munohistochemistry; the arrows indicated the expression of both Snail and Twist in the tunica intima of pulmonary artery. (g) The expression of Id2 in hypoxia-
induced HPAECs after Id2-expressing plasmid transfection detected by Western blot (n = 3). (h) The expression of both Snail and Twist in hypoxia-induced HPAECs
after Id2 overexpression detected by Western blot (n = 3). (i) The co-immunoprecipitation analysis for examining whether Id2 competes with Twist to bind with E2A.
Data are mean + S.E.M. *P < 0.05 compared with Control, #P < 0.05 compared with Hypoxia.

Twist

[RU R

CD31/ VE-cadherin
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"

Fig. 5. Schematic diagram of role of miR-27a in endothelial-mesenchymal transition (EndMT) during hypoxia-induced pulmonary arterial hypertension.

induced PAH, up-regulation of miR-27a suppressed BMP signaling by
targeting Smad5, and up-regulated Snail and Twist, thereby promoting
EndMT. Our data suggest that miR-27a may be a novel therapeutic
target for PAH.
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