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Inhibition of MicroRNA-17 Improves Lung and Heart
Function in Experimental Pulmonary Hypertension

Soni S. Pullamsetti1*, Carmen Doebele2*, Ariane Fischer2, Rajkumar Savai1, Baktybek Kojonazarov3,
Bhola K. Dahal3, Hossein A. Ghofrani3, Norbert Weissmann3, Friedrich Grimminger3,
Angelika Bonauer2, Werner Seeger3, Andreas M. Zeiher4*, Stefanie Dimmeler2*,
and Ralph T. Schermuly1,3*

1Max-Planck-Institute for Heart and Lung Research, Department of Lung Development and Remodeling, Bad Nauheim, Germany; 2Institute of
Cardiovascular Regeneration, and 4Department of Medicine III, Division of Cardiology, Goethe University, Frankfurt, Germany; and 3University of

Giessen Lung Center, Justus-Liebig University, Giessen, Germany

Rationale: MicroRNAs (miRs) control various cellular processes in tis-
sue homeostasis and disease by regulating gene expression on the
posttranscriptional level. Recently, it was demonstrated that the ex-
pression of miR-21 and members of the miR-17–92 cluster was sig-
nificantly altered in experimental pulmonary hypertension (PH).
Objectives: To evaluate the therapeutic efficacy and antiremodeling
potential of miR inhibitors in the pathogenesis of PH.
Methods: We first tested the effects of miR inhibitors (antagomirs),
which were specifically designed to block miR-17 (A-17), miR-21
(A-21), and miR-92a (A-92a) in chronic hypoxia-induced PH in mice
and A-17 in monocrotaline-induced PH in rats. Moreover, biological
function of miR-17 was analyzed in cultured pulmonary artery smooth
muscle cells.
Measurements and Main Results: In the PHmouse model, A-17 and A-
21 reduced right ventricular systolic pressure, and all antagomirs
decreased pulmonary arterial muscularization. However, only A-17
reduced hypoxia-induced right ventricular hypertrophy and im-
proved pulmonary artery acceleration time. In the monocrotaline-
induced PH rat model, A-17 treatment significantly decreased right
ventricular systolic pressure and total pulmonary vascular resistance
index, increased pulmonary artery acceleration time, normalized
cardiac output, and decreased pulmonary vascular remodeling.
Among the tested miR-17 targets, the cyclin-dependent kinase in-
hibitor 1A (p21) was up-regulated in lungs undergoing A-17 treat-
ment. Likewise, in human pulmonary artery smooth muscle cells,
A-17 increased p21. Overexpression of miR-17 significantly reduced
p21 expression and increased proliferation of smooth muscle cells.
Conclusions: Ourdata demonstrate that A-17 improvesheart and lung
functioninexperimentalPHbyinterferingwith lungvascularandright
ventricular remodeling. The beneficial effects may be related to the
up-regulationofp21.Thus, inhibitionofmiR-17mayrepresentanovel
therapeutic concept to ameliorate disease state in PH.

Keywords: pulmonary hypertension; microRNA; antagomir; vascular

remodeling; smooth muscle cell

Pulmonary hypertension (PH) is a severe and progressive disease,
characterizedbyhighpulmonary arterypressure, usually culminating
in right heart failure. Although the pathogenesis of PH is multifac-
torial and not entirely understood, the histopathologic characteristics
include intimal lesions, medial hypertrophy, and adventitial thicken-
ing of precapillary pulmonary arteries (1). Predominantly targeting
the increased vascular tone, prostacyclin and its analogs, endothelin-
receptor antagonists, and phosphodiesterase type 5 inhibitors
have been approved for treatment of PH and represent the cur-
rent therapeutic options (2). Nevertheless, vasodilator treatment
for PH is limited because it only provides symptomatic relief.
Because the process of pulmonary vascular remodeling is accom-
panied by endothelial dysfunction, proliferation, and apoptosis-
resistance of smooth muscle cells (SMCs), the targeting of vascular
cell functions may provide a useful therapeutic option.

MicroRNAs (miRs) are small noncoding RNAs that negatively
regulate gene expression by binding to the 39UTR of their various
target mRNAs and thereby promoting mRNA degradation or in-
hibiting translation. Many miRs are expressed in a tissue-specific
manner and play pivotal roles in the control of proliferation, dif-
ferentiation, and apoptosis of different cell types. Indeed, recent
studies indicate that miRs are essential for vascular cell functions
(3). Several miRs were shown to control endothelial cell (EC) func-
tion and angiogenesis (4, 5). Specifically, members of the miR-17–
92 cluster, particularly miR-17 and miR-92a, were shown to impair
EC angiogenic functions. miR-17 targets the cell cycle inhibitor p21
and the Janus kinase JAK1 in ECs (6), whereas miR-92a represses
integrin a5 and indirectly down-regulates eNOS expression (7).

(Received in original form June 22, 2011; accepted in final form November 22, 2011)

* These authors contributed equally to this manuscript.

Supported by the Excellence Cluster Cardio-Pulmonary System.

Author Contributions: Conception and design, S.S.P., C.D., R.S., S.D., and R.T.S.;

analysis and interpretation, S.S.P., C.D., A.F., R.S., B.K., B.K.D., H.A.G., N.W.,

A.B., and F.G.; drafting the manuscript for important intellectual content, S.S.P.,

C.D., A.M.Z., W.S., S.D., and R.T.S.

Correspondence and requests for reprints should be addressed to Ralph Theo

Schermuly, Ph.D., Max-Planck-Institute for Heart and Lung Research, Parkstrasse-1,

61231-Bad Nauheim, Germany. E-mail: ralph.schermuly@mpi-bn.mpg.de

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 185, Iss. 4, pp 409–419, Feb 15, 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201106-1093OC on December 8, 2011

Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Currently available therapeutic strategies for pulmonary
hypertension are often not successful in preventing signif-
icant disease progression or death. Recent data document
that microRNAs are dysregulated in pulmonary hyper-
tension, although the causal involvement is unclear.

What This Study Adds to the Field

This study describes the successful therapeutic use of
microRNA-17 inhibitors in two well-accepted animal models
of pulmonary hypertension.MicroRNA-17 inhibitor improves
heart and lung function by interfering with lung vascular and
right ventricular remodeling. As microRNA inhibitors are
currently tested for different indications in clinical trials, the
identification of microRNAs as novel therapeutic targets
may offer new approaches for the treatment of pulmonary
hypertension.

mailto:ralph.schermuly@mpi-bn.mpg.de
www.atsjournals.org


MiRs are also essential for SMC function. Deletion of Dicer in
vascular SMCs in vivo is embryonically lethal and associated with
decreased SMC proliferation and differentiation leading to an im-
paired vessel wall thickness, reduced contractility, and hemorrhages
(8). Analysis of miR expression during neointima formation in
a rat carotid artery balloon injury model revealed a profound up-
regulation of miR-21 expression, and inhibition of miR-21 de-
creased proliferation and increased apoptosis of vascular SMCs in
rat carotid arteries in vivo and cultured vascular SMCs in vitro (9).

The regulation and function of miRs in PH is not well known.
Profiles of the kinetics of miR expression in response to hypoxia-
and monocrotaline-induced PH in rats indicate that several miRs
are time-dependently dysregulated (10). These miRs include
members of the miR-17–92a cluster and miR-21, but also other
miRs that were shown to regulate EC functions, such as members
of the let-7 family. Importantly, among these miR-17–92a cluster
has been shown to be involved in BMPR2 down-regulation in
HEK cells (11), suggesting the implication of miR-17–92a cluster
in the pathogenesis of PH. The miR-17–92a cluster not only
regulates BMPR2, but also several proteins involved in cell cycle
progression, such as E2F1 and p21 (12, 13). Therefore, miR-17–
92a and miR-21 may represent attractive therapeutic targets to
interfere with complex processes, such as pulmonary vascular
remodeling and right heart hypertrophy, and may thus open up
novel treatment avenues for pulmonary vascular diseases.

To delineate the function of miRs in the pathogenesis of PH
and to explore the therapeutic potential we used inhibitors,
so-called “antagomirs” (14), which are cholesterol-linked anti-
sense RNAs that are chemically modified for improved stability,
to specifically block miR-17 (A-17), miR-21 (A-21), and miR-
92a (A-92a) in experimental PH.

METHODS

Antagomir Experiments

Single-stranded RNAs were synthesized by VBCBiotech (Vienna, Austria)
as previously described (14), with the following sequences: A-17 (59-

CUACCUGCACUGUAAGCACUUUG-39); A-21 (59-UCAACAUCA
GUCUGAUAAGCUA-39); A-92a (59-CAGGCCGGGACAAGUGCA
AUA-39); or control antagomir (A-Co) (59-AAGGCAAGCUGACCCUG
AAGUU-39).

Antagomirs were solved in prewarmed phosphate-buffered saline
(PBS) and injected intravenously. Tissue was snap-frozen and stored
at 2808C for RNA analysis. For in vitro studies, antagomirs were
added to the medium without any medium change for at least 24 hours.

Animals and Experimental Design

Local ethic committees approved all animal experiments. Mice were ex-
posed to chronic hypoxia (10% O2) in a ventilated chamber. Antago-
mirs directed against miR-17, miR-21, miR-92a, control antagomirs, or
the solvent PBS (10 animals each) were injected intravenously (tail
vein) at Days 14, 17, 20, 23, and 26 (Figure 1A). Rats were injected
with 60 mg/kg monocrotaline (MCT) subcutaneously. Antagomirs or
controls were injected intravenously (tail vein) at Days 22 and 29 after
MCT treatment.

Hemodynamic Measurements

Rats and mice were anesthetized, tracheotomized, and artificially ven-
tilated. The left carotid artery was isolated and cannulated with a poly-
ethylene cannula connected to a fluid-filled force transducer and the
systemic arterial pressure (SAP) was measured. A catheter was inserted
through the right jugular vein into the right ventricle for measurement of
right ventricular systolic pressure (RVSP).

High-resolution Echocardiography

Transthoracic echocardiography was performed with a Vevo770
high-resolution imaging system to measure right ventricular wall
thickness (RVWT), right ventricular internal diameter (RVID), tri-
cuspid annular plane systolic excursion, and pulmonary artery accel-
eration time.

Histology, Immunohistochemistry, and Pulmonary

Vascular Morphometry

Paraffin-embedded lung sections were double stained with a-smooth mus-
cle actin and von Willebrand factor antibodies followed by morphometric

Figure 1. Effect of antagomir-17 on chronic hypoxia-induced pulmonary hypertension (PH) in mice. (A) Scheme of experimental setting. (B, C)

Expression of microRNA (miR)-17 and miR-20a normalized to RNU6 in the lungs of animals treated with antagomir (analyzed to assess efficacy of
antagomir dosage), n ¼ 4–5; (D) right ventricular systolic pressure (RVSP); (E) systemic arterial pressure (SAP); (F) pulmonary artery acceleration

time; (G) right ventricle to left ventricle plus septum weight ratio (RV/LV1S); and (H) cardiac output as measured by high-resolution echocardi-

ography from normoxia (NOX) and hypoxic mice treated with phosphate-buffered saline (PBS), antagomir control (A-Co), or miR-17 antagomir

(A-17). n ¼ 10. Each bar represents mean 6 SEM. x P , 0.05, xx P , 0.01, xxx P , 0.001 versus NOX; * P , 0.05, ** P , 0.01, *** P , 0.001 versus
hypoxia/PBS; y P , 0.05, yy P , 0.01, yyy P , 0.001 versus hypoxia/A-Co.
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analysis of the vessels (QWin; Leica, Wetzlar, Germany). In each rat and
mouse, 80–100 intraacinar arteries (20–70 mm diameter) were categorized
as muscular, partially muscular, or nonmuscular. Arteries of the same size
were additionally analyzed for the medial wall thickness.

In Vivo Proliferation and Collagen Deposition Assessment

For detecting proliferation and expression of themiR-17 target p21, par-
affin sections were immunohistochemically stained with proliferating
cell nuclear antigen (PCNA; Santa Cruz Biotechnology, Santa Cruz,
CA), Ki67 (Abbiotec, San Diego, CA), and p21 (Millipore, Billerica,
MA) antibodies, respectively. Quantification of PCNA-positive vascu-
lar cells was performed by microscopy image analysis using an auto-
mated morphometric system (Qwin; Leica) from 300–400 pulmonary
arteries.

Collagen deposition was estimated in lung and right ventricle sections
after collagen I immunostaining (Meridian, Life Science, Cincinnati, OH)
and Sirius red staining. Quantification was performed by light microscopy
image analysis using an automated morphometric system (Qwin; Leica).
The automated analysis was set to differentiate positively stained areas
from negatively stained areas of the image. In addition, sections were an-
alyzed under polarization microscopy. Collagen deposition data are pre-
sented as percent positive staining from total analyzed area.

Gelatin Zymography

Rat lung and right ventricular tissue were homogenized with a ceramic
sphere in 2 ml/g lysis buffer using the FastPrep-24 automated homog-
enizer (MP Biomedicals, Santa Ana, CA), followed by centrifugation.
Equal amounts of protein were loaded onto a 10% sodium dodecyl sul-
fate gel containing 1 mg/ml gelatin. After electrophoresis, gels were in-
cubated five times for 15 minutes in renaturation buffer, followed by
overnight incubation in activation buffer at 378C. The next day, gels
were stained to visualize matrix metalloproteinase (MMP) enzyme
activity. For details see the online supplement.

miR In Situ Hybridization

Rat lung tissue sections were deparaffinized in xylene, rehydrated, fixed in
4% paraformaldehyde (PFA), acetylated, and proteinase-K digested. Af-
ter prehybridization for 30 minutes at 528C, sections were incubated with
miR-17/scr or U6 59-DIG and 39-DIG labeled miRCURY LNA detec-
tion probes (Exiqon, Vedbaek, Denmark) for 60 minutes at 528C. After
washing, sections were treated with 3% H2O2, followed by incubation
with blocking solution. Peroxidase-conjugated anti-DIG antibody was
applied to the sections overnight at 48C. Slides were treated with the
Tyramide Signal Amplification (TSA) plus Signal Amplification Cyanine
3 solution (PerkinElmer, Waltham, MA) for 10 minutes according to the
manufacturer’s protocol. Finally, sections were mounted with 49,6-
diamidino-2-phenylindole (DAPI)-containing mounting medium. Pic-
tures were taken with a laser scanning microscope (LSM510 META with
Software Release 4.0 SP2; Carl Zeiss, Jena, Germany). For details, see
the online supplement.

Cell Culture

Pooled human umbilical vein ECs (Lonza, Basel, Switzerland) and hu-
man pulmonary artery SMCs (Invitrogen, Carlsbad, CA) were trans-
fected using Lipofectamine RNAiMax (Invitrogen) according to the
manufacturer’s protocol. For overexpression of miR, 10 nM of the
hsa-miR-17 pre-miR precursor molecule or control pre-miR (Ambion,
Austin, TX) was used.

Reverse Transcription and Real-time Polymerase

Chain Reaction

Total RNA was isolated using TRI reagent (Sigma, St. Louis, MO) and
was reverse transcribed using Moloney Murine Leukemia Virus
(M-MLV) reverse transcriptase. Primer sequences used for Sybr Green
real-time polymerase chain reaction (PCR) are listed in the supplemen-
tary METHODS section. MiRs were detected with TaqMan MicroRNA

Figure 2. Effect of antagomir-17 (A-17) on

muscularization and vascular proliferation
of small pulmonary arteries of chronic hypoxic

mice. Lung sections from normoxia (NOX)

and hypoxic mice treated with phosphate-

buffered saline (PBS), antagomir control (A-
Co), or miR-17 antagomir (A-17) were immu-

nostained with von Willebrand factor (vWF;

ECs) and a-smooth muscle actin (a-SMA;
SMCs), followed by morphometric analysis

of pulmonary vessels. (A) Proportion of non-

muscularized, partially muscularized, or fully

muscularized pulmonary arteries (sized 20–
70 mm), n ¼ 5. Each bar represents mean 6
SEM. (B) Representative images of vWF and

a-SMA. Scale bar: 20 mm. Lung sections were

immunostained with Ki67 and proliferating
cell nuclear antigen (PCNA), followed by

quantification of PCNA-positive vascular cells

from pulmonary arteries (sized 20–70 mm).

(B) Representative images of Ki67 and PCNA.
Scale bar: 20 mm. (C) Index of proliferation

is given, n ¼ 5. Each bar represents mean 6
SEM. xxx P , 0.001 versus NOX; * P , 0.05,
*** P, 0.001 versus hypoxia/PBS; yy P, 0.01,
yyy P , 0.001 versus hypoxia/A-Co.
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Assays (Ambion) using 7.5 ng RNA. RNU48 was used for normaliza-
tion of in vitro studies, RNU6 for rat samples, and RNU6 or sno202 for
mouse samples. Quantitative real-time PCRs were done on a StepOne
Plus device (Applied Biosystems, Carlsbad, CA).

Western Blot Analysis

Human umbilical vein ECs or human pulmonary artery SMCs or rat
lung sections were lysed in RIPA lysis buffer (Sigma) containing pro-
tease or phosphatase inhibitors (Roche, Basel, Switzerland). Proteins
were separated on sodium dodecyl sulfate–polyacrylamide gels, blotted
onto polyvinylidene fluoride (PVDF) membranes, and blocked in 5%
nonfat dry milk or 5% bovine serum albumin in Tris-buffered saline
(TBS) with 0.1% Tween-20 (Sigma). Western blots were probed with

antibodies directed against BMPR2 (1:250/1:500; BD Transduction Lab-
oratories, Franklin Lakes, NJ); p21 (1:1000; BD Pharmingen, Franklin
Lakes, NJ); TGFBR2 (1:500; Santa Cruz Biotechnology); and Tubulin
(1:1500; NeoMarkers, Kalamazoo, MI). Secondary antibodies were pur-
chased from Jackson ImmunoResearch (Newmarket, UK).

Data Analysis

All data are expressed as mean 6 SEM. Two treatment groups were
compared by Student t test. More than two experimental groups
were analyzed by one-way analysis of variance and Newman-Keuls
post hoc test for multiple comparisons. A value of P less than 0.05
was considered statistically significant. For further details see the online
supplement.

Figure 3. Effect of antagomir-17 (A-17) on

collagen deposition of pulmonary arteries

and right ventricle of chronic hypoxic mice.

Lung and right ventricle sections of nor-
moxia (NOX) and hypoxic mice treated with

phosphate-buffered saline (PBS), antagomir

control (A-Co), or miR-17 antagomir (A-17)

were immunostained with collagen 1 anti-
body and Sirius red staining, followed by

quantification of collagen deposition. Scale

bar: 20 mm. (A) Representative images of
collagen and Sirius red staining (light and

polarization light). Quantitative image anal-

ysis of collagen deposition in (B) pulmonary

arteries (sized 20–70 mm) and (C) right ven-
tricle is given, n ¼ 4–5. Each bar represents

mean 6 SEM. x P , 0.05, xx P , 0.01 versus

NOX.
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RESULTS

Effect of miR Inhibition on Mice Exposed

to Chronic Hypoxia

First we studied the dynamic expression of miR-17, -21, and
-92a in lungs of normoxic and hypoxic mice. miR-17 and
miR-92a were transiently increased with maximal levels after
7 days of hypoxia, whereas miR-21 showed a profound contin-
uous higher expression until Day 21 (see Figures E1A–E1C in
the online supplement).

Preliminary data demonstrated that each of the antagomirs
(A-17, A-21, and A-92a) targeting the up-regulated miRs at
a concentration of 8 mg/kg significantly suppresses the targeted
miR in lungs of normoxic mice without affecting the expression
of the other miRs and that the effect lasted at least up to
3 days (see Figures E2A–E2C). Antagomir injection was started
14 days after exposure of the mice to hypoxia and antagomirs
were injected every third day until the end of the experiment
(Figure 1A). Analysis of the expression of miR-17, -21, and -92a
by TaqMan real-time PCR revealed an efficient knockdown in

Figure 4. Effect of antagomir-17 (A-17) on monocrotaline (MCT)-induced pulmonary hypertension (PH) in rats. Expression of (A) microRNA (miR)-

17 in the microdissected pulmonary arteries from healthy control (HC) and MCT-induced PH rat lungs. miR expression was normalized to RNU6
level. Values are expressed as percentage of healthy controls. n ¼ 4, * P, 0.05 versus healthy. (B) Scheme of experimental setting. Expression of (C)

miR-17 and (D) miR-20a in the lungs of the MCT- and antagomir-treated rats (analyzed to assess efficacy of antagomir dosage), n ¼ 5–10, (E) right

ventricular systolic pressure (RVSP), (F) systemic arterial pressure (SAP), and (G) right ventricle to left ventricle plus septum weight ratio (RV/LV1S)

from HC, MCT rats treated with phosphate-buffered saline (PBS), antagomir control (A-Co), and miR-17 antagomir (A-17) are shown. n ¼ 7–9. Each
bar represents mean 6 SEM. xx P , 0.01, xxx P , 0.001 versus HC; * P , 0.05, ** P , 0.01, *** P , 0.001 versus MCT/PBS; yy P , 0.01, yyy P ,
0.001 versus MCT/A-Co.

Figure 5. Echocardiography of

antagomir-17–treated mono-

crotaline (MCT)-induced pul-
monary hypertension (PH) in

rats. Parameters as measured

by high-resolution echocardi-
ography from healthy control

(HC), MCT rats treated with

phosphate-buffered saline (PBS),

antagomir control (A-Co), and
miR-17 antagomir (A-17). (A)

pulmonary artery acceleration

time (PAAcT), (B) and cardiac

output (CO), (C) cardiac index
(CI; 3100 g BW), (D) right ven-

tricular wall thickness (RVWT),

(E) right ventricular inner diame-
ter (RVID), and (F) tricuspid an-

nular plane systolic excursion

(TAPSE). n ¼ 7 for A-Co and

A-17, n ¼ 9 for HC and PBS
controls. x P , 0.05, xx P ,
0.01, xxx P , 0.001 versus HC;

** P, 0.01, *** P, 0.001 versus

MCT/PBS; y P , 0.05, yy P ,
0.01, yyy P , 0.001 versus

MCT/A-Co.
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the groups treated with the respective antagomir (Figure 1B)
(see Figures E3A and E3B). In addition, consistent with a close
homology of miR-17 and miR-20, A-17 reduced miR-20a ex-
pression in hypoxic mouse lungs (Figure 1C). A-17 and A-21
significantly lowered the hypoxia-induced increase in RVSP
compared with the PBS placebo group (Figure 1D) (see Figure
E3C) without significantly changing SAP (Figure 1E) (see Fig-
ure E3D), whereas A-92a increased SAP (see Figure E3D).
A-17 was the only antagomir tested that significantly improved
pulmonary artery acceleration time (Figure 1F) (see Figure
E3E). Consistently, hypertrophy of the right heart, which occurs
as a consequence of impaired hemodynamics in PH, was sig-
nificantly decreased in hypoxic mice treated with A-17, but not
A-21 and A-92a, compared with the PBS placebo and A-Co
groups leading to a normalization of cardiac output (Figures
1G and 1H) (see Figures E3F and E3G).

A-17 Improves Vessel Muscularization in

Hypoxia-induced PH

Because A-17 decreased RVSP and right heart hypertrophy, we
assessed whether it controls pulmonary vascular remodeling. Im-

portantly, A-17 significantly increased the number of nonmuscular-

ized and decreased the number of fully muscularized pulmonary
arteries (Figures 2A and 2B).

To gain more insight into the mechanism underlying the de-

crease in pulmonary artery remodeling observed after A-17 treat-
ment, we assessed the vascular proliferation in vivo by determining

the levels of the proliferation markers Ki67 and PCNA. Immuno-

histochemical staining showed an increased number of PCNA-

and Ki67-positive cells in pulmonary arteries of mice who were
hypoxic compared with mice who were normoxic (Figure 2B).

Importantly, the number of Ki67- and PCNA-positive cells was

Figure 6. Effect of antagomir-

17 on muscularization and
medial wall thickness of pulmo-

nary arteries in monocrotaline

(MCT)-induced pulmonary hy-

pertension (PH) rats. Lung sec-
tions from healthy controls

(HC), MCT rats treated with

phosphate-buffered saline
(PBS), antagomir control (A-Co),

and miR-17 antagomir (A-17)

were immunostained with von

Willebrand factor (vWF; ECs)
and a-smooth muscle actin

(a-SMA; SMCs), followed by

morphometric analysis of pul-

monary vessels. (A) Proportion
of fully muscularized (M), par-

tially muscularized (P), or non-

muscularized (N) pulmonary

arteries, as percentage of total
pulmonary artery cross-section

(sized 25–50 mm). A total

of 80–100 intraacinar vessels
were analyzed in each lung. (B)

Medial wall thickness of pulmo-

nary arteries sized 25–50 mm,

51–100 mm, and greater than
100 mm. n ¼ 8–10. Each bar

represents mean 6 SEM. Lung

sections were immunostained

with Ki67 and PCNA, followed
by quantification of PCNA-

positive vascular cells from

pulmonary arteries (sized 20–
70 mm). (C) Index of prolifera-

tion is given. n ¼ 5. Each bar

represents mean 6 SEM. (D)

Representative images of
immunostained pulmonary

arteries with vWF and a2SMA,

Ki67, and PCNA. Scale bar:

20 mm. xxx P , 0.001 versus
HC; * P, 0.05 versus MCT/PBS;
y P , 0.05, yy P , 0.01 versus

MCT/A-Co.
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reduced in hypoxic mice treated with A-17 (Figure 2B). Quantita-
tive assessment confirmed a significant decrease of PCNA-positive
vascular cells in hypoxic mice treated with A-17 compared with the
PBS placebo and A-Co groups (Figure 2C).

Furthermore, we investigated the effect of A-17 on fibrosis by
detecting vascular and right ventricle collagen deposition by col-
lagen 1 and Sirius red staining. Collagen 1 and Sirius red staining
showed striking collagen deposition in pulmonary arteries and
right ventricle of mice who were hypoxic compared with mice
who were normoxic (Figure 3A). Additionally, quantitative
analysis indicated a slight albeit not significant decrease in col-
lagen deposition in hypoxic mice treated with A-17 compared
with the A-Co groups (Figures 3B and 3C).

A-17 Improves Hemodynamic Parameters and Prevents Right

Ventricular Hypertrophy in MCT-induced PH

Having demonstrated that miR-17 is up-regulated and contrib-
utes to the impaired lung function in mice that are hypoxic, we
next determined the regulation and function of miR-17 in
MCT-induced PH in rats. As shown in Figure 4, miR-17 ex-
pression was significantly increased in microdissected pulmo-
nary arteries of rats treated with MCT (Figure 4A). Hence, we
also assessed the therapeutic benefit of A-17 in the rat model
of MCT-induced PH. A-17 injection was started 22 days after
MCT injection and was given every week until the end of the
experiment (Figure 4B). A-17 efficiently suppressed miR-17
and miR-20a expression in the rat microdissected pulmonary
arteries (Figures 4C and 4D). Consistent with the results of the
mouse model, A-17 treatment significantly reduced the MCT-
induced elevation of RVSP compared with PBS placebo and
A-Co groups (Figure 4E) without affecting SAP (Figure 4F).

Furthermore, the estimation of right ventricular hypertrophy,
although statistically not significant, showed a tendency to de-
crease in rats injected with A-17 (Figure 4G). However, pul-
monary artery acceleration time was significantly enhanced in
the rats that received A-17 compared with PBS and animals
treated with A-Co (Figure 5A). Likewise, cardiac output and
cardiac index were normalized in the rats that received A-17
compared with animals treated with PBS and A-Co (Figures
5B and 5C). Importantly, RVWT and the RVID were signif-
icantly lower in these animals (Figures 5D and 5E) as deter-
mined by echocardiography. Moreover, tricuspid annular
plane systolic excursion as a measure of right ventricular func-
tionality was significantly increased and normalized to the
level of the healthy control animals in the rats treated with
A-17 (Figure 5F). Of note, whereas in the mouse model the
A-Co group always was comparable with the placebo group,
we noted a minor but significant influence of A-Co treatment
on RVID (Figure 5E) in rats.

A-17 Improves Vessel Muscularization in MCT-induced PH

To investigate the effect of A-17 on pulmonary vascular remod-
eling, the degree of muscularization and the medial wall thick-
ness of peripheral pulmonary arteries were analyzed in rats.
Morphometric analysis revealed a significant increase in the
percentage of fully muscularized vessels in the MCT-treated
PBS or control antagomir groups compared with healthy con-
trol animals. A-17 treatment significantly reduced the number
of fully muscularized vessels compared with PBS placebo con-
trol animals and significantly increased partially muscularized
vessels compared with PBS placebo and A-Co–treated animals
(Figures 6A and 6D).

Figure 7. Effect of antagomir-

17 on collagen deposition of
pulmonary arteries of mono-

crotaline (MCT)-induced pul-

monary hypertension (PH)

rats. Lung of healthy controls
(HC), MCT rats treated with

phosphate-buffered saline

(PBS), antagomir control

(A-Co), and miR-17 antagomir
(A-17) were immunostained

with collagen 1 antibody

and Sirius red staining, fol-

lowed by quantification of
collagen deposition from.

Scale bar: 20 mm. (A) Repre-

sentative images of collagen 1
and Sirius red staining (light

and polarization light). (B)

Quantitative image analysis

of collagen deposition in pul-
monary arteries (sized 20–70

mm) is given. n ¼ 4–5. Each

bar represents mean 6 SEM.
x P , 0.05, xxx P , 0.001 ver-
sus HC. (C) Matrix metallo-

proteinase (MMP)-2 and

MMP-9 enzymatic activity an-
alyzed using gelatin zymogra-

phy from lung homogenate.

(D) MMP-2 transcript levels

were measured by real-time
polymerase chain reaction and normalized to b-actin levels. n ¼ 10 for HC and A-17, n ¼ 9 for PBS, n ¼ 4–5 for A-Co. xx P , 0.01

versus HC; * P , 0.05 versus PBS; y P , 0.05 versus A-Co.
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Analysis of the medial wall thickness revealed a significant
increase in the MCT PBS placebo group compared with healthy
control animals (Figures 6B and 6D). Chronic treatment with
A-17 significantly reduced medial wall thickness of pulmonary
vessels ranging between less than 50 mm and 50–100 mm com-
pared with PBS placebo and A-Co–treated animals (Figure 6B).

A-17 Decreases Vascular Proliferation and MMP Activity

in MCT-induced PH

Consistent with the reduction of vascular proliferation by A-17
treatment in the hypoxia model, A-17 significantly decreased
PCNA- and Ki67-positive cells in pulmonary arteries of MCT
rats treated with A-17 compared with the PBS placebo
and A-Co–treated rats (Figures 6C and 6D). Moreover, A-17
treatment reduced vascular collagen deposition compared with
the PBS placebo and A-Co–treated rats (Figures 7A and 7B).
Furthermore, we studied the effects of A-17 treatment on MMP-
2 and -9 activity. Strongly elevated gelatinolytic capacities were
observed in lungs of rats treated with MCT (Figure 7C). A-17
treatment showed a trend toward reduction of MMP-2 and
MMP-9 activity in lungs of rats treated with MCT compared with
the PBS placebo and A-Co groups. In addition, MMP-2 mRNA
expression analysis showed a significant down-regulation of
MMP-2 in the A-17 treated lungs compared with PBS placebo
and A-Co–treated lungs (Figure 7D).

Identification of miR-17 Targets Responsible for the Beneficial

Effect of A-17 In Vivo

To obtain first hints regarding the molecular mechanism of action
of A-17 in experimental PH, we analyzed the lungs of the rats trea-
ted with MCT and antagomir for the mRNA expression of various
validated and predicted targets of miR-17 that have previously
been implicated in the pathogenesis of the disease. Several reports
demonstrate dysregulated transforming growth factor (TGF)-
b/BMP signaling in patients suffering from PH and in PH animal
models (15–17). BMPR2 and TGF receptor II (TGFBR2),

transmembrane type II receptor for the TGF-b superfamily of
growth factors, were shown to be regulated by miR-17 in
transformed cell lines (11, 18, 19). Whereas TGFBR2 mRNA level
in the lungs of the rats treated with A-17 was comparable with that
of the control animals treated with PBS and A-Co (see Figure
E4A), the expression of BMPR2 mRNA was twofold increased
compared with control animals injected with antagomir (see Figure
E4B), indicating that miR-17 inhibition might affect BMPR2 ex-
pression. Smad5, a downstreammediator of BMPR2 signaling, was
also predicted to be a target of miR-17 by the Targetscan predic-
tion algorithm (20), but real-time PCR analysis of Smad5 mRNA
expression did not reveal any profound differences between ani-
mals treated with A-17 and control animals (see Figure E4C). The
inhibitor of DNA binding 1 (Id1), which was shown to be a BMP/
Smad target in ECs (21), was also slightly up-regulated on mRNA
level (see Figure E4D) leading to the assumption that A-17 might
influence BMP signaling in the lung vasculature. The mRNA level
of another predicted miR-17 target, Ephrin B1, which was dem-
onstrated to be enriched in freshly isolated lung ECs (22), was also
increased in the rats treated with A-17 compared with the control
animals (see Figure E4E). Among the targets tested, the cell cycle
regulator p21, a validated miR-17 target (6, 13, 23), was most
profoundly increased in the lungs of the rats and mice injected
with A-17 compared with the control animals (Figure 8A). The
increase of p21 was confirmed on protein level by Western blot
analysis, which showed a strong increase of this miR-17 target in
the lungs of rats treated with A-17 (Figure 8B). Furthermore, im-
munohistochemical staining for p21 demonstrated a significant in-
crease in p21-positive vascular cells in MCT rats injected with A-17
compared with the control animals (Figures 8C and 8D). Likewise,
p21-positive vascular cells were increased in hypoxic mice treated
with A-17 compared with the control animals (see Figures E5A and
E5B). Similarly, a tendency of increased p21 expression was ob-
served in normoxic mice treated with A-17 (see Figure E6). Over-
all, these data suggest that the beneficial effect of A-17 in
experimental PH is mediated at least in part by up-regulation of
several miR-17 targets, probably in different cell types of the lung.

Figure 8. Effect of antagomir-17 on pre-

dicted target p21 in vivo. Lungs from healthy
control (HC) rats, monocrotaline (MCT)

rats treated with phosphate-buffered saline

(PBS), antagomir control (A-Co), and
miR-17 antagomir (A-17) were used for the

predicted target analysis. (A) p21 transcript

levels were measured by real-time polymer-

ase chain reaction. HC, n ¼ 10; A-17, n ¼ 10;
PBS, n¼ 9; A-Co, n¼ 5. (B) p21 protein levels

were analyzed by Western blotting (n ¼ 3 per

group). (C) Lung sections were immunos-

tained with p21, followed by quantification
of p21-positive vascular cells from pulmonary

arteries (sized 20–70 mm). (C) Quantitative

image analysis of p21-positive vascular cells
is given. n ¼ 3–5 and 300–400 vessels in total

were counted. Each bar represents mean 6
SEM. (D) Representative images of p21. Scale

bar: 20 mm. xxx P, 0.001 versus HC; *** P,
0.001 versus MCT/PBS; yy P , 0.01 versus

MCT/A-Co.
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Analysis of miR-17 Function in SMCs

PH is a multifactorial disease that affects various cell types of
pulmonary vasculature. In situ hybridization demonstrated ex-
pression of miR-17 in pulmonary vascular cells (Figure 9A).
Real-time PCR analysis of miR-17 level in cultured human and
rat PASMC revealed expression of miR-17 in SMCs (Figure 9B).
Inhibition of miR-17 was previously shown to improve the func-
tion of ECs (6). However, the influence on SMCs has not been
studied. Therefore, we determined the effect of miR-17 on

PASMCs proliferation and p21 expression in vitro by using
antagomirs to inhibit miR-17 (Figure 9C) or by overexpressing
miR-17 precursor molecules (Figure 9E). Indeed, miR-17 inhibi-
tion resulted in an increase of p21 expression (Figure 9D). Vice
versa, p21 mRNA and protein expression was significantly low-
ered in cells transfected with 10 nM pre-17 (Figures 9E–9G). In
accordance with the lowered p21 abundance, the cells overex-
pressing miR-17 had an enhanced proliferation rate under basal
culture conditions and on growth factor stimulation (Figure 9H).

Figure 9. MicroRNA (miR)-17 affects proliferation of human pulmonary artery smooth muscle cells (HPASMCs) and regulates p21. (A) In situ

hybridization (ISH) of miR-17 in healthy control (HC) and monocrotaline (MCT)-induced pulmonary hypertension (PH) rat lungs. (B) Comparison

of miR-17 expression in human (n ¼ 6) and rat (n ¼ 3) PASMCs. (C) miR-17 expression in antagomir-17 (A-17)–treated PASMCs, n ¼ 6. (D) p21

protein levels in antagomir-treated HPASMCs, n ¼ 5–6. (E) Confirmation of miR-17 overexpression in precursor transfected HPASMCs, n ¼ 5–6. (F)
p21 mRNA expression in precursor transfected HPASMC, n ¼ 5–6. (G) p21 protein levels in miR-17 precursor transfected HPASMCs, n ¼ 5–6. (H)

MiR-17 increases proliferation of HPASMCs under basal culture conditions and on PDGF (30 ng/ml) stimulation as determined in a BrdU ELISA assay,

n ¼ 3. * P , 0.05, *** P , 0.001. PDGF ¼ platelet-derived growth factor.
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DISCUSSION

In this study, we investigated the therapeutic efficacy of three dif-
ferent antagomirs directed against miR-17, miR-21, and miR-92a

in established PH induced by hypoxia in mice. The most effective,

A-17, was additionally tested in severe PH induced by injection of

MCT in rats. Treatment effects of A-17 in these two different an-

imal models of PH included a reduction of PH and right heart hy-

pertrophy, and an improvement in right ventricular function.

Overexpression of miR-17 induced proliferation of PASMCs

and down-regulated the cyclin-dependent kinase inhibitor p21.

Taken together, this is the first study addressing the potential ther-

apeutic efficacy of antagomirs in experimental models of PH.
The fundamental role of miRs has been demonstrated in

remodeling and the development of cardiac hypertrophy (24),
and in endothelial dysfunction (6, 11). Recent studies have re-
ported aberrant expression of several miRs in PH (10); how-
ever, their role in pulmonary vascular remodeling remains
elusive. We focused on the miR-17–92 cluster because TaqMan
quantitative PCR validations from our study and from Caruso
and coworkers (10) showed a subtle significant up-regulation
of miR-17, miR-19b, and miR-92a in hypoxia- and MCT-PH
lung tissues. In addition, putative mRNA targets predicted
for miR-17, miR-21, and miR-92a were shown to control cellu-
lar proliferation and apoptosis by targeting the E2F family of
transcription factors (12) and by down-regulating the tumor
suppressor p21 and the proapoptotic protein BIM (13), hypoxia-
inducible factor-1a (25), and TGF-b/BMP signaling (26).
Consistent with these findings, we observed an up-regulation of
miR-17 in microdissected vessels of MCT-PH rat lungs com-
pared with control rat lungs, underlining the importance of
miR-17 in the etiology of PH. Similarly, the regulation of
miR-21 has been implicated in cardiovascular diseases. Ji and
coworkers (9) have shown aberrant expression of miR-21 in vas-
cular neointima lesions after balloon injury. It has also been
recently shown that miR-21 plays a role in hypoxia-mediated
proliferation and migration of human pulmonary arterial SMCs
(27) suggesting also some direct effects of A-21 on the pulmonary
vasculature.

Of interest, assessing the therapeutic potential of three anta-
gomirs against miR-17, -21, and -92a in experimental PH induced
by hypoxia in mice demonstrated interesting data regarding the
involvement of miRs in pulmonary vascular remodeling pro-
cesses in vivo. All tested antagomirs effectively suppressed their
target miRs in tissue of chronic hypoxic mice demonstrating
that dosing and the intervention protocol was effective. This is
consistent with the specific and efficient targeting of miRs by
antagomirs shown before in acute myocardial infarction mouse
models (7). With regards to hemodynamics, the strongest effects
have been observed with A-17, which significantly reduced
RVSP and increased acceleration time. Although A-92a did
not influence any hemodynamic parameters, A-21 also reduced
RVSP. A-17 but not A-21 or A-92a significantly reduced right
heart hypertrophy. In addition, A-17 decreased the degree of
muscularization. Taken together, the strongest effects on hemo-
dynamics and remodeling in the well-established mouse model
of chronic hypoxia were observed with A-17. However, A-21
showed no strong effects on hemodynamic performance and on
reducing hypoxia-induced PH.

Nevertheless, exposure of mice to chronic hypoxia is a mild
model of PH and associated with less vascular remodeling com-
pared with rats (28). Therefore, we decided to investigate the
effects of A-17 on hemodynamics and remodeling in the MCT
rat model of PH, an animal model that reflects several his-
topathologic and pathophysiologic features of PH, such as me-
dia hypertrophy, adventitial thickening, progressive increase in

pulmonary arterial pressure, and right heart failure (28). Similar
to the mouse model, A-17 effectively suppressed miR-17 level,
although the frequency of injections was reduced from five to
two injections and some minor dose adjustment was performed
(5 mg/kg in rats instead of 8 mg/kg in mice). A-17 decreased
right ventricular pressure and increased pulmonary acceleration
time and cardiac output in MCT rats. The histomorphometric
analysis revealed a decrease in the number of fully muscularized
vessels and a decrease in medial wall thickness. Although
a trend towards reduced right heart hypertrophy was noted, it
did not reach statistical significance. However, cardiac perfor-
mance, RVID, and RVWT were normalized with A-17 treat-
ment in MCT-PH rats. Hence, a major finding of this study is
the clear demonstration of antiremodeling efficacy and thera-
peutic use of A-17 in two well-accepted animal models of PH.

Finally, our data document amost profound influence of miR-
17 inhibition on the cell cycle regulator p21. Indeed, p21 was in-
creased in vitro in cultured SMCs and in lungs and pulmonary
arteries of rats treated with A-17. Because p21 is well estab-
lished as inhibitor of SMC proliferation (29), this effect may
well contribute to the inhibition of lung vascular remodeling
exerted by A-17 treatment in the present study. However, we
found that p21-positive cells were increased in hypoxia- and
MCT-induced PH pulmonary arteries compared with respective
control animals. However, immunohistochemical staining with
PCNA showed an increased number of PCNA- and Ki67-positive
cells in pulmonary arteries of hypoxic mice and MCT rats com-
pared with respective controls, suggesting increased proliferation
in remodeled arteries. Importantly, PCNA-positive cells are
decreased and p21-positive cells are increased in hypoxic mice
treated with A-17 and MCT rats.

In line with previous studies (17), other miR-17 targets (e.g.,
BMPR2 and BMP/Smad1-responsive gene Id1) were found to be
markedly down-regulated in the lungs of the pulmonary hyper-
tensive rats. This finding supports the notion that defects in the
BMP-BMPR2 signaling axis may not only contribute to the famil-
ial forms of PH, with underlying BMPR2 mutations having been
identified, but may also be operative in inflammatory conditions
resulting in pathologic inward remodeling of the pulmonary vas-
culature (17, 30). It has recently been shown that BMPR2 expres-
sion is modulated in vitro by two members of the miR-17–92a
cluster: miR-17 and miR-20a (11). It is well in line with these
findings that A-17 treatment resulted in an up-regulation of the
BMPR2 mRNA level and Id1 in the MCT PH model, suggesting
that the therapeutic efficacy of the antagomir might in part be
operative by way of the BMPR2 signaling pathway.

Our study is the first to describe the successful therapeutic use
of A-17 in two well-accepted animal models of PH. We demon-
strate that treatment with A-17 improves hemodynamic and
structural changes provoked by hypoxia inmice andMCT in rats.
Furthermore, evidence for the involvement of miR-17 in disease
development and response to therapy is provided on the cellular
and molecular level. As miRNA inhibitors are currently tested
for different indications in clinical trials, the clinical development
as a new therapy for PH might therefore be imminent.

Author disclosures are available with the text of this article at www.atsjournals.org.
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