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Abstract

Endothelin-1 (ET-1) plays a critical role in endothelial dysfunction
and contributes to the pathogenesis of pulmonary hypertension
(PH). We hypothesized that peroxisome proliferator-activated
receptor y (PPARYy) stimulates microRNAs that inhibit ET-1 and
pulmonary artery endothelial cell (PAEC) proliferation. The
objective of this study was to clarify molecular mechanisms by
which PPARYy regulates ET-1 expression in vitro and in vivo.

In PAEC: isolated from patients with pulmonary arterial
hypertension, microRNA (miR)-98 expression was reduced, and
ET-1 protein levels and proliferation were increased. Similarly,
hypoxia reduced miR-98 and increased ET-1 levels and PAEC
proliferation in vitro. In vivo, hypoxia reduced miR-98 expression
and increased ET-1 and proliferating cell nuclear antigen (PCNA)
levels in mouse lung, derangements that were aggravated by
treatment with the vascular endothelial growth factor receptor

Pulmonary hypertension (PH) is a complex
disorder that involves the activation of
pathways that stimulate endothelial
dysfunction, increased production of
vasoconstrictors, reduced production of
vasodilators, and enhanced proliferation
of cells in the pulmonary vascular wall (1).
For example, endothelin-1 (ET-1) (2-4)
is a potent vasoconstrictor whose

concentrations in plasma are elevated

in patients with pulmonary arterial
hypertension (PAH) (5, 6), and ET-1
mRNA and protein expression are
increased in endothelial cells isolated from
patients with PAH and have been shown
to correlate with increased pulmonary
vascular resistance (5). Despite the use of
pharmacological antagonists targeting

antagonist Sugen5416. Reporter assays confirmed that miR-98
binds directly to the ET-1 3'-untranslated region. Compared with
littermate control mice, miR-98 levels were reduced and ET-1 and
PCNA expression were increased in lungs from endothelial-targeted
PPARY knockout mice, whereas miR-98 levels were increased and ET-1
and PCNA expression was reduced in lungs from endothelial-targeted
PPARy-overexpression mice. Gain or loss of PPARy function in
PAECs in vitro confirmed that alterations in PPARy were sufficient to
regulate miR-98, ET-1, and PCNA expression. Finally, PPARvy
activation with rosiglitazone regimens that attenuated hypoxia-induced
PH in vivo and human PAEC proliferation in vitro restored miR-98
levels. The results of this study show that PPARYy regulates miR-98

to modulate ET-1 expression and PAEC proliferation. These results
further clarify molecular mechanisms by which PPAR'y participates
in PH pathogenesis and therapy.
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ET-1 signaling, PH continues to cause
significant morbidity and mortality (7, 8).
These observations suggest that novel
therapeutic strategies simultaneously
targeting multiple dysregulated pathways
in PH could provide additional benefit in
this disease.

Recent studies have suggested that
targeting the nuclear hormone receptor
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Clinical Relevance

These findings provide the first
description that targeting peroxisome
proliferator—activated receptor vy
regulates critical mediators in
pulmonary hypertension (PH)
pathogenesis through modulation of
microRNA (miRNA) levels. These
results suggest that paradigms
involving pharmacological
manipulation of miRNA represent
promising strategies to improve PH

therapeutics.

peroxisome proliferator-activated receptor
v (PPARY) can favorably modulate several
pathways widely believed to participate in
PH pathogenesis (9, 10). PH has been
associated with reductions in PPARy
(11-13), whereas activation of PPARYy with
thiazolidinedione (TZD) ligands attenuates
PH in experimental animal models (13-16).
We recently demonstrated that TZD-
mediated PPARYy targeting attenuated PH
and ET-1 signaling pathway components in
hypoxia-exposed mice (16, 17). Although
TZD ligands, such as rosiglitazone and
pioglitazone, are currently available for
treatment of type 2 diabetes, their use has
been associated with controversial adverse
effects (18, 19), indicating that additional
studies to define the therapeutic
mechanisms of PPARy action may facilitate
development of new therapies for use in PH
therapy.

Because the PPARy ligand
rosiglitazone attenuated PH and ET-1
signaling in experimental PH (17), the
current study was designed to further
define the molecular mechanisms
underlying these beneficial effects. Based
on recent observations that microRNA
(miRNA or miR)-27a mediated hypoxic
reductions in PPARy (20), we sought to
explore the ability of PPARYy to attenuate
ET-1 expression through post-
transcriptional mechanisms. miRNAs are
endogenous, noncoding, single-stranded
RNAs comprised of approximately 22
nucleotides that constitute a novel class
of post-transcriptional gene regulators
(21). miRNAs negatively regulate gene
expression through translational repression
or mRNA degradation (21). Currently,
2,588 unique mature human miRNAs
have been identified that regulate
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approximately 30% of the genes in the
human genome (miRBase version 20)
(22, 23). Because miRNAs contribute to
the regulation of fundamental cellular
processes such as proliferation, differentiation,
and apoptosis (24), they are widely believed
to contribute to human physiology and
disease (25). Altered miRNA expression
after hypoxia (26) and in pulmonary
vascular cells from patients with PAH
(27) supports the roles of miRNAs in
pulmonary vascular cell proliferation and
PH pathogenesis (28).

Based on in silico analysis of the ET-1
3’ untranslated region (3'UTR), the
current study focused on the role of
miR-98 in the regulation of ET-1.
Members of the ubiquitously expressed
miR-98/let-7 family inhibit cell growth
responses (29) and function as tumor
suppressors in lung cancer (30, 31), in part
through regulation of apoptosis (32, 33)
and inflammation (34). Our study
provides novel evidence that hypoxia,
a common stimulus for pulmonary
vascular cell proliferation and PH,
decreases miR-98 levels to increase ET-1
expression and pulmonary artery
endothelial cell proliferation. Further,
PPARYy activation increases miR-98 levels
to suppress ET-1 and pulmonary vascular
cell proliferation and PH. These findings
provide the first description that targeting
PPARy regulates critical mediators in PH
pathogenesis through modulation of
miRNA levels. These results indicate that
paradigms involving pharmacological
manipulation of miRNA represent
promising strategies to improve PH
therapeutics.

Materials and Methods

Primary Human Pulmonary Artery
Endothelial Cells

Pulmonary artery endothelial cells (PAECs)
isolated from the lungs of control subjects
or patients with idiopathic pulmonary
arterial hypertension (IPAH) (35) were
generously provided by Dr. Suzy Comhair
(Cleveland Clinic, Cleveland, OH).

Mouse Model of PH

To examine PH in vivo, two established
mouse models were used (16, 36). Male
C57BL/6 mice (8-12 wk old), purchased
from the Jackson Laboratory (Bar Harbor,
ME), were exposed to hypoxia (HYP, 10%

Q,) or normoxia (NOR, room air, 21% O,)
for 3 weeks, and animals were gavaged daily
with rosiglitazone (RSG, 10 mg/kg/d) or
with an equivalent volume of vehicle for the
final 10 days of exposure as we have
reported (16). To induce more severe PH,
as recently reported (37, 38), C57BL/6 mice
were also exposed to hypoxia for 3 weeks
with or without treatment with the vascular
endothelial growth factor receptor
(VEGFR) antagonist SU5416 (20 mg/kg by
subcutaneous injection once per week for
3 wk) or with vehicle (0.5% wt/vol
carboxymethylcellulose, 0.9% wt/vol sodium
chloride, 0.4% vol/vol polysorbate 80, and
0.9% vol/vol benzyl alcohol in deionized
water) (37) alone. PH was assessed as
reported (16). Additional information is
provided in the online supplement.

Endothelial-Targeted PPARY
Knockout and PPARYy

Overexpression Mice

To examine the role of PPARY in regulating
miR-98, mice with endothelial-targeted loss
(39) or gain of PPARYy function were used.
For endothelial-targeted PPARy knockout
(ePPARYy KO) mice, Tie2-Cre transgenic
mice expressing Cre recombinase driven by
the Tie2 promoter were crossed with mice
carrying a floxed PPARYy gene to produce
ePPARYy KO mice as we reported (39). The
ePPARy KO mice have been previously
reported to develop spontaneous PH under
normoxic conditions (12) but display no
other gross phenotypic changes. Littermate
control and ePPARy KO mice on a C57BL/6
background were expanded from

breeding pairs. For endothelial-targeted
PPARY overexpression (ePPARy OE) mice,
a constitutively active PPARy mutant
(VP16-PPARY) was generated by fusing the
transcriptional activation domain of HSV
VP16 to the N terminus of mouse PPARy1
as previously reported (40). DNA isolated
from tail snips of offspring from these
crosses were genotyped, and littermate
control (floxVP16-PPARYy ™ ; Tie2CreX)
and ePPARy OE mice (floxVP16-PPARYy™;
Tie2Cre™) were selected for additional
study (see Figure E1 in the online
supplement). The ePPARy OE mice have
not been previously published, and our
manuscript characterizing this model is
currently under revision. The ePPARy OE
mice are normal in appearance and
behavior. All mice were fully backcrossed
into a C57BL/6 background. All animal
studies were approved by the Institutional
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Figure 1. Reductions in microRNA (miR)-98 are associated with increased endothelin-1 (ET-1) levels and proliferation in pulmonary artery endothelial cells
(PAECS) in vitro and in lung in vivo. (A—C) PAECs were isolated from the lungs of control (CON) subjects or patients with idiopathic pulmonary arterial
hypertension (IPAH) as reported (35). (A) Quantitative RT-PCR was performed for miR-98, and the results are expressed relative to RNUEB as fold-change
versus control. PAECs were derived from five CON subjects and four patients with IPAH. (B) ET-1 levels were measured with Western blotting and
expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein as fold-change versus control. Representative immunoblots are
presented above the bar graph (n = 3). (C) Cell proliferation was determined using MTT assays, and results are expressed as fold-change versus control
(n=4-5). *P < 0.05 versus CON. (D-F) PAECs were exposed to normoxia (NOR, 21% O,) or hypoxia (HYP, 1% O,) for 24, 48, or 72 hours as reported
(17). (D) miR-98 levels are expressed relative to RNUGB as fold change versus NOR (n =3). (E) ET-1 mRNA levels are expressed relative to GAPDH
mMRNA as fold-change versus NOR (n = 3-6). (F) Cell proliferation was determined using MTT assays, and results are expressed as fold-change versus
NOR (n =3). (G-/) Whole lung homogenates were collected from mice exposed to normoxia (NOR, 21% O,) or hypoxia (HYP, 10% O,) for 3 weeks.
(@) Lung miR-98 levels are expressed relative to RNU6B as fold change versus NOR (n = 5). Small pulmonary arteries were isolated from sections of
mouse lung with laser capture microscopy (LCM), and mRNA levels of ET-1 (H) and proliferating cell nuclear antigen (PCNA) (/) are expressed relative to
GAPDH as fold change versus NOR (n =6-8). *P < 0.05 versus NOR.

Animal Care and Use Committee of the was used to select the profiles of small Immunohistochemistry

Atlanta Veterans Affairs Medical Center. pulmonary arteries (50-100 pm in To conform the impact of Hypoxia-
diameter) from lung sections of control and ~ Sugen5416 in the mouse on the remodeling

Laser-Capture Microdissection hypoxia-exposed mice. We used the same  and muscularization of small pulmonary

To further confirm up-regulation of ET-1in  mouse lungs that we have previous vessels, the lungs were isolated, pressure

the pulmonary vasculature of hypoxia- published (16). Additional information is perfused, fixed, sectioned, and stained with

exposed mice, laser-capture microdissection  provided in the online supplement. antibodies to a smooth muscle actin
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(-SMA). The number of a-SMA-positive
vessels that were 50 to 100 pwm in diameter
was determined per mm? as previously
described (16). Additional information is
provided in the online supplement.

PPARy Knockdown or

Overexpression in PAECs In Vitro
Once 40 to 50% confluent, selected PAECs
were transfected with PPARy small
interfering RNA (siRNA) (100 nM) using
the GeneSilencer (Genlantis, San Diego,
CA) transfection reagent according to the
manufacturer’s instructions as we have
reported (20). Control cells were exposed to
transfectant containing scrambled siRNA.
To induce PPARYy overexpression, human
PAECs (HPAECs) were transfected with
adenovirus containing a PPARy plasmid
(25-50 multiplicity of infection) or control
green fluorescent protein (GFP) plasmid.
Six hours after transfection, adenovirus-
containing medium was replaced by fresh
10% FBS endothelial growth medium, and
alterations in miR-98, ET-1, proliferating
cell nuclear antigen (PCNA), and PPARy
levels were confirmed by quantitative
RT-PCR (qRT-PCR).

ET-1 3’'UTR Luciferase Reporter
Studies

The pLightSwitch empty-vector (pLS) and
pLS-ET-1-3"UTR construct containing the
3'UTR of human ET-1 (NM_001955), the
putative binding site for miR-98, were
purchased from SwitchGear Genomics
(Carlsbad, CA). PAECs (1 X 10*) were
seeded into 24-well plates, incubated for
24 hours, and washed with PBS, and

then fresh growth medium was added
before the addition of transfection
complexes. For luciferase assays, 200 ng
of pLS or pLS-ET-1-3’UTR construct with
10 nM miR-98 mimic or scrambled siRNA
were transiently cotransfected into PAECs
using lipofectamine RNAiMax (Invitrogen,
Grand Island, NY). PAEC lysates were
harvested and analyzed for luciferase activity
using the Luciferase Reporter Assay System
(SwitchGear Genomics), and luciferase
activity was measured using a Luminometer
(PerkinElmer). Relative light units were
normalized to control group luciferase
activity.

miR-98 Down-Regulation and
Overexpression

To confirm the role of miR-98 in alterations
in ET-1 expression, PAECs (passages 2-7)
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Figure 2. The vascular endothelial growth factor receptor antagonist SU5614 exacerbates hypoxia-
induced reductions in miR-98, increases in lung ET-1 and PCNA expression, and increases in right
ventricular systolic pressure (RVSP) and right ventricular hypertrophy. Mice were exposed to NOR
or HYP with or without SU5416 (20 mg/kg) weekly for 3 weeks. Whole lung homogenates were
prepared, and quantitative RT-PCR was performed. (A) miR-98 levels are expressed relative to
RNUBB as fold change versus NOR. ET-1 (B) and PCNA (C) mRNA levels are expressed relative to
GAPDH as fold-change versus NOR (n = 3-5). (D) RVSP is presented in mm Hg (n = 3-5). (E) The right
ventricular to left ventricular plus septum weight ratio [RV:(LV + S)] is presented as an index of right
ventricular hypertrophy (n = 3-5). *P < 0.05 versus NOR; "P < 0.05 versus HYP. (F) The number

of a smooth muscle actin (a-SMA)-positive vessels (50-100 um in luminal diameter) per mm? was
determined. Each bar represents the mean * SE a-SMA-positive vessels per mm? (n = 8). *P < 0.05
versus NOR; P < 0.05 versus HYP. AU, arbitrary units.

were transfected with lipofectamine
RNAiMax containing anti-miR-98 (5-50
nM), anti-miR negative control (50 nM),
mimic miR-98 (1-10 nM), or scrambled
mimic (10 nM) according to the
manufacturer’s (Qiagen) instructions as
we have previously reported (20). Six
hours after transfection, serum-free
medium was replaced with 10% FBS
endothelial growth medium. HPAECs
were exposed to control conditions (21%
0,) in a standard incubator or to hypoxia
(1% O,) in a Biospherix exposure chamber
for 72 hours as we have previously
reported (17), and then alterations in miR-
98, ET-1, and PCNA levels were confirmed
by qRT-PCR. The relative abundance of
these targets was reflected by the mean
number of cycles of QqRT-PCR
amplification required for their detection
(mean Ct values: miR-98 =21.3 and
RNU6B =14.4 in HPAECs; miR-98 =19.3
and RNU6B =12.1 in mouse lungs).

Statistical Analysis

Data from studies with more than two
groups were analyzed using ANOVA. Post
hoc analysis using the Student-Neuman-
Keuls test was used to detect differences
between specific groups. In studies
comparing only two experimental groups,
data were analyzed with Student’s ¢ test to
determine the significance of treatment
effects. The level of statistical significance
was taken as P < 0.05. All results are
reported as mean * SE.

Results

miR-98 Is Down-Regulated in
Hypoxia-Exposed Mice and PAECs
Increased levels of ET-1 contribute to PH
pathogenesis. To explore the role of post-
transcriptional regulation in increased ET-1
levels, ET-1-targeted miRNAs were identified
with a bioinformatic approach using multiple

139



ORIGINAL RESEARCH

prediction algorithms (miRBase, PicTar,
and TargetScan v6.1). These analyses
confirmed that the ET-1 3'UTR contains
binding sites for the seed sequences of
miR-1/206 and miR-98/let-7 families (41),
which are highly conserved in human and
mouse. We then screened for hypoxia-
induced alterations in the levels of these
miRNAs. Of all the miRNAs examined,
only miR-98 was significantly down-
regulated by hypoxia in PAECs and in
mouse lung (Figure E2). Therefore, we
focused on miR-98 to examine its potential
role in regulating ET-1 in PH pathogenesis
and therapy.

To establish that miR-98 dysregulation
occurs in PH, we analyzed miR-98 levels
in PAECs isolated from control subjects or
patients with IPAH. miR-98 expression was
reduced in PAECs isolated from patients with
IPAH compared with control subjects
(Figure 1A) and was associated with enhanced
PAEC ET-1 protein levels (Figure 1B) and
PAEC proliferation (Figure 1C). Similarly,
hypoxia, a common stimulus causing PH,
reduced miR-98 levels by 60% after 48 hours
of hypoxia exposure (Figure 1D) and caused
concomitant increases in ET-1 levels
(Figure 1E) and PAEC proliferation
(Figure 1F). Exposing mice to hypoxic
regimens in vivo that induce significant
PH, right ventricular hypertrophy (RVH),
and pulmonary vascular remodeling (16)
had similar effects. Laser-capture
microdissection was used to isolate tissue
from small pulmonary arteries in the
mouse lung (Figure E3). Hypoxia reduced
miR-98 expression (Figure 1G) and
increased ET-1 (Figure 1H) and PCNA
levels (Figure 1I) in small pulmonary
arteries in hypoxia-exposed mouse lung.
As illustrated in Figure E4, correlation
analysis showed that hypoxia-induced
reductions in mouse lung miR-98 levels
were associated with previously reported
(16) increases in right ventricular systolic
pressure (RVSP) (r=—0848; P < 0.002).

miR-98 Is Down-Regulated in

a Mouse Model of Severe PH

We previously demonstrated that chronic
hypoxia increased ET-1 expression and
PH in mice in vivo and in PAECs in vitro
(17). Because treatment with chronic
hypoxia and the VEGFR antagonist
SU5416 produces more severe PH in the
mouse than hypoxia alone (37, 38), we
also examined miR-98 and ET-1 levels
in this model. Treatment with either
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hypoxia or SU5416 alone reduced lung
miR-98 levels, and the addition of
SU5416 exacerbated hypoxic reductions
in miR-98 (Figure 2A). Treatment with
SU5416 also exacerbated hypoxic
increases in ET-1 (Figure 2B) and PCNA
(Figure 2C) mRNA levels, RVSP

(Figure 2D) and RVH (Figure 2E), and
a-SMA (Figure 2F).

ET-1 Is a miR-98 Target Gene

To determine if miR-98 binds to the ET-1
3’UTR, the human 1,199-bp ET-1 mRNA
3’-UTR containing a putative miR-98
binding site (Figure 3A) was cloned into
a luciferase reporter vector. PAECs were
cotransfected with miR-98 mimic and
pLS-ET-1-3"UTR luciferase reporter
constructs. Compared with scrambled
miRNA, miR-98 mimic caused 60%
repression of ET-1 3'UTR luciferase
activity (Figure 3B).

PAEC ET-1 Expression and
Proliferation Are Reduced by miR-98
Overexpression and Increased by

a miR-98 Antagonist

To examine the effect of miR-98
overexpression on ET-1 and PAEC
proliferation, miR-98 gain-of-function was
accomplished by transfecting PAECs with
a miR-98 mimic. As shown in Figure 4A,
10 nM, but not 1 nM, miR-98 mimic
significantly increased miR-98
concentrations. Overexpression of miR-98
also reduced ET-1 mRNA and protein
expression (Figures 4B and 4C) and

reduced PAEC proliferation (Figure 4D).
In contrast, miR-98 loss-of-function was
accomplished by transfecting PAECs with
a miR-98 inhibitor. As shown in Figure 4E,
50 nM, but not 5 nM, anti-miR-98 reduced
PAEC miR-98 expression and increased
PAEC ET-1 mRNA and protein expression
(Figures 4F and 4G) and PAEC
proliferation (Figure 4H). Taken together,
the findings in Figures 3 and 4 provide
additional evidence that post-
transcriptional mechanisms involving
miR-98 regulate PAEC ET-1 expression
and proliferation.

PPARy Regulates miR-98 and ET-1
Expression

We have previously reported that hypoxic
regimens that stimulate PAEC ET-1
expression and proliferation in vitro and
ET-1 expression and PH in vivo are
sufficient to significantly reduce PPARYy
and that activating PPARy attenuates
these hypoxic alterations (17). To
determine if alterations in PPAR'y
expression are sufficient to regulate miR-
98 expression, mice with endothelial-
targeted loss- or gain-of-function were
used. In lungs from mice with endothelial-
targeted PPAR'y loss-of-function, miR-98
levels were reduced (Figure 5A), whereas
levels of ET-1 (Figure 5B) and PCNA
(Figures 5C and 5D) were significantly
increased. We previously reported that
PPARy knockdown increased PAEC ET-1
expression in vitro (20). siRNA-mediated
PPARYy knockdown reduced miR-98
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Representative immunoblots are presented below their corresponding bar graphs. In D and H, PAEC proliferation was determined using MTT assays and
is expressed as fold-change versus SCR. *P < 0.05 versus SCR.

expression (Figure 5E) and increased
PCNA mRNA (Figure 5F) and protein
(Figure 5G) expression. Compared with
lungs from littermate control mice, lungs
from ePPARy OE mice had increased
PPARy mRNA (Figure 6A) and miR-98
(Figure 6B) levels and decreased ET-1
(Figure 6C) and PCNA (Figure 6D)
mRNA levels. These findings indicate that
PPARy positively regulates miR-98 to
attenuate ET-1 and cellular proliferation.
Similarly, adenoviral-mediated PAEC
PPARY overexpression increased PPARy
mRNA (Figure 6E) and miR-98

(Figure 6F) levels and decreased ET-1
(Figure 6G) and PCNA (Figure 6H)
mRNA levels. Collectively, the findings
in Figures 5 and 6 demonstrate that
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endothelial PPARYy regulates miR-98,
ET-1, and PAEC proliferation.

PPARYy Activation Restores miR-98
Levels in Hypoxia-Exposed Mouse
Lung or PAECs

Based on prior evidence that hypoxic
regimens that stimulated PAEC ET-1
expression and proliferation in vitro and
ET-1 expression and PH in vivo also
reduced PPARYy (16, 17) and that
activating PPARvy attenuates ET-1 and
PH (16, 17), we examined the impact of
PPARy ligands on hypoxic alterations in
miR-98 levels in vitro and in vivo. For
in vivo studies, these analyses were
performed on archived mouse lung
samples where the hemodynamic

outcomes were previously published (16).
Consistent with the findings in Figure 1G,
hypoxia exposure significantly reduced
miR-98 levels in mouse lung (Figure 7A).
Treating mice with the PPARy ligand
rosiglitazone using a regimen that
attenuated hypoxia-mediated PH, RVH,
vascular remodeling, and ET-1 expression
(17) restored miR-98 levels in the lung.
Similarly, in PAECs exposed to a hypoxia
regimen that reduced PAEC PPARy and
increased ET-1 and proliferation (17),
hypoxia reduced miR-98 (Figure 7B)

and increased ET-1 levels (Figure 7C),
and these derangements were attenuated
by treatment with RSG or miR-98
mimic, respectively. These findings
demonstrate that hypoxic alterations in
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miR-98 are attenuated by PPARYy
activation.

Discussion

The results presented herein provide several
new observations pertinent to PH
pathogenesis and therapy. These studies
demonstrate for the first time that miR-98
negatively regulates ET-1 in hypoxia-induced
PAEC proliferation in vitro and PH in vivo.
In addition, endothelial-targeted PPARy
gain or loss of function models provide novel
evidence that PPARYy regulates miR-98
expression. Consistent with these findings,
stimulating PPARy with pharmacological
ligands increases miR-98 levels, attenuates
ET-1 expression, and reduces pulmonary
vascular cell proliferation. Collectively these
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findings indicate that strategies targeting
PPARy can regulate not only transcriptional
but also post-transcriptional regulation of
vasoactive mediators to favorably modulate
pulmonary vascular cell proliferation and
PH pathogenesis. Coupled with previous
reports, these findings further support a role
for impaired PPARYy function in PH and
indicate that targeting PPARYy provides

a novel strategy to therapeutically modulate
programs of dysregulated gene expression
that contribute to endothelial proliferation,
pulmonary vascular remodeling, and PH
pathogenesis.

ET-1 plays a critical role in the
pathophysiology of PH (3-6) by mediating
the hyperproliferative, glycolytic pulmonary
vascular phenotype (42). Nonselective (43)
as well as endothelin A receptor-selective
antagonists (44) have been used in the

treatment of PH (45, 46). Although
treatment with endothelin receptor
antagonists improves functional class and
walk distance in patients with PAH, clinical
trials have failed to detect a mortality benefit
(34, 47). This limited efficacy of endothelin
receptor antagonism likely relates in part to
the complex pathobiology of PAH and to the
multiple complex pathways involved in its
pathogenesis. Thus, new strategies that
regulate not only ET-1 signaling but also
other pathways that participate in PH
pathogenesis may provide more effective
therapeutic approaches for PH therapy. The
current study therefore further explored
PPARy as a novel strategy that regulates
not only ET-1 (17) but also additional
pathogenic mechanisms in PH, including
Nox4 (16), platelet-derived growth factor
(16), and thrombospondin-1 (48).
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Rapidly evolving evidence
demonstrates that miRNAs are essential for
pulmonary vascular development and
function and that miRNA dysfunction
participates in the pathogenesis of PH due
to chronic hypoxia (20, 27, 49-54). For
example, we reported that miR-27a reduced
PPARY expression, leading to increased
ET-1 expression and cellular proliferation
in hypoxia-induced PH and that PPARy
activation reduced miR-27a expression
and function through suppression of
transcription factors such as EGR1 and SP1
(20). However, to our knowledge, the
regulation of ET-1 by specific miRNAs in
PH has not been investigated. Therefore,
based on in silico analysis of the ET-1
3’-UTR, we postulated that miR-98
negatively regulates ET-1 expression and
that PPARy increases miR-98 to reduce
ET-1 expression and PAEC proliferation.
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To address this question, we used gain- or
loss-of-function approaches targeting miR-98
or PPARy using in vitro and in vivo models.
The potential biological relevance of these
pathways to human PAH was supported by
evidence that PAECs isolated from patients
with PAH had lower miR-98 levels, higher
ET-1 levels, and higher proliferation rates
compared with PAEC:s isolated from control
patients. Similarly, in vitro hypoxia exposure
for 48 hours reduced human PAEC miR-98,
and this reduction was associated with
increased levels of ET-1 and PAEC
proliferation. Similar reductions in lung
miR-98 levels were observed in mice after
exposure to hypoxia for 3 weeks and were
associated with increased ET-1 levels and
markers of cellular proliferation. Further,
adding treatment with the VEGFR antagonist
Sugen to hypoxia, which causes a more
severe degree of PH in mice (55), aggravated

reductions in miR-98, caused increases in
ET-1 and proliferative markers, and caused
more severe increases in RVSP and RVH. As
predicted, miR-98 directly regulated the ET-1
3'-UTR, as illustrated by studies where
miR-98 mimic significantly down-regulated
the activity of an ET-1 3'-UTR luciferase
reporter. The causal role of miR-98 in ET-1
regulation was demonstrated further by
studies in which miR-98 mimic increased
PAEC miR-98 levels and reduced ET-1 levels
and proliferation, whereas anti-miR-98
reduced PAEC miR-98 levels and increased
ET-1 levels and proliferation. Collectively,
these findings provide compelling evidence
that miR-98 regulates ET-1 expression and
that dysregulation of miR-98 levels in
pulmonary vascular wall cells can contribute
to a proliferative phenotype.

To our knowledge, factors contributing
to alterations in levels of miR-98 during PH
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pathogenesis have not been previously
examined. Our lab and others have
previously reported that PPARy expression
is reduced in pulmonary vascular wall cells
during PH (12) and that stimulating PPARy
attenuates PH (16). To further determine if
alterations in PPARvy regulate miR-98, mice
with endothelial-targeted gain or loss of
PPARy function were used. These findings
demonstrated that loss of endothelial-
targeted PPARy reduced miR-98 levels and
increased ET-1 and proliferative markers,
whereas gain of endothelial-targeted PPARYy
increased miR-98 levels and reduced

ET-1 and proliferative markers. These
relationships were confirmed in vitro using
human PAECs treated with either PPARy
siRNA or adenovirus containing a PPARy
plasmid. Taken together, these data suggest

that stimulating PPARYy provides a novel
approach whereby miR-98 levels could be
pharmacologically increased to reduce
ET-1 and pulmonary vascular wall cell
proliferation and thereby attenuate PH
pathogenesis (Figure 8). This concept was
supported by studies in which hypoxia-
induced reductions in miR-98 levels in mice
were reversed by in vivo treatment with the
PPARy ligand rosiglitazone. Similarly,
hypoxia-induced reductions in PAEC
miR-98 levels in vitro were restored by
treatment with rosiglitazone. These findings
demonstrate that activation of PPARy
promotes miR-98 expression to reduce ET-1
expression, pulmonary vascular cell
proliferation, and PH.

Our study has several important
limitations that merit additional

TZDs

l ) EC Pulmonary
— PPARy —> miR-98 — ET1 —> RISl |ypertension

Figure 8. PPARy regulates ET-1 expression through miR-98 in hypoxia-induced pulmonary
hypertension (PH). Hypoxia decreases PPARy and miR-98 expression to increase levels of ET-1 that
stimulate PAEC proliferation and contribute to pulmonary vascular remodeling and PH. Rosiglitazone
activates PPARy and restores miR-98 expression and attenuates hypoxic up-regulation of ET-1,
which can attenuate derangements such as pulmonary vasoconstriction and vascular remodeling.

TZD, thiazolidinedione. EC, endothelial cells.
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consideration. As recently reviewed (56),
the mouse models of PH used in the
current study fail to replicate the
proliferative, plexogenic arteriopathy seen
in patients with advanced PAH. The
hypoxia + SU5416 model used in the
current study caused more severe PH than
hypoxia alone and was reported to induce
proliferative vascular lesions in the mouse
(57). Reduced miR-98 levels, increased
ET-1, and PAEC proliferation were
common features observed in PAH PAECs
and in hypoxia or hypoxia + Sugen mouse
lung. Further, although we focus on
PPARvy-mediated regulation of miR-98
and miR-98-mediated regulation of ET-1,
this reductionist approach fails to address
additional PPARy or miR-98 targets that
may also participate in PH pathogenesis.
Nonetheless, the present study confirms
the role of PPARY in regulating miR-98,
ET-1, and pulmonary vascular cell
proliferation. The precise molecular
mechanisms underlying PPARy-mediated
increases in miR-98 remain an area of
active investigation in our lab. In silico
analysis of the miR-98 promoter using
PuTmiR software (58) indicated that the
upstream promoter region of miR-98
(chromosome X: 53,587,546-53,587,567
bp) contains a putative PPARy binding
site, suggesting that PPARy may directly
regulate transcriptional expression of
miR-98. However, PPARy-mediated
stimulation or repression of other gene
targets may well contribute to the
integrated effects of activation of this
receptor in PH pathogenesis and therapy.
In summary, these findings provide
novel evidence that PPARYy regulates
miR-98 to modulate ET-1 and pulmonary
vascular cell proliferation in PH
pathogenesis. These results demonstrate
that targeting PPARYy activation with
pharmacological ligands can provide
a novel approach to restore PPARYy activity
under pathophysiological conditions where
PPARY expression is reduced. Increasing
PPARYy activity increased miR-98 levels
to reduce transcript and protein levels of
ET-1, an important mediator of PH
pathobiology. These findings suggest that
modulating miR-98 levels through PPARy
may provide a new therapeutic approach to
regulate ET-1 and other pathobiological
mediators of PH. l

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