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Abstract

Rationale: Females are predisposed to pulmonary arterial
hypertension (PAH); evidence suggests that serotonin, mutations
in the bone morphogenetic protein receptor (BMPR) II gene, and
estrogens influence development of PAH. The 5-hydroxytryptamine
1B receptor (5-HT1BR) mediates human pulmonary artery smooth
muscle cell (hPASMC) proliferation.

Objectives:We aimed to determine whether selected microRNAs
(miRNAs) expressed in PASMCs are influenced by sex, BMPR-II
mutations, and estrogens, and contribute to PASMC proliferation in
PAH.

Methods: Expression levels of miRNAs targeting genes related to
PAH, estrogen, and serotonin were determined by quantitative RT-
PCR in hPASMCs and mouse PASMCs harboring a heterozygous
mutation in BMPR-II (BMPR-IIR899X1/2 PASMCs). miRNA-96
targets 5-HT1BR and was selected for further investigation. miRNA
target validation was confirmed by luciferase reporter assay.
Precursor miRNA-96 was transfected into hPASMCs to examine

effects on proliferation and 5-HT1BR expression. The effect of
a miRNA-96 mimic on the development of hypoxic pulmonary
hypertension in mice was also assessed.

Measurements and Main Results:miRNA-96 expression was
reduced in BMPR-IIR899X1/2 PASMCs from female mice and
hPASMCs from female patients with PAH; this was associated
with increased 5-HT1BR expression and serotonin-mediated
proliferation. 5-HT1BR was validated as a target for miRNA-96.
Transfection of precursor miRNA-96 into hPASMCs reduced
5-HT1BR expression and inhibited serotonin-induced proliferation.
Restoration of miRNA-96 expression in pulmonary arteries in vivo
via administration of anmiRNA-96mimic reduced the development
of hypoxia-induced pulmonary hypertension in the mouse.

Conclusions: Increased 5-HT1BR expressionmay be a consequence
of decreased miRNA-96 expression in female patient PASMCs, and
this may contribute to the development of PAH.

Keywords: microRNA; pulmonary hypertension; estrogen;
serotonin; animal models

Mutations within the bone morphogenetic
protein receptor (BMPR) II gene are
associated with approximately 70% of
heritable pulmonary arterial hypertension
(hPAH) cases and roughly 10–40% of
idiopathic PAH (1). Loss of function of

BMPR-II results in a decrease in BMPR-II
signaling, translating into aberrant
proliferation of pulmonary artery smooth
muscle cells (PASMCs) (2). Restoration
of the BMPR-II signaling pathway
represents a novel therapeutic strategy (3).

We recently demonstrated, in the hypoxic
mouse and Sugen 5,416/hypoxic rat
models, that the therapeutic effect of
anastrozole, an inhibitor of estrogen
synthesis, was only observed in females,
and was related to restoration of BMPR-II
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signaling (4). BMPR-II mutations exhibit
a relatively low frequency of disease
penetrance (20–30%), suggesting that
other factors also contribute to the
development of PAH.

Epidemiological studies report
a greater incidence of PAH in females;
the female-to-male ratio ranges from 3:1
to 4:1 (5). Hence, female sex hormones,
primarily estrogens, may play a causative
role in the development of PAH.
17b-estradiol, the main circulating
estrogen, increases proliferation of
human PASMCs (hPASMCs), and
anomalous synthesis and metabolism
of estrogen have been associated with the
disease (4, 6, 7). Within the promoter
region of the BMPR-II gene, there is an
estrogen-response element that may play
a role in the suppression of BMPR-II
receptor expression (8).

Evidence suggests that serotonin is
involved in the pathogenesis of PAH.

Endothelial expression of tryptophan
hydroxylase (TPH)-1, the rate-limiting
enzyme in the synthesis of serotonin, is
increased in remodeled pulmonary
arteries from patients with idiopathic PAH
(9). In addition, TPH-1 knockout mice
are protected from hypoxia-induced
pulmonary hypertension (PH) (10, 11).
We have shown that only female mice
develop PH via a serotonin-dependent
mechanism—for example, mice
overexpressing the serotonin transporter
(SERT), calcium-binding protein
S100A4/mts1–overexpressing mice, and
mice dosed with dexfenfluramine (6, 12,
13). This PH phenotype is estrogen
dependent, and suggests that female sex
and estrogen influence the development of
PH in these serotonin-dependent models.
Serotonin is a potent mitogen and
vasoconstrictor in the pulmonary
vasculature acting through the SERT and
5-hydroxytryptamine1B receptor (5-HT1BR)
(14, 15). The expression of TPH-1, SERT,
and 5-HT1BR in hPASMCs is increased
by 17b-estradiol (6).

MicroRNAs (miRNAs) are
noncoding RNA sequences that have
the ability to direct expression of
genes in a post-transcriptional manner
through either degradation of target
messenger RNA (mRNA) or silencing of
mRNA translation. Several miRNAs have
recently been shown to play a role in
PAH pathophysiology (16). Literature
suggests that sex hormones (i.e., estrogens)
have the ability to regulate the expression of
miRNAs (17), which led us to speculate
whether sex can also influence expression
of miRNAs. Thus, in the present study, we
investigated whether sex and/or BMPR-II
expression affects miRNA expression
within PASMCs and hence the expression
of genes that may influence the
development of PAH.

Methods

PASMCs
PASMCs derived from knockin
mice harboring a heterozygous mutation
in BMPR-II (R899X) and littermate
wild-type (WT) control mice were
prepared as described previously (18)
and in the online supplement. These mice
develop spontaneous PH (19). Human
PASMCs were prepared as described
previously (6) and in the online supplement.

Cell Proliferation Assay
To assess proliferation, PASMCs were
counted using the hemocytometer
approach, as described previously (6).

hPASMC Transfection with miRNA
Mimic
hPASMCs were transfected with
either 1 nM precursor (pre-) miRNA-96
(PM10422; Ambion, Paisley, UK) or pre-
miRNA–negative control (AM17110 #1;
Ambion), as described in the online
supplement. For expression analysis, each
condition was performed in biological
replicates to allow for RNA and protein
harvest 48 hours and 72 hours post-
transfection, respectively. For proliferation
analysis, PASMCs were then quiesced
in 0.2% fetal bovine serum and the
proliferation protocol followed as described
in the online supplement.

Taqman Quantitative PCR Analysis of
miRNAs and mRNAs
Total RNA extraction and Taqman
quantitative RT-PCR were conducted as
described previously (16, 20) and in the
online supplement.

Western Blot Analysis of Protein
Protein extraction andWestern blot analysis
was performed as described previously
(7, 16) and in the online supplement.

Pulmonary Arterial Remodeling
Remodeled pulmonary arteries were
investigated by elastin-picrosirius red
staining as described previously (16, 20)
and in the online supplement.

Luicferase Reporter Assay
The psi-CHECK-2 dual luciferase reporter
vector (Promega, Southampton, UK) was
used for the reporter assay as described in
the online supplement. Luciferase activity
was measured using the Dual-Glo Luciferase
Assay System (Promega) and luminescence
detection performed via LUMIstar
OPTIMA microplate reader (BMG Labtech,
Ortenberg, Germany).

Chronic Hypoxia
Female WT C57/Bl (Charles River
Laboratories, Ormiston, UK) mice aged
2 months were exposed to 14 days of
hypobaric hypoxia (10% O2, 550 mbar), as
described previously (21). Mice maintained
in normoxic conditions (21% O2, 1,000
mbar) were studied as controls.

At a Glance Commentary

Scientific Knowledge on the
Subject: Females develop pulmonary
arterial hypertension (PAH) more
frequently than males, and loss-of-
function bone morphogenetic protein
receptor (BMPR) II mutations underlie
heritable PAH. Genes can be regulated
by microRNAs (miRNAs), but it is
unknown if sex affects the activity of
these.

What This Study Adds to the
Field: Our research shows that, in
female pulmonary artery smooth
muscle cells (PASMCs) from BMPR-II
mutant mice and patients, there is
down-regulation of miRNA-96
associated with concomitant up-
regulation of the 5-hydroxytryptamine
1B receptor, a direct miRNA-96 target.
We show that this contributes to
a proliferative phenotype in female
human PASMCs and that an miRNA-
96 mimic prevents the development of
pulmonary hypertension in a model of
PAH. These findings suggest that
down-regulation of miRNA-96 and
associated increases in serotonin-
induced proliferation may contribute
to the pathology of PAH, especially in
females.
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Administration of miRNA-96 Mimic
To assess whether miRNA-96 was involved
in the pathology of PH, the miRNA-96
mimic (no. MC10422; Applied Biosystems,
Paisley, UK) was administered
intravenously via the tail vein once per week
for the 2 weeks of hypoxic exposure. See the
online supplement for further details.

Anastrozole-treated Mice
Lungs from mice treated with
anastrozole (3 mg/kg) or vehicle (1%
carboxymethylcellulose) via subcutaneous
injection for 14 days (4) were studied to
examine the influence of endogenous
estrogen depletion on miRNA-96
regulation.

In Vivo Assessment of PH
Measurements of right ventricular systolic
pressure (RVSP), right ventricular
hypertrophy (RVH), and pulmonary
vascular remodeling were performed as
described previously (4, 7) and in the online
supplement.

In Situ Hybridization
Localization of miRNA-96 within
pulmonary arteries was performed by in situ
hybridization as described previously (22)
and in the online supplement.

Statistical Analysis
Values are expressed as mean (6SEM).
A t test or one-way ANOVA followed by
Tukey’s post hoc test was performed to
evaluate the statistical significance between
all groups, where appropriate. A probability
level of P less than 0.05 was defined as
being statistically significant.

Results

Proliferation and miRNA expression in
BMPR-IIR899X1/2 PASMCs
Female BMPR-IIR899X1/2 PASMCs were
more proliferative to platelet-derived
growth factor (PDGF) and serotonin
compared with male BMPR-IIR899X1/2

PASMCs (Figure 1A). We examined
miRNAs that are associated with PAH,
hypoxia, serotonin, and estrogen systems in
the female and male BMPR-IIR899X1/2

PASMCs. We examined miRNA-503
(targets, e.g., fibroblast growth factor 2),
miRNA-145 (targets krueppel-like factor
5 [23]), and miRNA-155 (targets, e.g.,
hypoxia-inducible factor a) (24). We also

studied miRNAs targeting estrogen
receptor a (ERa) (miRNA-22 and miRNA-
206 [25]), CYP1B1 (miRNA-27b [26]),
5-HT1BR (miRNA-96 [27]), or SERT
(miRNA-16 [28]).

There was no significant difference
between the expression of miRNAs 16, 22,
and 27b inmale or female BMPR-IIR899X1/2

PASMCs versus WT cells (see Figure E1 in
the online supplement). miRNA-145 and
miRNA-206 were significantly increased in
both female and male BMPR-IIR899X1/2

PASMCs compared with WT. miRNA-155
was down-regulated in female BMPR-
IIR899X1/2 PASMCs compared with WT,
and up-regulated in male BMPR-IIR899X1/2

PASMCs compared with WT. There was
reduced expression of miRNA-503 in
female BMPR-IIR899X1/2 PASMCs
compared with WT (Figure E1).

Expression of miRNA-96 was reduced
by approximately 80% in female BMPR-
IIR899X1/2 PASMCs compared with their
WT controls; expression was equal in male
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Figure 1. Characteristics of pulmonary artery smooth muscle cells (PASMCs) in female and male
bone morphogenetic protein receptor (BMPR) 2R899X1/2 mice (BMPR-IIR899X1/2 PASMCs) and
wild-type (WT) controls. (A) Proliferative responses after 72 hours to 10% fetal bovine serum (FBS),
platelet-derived growth factor (PDGF), and serotonin (5-HT) in male and female BMPR-IIR899X1/2

PASMCs (n = 3, in triplicate). (B) Expression of microRNA-96 in male and female BMPR-IIR899X1/2

PASMCs and WT control cells (n = 8, all isolates repeated three times). (C and D) The expression of
5-HT 1B receptor (5-HT1BR) messenger RNA (C) and protein (D) in male and female BMPR-IIR899X1/2

PASMCs and WT control cells (n = 6, all isolates repeated three times) and representative
immunoblot of 5-HT1BR protein expression in male and female BMPR-IIR899X1/2 PASMCs and
WT control cells. Data displayed as mean6 SEM. *P, 0.05, **P, 0.01, ***P, 0.001, 111P,
0.001, determined by one-way ANOVA with Tukey’s post hoc test. GAPDH = glyceraldehyde
3-phosphate dehydrogenase; RQ = relative quantity; U6 = small nuclear RNA U6.

ORIGINAL ARTICLE

1434 American Journal of Respiratory and Critical Care Medicine Volume 191 Number 12 | June 15 2015



BMPR-IIR899X1/2 PASMCs compared
with their WT controls (Figure 1B). In
WT PASMCs, there was no significant
difference in miRNA-96 expression
between female and male. In the BMPR-
IIR899X1/2 PASMCs, there was decreased
expression of miRNA-96 in females
compared with males. In silico analysis
(miRwalk; available from http://www.
umm.uni-heidelberg.de/apps/zmf/
mirwalk/) suggested that miRNA-96 may
target the 5-HT1BR. Therefore, we
analyzed the expression of the 5-HT1BR in
female and male BMPR- IIR899X1/2

PASMCs. 5-HT1BR expression was only
increased in female BMPR-IIR899X1/2

PASMCs (Figures 1C and 1D),
accompanied by a decrease in miRNA-96
expression.

Our rationale for focusing our studies
on miRNA-96 was that this is the only
known miRNA to target 5-HT1BR (27);
5-HT1BR mediates pathogenic effects of
serotonin in PAH (14, 21). In addition,
a role for miRNA-96 in PAH has not
previously been described, hence this novel,
sex-specific miRNA-96/5-HT1BR axis was
worthy of further investigation.

miRNA-96 Expression in hPASMCs
miRNA-96 was also down-regulated in
PASMCs from female patients with PAH
compared with control patients without
PAH (Figure 2A). Consistent with findings
from the BMPR-IIR899X1/2 PASMCs, there
was no change in male patient PASMCs
(Figure 2A). Notably, 5-HT1BR expression
was only increased in female patients with
PAH (Figures 2B and 2C).

Validation of 5-HT1BR as a Direct
Target of miRNA-96
To assess transfection conditions in HeLa
cells, we performed quantitative RT-PCR
analysis to examine the mature form of
miRNA-96 after pre–miRNA-96 and pre-
miRNA–negative control transfections.
A significant increase in miRNA-96
expression in the pre–miRNA-96
transfected cells was observed compared
with control, with no increase observed
in the pre-miRNA–negative control
group (Figure 3A). Luciferase reporter
assay confirmed a miRNA-96 binding
site in the 39 untranslated region (UTR)
of 5-HT1BR mRNA as pre–miRNA-96
was able to significantly reduce
luciferase activity at a concentration of
25 nM, with pre-miRNA–negative control
showing no significant reduction in
luciferase activity of the 5-HT1BR construct
(Figure 3B). Importantly, pre–miRNA-96
had no effect on reducing luciferase activity
of the psi-CHECK-2 control vector and
of the mutated 5-HT1BR construct
(Figure 3B).

miRNA-96 and hPASMC Proliferation
The proliferative response to serotonin after
72 hours was only observed in female
patient PASMCs, and was inhibited by the
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Figure 2. Expression of microRNA (miRNA)-96 and 5-hydroxytryptamine 1B receptor (5-HT1BR) in
human pulmonary artery smooth muscle cells (PASMCs). (A) Expression of miRNA-96 in human
PASMCs from female and male patients with pulmonary arterial hypertension (PAH) and control
patients without PAH (n = 4–6, all isolates repeated three times). The expression of 5-HT1BR
messenger RNA (B) and protein (C) in human PASMCs from female and male patients with PAH
and control patients without PAH (n = 4–6, all isolates repeated three times) and representative
immunoblot of 5-HT1BR protein expression in human PASMCs from female and male patients and
nonpatient control subjects. Data displayed as mean6 SEM. *P, 0.05, **P, 0.01, ***P, 0.001,
determined by one-way ANOVA with Tukey’s post hoc test. GAPDH = glyceraldehyde 3-phosphate
dehydrogenase; RNU48 = small nuclear RNA 48; RQ = relative quantity.
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Figure 3. Validation of microRNA (miRNA-96) gene target 5-hydroxytryptamine 1B receptor (5-HT1BR). (A) The effect of precursor (pre-) miRNA-96 transfection on
the expression of miRNA-96 (n = 3). (B) The effect of pre–miRNA-96 on the luciferase activity of the psi-CHECK-2 control construct, the 5-HT1BR construct, and
mutated 5-HT1BR construct (n = 3, all isolates repeated three times). Data displayed as mean6 SEM. **P,0.01, ****P,0.0001 determined by one-way ANOVA
with Tukey’s post hoc test. miR=miRNA; neg cont = negative control; NTC=nontransfection control; RNU48= small nuclear RNA 48; RQ= relative quantity.
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5-HT1BR–selective antagonist, SB224289
(Figures 4A–4D). The selective 5-HT1BR
agonist, CP94253, induced proliferation
only in female patient PASMCs, and this
was inhibited by SB224289 (Figures
4A–4D). Direct overexpression of miRNA-
96 (Figure 5A) did not affect 5-HT1BR
mRNA expression (Figure 5B), but did
significantly decrease endogenous
5-HT1BR protein expression (Figure 5C).
Pre–miRNA-96 abolished serotonin-
induced proliferation (Figure 5D).
Moreover, the effect of pre–miRNA-96 was
comparable to the effects of the 5-HT1BR
antagonist, SB224289 (Figure 5D). These
results suggest that miRNA-96 expression
can regulate 5-HT1BR–mediated
proliferation in female patient PASMCs.

The Influence of Estrogen on
miRNA-96
17b-estradiol decreased miRNA-96
expression (Figure 6A), but did not
significantly affect 5-HT1BR mRNA
expression (Figure 6B). To determine if
endogenous 17b-estradiol also influences
miRNA-96 expression, we assessed miRNA-
96 and 5-HT1BR protein expression in lung
from female and male mice that had been
dosed with an aromatase inhibitor,
anastrozole. These mice have depleted
circulating and local lung synthesis of
estrogen, and elevated BMPR-II signaling (4).

miRNA-96 was elevated in the lungs from
the estrogen-depleted female mice
(Figure 6C), and this was accompanied by
a decrease in 5-HT1BR mRNA expression
(Figure 6D). No changes in miRNA-96 or
5-HT1BR mRNA expression were observed
within male lung tissue (Figure E2).

In Vivo Effect of a miRNA-96 Mimic in
the Hypoxic Mouse
We determined if a miRNA-96 mimic would
prevent the development of hypoxia-induced
PH (associated with decreased BMPR-II
signaling [4, 29]) and if any therapeutic effect
was related to 5-HT1BR expression. First, we
confirmed that MaxSuppressor In Vivo RNA-
LANCEr II (Bioo Scientific, Austin, TX)
delivered miRNA-96 mimic to the pulmonary
arteries and, specifically, their medial layer.
Figure 7A demonstrates that miRNA-96
expression was increased in the pulmonary
arteries after administration of the miRNA-96
mimic. From in situ hybridization, we report
that the miRNA-96 expression is localized
within the smooth muscle medial layer of the
pulmonary artery (Figure 7B). The miRNA-96
mimic reduced hypoxia-induced increases in
RVSP (Figure 7C) and RVH (Figure 7D), and
inhibited pulmonary vascular remodeling
(Figures 7E and 7F). Importantly, the
miRNA-96 mimic had no effect under
normoxic conditions (Figures 7C–7F), and
did not affect mean systemic arterial pressure

or heart rate among experimental groups
(Figure E3). We confirmed that the hypoxic
mouse demonstrates decreased BMPR-II
mRNA expression (Figure 8A). miRNA-96
expression was decreased by hypoxia and
restored after the administration of the
miRNA-96 mimic (Figure 8B). 5-HT1BR
protein expression was markedly increased in
the hypoxic lung, and the miRNA-96 mimic
returned 5-HT1BR expression to normoxic
levels (Figure 8C).

Discussion

Sexual dimorphism of miRNA expression has
been recognized within both physiological
and pathological processes (30, 31). However,
this is the first study to observe sex
differences in miRNA expression with regard
to PAH. Through in vitro cell culture models
and in vivo animal studies, we present novel
data demonstrating how miRNA-96, under
the potential influence of estrogen, plays
a role in the development of PH in a
sex-dependent manner by regulating
5-HT1BR expression and hence serotonin-
induced proliferation.

We have previously demonstrated that
female mouse lung displays decreased BMPR-II
and inhibitor of DNA binding 1 (Id1)
expression compared with male lung (4). We
have also demonstrated that, as a consequence
of mutation in BMPR-II, there is unopposed
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Figure 4. The effect of serotonin (5-HT) on proliferation in human pulmonary artery smooth muscle cell (PASMCs). The proliferative response to serotonin in PASMCs
from female control patient without pulmonary arterial hypertension (PAH) (A), female patient with PAH (B), male control patient without PAH (C), and male patient with PAH
(D) human (n=3, in triplicate). SB224289 is the selective 5-HT 1B receptor (5-HT1BR) antagonist, and CP94253 is the selective 5-HT1BR agonist. Data displayed as
percentage of 2.5% fetal bovine serum (FBS) negative control. *P,0.05, **P,0.01, ****P,0.0001, determined by one-way ANOVA with Tukey’s post hoc test.
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p38 mitogen-activated protein kinase/
extracellular signal–regulated kinase (ERK)
signaling and increased proliferation in
hPASMCs (2). PDGF induced proliferation
only in female non-PAH hPASMCs, and we
attribute this to decreased BMPR-II signaling
in these cells (32). These observations are
consistent with our observation that the female
BMPR-IIR899X1/2 PASMCs proliferate to
a greater extent to PDGF and serotonin
compared with male BMPR-IIR899X1/2

PASMCs. We have previously shown that
administration of serotonin unmasks a PH
phenotype in BMPR-II1/2 mice (26). This is
consistent with our novel observation that there
is an increase in the proliferative response to
serotonin and 5-HT1BR expression in female
BMPR-IIR899X1/2 PASMCs, associated with
a decrease in miRNA-96 expression.

To examine if these observations
translated to human tissue, we demonstrated
that serotonin-induced proliferation of
hPASMCs from female patients was mediated

by 5-HT1BR, as the effect was replicated
by a 5-HT1BR agonist and abolished by a
5-HT1BR–selective antagonist. These results
are consistent with previous studies showing
the importance of the 5-HT1BR–mediating
hPASMC proliferation (21, 23). miRNA-96
expression was decreased in PASMCs of
female patients with PAH correlating with an
increase in 5-HT1BR expression. This is
consistent with our observations in female
mouse BMPR-IIR899X1/2 PASMCs, where
miRNA-96 expression is decreased and
5-HT1BR expression is increased compared
with male mouse BMPR-IIR899X1/2 PASMCs,
where there was no differential effect.

Interestingly, proliferation to serotonin
in hPASMCs was only observed in female
patient PASMCs, despite low expression
levels of the 5-HT1BR in male patient and
control PASMCs. 5-HT1BR is Gi linked,
and Gi-linked responses are regulated by
synergistic influences, such that a threshold
for activation is required (33, 34). Indeed,

activity and/or expression of 5-HT1BR can
be increased synergistically by Gq-linked
receptor stimulation (14, 35–37), estrogen
(6), coactivation of SERT (14, 38, 39),
and phospho-ERK (40, 41). Estrogen
synthesis is increased in female hPASMCs
(4), providing a stimulus for overexpression
of SERT and 5-HT1BR (6), and SERT
expression is increased in patient PASMCs
(42). In addition, pERK2 expression is
elevated in female hPASMCs and further
enhanced in PASMCs from patients with
PAH (2, 41). In addition, there is increased
expression of Gq-linked receptors (e.g.,
PDGF, endothelin-1 [43]) in PASMCs
from patients with PAH. Hence, female
hPASMCs from patients with PAH are
influenced by a unique combination of
synergins (SERT, 5-HT1BR, Gq stimulation,
estrogen) that can facilitate 5-HT1BR–
mediated responses.

In silico bioinformatic analysis suggests
that 5-HT1BR is a putative target of miRNA-96.
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Figure 5. The effect of over-expressing microRNA (miRNA)-96 in human pulmonary artery smooth muscle cells (PASMCs) from female patients. The effect of
pre–miRNA-96 transfection in human PASMCs from female patients on miRNA-96 expression (A), 5-hydroxytryptamine 1B receptor (5-HT1BR) messenger RNA (B),
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In addition, a polymorphism in the
39UTR of the 5-HT1BR mRNA disrupts
binding of miRNA-96 (27). We validated that
5-HT1BR was a target of miRNA-96 through
luciferase reporter assay. In addition, we
demonstrated that direct overexpression of
miRNA-96 (via transfection of pre–miRNA-
96) in hPASMCs could decrease expression of
target 5-HT1BR protein in in vitro cell culture.
This acute overexpression of the miRNA-96
had no effect on 5-HT1BR mRNA, suggesting
that, after 48 hours, the miRNA-96 is binding
to the 39UTR of 5-HT1BR mRNA, silencing
translation to protein without actual
degradation of the mRNA.

We demonstrated that direct
overexpression of miRNA-96 ablated the
ability of serotonin to induce proliferation
of PASMCs of female patients with PAH,
which accompanied a decrease in 5-HT1BR
expression. Thus, within the PASMCs of
female patients with PAH, down-regulation
of miRNA-96 may lead to overexpression
of 5-HT1BR, which subsequently increased
the capacity of serotonin to induce
proliferation. This is the first report that
miRNA-96 expression influences distal
hPASMC proliferation, and that
manipulation of miRNA-96 can influence
proliferation through targeting the
5-HT1BR. It is distal PASMCs that
contribute to pulmonary vascular
remodeling, but it is of interest that down-

regulation of miRNA-96 may mediate an
increase in BMP-4 signaling in proximal
PASMCs, which demonstrate a distinct
phenotype and are less involved in the
pathobiology associated with PAH.

Little is currently known about the role
that miRNA-96 plays in vascular physiology
and pathology. Aberrant expression of
miRNA-96 has been observed in cancer
biology, where it has been described as being
either oncogenic (44) or antioncogenic (45),
and miRNA-96 has previously been
associated with breast cancer (46). Breast
cancer is a disease strongly influenced by
estrogen, and this suggests that there could
be a link between estrogen and miRNA-96
expression. Indeed, estrogen can alter
miRNA expression through three
mechanisms: first, through estrogen
response elements in the promoter element
of the primary miRNA (pri-miRNA) gene
(47); second, through transcription of
estrogen-related genes (e.g., c-MYC, which
can, in turn, interact with transcription of
pri-miRNA gene) (48); and, third, through
interaction with miRNA biogenesis, as
there is an ERa binding site in the
promoter region of the Dicer gene (17). We
have previously demonstrated that estrogen
increases the protein expression of
5-HT1BR in hPASMCs (8). It was therefore
of interest to investigate if estrogen can
influence 5-HT1BR expression through

modulating epigenetic control. Stimulation
of hPASMCs with estrogen decreased the
expression of miRNA-96, suggesting that
estrogen could influence 5-HT1BR
expression via regulation of miRNA-96.
This is consistent with bioinformatic
analysis showing the primary miRNA-96
gene harbors an estrogen response element
in the promoter region (49). It is equally
possible that estrogen could influence
miRNA-96 expression indirectly though
reduction in BMPR-II signaling (8), as
SMADs are multifunctional proteins that
modify gene expression themselves,
transcriptionally through DNA binding and
post-transcriptionally through pri-miRNA
binding and regulation of miRNA
processing. For example, it has been
reported that the expression of miRNA-21
is influenced by BMP signaling. Here,
SMAD proteins interact with DROSHA to
increase the biogenic processing of pri-
miRNA-21 into pre–miRNA-21 and finally
into mature miRNA-21 (50). It is also
known that pre-miRNAs may compete
with their mature miRNA, and hence serve
as post-transcriptional regulators of
miRNA activity (51). Regulation of gene
activity by miRNAs may therefore be
affected by changes in BMPR-II/Smad
signaling; decreased BMPR-II signaling by
estrogen may facilitate the gene-silencing
effects of miRNA-96 indirectly via
decreased pre-miRNA processing.

Previous studies have shown that
exogenously administered estrogen can
actually protect against PH in male mice
(52). We recently demonstrated expression
of aromatase (the estrogen-synthesizing
enzyme) in human, rat, and mouse
pulmonary artery smooth muscle, and that
the expression of aromatase was greatest in
females (4). In addition, we showed that
inhibition of endogenous aromatase by
anastrozole increases lung BMPR-II
expression and can prevent and reverse PH
in the hypoxic mouse and rat Sugen 5,416/
hypoxic model, but only in females (6).
Anastrozole depletes all endogenous
estrogen, both circulating (4) and vascular.
This suggests that endogenous estrogen plays
a role in the development of PH in female
mice and rats via restoration of BMPR-II
signaling, but not in the males, and that the
combination of circulating estrogen and
local endogenous synthesis of estrogen in
pulmonary arteries drives a PH phenotype in
females. Lungs from mice treated with
anastrozole demonstrated a significantly
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Figure 6. The effect of 17b-estradiol (E2) on microRNA (miRNA)-96 and 5-hydroxytryptamine 1B receptor
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higher expression of miRNA-96 compared
with control lung. This increase in miRNA-
96 was associated with a decrease in
5-HT1BR expression, and was only observed
in lungs from female mice, and not males.
Collectively, our results suggest that
endogenous estrogen regulates BMPR-II and
miRNA-96 expression only in female lung.
This supports the hypothesis that sex plays
an important role in the regulation of
miRNAs and BMPR-II. Indeed, we have
recently demonstrated that hPASMCs from
females without PAH have reduced BMPR-
II signaling compared with male hPASMCs,
and this contributes to increased proliferative
responses in the female hPASMCs (32).
As PAH is more frequently presented in
women, and endogenous estrogens may
influence this, it also raises the question as to
whether or not female and male patients
with PAHmay require different therapeutics.

This concept has previously been addressed
with regard to current PAH treatments,
where it was observed that women
responded better to endothelin-1 receptor
antagonists compared with men (53).

To investigate if restoration of miRNA-96
expression in vivo can protect against PH via
5-HT1BR, we performed an in vivo study to
examine the effects of a miRNA-96 mimic.
BMPR-II expression is reduced in the hypoxic
mouse, the monocrotaline rat, and the Sugen/
hypoxic rat (4, 54, 55). Here, we used the
hypoxic mouse model of PH, which produces
a robust disease phenotype, including
decreased BMPR-II signaling. We confirmed
that BMPR-II mRNA expression was reduced
in the lungs of the hypoxic mice. We report
that 5-HT1BR protein expression is markedly
elevated in the lungs from hypoxic mice,
whereas miRNA-96 expression is reduced. In
situ analysis demonstrated that the miRNA-96

expression is primarily in the medial smooth
muscle cell layer of the pulmonary arteries.
We showed that intravenous administration
of the miRNA-96 mimic delivered the
miRNA-96 to the pulmonary arteries, and
also that the miRNA-96 mimic reduced
hypoxia-induced increases in RVSP and
RVH and prevented pulmonary vascular
remodeling. This was associated with an
increase in lung miRNA-96 expression and
a decrease in 5-HT1BR expression. This
substantiates our hypothesis that
PH is associated with increased 5-
HT1BR–mediated remodeling/proliferation
under the control of miRNA-96. The
miRNA-96 mimic had no effect on mean
systemic arterial pressure or heart rate,
suggesting that this therapeutic strategy
could be pulmonary selective.

In summary, the present work
suggests that estrogen and BMPR-II
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Figure 7. The effect of a microRNA (miRNA)-96 mimic on hypoxia-induced pulmonary hypertension in female mice. (A) The effect of a 30-mg dose
(intravenous) of miRNA-96 (miR-96) mimic on miRNA-96 expression in pulmonary artery (n = 5). (B) Representative images of miRNA-96 in situ hybridization in
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deficiency can decrease miRNA-96
expression in PASMCs, causing an increase
in 5-HT1BR expression, and this may
influence the pathobiology of PAH in
females. In addition, an miRNA-96 mimic

can reduce lung 5-HT1BR expression in vivo
and can prevent the development of
experimental PH (see Figure 8D for
summary). Further study into the
potential of an miRNA-96 mimic as

a novel therapeutic strategy in PAH is
warranted. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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49. Matys V, Fricke E, Geffers R, Gössling E, Haubrock M, Hehl R, Hornischer
K, Karas D, Kel AE, Kel-Margoulis OV, et al. TRANSFAC: transcriptional
regulation, from patterns to profiles. Nucleic Acids Res 2003;31:374–378.

50. Davis BN, Hilyard AC, Lagna G, Hata A. SMAD proteins control
DROSHA-mediated microRNA maturation. Nature 2008;454:56–61.

51. Roy-Chaudhuri B, Valdmanis PN, Zhang Y, Wang Q, Luo QJ, Kay MA.
Regulation of microRNA-mediated gene silencing by microRNA
precursors. Nat Struct Mol Biol 2014;21:825–832.

52. Lahm T, Albrecht M, Fisher AJ, Selej M, Patel NG, Brown JA, Justice
MJ, Brown MB, Van Demark M, Trulock KM, et al. 17b-Estradiol
attenuates hypoxic pulmonary hypertension via estrogen receptor-
mediated effects. Am J Respir Crit Care Med 2012;185:965–980.

53. Gabler NB, French B, Strom BL, Liu Z, Palevsky HI, Taichman DB,
Kawut SM, Halpern SD. Race and sex differences in response to
endothelin receptor antagonists for pulmonary arterial hypertension.
Chest 2012;141:20–26.

54. Long L, Crosby A, Yang X, Southwood M, Upton PD, Kim DK, Morrell
NW. Altered bone morphogenetic protein and transforming growth
factor-beta signaling in rat models of pulmonary hypertension:
potential for activin receptor–like kinase-5 inhibition in prevention
and progression of disease. Circulation 2009;119:566–576.

55. Meloche J, Courchesne A, Barrier M, Carter S, Bisserier M, Paulin R,
Lauzon-Joset JF, Breuils-Bonnet S, Tremblay É, Biardel S, et al.
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