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Circulating levels of endothelial miR-150 are reduced in pul-
monary arterial hypertension (PAH) and act as an indepen-
dent predictor of patient survival, but links between endo-
thelial miR-150 and vascular dysfunction are not well
understood. We studied the effects of endothelial miR-150
supplementation and inhibition in PAH mice and cells
from patients with idiopathic PAH. The role of selected me-
diators of miR-150 identified by RNA sequencing was evalu-
ated in vitro and in vivo. Endothelium-targeted miR-150 de-
livery prevented the disease in Sugen/hypoxia mice, while
endothelial knockdown of miR-150 had adverse effects.
miR-150 target genes revealed significant associations with
PAH pathways, including proliferation, inflammation, and
phospholipid signaling, with PTEN-like mitochondrial phos-
phatase (PTPMT1) most markedly altered. PTPMT1 reduced
inflammation and apoptosis and improved mitochondrial
function in human pulmonary endothelial cells and blood-
derived endothelial colony-forming cells from idiopathic
PAH. Beneficial effects of miR-150 in vitro and in vivo
were linked with PTPMT1-dependent biosynthesis of mito-
chondrial phospholipid cardiolipin and reduced expression
of pro-apoptotic, pro-inflammatory, and pro-fibrotic genes,
including c-MYB, NOTCH3, transforming growth factor b

(TGF-b), and Col1a1. In conclusion, we are the first to
show that miR-150 supplementation attenuates pulmonary
endothelial damage induced by vascular stresses and may
be considered as a potential therapeutic strategy in PAH.

INTRODUCTION
Pulmonary arterial hypertension (PAH) is a severe and currently
incurable disease characterized by progressive thickening of small ar-
teries in the lung, leading to increased pulmonary vascular resistance
and right heart failure.1 Endothelial damage followed by proliferation
of vascular smooth muscle cells underlie the disease pathology.2 The
converging effects of hypoxia, inflammation, and oxidative and meta-
bolic stress play a key contributory role.

At the cellular level, the arterial and right ventricular (RV) remod-
eling in PAH is associated with a shift from oxidative phosphory-
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lation to glycolysis,3 which increases the availability of non-
oxidized lipids, amino acids, and sugars essential for rapid
cell proliferation.4 These changes are accompanied by inhibition
of mitochondrial biogenesis, mitochondrial fragmentation, mem-
brane hyperpolarization, and altered reactive oxygen species
(ROS) production.4,5

MicroRNAs (miRNAs) have emerged as essential regulators of mul-
tiple cellular processes, simultaneously controlling mRNA process-
ing, stability, and translation of multiple gene targets. Given the
multifaceted nature of PAH pathology, there is interest in the role
of miRNAs in the pathogenesis of this condition.6

We have previously shown that reduced miR-150-5p (referred to as
miR-150) levels in plasma, circulating microvesicles, and the blood
cell fraction from PAH patients are significant predictors of survival,
independent of age, cardiac index, disease duration, and circulating
lymphocyte count.7 While miR-150 is highly expressed in mature
lymphocytes, circulating lymphocytes account for only about 6% of
the variation in the miR-150 level, suggesting that endothelial cells
are a likely source of this miRNA.8 The impact of variation in endo-
thelial miR-150 expression on endothelial function or disease pathol-
ogy has not yet been investigated.

Herein, we describe the effects of endothelial miR-150 supplementa-
tion and inhibition in experimental PAH, human pulmonary artery
endothelial and smooth muscle cells, and blood-derived endothelial
colony-forming cells (ECFCs) from PAH patients and identify the
signaling mediators involved. We show that miR-150 has anti-
apoptotic, anti-inflammatory, anti-proliferative, and anti-fibrotic ef-
fects and is required for mitochondrial adaptation to an increased en-
ergy demand in conditions of vascular stress.
Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS
Endothelial supplementation of miR-150 improves pulmonary

vascular hemodynamics and reduces vascular remodeling in

Sugen/hypoxia mice

As a proof of concept, the potential therapeutic effects of miR-150
administration were evaluated in Sugen/hypoxia PAH mice (Fig-
ure 1A). miR-150 complexed with the lipid carrier DACC was deliv-
ered via tail vein injection at 4-day intervals throughout the 3-week
period of study. The DACC liposomal formulation targets the
vascular endothelium, with highest efficiency seen in the lung.9,10

Analysis of the distribution of fluorescently labeled RNA mimic
duplex 1-Cy3 delivered in DACC liposomes 24 h post-injection
confirmed that liposomal cargo accumulated in the lung, but also in
other tissues, including heart and liver (Figure S1).

The control Sugen/hypoxia animals showed a significantly elevated
right ventricular systolic pressure (RVSP), right ventricular
hypertrophy (RVH), and increased vascular muscularization,
marked by a prominent staining of a-smooth muscle actin
(a-SMA) of pre-capillary arterioles (Figures 1B–1E). Lung and
heart levels of miR-150 were significantly reduced in these mice
when compared with healthy transfection controls (Figures 1F
and 1G). Reduction in miR-150 expression was most prominent
in the vascular endothelium while miR-150 expression levels in
leukocytes and airway epithelium remained relatively unaffected
(Figure S2).

Effective miR-150 delivery to lung and heart tissues was confirmed
by qPCR (Figures 1F and 1G). The treatment reduced RVSP (p <
0.05), RVH (p < 0.05), and vascular muscularization (p < 0.0001;
Figures 1B–1E). To evaluate potential liver toxicity of DACC/
miR-150 delivery, aspartate aminotransferase (AST) assay was per-
formed on liver tissues from different study groups (Figure S3).
DACC-treated mice showed an �2-fold increase in AST activity,
comparable to the levels seen in hyperglycemic mice.11 This mild
hepatotoxic effect is more likely to be associated with liposomal liver
clearance12 rather than miR-150, as no significant difference in AST
activity was noted between DACC controls and DACC/miR-150-
treated mice.

Heterozygous endothelial-specific deletion of miR-150 worsens

the symptoms of pulmonary hypertension (PH)

Heterozygous miR-150iEC-knockout (KO) mice (miR-150fl/
Cdh5(PAC)-iCreERT2) were used for experiments to mimic the
reduction (but not complete depletion) of miR-150 content seen in
human disease and pre-clinical models of PAH. Following tamoxifen
administration, the efficiency of Cre-recombinase-mediated deletion
of miR-150 was confirmed by qPCR (Figure 2A).

Sugen/hypoxia miR-150iEC-KO mice showed a substantial eleva-
tion of RVSP (�2-fold increase, p < 0.0001), accompanied by a
rise in RVH and pulmonary vascular muscularization (both p <
0.05), compared with Sugen/hypoxia wild-type littermates (Figures
2B–2E).
Identification of miR-150-regulated genes

In order to identify potential mediators of miR-150-induced effects,
human pulmonary artery endothelial cells (HPAECs) transfected
with miR-150 or non-targeting control miRNA were subjected to
RNA profiling.

Out of the 13,767 genes identified, 180 genes were significantly
upregulated (p < 0.01, fold change > 1.5) and 207 were downregulated
(p < 0.01, fold change < -1.5) by miR-150 (Figure 3A). Heatmap and
unsupervised hierarchical clustering of the top 26 differentially ex-
pressed genes (with adjusted p < 0.05) are shown in Figure 3B. A
list of differentially expressed genes is provided in Table S3.

PTEN-like mitochondrial phosphatase (PTPMT1), a mitochondrial
protein tyrosine phosphatase essential for cardiolipin biosynthesis,
was the most significantly altered gene, showing a 2.5-fold increase
in expression (adjusted p value of 5.48 � 10�7), compared with con-
trols. miRNAs can reduce gene expression by binding to the 30 UTR of
target mRNAs or increase target gene expression by binding to gene
promoters.13 RNAhybrid analysis has identified 70 putative miR-150
predicted binding sites to PTPMT1, with free energy ranges between
�20.2 and �38.1 kcal/mol. The top minimum free energy (MFE)
event (�38.1 kcal/mole) occurred within the promoter region of
PTPMT1 (Figure 3C; Figure S4). Predicted binding of miR-150 to
PTPMT1 and transforming growth factor b1 (TGFB1) is illustrated
in Figure S4. While previous studies showed an upregulation of
mRNAs through miRNA binding to their promoter,14 this mecha-
nism has been relatively less well investigated, compared to mRNA
degradation and translational repression through binding to the 30

UTR. Delineating specific mechanisms through which miR-150 reg-
ulates PTPMT1 and other gene targets will require further studies.
The increase in the expression of PTPMT1 was validated by qPCR
(Figure 3D) and western blotting (Figure S5), and reductions in the
expression of other genes identified by RNA sequencing (RNA-
seq), including SERPINE1, PERP, DUSP5, NOTCH3, and c-MYB,
were validated by qPCR (Figure S5).

Pathway analysis of miR-150 gene targets showed significant associ-
ations with pathways regulating cell proliferation, inflammation,
and oxidative metabolism, including NOTCH signaling (p = 0.029),
cardiolipin biosynthesis (p = 0.014), and inositol phosphate signaling
(p = 0.007) (Figure 3E).

Consistent with the findings in vitro, quantification of transcripts by
qPCR and RNAscope fluorescent in situ hybridization, which allows
specific identification of single transcripts,15 confirmed expression
changes of miR-150 target genes (c-MYB and NOTCH3) in the lungs
of miR-150-treated animals (Figures S6 and S7). Heart tissue from
miR-150-treated Sugen/hypoxia mice showed significantly reduced
expression of markers of cardiac hypertrophy and fibrosis, including
TGFB1, alpha-1 type I collagen (Col1a1), and regulator of calcineurin
1 (Rcan1) (Figure S8). In contrast, heart tissues from Sugen/hypoxia
miR-150iEC-KO mice showed significantly increased levels of Col1a1,
comparedwith the correspondingwild-typedisease controls (FigureS9).
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Figure 1. Effect of pulmonary endothelial miR-150 supplementation on development of PH in Sugen/hypoxia mice

(A) Experimental layout. (B–D) Right ventricular systolic pressure (RVSP) (B), right ventricular hypertrophy (RVH; right ventricle to left ventricle + septum ratio [RV/LV+S]) (C),

and percentage (D) of muscularized vessels <50 mm in diameter/total number of vessels in the lungs of normoxia control mice and Sugen/hypoxia mice treated with

scrambled control or miR-150 mimic delivered by intravenous (i.v.) administration of DACC lipoplex, as indicated. (E) Representative images of a-SMA staining in lung

sections from Sugen/hypoxia mice treated with scrambled control or miR-150 mimic. (F and G) miR-150 expression in lung and heart, as indicated; fold change of normoxia

control. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001, comparisons with normoxia control; #p < 0.05, ###p < 0.001, ####p < 0.0001, comparisons with scrambled control

(by one-way ANOVA with a Tukey’s post-test.). Bars are means ± SEM. n = 8 mice/group.
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PTPMT1 mediates homeostatic effects of miR-150

In order to study the regulatory role of miR-150 in endothelial cell re-
sponses, HPAECs were transfected with miR-150 mimic or miR-150
inhibitor. Changes in the intracellular miR-150 levels were confirmed
144 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
by qPCR (Figure 4A). Transfection efficiency evaluated with the Cy5-
labeled miR negative control was �85% (Figure S10). Supplementa-
tion of miR-150 markedly attenuated endothelial cell apoptosis, hyp-
oxia-induced cell proliferation, and nuclear factor kB (NF-kB)



Figure 2. Effect of endothelial miR-150 deletion on development of PH in Sugen/hypoxia mice

(A) Effect of tamoxifen administration on miR-150 levels in lungs of wild-type (WT) (150+/+) and miR-150iEC-HTKO mice (150+/�). Data are expressed as fold

change of normoxia control. (B–D) RVSP (B), RV/LV+S (C), and percentage (D) of muscularized vessels <50 mm in diameter/total number of vessels in the lungs

of normoxia wild-type control (+ tamoxifen), normoxia miR-150+/� control (without tamoxifen), and Sugen/hypoxia miR-150+/� mice with and without tamoxifen, as

indicated. In (A)–(D), open bars mark miR-150-deficient animals. (E) Representative images of a-SMA staining. Scale bar, 25 mm. *p < 0.05, **p < 0.005, ****p < 0.0001,

comparisons with normoxia control; #p < 0.05, ####p < 0.0001, comparisons with miR-150+/� control (by one-way ANOVA with a Tukey’s post-test). Bars are

means ± SEM. n = 4–8 mice/group.
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activation (Figures 4B–4D). In contrast, inhibition of miR-150 mark-
edly augmented endothelial damage and inflammatory activation
(Figures 4B–4D).

To see whether manipulation of miR-150 levels in endothelial
cells can affect smooth muscle cell proliferation, HPAECs and
human pulmonary artery smooth muscle cells (HPASMCs)
were seeded on the opposite sides of a porous membrane in
Transwell dishes (Figure S11). Endothelial miR-150 overexpres-
sion significantly reduced hypoxia-induced proliferation of
HPASMCs (Figure S11).

Hypoxic exposure significantly reduced PTPMT1 expression in
HPAECs (1.5-fold decrease, p < 0.01) and HPASMCs (2.5-fold
decrease, p < 0.001), compared with normoxic controls (Figure S12).
Overexpression and silencing of PTPMT1 (Figure 4E) mimicked, to a
large extent, changes induced bymanipulation of miR-150 expression
(Figures 4F–4H), suggesting that PTPMT1 acts as a key mediator of
the anti-proliferative and anti-inflammatory effects of miR-150 in
pulmonary endothelial cells.
miR-150 and PTPMT1 improve mitochondrial function in

HPAECs

Energy metabolism constitutes an essential link between cell growth
and apoptosis.16 In order to assess the effect of miR-150 and PTPMT1
on energy metabolism, HPAECs and HPAECs transfected with miR-
150 or PTPMT1 were subjected to bioenergetic profiling. The
extracellular acidification rate (ECAR), which reflects the level of
glycolysis, was not significantly affected by either treatment, but mito-
chondrial oxygen consumption rate (OCR), reflective of the level of
mitochondrial respiration, was significantly elevated in miR-150
and PTPMT1-overexpressing cells (Figures 5A–5C).

The treatment of cells with miR-150 and PTPMT1 significantly
reduced mitochondrial proton leak (Figure 5D). As proton leak de-
picts the protons that migrate into the matrix without producing
ATP, a reduction in proton leak indicates an improvement in
coupling of substrate oxygen and ATP generation.17

Measurement of metabolic potential helps to evaluate the capacity of
cells to respond to stress conditions associated with increased energy
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 145
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Figure 3. RNA sequencing analysis in miR-150-

overexpressing HPAECs shows PTPMT1 as the

most upregulated gene

To identify miR-150 signaling mediators, HPAECs from

three different donors were transfected with miR-150

or scrambled control (20 nM) and RNA was extracted

for RNA sequencing in three independent experi-

ments. (A) Volcano plot of differentially expressed

genes (DEGs). Each point represents the difference in

expression (log2 fold difference) between groups and

the associated significance of this change (indepen-

dent unpaired sample t test). PTPMT1 is highlighted as

the most upregulated gene (fold change of 2.51, p =

3.98 � 10�11, adjusted p [p-adj] value = 5.48 � 10�7;

n = 3). (B) Heatmap showing 26 most significant

genes after multiple test correction using the Benja-

mini-Hochberg procedure (p-adj < 0.05). Green and

red represent downregulation and upregulation,

respectively. (C) miR-150 predicted binding sequence

with the top minimum free energy (MFE) event

(�31.3 kcal/mol) in the promoter (242 bp 50 upstream)

region of the PTPMT1 gene (chr11:47565430–

47573461) using RNAhybrid. (D) PTPMT1 mRNA

levels in cells transfected with control miRNA. Bars are

mean fold changes of normoxia control ± SEM. n = 5.

****p < 0.0001, comparisons with normoxia control (by

unpaired Student’s t test). (E) Significantly enriched

pathways (p < 0.05) regulated by miR-150; Ingenuity

Pathway Analysis (IPA; version 01-12) of top 26

differentially expressed genes in cells transfected with

miR-150.
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demand via mitochondrial respiration and glycolysis. The results
show that miR-150 and PTPMT1 significantly increased mitochon-
drial metabolic potential measured as fold increase in OCR over basal
control levels, while glycolytic metabolic potential in cells remained
relatively unaffected (Figures 5E and 5F).

miR-150 and PTPMT1 restore cardiolipin levels in Sugen/

hypoxia lung and heart tissues and increase mitochondrial

content in human PAH ECFCs

PTPMT1 is a mitochondrial tyrosine kinase, essential for the biosyn-
thesis of cardiolipin, the main phospholipid component of mitochon-
drial membranes and a key regulator of mitochondrial structure and
function.18,19 We evaluated the effect of miR-150 and PTPMT1 sup-
plementation on cardiolipin levels in lungs and hearts frommiR-150-
treated Sugen/hypoxia mice, as well as HPAECs and ECFCs from
idiopathic PAH (IPAH) patients.

PTPMT1 and cardiolipin levels were significantly reduced in Sugen/
hypoxia mice, while miR-150 supplementation restored their expres-
146 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
sion to the level seen in healthy mice (Figures 6A–6C). Overexpression
of PTPMT1 and miR-150 significantly elevated cardiolipin levels in
cultured endothelial cells (p < 0.01 and p < 0.05, respectively)
(Figure 6D).

Blood-derived ECFCs are often used as surrogates for pulmonary
endothelial cells in PAH.20 qPCR analysis showed that miR-150
and PTPMT1 expressions were markedly reduced in ECFCs from
IPAH patients, compared with the cells from healthy individuals
(p < 0.01, n = 12–14) (Figures 7A and 7B). IPAH cells also showed
a marked (�2-fold, p < 0.05) reduction in cardiolipin levels, which
was restored upon treatment with miR-150 and PTPMT1
(Figure 7C).

Reduction in mitochondrial oxidative phosphorylation in PAH is
linked with an increase in mitochondrial fragmentation and a reduc-
tion in mitochondrial biomass.5 Accordingly, we observed increased
mitochondrial fragmentation and reduced mitochondrial content in
ECFCs from IPAH patients, compared with healthy controls (Figures



Figure 4. Endothelium-protective effects of miR-150 and PTPMT1

(A–D) Effect of miR-150mimic andmiR-150 inhibitor on (A) miR-150 expression levels in HPAECs, (B) starvation-induced apoptosis (caspase-3/7 activity assay), (C) hypoxia-

induced proliferation (EdU incorporation assay), and (D) hypoxia (24 h)-induced NF-kB activity (luciferase reporter assay). (E–H) Effect of PTPMT1 overexpression (PTPMT1) or

silencing (siPTPMT1) on (E) PTPMT1 mRNA expression, (F) apoptosis, (G) proliferation, and (H) hypoxia-induced NF-kB activity in HPAECs. In (A), n = 3; in (B)–(H), n = 6. *p <

0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001, comparisons with untreated transfection control; #p < 0.05, ##p < 0.001, ####p < 0.0001, comparisons with treated (starvation

or hypoxia, as appropriate) transfection controls (one-way ANOVA with a Tukey’s post-test). Bars are mean fold changes of transfection control ± SEM.
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Figure 5. Effect of miR-150 and PTPMT1 on

metabolic potential in HPAECs

(A–F) Extracellular acidification rate (ECAR) (A), oxygen

consumption rate (OCR) (B), energy map (C), proton leak

(D), ECAR metabolic potential (% of basal control) (E), and

OCR metabolic potential (% of basal control) (F) in control

HPAECs (transfection control) and HPAECs transfected

with miR-150 or PTPMT1, as indicated. n = 5. Bars are

means ± SEM. *p < 0.05, ****p < 0.0001, comparison with

transfection control (basal); #p < 0.05, as indicated (by

one-way ANOVA with a Tukey’s post-test).
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7D–7F). Overexpression of miR-150 and PTPMT1 restored healthy
control phenotype in IPAH cells (Figures 7D–7F).

DISCUSSION
This study highlights the key role of endothelial miR-150 in the regu-
lation of pulmonary vascular homeostasis. We show that supplemen-
tation of miR-150 reduces expression of markers of inflammation,
apoptosis, and fibrosis critical to the pathology of PAH, including
c-MYB, NOTCH3, TGF-b and Col1a1, and it enhances mitochon-
drial metabolic potential via increased expression of PTPMT1, the
key regulator of cardiolipin biosynthesis.

Downregulation of miR-150 in pulmonary endothelium and IPAH
endothelial cells may result from transcriptional repression by
148 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
apoptosis-inducer p53,21 which is highly ex-
pressed in endothelial cells in pulmonary
hypertensive lung.22 Hypoxia and inhibition of
Krüppel-like factor 2 (KLF-2) and bone
morphogenetic protein receptor 2 (BMPR2)
are also likely to play contributory roles.23–26

RNA sequencing identified PTPMT1 as a key
gene affected by miR-150 overexpression, and
functional analysis showed that PTPMT1 has
endothelium-protective effects. PTPMT1 is
exclusively localized to the inner membrane of
mitochondria, with close proximity to electron
transport chain complexes and enzymes of
the tricarboxylic acid cycle.19 Interestingly,
PTPMT1-ablated cells show a marked decrease
in aerobic metabolism, enhancement of glycol-
ysis,19 and mitochondrial fragmentation,27 remi-
niscent of changes seen in PAH.28 Accordingly,
we observed that miR-150 and PTPMT1 supple-
mentation restored mitochondrial content and
reduced mitochondrial fragmentation in PAH
ECFCs to the level seen in healthy controls.

The effects of PTPMT1 can be linked to its role
in the biosynthesis of cardiolipin, a mitochon-
drial-specific phospholipid regulating mito-
chondrial membrane integrity and function. Interaction with cardio-
lipin is required for optimal activity of several inner mitochondrial
membrane proteins, including the enzyme complexes of the electron
transport chain and ATP production.18

miR-150 and PTPMT1 may reduce maladaptive right ventricular
remodeling by augmentation of glucose oxidation and prevention
of capillary rarefaction.29 In addition to the increased PTPMT1
levels, miR-150-treated Sugen/hypoxia mice showed reduced
expression of cardiac hypertrophy and the fibrosis markers
Col1a1, TGFB1, and Rcan1.30 Reduction in Col1a1 expression is
likely to be mediated by direct targets of miR-150, c-MYB, Sp1,
or b3 integrin.31,32 miR-150 interaction with TGFB1 can poten-
tially occur through multiple locations, with the top predicted



Figure 6. miR-150 and PTPMT1 modulate cardiolipin

levels in tissues and cells

(A–C) Lung PTPMT1 mRNA (A), lung cardiolipin (B), and

heart cardiolipin (C) levels in control and DACC/miR-150-

treated Sugen/hypoxia mice, as indicated. (D) Cardiolipin

levels in control HPAECs and HPAECs transfected with

miR-150 and PTPMT1, as indicated. In (A), data are ex-

pressed as fold change of normoxia control. Bars are

mean of ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

comparison with transfection control (by one-way ANOVA

with a Tukey’s post-test). n = 4–8.
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site within the first intron of TGFB1. Interestingly, TGF-b
signaling can also block miR-150 expression,31,33 suggesting the
existence of a feedback regulatory mechanism. Further studies
are required to establish the precise nature of miR-150 interactions
with its target genes.

Endothelial apoptosis, increasedROSgenerationand reduction inmito-
chondrial cardiolipin contribute to right ventricular failure in PAH.34,35

Electron leak is the major causative factor for production of mitochon-
drial superoxide, and hence the reduction inmitochondrial proton leak
by PTPMT1 may account for the beneficial effects of miR-150
treatment.

Anti-remodeling effects of miR-150 are likely to result from the
cumulative changes in expression of multiple genes. Besides
PTPMT1, other signaling mediators, including c-MYB, NOTCH3,
activin receptors 1 and 2, and matrix metalloproteinases, are likely
to play a role. c-MYB stimulates cell migration, increases recruit-
ment of endothelial progenitor cells,36 and promotes cardiac hy-
pertrophy and fibrosis.37 NOTCH3 is a marker and predictor of
PAH, and its blockade is sufficient to reverse experimental
PAH.38,39 Consistently, we observed contemporaneous, opposing
changes in the expression of miR-150 and its targets, c-MYB
and NOTCH3, in human cells and lung tissues from PAH mice.
While the overall effect of DACC-mediated miR-150 supplementa-
tion was beneficial, it showed a mild hepatotoxic effect, possibly as
Molecular Th
a result of liposomal clearance by the liver.
While miRNAs can pleiotropically target mul-
tiple disease pathways and miRNA drugs start
to enter clinical medicine, it is important to
consider their potential off-target effects.40

Therefore, organ-specific drug delivery and
new platforms evaluating toxicity and thera-
peutic efficacy of miRNA candidates ought
to be developed. The use of other pre-clinical
models of PAH in addition to Sugen/hypoxia
mice would be needed for the full evaluation
of miR-150 and PTPMT1-based therapies.

To summarize, we show that reduction in endo-
thelial miR-150 levels has adverse effects on pul-
monary hemodynamics in PAH mice, while endothelium-targeted
delivery of miR-150 is protective. In addition to the anti-proliferative
and anti-fibrotic actions of miR-150, activation of PTPMT1-cardioli-
pin signaling by this miRNA may facilitate adaptation of lung and
heart to high energy demand in stress conditions induced bymechan-
ical workload, hypoxia, or inflammation.

MATERIALS AND METHODS
Animal experiments

All studies were conducted in accordance with UK Home Office Ani-
mals (Scientific Procedures) Act 1986. To induce PAH, 8- to 12-week-
old C57BL/6 malemice (20 g; Charles River Laboratories, UK) were in-
jected subcutaneously with Sugen (SU5416; 20 mg/kg) and housed in
hypoxia (10% O2) for 3 weeks (n = 8/group).41 mirVana hsa-miR-
150-5p (ID MC10070) mimic or scrambled miRNA control (Ambion)
in complex with DACC lipoplex preparation (Silence Therapeutics,
London, UK)9 was administered intravenously once every fourth day
at 1.5 mg/kg/day for 3 weeks, on five occasions to PAH mice and nor-
moxic healthy controls. The first injection was given 1 day before Su-
gen/hypoxia administration. At 3 weeks, the mice were anesthetized
by intraperitoneal injection of ketamine/Domitor (75 mg/kg + 1 mg/
kg). The development of PAH was verified as previously described.41

Mice with inducible, conditional, endothelium-specific deletion of
miR-150 were obtained by crossing floxed miR-150 mice
(stock Mir150tm1Mtm/Mmjax mice from Jackson Laboratory) on a
erapy: Nucleic Acids Vol. 23 March 2021 149
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Figure 7. miR-150, PTPMT1, and cardiolipin levels and mitochondrial biogenesis in IPAH ECFCs

(A and B) miR-150 (A) and PTPMT1 (B) expression levels in ECFCs from healthy individuals and IPAH patients (fold change of control). (C–E) Cardiolipin levels (C), mito-

chondrial fragmentation (D), and mitochondrial content (mitochondrial coverage/cell) (E) in ECFCs treated, as indicated. (F) Representative images of mitochondrial frag-

mentation in healthy and IPAH ECFCs. Inset in the top right corner is an enlarged image of the boxed area. Mitochondria were immunolabeled with fluorescein isothiocyanate

(FITC) (green) and F-actin with tetramethylrhodamine isothiocyanate (TRITC)-phalloidin (red). Scale bar, 10 mm. Data are expressed as means ± SEM. *p < 0.05, **p < 0.01,

comparison with healthy control. In (A) and (B), n = 12–14; in (C)–(E), n = 4.

Molecular Therapy: Nucleic Acids

150 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org
C57BL/6 background with C57BL/6 mice carrying tamoxifen-induc-
ible Cre recombinase under the control of the Cdh5 promoter
(Cdh5(PAC)-iCreERT2).42 Deletion of miR-150 in miR-150fl/fl/
Cdh5(PAC)-iCreERT2 mice (referred to as miR-150iEC-KO)
induced by tamoxifen was confirmed by PCR.

A detailed description of experimental procedures is available in the
Supplemental materials and methods.

AST activity assay

An AST assay - (MAK055, Sigma-Aldrich, Darmstadt, Germany) was
performed on frozen mouse liver tissues, according to the manufac-
turer’s guidelines.

RNAscope

For formalin-fixed, paraffin-embedded lung sections, an RNAscope
multiplex fluorescent reagent kit v2 (Advanced Cell Diagnostics,
Newark, CA, USA) and a TSA cyanine 3 & 5, tetramethylrhod-
amine (TMR), fluorescein evaluation kit system (PerkinElmer,
Waltham, MA, USA) were used according to the manufacturers’
protocols.

A detailed description of experimental procedures is available in the
Supplemental materials and methods.

Cell culture

HPAECs and HPASMCs were cultured as previously described.41

Cells were exposed to hypoxia (5% CO2, 2% O2) for 24–72 h.

A detailed description of non-contact cell culture and cell treatments
is available in the Supplemental materials and methods.

Blood-derived human endothelial cells and human lung samples

All investigations were conducted in accordance with the Declara-
tion of Helsinki. Venous blood samples were obtained with the
approval of the Brompton Harefield & NHLI and Hammersmith
Hospitals Research Ethics Committees, and informed written con-
sent was received from healthy volunteers (n = 14) and patients
with IPAH (n = 12). Human ECFCs were derived from peripheral
blood samples as previously described.41 Clinical information and
experimental procedures are provided in the Supplemental materials
and methods.

Cell transfection

Detailed descriptions of transfection procedures and cell treatments
are available in the Supplemental materials and methods.

Quantitative real-time PCR

RNAwas extracted from cultured cells or tissue using aMonarch total
RNA miniprep kit (New England Biolabs, Ipswich, MA, USA). Input
RNA was reverse transcribed using a LunaScript RT supermix kit
(New England Biolabs) or a TaqMan miRNA reverse transcription
kit (Thermo Fisher Scientific, Waltham, MA, USA) and a custom
multiplex RT primer pool in a SimpliAmp thermal cycler (Applied
Biosystems, Foster City, CA, USA) according to the manufacturers’
instructions. A list of TaqMan miRNA and gene expression assays
and additional methodological information are available in the Sup-
plemental materials and methods.

Western blotting

Protein levels of PTPMT1 and b-actin in HPAECs transfected with
scrambled miRNA and miR-150 mimic obtained 24 h post-transfec-
tion were determined by western blotting. Blots were probed with
mouse monoclonal anti-b-actin (Sigma-Aldrich, A1978; 1:3,000),
mouse monoclonal anti-PTPMT1 (Santa Cruz Biotechnology, sc-
390901; 1:500) and secondary antibodies, and horseradish peroxidase
(HRP)-linked sheep anti-mouse immunoglobulin G (IgG) (GE
Healthcare, NAG31V; 1:1,000). The relative intensity of the immuno-
reactive bands was determined by densitometry using ImageJ soft-
ware (National Institutes of Health, https://imagej.nih.gov/ij/), and
PTPMT1 expression was normalized to b-actin.

RNA sequencing and identification of signaling mediators of

miR-150

Next-generation RNA sequencing was carried out as previously
described.24 Genes were considered differentially expressed when
the adjusted p value was greater than 0.05 and there was at least a
1.5-fold change in expression. miRNA target prediction was carried
out with TargetScan Human, miRecords, and Ingenuity Expert Find-
ings. Gene enrichment was carried out using Ingenuity Pathway
Analysis (IPA, version 01-12, QIAGEN, Hilden, Germany).

The RNA sequencing data generated and analyzed during this study
are available in the BioProject repository at the following link:
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA645887 (BioProject
ID PRJNA645887; BioSamples SAMN15518378, SAMN15518379,
SAMN5518380, SAMN15518381, SAMN15518382, and SAMN1551
8383; SRA accession nos. SRR12210268, SRR12210267, SRR122
10266, SRR12210265, and SRR12210264).

RNAhybrid43 was used to identify theMFE hybridization of themature
miR-150 (MIMAT0000451) sequence against the DNA sequence
within a 2-kbp window inclusive of the gene body for PTPMT1
(chr11:47563600–47575461) and TGFB1 (chr19:41328324–41355
922). A maximum of 100 hits per target and a maximum MFE
threshold of �20 with approximate p values estimated from the
3utr_human for the target sequence were applied.

Measurement of cell apoptosis, proliferation, and inflammatory

activation

A 5-ethynyl-20-deoxyuridine (EdU) proliferation assay, NF-kB activ-
ity, and caspase-3/7 apoptosis assays were carried out as previously
described.41 Additional details are provided in the Supplemental ma-
terials and methods.

Seahorse bioenergetics assay

OCRs and ECARs were measured in a Seahorse extracellular flux
analyzer using XF24 (Seahorse Bioscience, North Billerica, MA,
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USA) and with a Seahorse XF mito stress test kit (Agilent Technolo-
gies, Santa Clara, CA, USA, 103015-100).
Immunostaining

A detailed description of experimental procedures is available in the
Supplemental materials and methods.
Cardiolipin measurement

Quantification of cardiolipin was carried out with cardiolipin assay
kit (BioVision, Milpitas, CA, USA, K944-100).
Mitochondrial fragmentation count and mitochondrial content

Mitochondrial fragmentation (area taken by mitochondrial particles
<2 mm in length)44 and total mitochondrial coverage (area taken by
all mitochondria) were determined in confocal images using NIP2
image software.45 A detailed description of experimental procedures
is available in the Supplemental materials and methods.
Statistical analysis

All experiments were performed at least in triplicate, and measure-
ments were taken from distinct samples. Data are presented as
mean ± SEM. Normality of data distribution was assessed with a Sha-
piro-Wilk test in GraphPad Prism 7.03. Comparisons between two
groups were made with a Student’s t test or Mann-Whitney’s U
test, whereas three or more groups were compared by use of
ANOVA with a Tukey’s post hoc test or Kruskal-Wallis test with
Dunn’s post hoc test, as appropriate. Statistical significance was
accepted at p < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.10.042.
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