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Inhibition of microRNA-30a alleviates vascular
remodeling in pulmonary arterial hypertension
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The excessive and ectopic pulmonary artery smooth muscle
cells (PASMCs) are crucial to the pathogenesis of pulmonary
arteriole (PA) remodeling in pulmonary arterial hypertension
(PAH). We previously found that microRNA (miR)-30a was
significantly increased in acute myocardial infarction (AMI)
patients and animals, as well as in cultured cardiomyocytes af-
ter hypoxia, suggesting that it might be strongly associated with
hypoxia-related diseases. Here, we investigated the role of miR-
30a in the PASMC remodeling of PAH. The expression of miR-
30a was higher in the serum of PAH patients compared with
healthy controls. miR-30a was mainly expressed in PAs and
was increased in PASMCs after hypoxia, mediating the down-
regulation of p53 tumor suppressor protein (P53). Genetic
knockout of miR-30a effectively decreased right ventricular
(RV) systolic pressure (RVSP), PA, and RV remodeling in the
Su5416/hypoxia-induced and monocrotaline (MCT)-induced
PAH animals. Additionally, pharmacological inhibition of
miR-30a via intratracheal liquid instillation (IT-L) delivery
strategy showed high efficiency, which downregulated miR-
30a to mitigate disease phenotype in the Su5416/hypoxia-
induced PAH animals, and these beneficial effects could be
partially reduced by simultaneous P53 inhibition. We demon-
strate that inhibition of miR-30a could ameliorate experi-
mental PAH through the miR-30a/P53 signaling pathway,
and the IT-L delivery strategy shows good therapeutic out-
comes, providing a novel and promising approach for the treat-
ment of PAH.

INTRODUCTION
Pulmonary arterial hypertension (PAH) is a devastating disease char-
acterized by progressive pulmonary arteriole (PA) remodeling, lead-
ing to an increasing right ventricular (RV) afterload and ultimately
death.1 During the past 20 years, the treatment of PAH has achieved
great progress, especially with the application of targeted drugs.2

However, these current treatments are limited to vasoconstriction,
which plays a role in approximately 5% of PAH patients and hardly
reverses remodeling vessels.1 In fact, the critical mechanism of
vascular remodeling is excessive and ectopic smooth muscle cells
(SMCs), which are directly involved in thickening the media and
migrating to muscularize distal vessels.3 Moreover, studies have
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shown that SMCs, not endothelium, are selected as a source of cells
to establish the neointima to occlude the arterioles.4 Therefore, it is
of great significance to explore a novel approach to prevent SMC re-
modeling in treating PAH.

MicroRNAs (miRNAs, miRs) are noncoding small RNAs with a
length of approximately 22 nt, which negatively modulate target cod-
ing mRNAs by either repressing translation or degrading mRNA.5 A
growing number of studies have shown that miRNAs are widely
involved in the physiological and pathological processes of PAH.6,7

miR-30a was first found to regulate the expression of brain-derived
neurotrophic factors in the prefrontal cortex,8 and it was subsequently
found to be involved in tumor progression through different mecha-
nisms.9 Studies have shown that miR-30a is dysregulated in multiple
cancer diseases, including lung cancer, breast cancer, and hepatocyte
carcinoma, affecting cell proliferation.10 PAH and cancer share some
of the same characteristics, one of which is excessive cell proliferation
leading to structural changes in blood vessels,11 which indicates that
miR-30a may be associated with the vascular remodeling of PAH. At
present, there are few reports on the role of miR-30a in PAH, and
their conclusions are controversial. Researchers have shown that
miR-30a is decreased in the microarrays of endoarterial biopsy, spec-
ulating that it may be related to pulmonary artery endothelial cells
(PAECs), but miR-30a is increased in the serum of PAH patients.12,13

Therefore, the relationship between miR-30a and PAH is not clear,
does not involve remodeling pulmonary artery SMCs (PASMCs),
and remains to be clarified.

In our previous study, we found that miR-30a was significantly
increased in the serum of acute myocardial infarction (AMI) patients
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-30a is increased in PAH patients and PASMCs after hypoxia

(A) Expression levels of miR-30a/d/e in the serum of PAH patients and healthy controls detected by qRT-PCR. The relative quantification of qRT-PCR products was

normalized against cel-miR-39 expression, and the miR-30a/d/e levels in the serum of PAH patients were relative to those in the serum of healthy controls. (B) Expression

levels of miR-30a/d/e in PASMCs exposed to 1% hypoxia condition detected by qRT-PCR. The relative quantification of qRT-PCR products was normalized against U6

expression, and the quantifications of miR-30a/d/e levels were relative to the control group. Data are expressed as means ± SEM. TheMann-Whitney U test was used for the

comparison between two groups in (A). The one-way analysis of variance was used for the comparison amongmultiple groups, followed by a Bonferroni’s post hoc test in (B).

p < 0.05 was considered as statistically significant.

www.moleculartherapy.org
and animals in vivo, as well as in cultured cardiomyocytes after hyp-
oxic stimulation in vitro, and it deteriorated cardiac function by in-
hibiting autophagy activities.14 Similarly, hypoxia is the key trigger
mechanism of the vascular remodeling of PAH,15 and changes in
the level of miR-30a may also be involved in the remodeling of
PASMCs. This study focuses on the changes of miR-30a in PAH pa-
tients, PAH animals, and PASMCs after hypoxia. The effects on PAs
and RV remodeling were also evaluated by genetic and pharmacolog-
ical inhibition of miR-30a in the Su5416/hypoxia-induced andmono-
crotaline (MCT)-induced PAH animals. Moreover, intratracheal
liquid instillation (IT-L) of a miR-30a inhibitor was used to explore
a novel delivery strategy for PAH treatment.

RESULTS
miR-30a is increased in PAH patients, PAs, and PASMCs after

hypoxia

First, we sought to explore the expression levels of the miR-30 family
(miR-30a, miR-30b, miR-30c, miR-30d, miR-30e) in the serum of
PAH patients compared to those in healthy controls. We observed
a higher expression of miR-30a, miR-30d, and miR-30e in PAH pa-
tients, among which the level of miR-30a was the most strongly ex-
pressed subtype (Figure 1A). There was no significant change in the
expression levels of miR-30b and miR-30c in PAH patients compared
to those in healthy controls (Figure S2A). The clinical characteristics
of the patients are shown in Table 1. To validate these observations,
we analyzed the expression levels of the miR-30 family in PASMCs
at different time points under hypoxic conditions. We observed
that the most significant change in the miR-30 family cluster was
miR-30a (Figure 1B), rather than other members of this family (Fig-
ure S2B), which was consistent with our previous findings.14 Then, we
examined the expression levels of miR-30a in the RV, lung tissues,
and PAs in PAH animals. We first confirmed the isolated PAs (mainly
PASMCs) and whole-lung tissue (mainly PAECs) by western blot
analysis (Figure S2C) as reported.16 As shown in Figure S2D, there
was an increasing expression of miR-30a in PAs rather than in other
tissues in the Su5416/hypoxia-induced mice. These data suggested
that miR-30a may play a potential role in PASMCs and PAH.

Although p53 tumor suppressor protein (P53) is the most well-
known target gene of miR-30a,17 it is still unknown whether this
target can be modulated by miR-30a in PASMCs (Figure S3A). To
test this hypothesis, PASMCs were exposed to hypoxic conditions
(1% O2) at different time points. The analysis of RNA revealed a sig-
nificant increase in miR-30a after hypoxia for 12 h (Figure S3B). The
expression of hypoxia inducible factor (HIF)-1a was increased while
the expression of P53 was decreased at the same time point by the
analysis of protein (Figure S3C). These indicated that the increasing
expression level of miR-30a might lead to a decrease in gene expres-
sion of P53. Consequently, the effects of miR-30a inhibitors and
mimics were observed to investigate this possibility by the analysis
of RNA (Figure S3D). As expected, the expression of P53 could be
significantly upregulated by miR-30a inhibitors and downregulated
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Table 1. Clinical characteristics of PAH patients and healthy controls

Control (n = 49) PAH (n = 81)

Sex (female, n (%)) 23 (46.9%) 37 (45.7%)

Age (years) 46.6 ± 11.4 54.3 ± 17.8

NYHA (n (%))

I – 5 (6.2%)

II – 24 (29.6%)

III – 39 (48.2%)

IV – 13 (16%)

EF (%) – 48.28 ± 15.64

TRV (m/s) – 3.32 ± 0.60

PA (cm) – 3.15 ± 0.48

sPAP (mmHg) – 53.78 ± 18.94

miR-30a 1.26 ± 0.87 2.32 ± 1.75

Smoking (n (%)) – 22 (27.2%)

Comorbidities (n (%))

Diabetes mellitus – 14 (17.3%)

Hyperlipidemia – 26 (32.1%)

CAD – 32 (39.5%)

COPD – 10 (12.3%)

Atrial fibrillation – 13 (16%)

Medication (n (%))

Anticoagulant agents – 57 (70.4%)

Lipid-lowering medications – 43 (53.1%)

CCBs – 21 (25.9%)

Beta blockers – 60 (74.1%)

ACE inhibitors – 10 (12.3%)

ARBs – 45 (55.6%)

Diuretic agents – 45 (55.6%)

ERAs – 9 (11.1%)

PDE5 inhibitors – 3 (3.7%)

Prostacyclins – 8 (9.9%)

Lab investigation parameters

BNP (pg/mL) – 889.07 ± 1,007.99

TC (mmol/L) – 3.62 ± 0.97

TGs (mmol/L) – 1.33 ± 0.82

LDL (mmol/L) – 2.26 ± 0.77

HDL (mmol/L) – 1.04 ± 0.39

Cr (mmol/L) – 100.27 ± 61.33

BUN (mmol/L) – 7.45 ± 4.56

ALT (U/L) – 39.95 ± 39.50

AST (U/L) – 36.37 ± 31.28

FG (mmol/L) – 5.14 ± 1.41

Hb (g/L) – 127.57 ± 24.22

NYHA, cardiac function classification from New York Heart Association; EF, ejection
fraction; TRV, peak tricuspid regurgitation velocity; PA, pulmonary artery diameter;
sPAP, systolic pulmonary artery pressure; CAD, coronary artery disease; COPD,
chronic obstructive pulmonary disease; CCB, calcium-channel blocker; ACE, angio-

tensin-converting enzyme; ARB, angiotensin receptor blocker; ERA, endothelin recep-
tor antagonist; PDE5, phosphodiesterase 5; BNP, brain natriuretic peptide; TC, total
cholesterol; TG. triglyceride; LDL, low-density lipoprotein; HDL, high-density lipopro-
tein; Cr, creatinine; BUN, blood urea nitrogen; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; FG, fasting blood glucose; Hb, hemoglobin.
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by miR-30a mimics by the analysis of protein (Figure S3E). All data
confirmed that P53 was a target gene of miR-30a in PASMCs.

Knockout of miR-30a alleviates RV systolic pressure (RVSP) and

RV hypertrophy in the Su5416/hypoxia mouse model

In order to evaluate the role of miR-30a in the pathogenesis of
PAH directly, miR-30a knockout (KO) and wild-type (WT) mice
were prepared to establish the Su5416 (Su)/hypoxia (Hx) mouse
model. The results indicated that there was an increase in RVSP
in the WT+Hx/Su and miR-30a KO+Hx/Su groups compared
with that in the WT+Nor (normoxia)/Veh (vehicle) and miR-30a
KO+Nor/Veh groups (Figure 2A). Additionally, RVSP in the
miR-30a KO+Hx/Su group was remarkably decreased compared
with that in the WT+Hx/Su group, which implied that miR-30a
is directly involved in the pathogenesis of PAH (Figure 2A). No
obvious difference was found among the WT+Nor/Veh and miR-
30a KO+Nor/Veh groups. Representative images of RVSP are
shown in Figure 2E.

Then, we investigated the remodeling of RV among the four groups.
We found that the miR-30a KO+Hx/Su group exhibited significant
reductions in RV/(left ventricular [LV]+ interventricular septum
[S]), cross-sectional area (CSA) of myocardium, and myocardial
fibrosis compared to those in the WT+Hx/Su group (Figures 2B–
2D). These findings showed that deregulation of miR-30a was able
to treat RV hypertrophy. In addition, we also found that miR-30a
knockout clearly reduced the mRNA expression levels of markers
related to myocardial fibrosis, including collagen I, transforming
growth factor b (TGF-b), and Smad2 (Figure 2H). Representative im-
ages of hematoxylin and eosin (H&E) and Masson’s trichrome stain-
ing of the RV are shown in Figures 2F and 2G.

Knockout of miR-30a activates apoptosis of PAs to prevent

vascular remodeling in the Su5416/hypoxia mouse model

PAH is characterized by persistent vasoconstriction and progressive
obstruction of pulmonary arteries through a process of intimal and
medial thickening.18 Thus, to assess the therapeutic effect of miR-
30a knockout on proliferative vascular remodeling, the percentage
of medial wall thickness (MT%), wall area (WA%), and the degree
of muscularization of vessels were determined. Representative im-
ages of the pulmonary vascular remodeling are shown in Figure 3A.
As illustrated in Figures 3C and 3D, compared with those in the
WT+Nor/Veh group, the MT% and WA% of PAs in the
WT+Hx/Su group were increased, and the miR-30a KO+Hx/Su
group could clearly mitigate these changes in vascular remodeling.
Moreover, the percentage of muscularized pulmonary vessels in the
miR-30a KO+Hx/Su group was remarkably decreased compared
with that in the WT+Hx/Su group (Figure 3E). No changes were
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observed among the WT+Nor/Veh, miR-30a KO+Nor/Veh, and
miR-30a KO+Hx/Su groups.

Then, we focused on the target molecules associated with the
apoptosis of PAs. To detect the effect of miR-30a knockout on
the apoptotic activities of PAs, a TUNEL (terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end labeling) assay was per-
formed (Figure 3B). The results indicated that the number of
TUNEL-positive PASMCs was much higher in the miR-30a
KO+Hx/Su mice than in the WT+Hx/Su mice, suggesting that
knockout of miR-30a would enhance apoptotic activities in PAs
(Figure 3F). Further studies illustrated that the expression level of
the target gene P53 as well as phosphorylated (P)-P53 was
decreased in the WT+Hx/Su group, accompanied by lower expres-
sion of Bax/Bcl-2 and cleaved caspase-3/caspase-3, and it could be
restored in the miR-30a KO+Hx/Su group (Figure 3G), which also
demonstrated that inhibition of miR-30a could improve the antia-
poptotic capacity of PAs.

Knockout of miR-30a attenuates RVSP, RV hypertrophy, and

fibrosis in the MCT mouse model

To further verify the role of miR-30a in PAH, WT and miR-30a KO
mice were treated with MCT to establish another PAH animal model.
In the WT+MCT group, we found a significant increase in RVSP and
RV/(LV+S) compared with those in the WT group, and the same re-
sults were observed in miR-30a KO mice (Figures 4A and 4B). Also,
miR-30a KO mice showed lower RVSP and RV/(LV+S) than did WT
mice when treated withMCT (Figures 4A and 4B). No obvious differ-
ence was observed between WT and miR-30a KO mice. Representa-
tive images of RVSP are shown in Figure 4E.

Similarly, RV hypertrophy and myocardial fibrosis were determined
in all animals. The results revealed that there was a remarkable in-
crease in the CSA of myocardium in the WT and miR-30a KO
mice in response to MCT (Figure 4C). However, the CSA of myocar-
dium in the miR-30a KO+MCT group was significantly decreased
compared with that in the WT+MCT group (Figure 4C). Further-
more, WT mice showed more severe RV fibrosis, while miR-30a
KO mice were able to mitigate that when treated with MCT (Fig-
ure 4D). No clear difference was observed between the WT and
miR-30a KO groups in terms of RV hypertrophy and fibrosis. miR-
30a knockout in the MCT PAH model also significantly decreased
the mRNA expression levels of markers related to myocardial fibrosis,
including collagen I, collagen III, and fibronectin-1 (Figure 4H).
Figure 2. Knockout of miR-30a alleviates RVSP and RV hypertrophy in the Su5

(A) Assessment of right ventricular (RV) systolic pressure (RVSP) by right cardiac cath

[LV]+interventricular septum [S]). (C) Quantification of the RV cardiomyocytes cross-sect

of RVSP in the four groups. (F) Representative images of hematoxylin and eosin (H&

Representative images of Masson’s trichrome staining of the RV in the four groups. Sca

TGF-b (transforming growth factor b), Smad2 (SMAD family member 2), Smad3 (SMAD f

as means ± SEM. The experiment was repeated three times. A one-way ANOVAwas use

in (A)–(D), and TGF-b of (H). The nonparametric data were analyzed using a Kruskal-W

considered as statistically significant.
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Representative images of H&E and Masson’s trichrome staining of
the RV are shown in Figures 4F and 4G.

Knockout of miR-30a enhances apoptosis of PAs to reverse

vascular remodeling in the MCT mouse model

To test whether knockout of miR-30a could improve vascular recon-
struction in the MCT PAH model, MT%, WA%, and the degree of
muscularization of vessels were calculated. Representative images of
the pulmonary vascular remodeling are shown in Figure 5A. As illus-
trated in Figures 5B and 5C, the MT% and WA% of PAs in the WT
and miR-30a KO groups were increased when treated with MCT,
but miR-30a KO mice had significantly less severe vascular remodel-
ing than did WT mice. The results also showed that the ratio of mus-
cularized PAs inWT animals was remarkably elevated compared with
miR-30a KO animals in response to MCT (Figure 5D). No changes
were observed among WT and miR-30a KO control mice.

We also evaluated the effect of miR-30a ablation on apoptosis of PAs.
As illustrated in Figure 5E, the expression of P-P53, P53, Bax/Bcl-2,
and cleaved caspase-3/caspase-3 was decreased in WT mice treated
with MCT, whereas the protein expression of these was significantly
elevated in miR-30a KO mice compared to that in WT mice. This
implied that knockout of miR-30a could also upregulate the expres-
sion of P53 and P-P53, thereby activating the apoptotic activity of
PAs to reverse the remodeling of PAs in the MCT-induced PAH
model.

Intratracheal instillation of miR-30a antagomir reduces RVSP

and RV hypertrophy in the Su5416/hypoxia mouse model

Drug delivery through the airways has been used to treat and prevent
a growing number of respiratory diseases.18 Studies have found that
IT-L requires a smaller dose of drugs, has lower immunotoxicity,
and has higher lung expression levels and tissue specificity than do
intravenous and abdominal administration, making it one of the ideal
methods for miRNA delivery.19 Whether the curative effect against
the development of PAH detected in miR-30a KO mice could be re-
placed by pharmacological inhibition of miR-30a remained to be
tested. A schematic of the experimental design is illustrated in Fig-
ure S1C. We first confirmed that IT-L was an efficient delivery strat-
egy that could clearly reduce the expression level of miR-30a in the
lungs (Figure S4). The findings further revealed that RVSP and RV/
(LV+S) in the Hx/Su and Hx/Su+anti-negative control (NC) groups
were remarkably elevated compared with those in the control group,
while they were decreased after treatment with miR-30a antagomir
4116/hypoxia mouse model

eterization. (B) RV hypertrophy measured by the weight ratio of RV/(left ventricular

ional area (CSA). (D) Quantification of the RV fibrotic area. (E) Representative images

E) staining of the RV cardiomyocytes in the four groups. Scale bars, 50 mm. (G)

le bars, 50 mm. (H) mRNA expression levels of Col-1 (collagen I), Col-3 (collagen III),

amily member 3), and fibronectin-1 were analyzed by qRT-PCR. Data are expressed

d for the comparison amongmultiple groups, followed by Bonferroni’s post hoc test

allis test in Col-1, Col-3, Smad2, Smad3, and fibronectin-1 of (H). p < 0.05 was



Figure 3. Knockout of miR-30a activates apoptosis of PAs to prevent vascular remodeling in the Su5416/hypoxia mouse model

(A) Representative images of the pulmonary arterioles (PAs) are provided from each group. Lung sections were stained with H&E (upper and middle panels) and a-smooth

muscle actin (a-SMA, lower panel). Scale bars, 500 mm (upper panel) and 50 mm (middle and lower panels). (B) Representative images of TUNEL staining in the lung tissue

from WT+Nor/Veh, WT+Hx/Su, miR-30a KO+Nor/Veh, and miR-30a KO+ Hx/Su mice. Staining of an anti-a-SMA antibody (red), TUNEL (green), and DAPI (blue) are

presented. Scale bars, 20 mm. (C) Percentage wall area (WA%) of vessels. (D) Percentage medial wall thickness (MT%) of vessels. (E) Percentage of muscularized vessels.

Each vessel was classified as either nonmuscular, partially muscular, or fully muscular as previously described. All the PAs (15–25 vessels per mouse, 25–75 mm in diameter)

were calculated blinded to the source of the group. (F) Quantitation of the percentage of TUNEL-positive PASMCs per vessel (20–30 vessels per mouse, 25–75 mm in

diameter). (G) The protein expression of P-P53, P53, Bax/Bcl-2, and cleaved caspase-3/caspase-3 of PAs. Data are expressed as means ± SEM. The experiment was

repeated three times. A one-way ANOVA was used for the comparison among multiple groups, followed by a Bonferroni’s post hoc test in (C) and (D), none and partial

muscularization of (E), and cleaved caspase-3/caspase-3 of (G). The nonparametric data were analyzed using a Kruskal-Wallis test in full muscularization of (E) and P-P53,

P53, and Bax/Bcl-2 of (G). p < 0.05 was considered as statistically significant.
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(Figures 6A and 6B). Additionally, no changes were observed in con-
trol (Con) and Hx/Su+anti-miR-30a mice. Representative images of
RVSP are shown in Figure 6E.

We next found that all of the mice showed an increased CSA of
myocardium compared with control mice; however, mice treated
with miR-30a antagomir exhibited a decreased CSA of myocardium
compared with that in the Hx/Su and Hx/Su+anti-NC groups (Fig-
ure 6C). Additionally, miR-30a antagomir failed to mitigate the
increased RV fibrosis (Figure 6D); however, it was able to decrease
the mRNA expression levels of markers related to myocardial fibrosis,
including collagen I, TGF-b, Smad2, and Smad3 (Figure 6H). Repre-
sentative images of H&E and Masson’s trichrome staining of the RV
are shown in Figures 6F and 6G.

Intratracheal instillation of miR-30a antagomir increases

apoptosis of PAs to mitigate vascular remodeling in the Su5416/

hypoxia mouse model

To verify the protective effect of the inhibition of miR-30a, the MT%,
WA%, and degree of muscularization of PAs were determined. Repre-
sentative images of pulmonary vascular remodeling are shown in Fig-
ure 7A. As illustrated in Figures 7B and 7C, the MT% and WA% of
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 683
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PAs in all of the groups were increased compared with those in the
control group, and the Hx/Su+anti-miR-30a group attenuated these
alterations in vascular remodeling. Histological analysis showed an
obvious reduction in the percentage of muscularized PAs in the
Hx/Su+anti-miR-30a group compared with those in the Hx/Su and
Hx/Su+anti-NC groups (Figure 7D). No difference was found in
the Hx/Su+anti-NC and Hx/Su+anti-miR-30a groups.

We then assessed the expression level of the target gene of PAs inmice
treated with miR-30a antagomir. Western blot analysis showed that
miR-30a antagomir could greatly increase the protein expression
levels of P-P53, P53, Bax/Bcl-2, and cleaved caspase-3/caspase-3 in
Su5416/hypoxia-induced mice (Figure 7E). To our surprise, mice
treated with miR-30a antagomir exhibited even higher expression
of P53 and P-P53 than did the control group (Figure 7E), suggesting
that IT-L of miR-30a antagomir is an efficient delivery strategy for
treating PAH.

Additionally, IT-L was used to deliver miR-30a antagomir as well as
small interfering RNA (siRNA)-P53 , and siRNA-P53 with chemically
modified was found to be more effective and stable in in vivo exper-
iments.The results showed that RVSP, PAs, and RV remodeling were
alleviated treated with miR-30a antagomir in the Su5416/hypoxia-
induced mice, and these beneficial effects could be partially reduced
by simultaneous P53 inhibition (Figures S6 and S7).

DISCUSSION
This study is the first to identify the role of miR-30a in PAH and
describe its therapeutic effect by inhibition of miR-30a. We observed
that the expression of miR-30a was increased in the serum of PAH
patients, as well as in the PAs of PAH animals and PASMCs after hyp-
oxia. Additionally, we revealed that miR-30a mediated the downregu-
lation of P53 in PASMCs. Genetic deletion of miR-30a effectively
reversed PA remodeling and increased RVSP and RV hypertrophy
in the Su5416/hypoxia-induced and MCT-induced PAH animals.
In addition, the IT-L delivery strategy showed high efficiency, which
decreased miR-30a levels and attenuated the disease phenotype of
PAH, and these beneficial effects could be partially reduced by simul-
taneous P53 inhibition.

The pathophysiology of PAH is heterogeneous and multifactorial,
making the understanding of the pathogenesis of PAH challenging.20

During the past few decades, miRNAs have emerged as crucial players
in PAH.21 Studies have shown that miR-98, miR-424, miR-503, miR-
21, miR-130/301, miR-29b, and miR-125 are aberrantly expressed in
PASMCs and PAECs and are involved in all of the processes of
PAH.22 The miR-30 family consists of five members, that is, miR-
Figure 4. Knockout of miR-30a attenuates RVSP, RV hypertrophy, and fibrosis

(A) Detection of RVSP by right cardiac catheterization. (B) RV hypertrophy measured by t

Quantification of the RV fibrotic area. (E) Representative images of RVSP in the four grou

groups. Scale bars, 50 mm. (G) Representative images of Masson’s trichrome staining of

1, Col-3, TGF-b, Smad2, Smad3, and fibronectin-1 were analyzed by qRT-PCR. Data ar

ANOVA was used for the comparison among multiple groups, followed by a Bonferroni’
30a, miR-30b, miR-30c, miR-30d, and miR-30e. Although members
of the miR-30 family share the same seed sequence and a similar
set of targets, they perform differently in a variety of cells and tis-
sues.23 Recent studies have shown that miR-30a levels are decreased
in PAECs but increased in the serum of PAH patients.12,13 These con-
tradictory findings led us to rethink the function of miR-30a in PAH.
In fact, PASMCs, which work to thicken the media and formation of
neointima,4 as well as the muscularization of distal arterioles,24 are the
most promising target cells for vascular remodeling. However, the
exact role of miR-30a in regulating the biological behavior of
PASMCs in PAH remains unclear.

In this study, we first confirmed that miR-30a was the most strongly
expressed subtype among miR-30 family members in the serum of
PAH patients compared to those in healthy controls, which was
consistent with our previous findings in AMI patients.14 Then, we
elucidated that miR-30a was relatively abundantly expressed in
PAH patients (Figure S2E). Although this copy number analysis
has some deficiencies in sensitivity and accuracy, which might be
improved by RNA sequencing (RNA-seq) or microarrays in subse-
quent investigations, our results to some extent illustrated that the
expression level of miR-30a could play functional effects in PAH.
Moreover, our assay showed that the expression of miR-30a was
increased in PAs of PAHmice and in PASMCs after hypoxia, suggest-
ing that PASMCs could be the functional cells of miR-30a. Then, to
explore the role of miR-30a in PAH animals, we constructed miR-
30a knockout mice and established the Su5416/hypoxia and MCT
PAH models. Results demonstrated that genetic knockout of miR-
30a significantly alleviated RVSP, RV hypertrophy, fibrosis, and
vascular remodeling in the two PAH models, but it had no effects
on LV function and morphology (Figure S5). Thus, our findings indi-
cated that genetic knockout of miR-30a could directly prevent PAH
from progression.

The function of P53 as a major regulatory protein has been attributed
to its involvement in cell proliferation, DNA repair, and cell cycle
control.25 In particular, P53 functions as both a sensitizer26 and an
activator27 of apoptosis,26 as well as in PAH. Researchers have shown
that phosphorylation of P53 (Ser15, Ser20, Ser37, Ser46) modulates its
activation to induce apoptosis through multiple effectors,28,29 and it
then upregulates the levels of the pro-apoptosis protein Bax whereas
it downregulates the anti-apoptosis protein Bcl-2, activating caspase-
9 and caspase-3 to induce apoptosis.30 This P53-dependent apoptosis
pathway contributes to vascular cells developing antiapoptotic and
proliferative phenotypes, leading to intimal and medial thickening.31

Meanwhile, P53 is one of the target genes of miR-30a involved in
mitochondrial impairment and myocardial apoptosis.17 In our study,
in the MCT mouse model

he weight ratio of RV/(LV+S). (C) Quantification of the CSA of RV cardiomyocytes. (D)

ps. (F) Representative images of H&E staining of the RV cardiomyocytes in the four

the RV in the four groups. Scale bars, 50 mm. (H) ThemRNA expression levels of Col-

e expressed asmeans ± SEM. The experiment was repeated three times. A one-way
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we verified that the expression of P53 could be restored by the inhi-
bition of miR-30a in PAs in three animal experiments. In vitro,
miR-30a could regulate the expression of P53 in PASMCs. Addition-
ally, we found that inhibition of P53 reduced the beneficial effects of
miR-30a antagomir. These data suggest that the miR-30a/P53 axis is a
therapeutic target for PAH. In spite of the apoptosis pathways, miR-
30a may also regulate other aspects of genes, including proliferation,
inflammation, and fibrosis, which remains to be explored. In addition,
the pathological phenotype of PAH seems to be triggered by multiple
cells, such as PASMCs, PAECs, and fibroblasts. Researchers have
observed that P53 is expressed at completely opposite levels in
PASMCs and PAECs.16 Our findings clarified the role of the miR-
30a/P53 axis in PAs (mainly consisting of PASMCs) of animals and
PASMCs cultivated in vitro. It is worth testing how this pathogenic
mechanism occurs in PAECs and fibroblasts of PAH.

The regulatory mechanism of miRNAs is a complex process in which
multiple factors interact.5 Although some differences in pathology
were observed, the Su5416/hypoxia-induced and the MCT-induced
PAH models showed a gradual progression of PAH, accompanied
by an increase of HIF-1a.32 The rapid nuclear accumulation of
HIF-1a in PASMCs regulates metabolism, proliferation, apoptosis,
and other pathways involved in vascular remodeling.15 In our previ-
ous study, we confirmed that HIF-1a regulated miR-30a in cardio-
myocytes after hypoxia.14 This regulatory mechanism may be a
reasonable explanation for the same increase of miR-30a in our find-
ings. Moreover, our findings suggested that the high miR-30a levels in
the serum may be derived from PASMCs, as the miR-30a levels were
increased in both PAs of PAH animals and in PASMCs after hypoxia.
However, it still remains to be explored whether miR-30a originating
from other cells could be transported to PASMCs. As mediators of
intercellular communication, exosomes transfer various bioactive
molecules, especially miRNAs, to adjacent or distant target cells to
modulate cellular function.33 Recently, exosomes have been found
to retain the original characteristics of their parental cells,34 while
our previous studies have shown that hypoxic cardiomyocytes enrich
miR-30a into exosomes.14 Therefore, it is promising to study other
sources of miR-30a by tracing the characteristics of exosomes that
are derived from their parental cells.

miRNAs, as natural antisense nucleotides, have great potential in dis-
ease targeted treatments, and exhibit lower immune responses and
toxicity compared to plasmid DNA-based gene therapy and pro-
tein-based drug molecules.35 Recently, several miRNA modulators
including miR-34 and miR-122 have entered different stages of clin-
Figure 5. Knockout of miR-30a enhances apoptosis of PAs to reverse vascula

(A) Representative images of PAs are provided from each group. Lung sections were

500 mm (upper panel) and 50 mm (middle and lower panels). (B) WA% of vessels. (C) MT

either nonmuscular, partially muscular, or fully muscular as previously described. (E) Pro

of PAs. All of the PAs (15–25 vessels per mouse, 25–75 mm in diameter) were calcula

experiment was repeated three times. A one-way ANOVA was used for the comparison

Bcl-2 and cleaved caspase-3/caspase-3 of (E). The nonparametric data were analyze

statistically significant.
ical trials.36,37 Pulmonary and transpulmonary drug delivery have
unique functions and advantages for the treatment of pulmonary dis-
eases, including immediate access to the airways and the lung for local
treatment, rapid drug onset, low risk of infections, and painless and
comfortable application.38 In fact, triptorelin and iloprost have been
repurposed for aerosol therapy of PAH, but both of them are capable
of alleviating symptoms by dilating pulmonary vessels rather than
reversing vascular remodeling,39 and, as a result, their therapeutic ef-
ficacy is limited. In our study, a novel delivery system, IT-L, which re-
quires a smaller dose of drugs, has lower immunotoxicity, and has
higher lung expression levels than do intravenous and abdominal
administration,19 was used to evaluate the treatment effect in PAH
mice. Throughout the course of the experiment, we used the lowest
dose recommended by the manufacturer’s instructions to treat ani-
mals weekly. To our satisfaction, we found that this therapeutic strat-
egy performed well in decreasing RVSP, RV hypertrophy, and
vascular remodeling, as well as clearly elevating the expression of
target gene. Our findings, to some extent, confirmed the feasibility
of using miR-30a therapy for PAH and described an effective delivery
strategy.

In summary, we demonstrate that inhibition of miR-30a could
ameliorate experimental PAH through the miR-30a/P53 signaling
pathway, and the IT-L delivery strategy shows good therapeutic out-
comes, which together provide a novel and promising approach for
the treatment of PAH.

MATERIALS AND METHODS
Human subjects and ethics statement

In total, 81 PAH patients and 49 healthy controls between 2019 and
2020 at the Wuhan Union Hospital were selected for the study. All of
the PAH patients, including idiopathic PAH, valvular diseases, and
pulmonary thromboembolism, were diagnosed with pulmonary ar-
tery systolic blood pressure higher than 30 mmHg by echocardiogra-
phy, as previously described.40,41 Patients who had severe cardiopul-
monary diseases, such as cardiomyopathy, hypertension, myocardial
infarction, and pericardial diseases, were excluded from the study. All
of the patients did not receive any surgery or treatment before
informed consent was obtained. Venous blood samples (5 mL)
were collected from individual subjects. All serum samples were
centrifuged at room temperature for 30 min at 1,500 � g and then
stored at�80�C for analysis. All experimental procedures on animals
were performed strictly in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
Animal experiments and human subjects were approved by the
r remodeling in the MCT mouse model

stained with H&E (upper and middle panels) and a-SMA (lower panel). Scale bars,

% of vessels. (D) Percentage of muscularized vessels. Each vessel was classified as

tein expression levels of P-P53, P53, Bax/Bcl-2, and cleaved caspase-3/caspase-3

ted blinded to the source of the group. Data are expressed as means ± SEM. The

among multiple groups, followed by a Bonferroni’s post hoc test in (B)–(D) and Bax/
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Institutional Animal Care and Use Committee at Tongji Medical Col-
lege, Huazhong University of Science and Technology, and by the
Ethics Committee of Tongji Medical College, Huazhong University
of Science and Technology, respectively.

Cell culture, hypoxia treatment, and transfections

Human PASMCs were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Scientific, Rockford, IL,
USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen,
Carlsbad, CA, USA). For the normoxia-treated group, cells were
maintained in 5% CO2-95%mixed air (21%O2) at 37�C, and the hyp-
oxic group was cultured in 1% O2 at 37�C for different time points.

To knockdown and overexpress miR-30a, the inhibitor and mimic of
miR-30a, the inhibitor NC and mimic NC were purchased from Ri-
boBio (Guangzhou, China). Cells were transfected using Lipofect-
amine 3000 reagent (Thermo Fisher Scientific, Rockford, IL, USA).
All experiments were performed according to the manufacturer’s
instructions.

Su5416/hypoxia-induced pulmonary hypertension

miRNA-30a KO mice were obtained under license from Nanjing
Biomedical Research Institute of Nanjing University (project no.
XM001304). miR-30a KO mice or age-matched WT controls (strain
C57BL/6, 8 weeks of age) were randomly divided into 4 groups: (1) a
vehicle-normoxia-treated WT group (WT+Nor/Veh) (n = 10); (2) a
Su5416-hypoxia-treated WT group (WT+Su/Hx) (n = 10); (3) a
vehicle-normoxia-treated miR-30a�/� group (miR-30a KO+Nor/
Veh) (n = 6); and (4) a Su5416-hypoxia-treated miRNA-30a�/�

group (miR-30a KO+Su/Hx) (n = 8). The WT+Su/Hx and miR-30a
KO+Su/Hx groups were injected subcutaneously with Su5416
(20 mg/kg, TargetMol, Boston, MA, USA) weekly, which was sus-
pended in CMC (0.5% [w/v] carboxymethylcellulose sodium, 0.9%
[w/v] sodium chloride, 0.4% [v/v] polysorbate 80, 0.9% [v/v] benzyl
alcohol in deionized water) as previously described.42 Then, the ani-
mals were exposed to chronic normobaric hypoxia (10% O2) in a
chamber for 21 days. The WT+Nor/Veh and miR-30a KO+Nor/
Veh groups received only vehicle, and then the animals were kept
in room air. At study termination, mice were anesthetized and sacri-
ficed. A schematic of the experimental design is illustrated in
Figure S1A.

MCT-induced pulmonary hypertension

Mice were randomly divided into four groups:1) a vehicle-treatedWT
group (WT) (n = 6); (2) an MCT-treatedWT group (WT+MCT) (n =
Figure 6. Intratracheal instillation of miR-30a antagomir reduces RVSP and RV

(A) Detection of RVSP by right cardiac catheterization. (B) RV hypertrophy measured by t

Quantification of the RV fibrotic area. (E) Representative images of RVSP in the four grou

groups. Scale bars, 50 mm. (G) Representative images of Masson’s trichrome staining o

Col-3, TGF-b, Smad2, Smad3, and fibronectin-1 were analyzed by qRT-PCR. Data are

ANOVAwas used for the comparison amongmultiple groups, followed by a Bonferroni’s

Kruskal-Wallis test in Col-3, TGF-b, Smad2, Smad3, and fibronectin-1 of (H). p < 0.05
6); (3) a vehicle-treated miRNA-30a�/� group (miR-30a KO) (n = 6);
and (4) a MCT-treated miRNA-30a�/� group (miR-30a KO+MCT)
(n = 6). MCT (Cayman Chemical, Ann Arbor, MI, USA) was dis-
solved in 0.1 N HCl, and the pH was adjusted to 7.4 with 0.1 N
NaOH. Mice (8–10 weeks old) received weekly subcutaneous injec-
tions of MCT (600 mg/kg) for 4 consecutive weeks. All mice were
sacrificed on day 28. A schematic of the experimental design is illus-
trated in Figure S1B.

IT-L

Adult male C57BL/6 mice (8–10 weeks old) were administered
miRNA-30a antagomirs as described previously.19 Mice were
randomly divided into four groups: (1) a vehicle-normoxia-treated
control group (Con) (n = 6); (2) a Su5416-hypoxia-treated group
(Su/Hx) (n = 6); (3) a Su5416-hypoxia group treated with miR-30a
antagomir (Su/Hx+anti-miR-30a) (n = 6); and (4) a Su5416-hypoxia
group treated with negative control (Su/Hx+anti-NC) (n = 6).

Animals were operated on as described.19 In short, the mice were
anesthetized with ketamine (100 mg/kg) and placed in a 60� angle su-
pine position on a platform. Then, the mice were intubated and venti-
lated using a standard rodent ventilator. The miR-30a antagomir/
negative control (RioBio, Guangzhou, China) (5 nmol) was sus-
pended in phosphate-buffered saline (PBS) (in a volume of 10 mL)
in a liquid state according to the manufacturer’s instructions. Then,
the liquid was quickly injected into the catheter with a p20 micropi-
pette. To minimize liquid remaining in the catheter or in the upper
airways, a 1-mL syringe was attached to the end of the catheter to
ventilate three times. After that, the mice were connected to a venti-
lator for at least 3 min before being returned to their cages. A sche-
matic of the experimental design is illustrated in Figure S1C.

siRNA-P53 in vivo modifications and in vivo studies

Cholesterol-modified (RioBio, Guangzhou, China) siRNA-P53 was
synthesized and used in the in vivo studies with the sequence 5ʹ-
GAATGAGGCCTTAGAGTTA-3ʹ. The knockdown efficiency and
specificity of all siRNAs were determined by qRT-PCR or western
blotting. IT-L was used as before. Mice were randomly divided into
five groups: (1) a vehicle-normoxia-treated control group (Con)
(n = 6); (2) a Su5416-hypoxia-treated group (Su/Hx) (n = 10); (3) a
Su5416-hypoxia group treated with miR-30a antagomir (anti-miR-
30a) (n = 8); (4) a Su5416-hypoxia group treated with miR-30a anta-
gomir and siRNA-P53 (anti-miR-30a+ siRNA-P53) (n = 8); and (5) a
Su5416-hypoxia group treated with miR-30a antagomir and siRNA-
NC (anti-miR-30a+ siRNA-NC) (n = 8). A schematic of the experi-
mental design is illustrated in Figure S1D.
hypertrophy in the Su5416/hypoxia mouse model
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Hemodynamic measurements

Animals were anesthetized with ketamine (100 mg/kg). RVSP was
measured using a closed-chest approach. Briefly, mice were first anes-
thetized with ketamine (100 mg/kg). The right neck skin was cut and
the subcutaneous tissue and muscle were separated. Then, the
external jugular vein was exposed and the adipose tissue on its surface
was removed. The distal end of the external jugular vein was ligated
with fine cotton thread. The external jugular vein with forceps was
lifted, 1-mm opening was cut, and quickly inserted the catheter
(SPR-839NR, Millar Instruments, Houston, TX, USA) was inserted
quickly into the RV of the heart. The catheter was stabilized in the
center of the RV for 1 min before recording ventricular waves with
high amplitude using a polygraph system (LabChart 7.3.7; ADInstru-
ments, Bella Vista, NSW, Australia). After the hemodynamic mea-
surements, the Fulton index (RV/LV+S) was determined as the ratio
of the ventricular wall weight to the left ventricle plus septum weight
to evaluate RV hypertrophy.

Morphological assessment

Lung specimens and RV were washed with PBS through the pulmo-
nary artery, fixed in 10% formalin, and embedded in paraffin as pre-
viously described.42 The CSA and fibrotic area of themyocardium (%)
were determined through H&E and Masson’s trichrome staining. PA
(25–75 mm diameter) remodeling was performed by H&E and
a-smooth muscle actin (a-SMA). The MT% and WA% of vessels
were calculated. To determine the degree of muscularization of ves-
sels, each vessel was categorized as nonmuscular, partially muscular,
or fully muscular according to the layers of SMCs in the vessels as pre-
viously described.43 All of the analyses were performed by researchers
who were blinded to the study conditions.

TUNEL assays

To detect apoptosis, a TUNEL assay (Roche Applied Science, Man-
nheim, Germany) was performed according to the manufacturer’s in-
structions. Then, images of TUNEL assays were observed using laser
confocal microscopy. The number of TUNEL-positive PASMCs was
counted as the percentage from total PASMCs per vessel. The pre-
sented values are the means of 20–30 vessels per mouse.

Isolation of pulmonary arteries

The PAs were obtained as previously described.16 In short, we
dissected the whole lungs from the mouse, and then the intrapulmo-
nary arteries were isolated from the whole lungs using a microscope.
The adventitia of the PAs was dissected and the epithelium was de-
stroyed with a cotton swab. At last, protein was extracted from the
PAs for further study.
Figure 7. Intratracheal instillation of miR-30a antagomir increases apoptosis o

(A) Representative images of PAs are provided from each group. Lung sections were

500 mm (upper panel) and 50 mm (middle and lower panels). (B) WA% of vessels. (C) MT

either nonmuscular, partially muscular, or fully muscular as previously. (E) Protein express

the PAs (15–25 vessels per mouse, 25–75 mm in diameter) were calculated blinded to

repeated three times. A one-way ANOVA was used for the comparison among multiple

cleaved caspase-3/caspase-3 of (E). The nonparametric data were analyzed using a Kr
Western blotting

Proteins extracted from cultured cells and the pulmonary arteries of
mice were quantified with bicinchoninic acid (BCA) protein assay
kits (Thermo Scientific, Rockford, IL, USA). Equal amounts of protein
were separated on 10% SDS-PAGE gel and transferred onto polyviny-
lidene fluoride (PVDF) membranes. The membranes were incubated
for 2 h at 22�C–24�C in blocking buffer (0.1% Tween 20 in Tris-buff-
ered saline [TBS] [TBST]) containing 5%nonfat drymilk powder. After
blocking, the membranes were incubated overnight at 4�C with pri-
mary antibodies, includingP53 (1:1,000, 2524S,Cell SignalingTechnol-
ogy), P-P53 (1:1,000, 9284S, Cell Signaling Technology), Bax (1:1,000,
50599-2-lg, Proteintech), b-actin (1:1,000, 60008-1-lg, Proteintech),
Bcl-2 (1:500, 12789-1-AP, Proteintech), caspase-3 (1:1,000, 19677-1-
AP, Proteintech), cleaved caspase-3 (1:1,000, 9661S, Cell Signaling
Technology), CD31 (1:1,000, 77699T, Cell Signaling Technology),
a-SMA (1:1,000, 14395-1-AP, Proteintech), HIF-1a (1:1,000, 36169,
Cell SignalingTechnology), and secondary antibodies (goat anti-mouse
and anti-rabbit antibodies) were used at a dilution of 1:3,000. Proteins
were visualized by the enhanced chemiluminescence (ECL) system
(ECL western blotting detection kit, Thermo Scientific, Rockford, IL,
USA). The densities of the bands were quantified by ImageJ software.

Quantitative RT-PCR (qRT-PCR) Analysis

Total RNAswere extracted from different tissues, cells, or serum using
TRIzol (Vazyme, Nanjing, China) and a commercial miRNeasy
serum/plasma kit (QIAGEN, #217184) according to the manufac-
turer’s instructions. RNAs were reverse transcribed into cDNA using
the PrimeScript RT reagent kit (Vazyme, Nanjing, China) following
the manufacturer’s protocol. qRT-PCR was performed using SYBR
Green master mix (Vazyme, Nanjing, China) with the 7500 Fast
real-time PCR system from Applied Biosystems (Bio-Rad, Hercules,
CA, USA). qRT-PCR primers of mature miRNAs (catalog nos.
MQPS0000940, MQPS0000942, MQPS0000945, MQPS0000947, and
MQPS0000949) were purchased from RioBio (Guangzhou, China).
The sequences of the primers are shown in Table S1. Normalization
of miR-30a levels in the serum was performed using synthetic
C. elegansmiRNA cel-miR-39 (250 fmol, RioBio, Guangzhou, China).
Normalization ofmiR-30a levels in the tissues/cells was performed us-
ing U6. The relative expression level of miR-30a was analyzed by qRT-
PCR, with levels normalized to cel-miR-39 or U6 using the 2�DDCT

method.

Quantification of microRNA expression using qRT-PCR

The TaqMan miRNA assay (Thermo Scientific, USA, #4427957) was
used to determine the copy numbers of miR-30a in the serum sam-
ples. qRT-PCR standard curve was generated using serial dilutions
f PAs to mitigate vascular remodeling in the Su5416/hypoxia mouse model

stained with H&E (upper and middle panels) and a-SMA (lower panel). Scale bars,
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of cel-miR-39 (100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 fM). The cycle
threshold (Ct) values of cel-miR-39 of serial dilutions from each reac-
tion and corresponding copy numbers were determined. The formula
for normalization between samples is as follows: normalized amount
of miR-30a in sample X = (pre-normalized amount of the miR-30a in
sample X) � (the amount of cel-miR-39 in the reference sample/the
amount of cel-miR-39 in sample X).

Statistical analysis

Data are presented asmeans± SEM.A Student’s t test (for comparison
between two groups) and one-way analysis of variance (ANOVA) us-
ing Bonferroni’s method (for comparison of multiple groups) were
used for the statistical analyses when the variance was homogeneous.
The nonparametric data were analyzed using a Kruskal-Wallis test.
The serum levels of miR-30a in the PAH patients and healthy controls
were compared by a Mann-Whitney U test. The calculation was
analyzed with the statistical program SPSS version 23.0 (IBM, Ar-
monk, NY, USA). p < 0.05 was considered as statistically significant.
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