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MicroRNAs (miRNA, miR-) play important roles in disease
development. In this study, we identified an anti-proliferative
miRNA, miR-212-5p, that is induced in pulmonary artery
smooth muscle cells (PASMCs) and lungs of pulmonary hyper-
tension (PH) patients and rodents with experimental PH. We
found that smooth muscle cell (SMC)-specific knockout of
miR-212-5p exacerbated hypoxia-induced pulmonary vascular
remodeling and PH in mice, suggesting that miR-212-5p may
be upregulated in PASMCs to act as an endogenous inhibitor
of PH, possibly by suppressing PASMC proliferation. Extracel-
lular vesicles (EVs) have been shown recently to be promising
drug delivery tools for disease treatment. We generated endo-
thelium-derived EVs with an enriched miR-212-5p load,
212-eEVs, and found that they significantly attenuated hypox-
ia-induced PH in mice and Sugen/hypoxia-induced severe PH
in rats, providing proof of concept that engineered endothe-
lium-derived EVs can be used to deliver miRNA into lungs
for treatment of severe PH.
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INTRODUCTION
Pulmonary hypertension (PH) is a disease characterized by a progres-
sive increase in pulmonary vascular resistance, right ventricular
failure, and ultimately death of patients.1,2 Although the etiology is
complex, a hallmark of PH is abnormal vascular wall remodeling
associated with excessive proliferation of pulmonary artery smooth
muscle cells (PASMCs).

MicroRNAs (miRNAs) are a class of endogenous small noncoding
RNAs that are evolutionarily conserved3–6 and have been reported
to be involved in the pathogenesis of diseases, including PH.7–11

We have previously reported that miR-17–92 plays a role in PH
and that knockout of miR-17–92 in smooth muscle cells (SMCs)
attenuated hypoxia-induced PH in mice.12 However, the role of
miRNA in PH needs to be studied further. We recently identified
several miRNAs that are upregulated in mouse pulmonary vascular
cells in hypoxia or lungs of mice with hypoxia-induced PH. Among
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these miRNAs, we found that miR-212-5p was the most powerful
“anti-proliferative” miRNA in mouse PASMCs (mPASMCs).13 In
this study, we demonstrated that miR-212-5p significantly suppresses
human PASMC proliferation in vitro and attenuates PH in mice and
rats, offering a novel potential target for PH treatment.

Extracellular vesicles (EVs) are a heterogeneous family of membrane-
limited vesicles originating from the endosome or plasma mem-
brane.14 Recent studies show that EV-mediated intercellular
communications are evolutionarily conserved,15 and their innate
biocompatibility, capacity to deliver different types of cargo, and abil-
ity to target specific cells make them especially suitable as vehicles for
drug delivery.16–22 In this study, we loaded pulmonary vascular endo-
thelial cell (PVEC)-derived EVs with miR-212-5p and provided the
first proof of concept that engineered endothelium-derived EVs can
be a powerful and promising tool for treatment of severe PH.
RESULTS
Expression of miR-212-5p was upregulated in PASMCs and

lungs of PH patients and rodents with PH

We measured expression of miR-212-5p in PASMCs isolated from
control donors and human PH patients12 by qPCR analysis and found
that miR-212-5p was significantly upregulated in PASMCs of PH
patients (Figure 1A). Similarly, miR-212-5p was also significantly
upregulated in PASMCs isolated from mice with hypoxia-induced
PH (Figure 1B). We collected whole lungs of mice exposed to
room air or hypoxia (10% O2) for 1, 2, or 3 weeks and found that
The Authors.
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Figure 1. Expression of miR-212-5p is induced in PASMCs and the lung of PH subjects

Expression of miR-212-5p was measured by qRT-PCR analysis in the following samples. (A) PASMCs of human PH patients (n = 4) or normal donors (control, n = 9). (B)

PASMCs isolated from control mice (N, exposed to room air, n = 8) or mice with hypoxia-induced PH (H, 10% O2, 3 weeks, n = 7). (C) Lungs of control mice (N, exposed

to room air, n = 5 for each time point) or mice exposed to hypoxia for 1, 2, or 3 weeks (H, 10%O2, n = 5 for each time point). (D) Lungs of control rats (CTRL, given DMSO and

stayed in room air, n = 6) or rats with Sugen/hypoxia-induced severe PH (SuHx, n = 5). Data are presented as mean ± SEM. * or **, versus CTRL or N. *p < 0.05, **p < 0.01.
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miR-212-5p was significantly upregulated in mouse lungs in hypoxia
at 1, 2, and 3 weeks (Figure 1C). We also found that miR-212-5p was
significantly upregulated in the lungs of rats with Sugen5416/hypox-
ia-induced severe PH (Figure 1D). These data suggest a potential role
for miR-212-5p in PH.

miR-212-5p is an “anti-proliferative” miRNA in PASMC

To investigate the role of miR-212-5p in PASMCs and PH, we first
inhibited endogenous miR-212-5p in normal human PASMCs using
miR-212-5p antagonist (Anti-miR-212-5p). Normal PASMCs
transfected with negative control miR inhibitor (Anti-Neg) served
as controls, and their proliferation level was set as 1. Using BrdU
incorporation assay, we found that inhibition of endogenous miR-
212-5p induced PASMCproliferation in vitro in room air (Figure 2A),
suggesting that miR-212-5p inhibits PASMC proliferation in vitro.

Then, we transfected normal human PASMCs with miR-212-5p or
negative control miR mimic and then exposed the cells to room air
or hypoxia (1% O2) for 24 h. We found that miR-212-5p significantly
suppressed PASMC proliferation in both room air and hypoxia
(Figure 2B). We also infected PASMCs with adenoviral particles
that express exogenous miR-212-5p (Ad-miR212) or control
adenoviral particles (Ad-Ctrl) and found that overexpression of
miR-212-5p significantly suppressed PASMC growth, as shown by
cell counting result at days 3 and 5 after adenoviral particle infection
(Figure 2C). We also incubated these cells with platelet-derived
growth factor (PDGF)-BB for stimulation of cell growth and found
that overexpression of miR-212-5p significantly suppressed both
basal proliferation level and PDGF-BB stimulated proliferation in
PASMCs, as shown by immunofluorescence staining of proliferation
marker protein Ki-67 (Figure S1). Similarly, miR-212-5p also sup-
pressed proliferation of PASMCs isolated from PH patients (Fig-
ure 2D). Our data suggest that miR-212-5p is an anti-proliferative
miRNA in PASMCs.

MiR-212-5p acts as an endogenous inhibitor of PH

To investigate if the endogenous miR-212-5p in PASMCs plays a role
in PH, we generated a strain of SMC-specific knockout miR-212-5p
mice by crossbreeding the miR-212-5p flox/flox mice [212 fl/fl23,24]
with SM22aCre mice (sm-212�/�, Figure 3A). Mouse genotype was
validated by PCR analysis (Figure 3B). PASMCs were isolated, as
described before,12 from sm-212�/� mice and their 212 fl/fl litter-
mates. miR-212-5p knockdown efficiency in SMCs was confirmed
by qPCR analysis (Figure 3C). We exposed these sm-212�/� mice
and their 212 fl/fl littermates to room air or hypoxia (10% O2) for
3 weeks and found that SMC-specific knockout of miR-212 signifi-
cantly exacerbated hypoxia-induced RVSP elevation (Figure 3D),
right ventricular (RV) hypertrophy (Fulton’s index, Figure 3E), and
pulmonary vessel wall thickening (Figures 3F and 3G) in mice. These
results suggest a protective role of the endogenous miR-212-5p in
SMCs in PH.

We also injected C57BL/6 wild-type mice with miR-212-5p inhibitor
(Anti-miR212) through the tail vein twice a week for 2 weeks (mice
injected with negative control miRNA inhibitor [Anti-Neg] served as
controls) while mice were in room air (N) or hypoxia (10% O2, H)
(Figure S2A). Then, PH indices were measured and lungs collected
for study. Using in situ hybridization (ISH), we observed a much
weaker staining of miR-212-5p in the lungs, including pulmonary
vessels, of mice that received miR-212-5p inhibitor (versus mice
given Anti-Neg) (Figure S2B). Using qPCR analyses, we also found
a significantly lower level of miR-212-5p in lungs of mice given
miR-212-5p inhibitor (Figure S2C), attesting to the efficiency of
miR-212-5p inhibition in the lung. Inhibition of miR-212-5p
increased RVSP both in room air and hypoxia (Figure S2D) and
further increased RV hypertrophy in hypoxia (Figure S2E). Increase
in pulmonary vascular wall remodeling did not reach significance
(Figure S2F and S2G). These results suggest that inhibition of endog-
enous miR-212-5p using miRNA inhibitors exacerbated hypoxia-
induced PH in mice, further confirming a protective role of
endogenous miR-212-5p in PH.

Exogenous miR-212-5p attenuates hypoxia-induced PH in mice

Because miR-212-5p is a powerful anti-proliferative miRNA in
PASMCs, we investigated if administration of exogenous miR-
212-5p can inhibit hypoxia-induced PH in mice. We injected
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Figure 2. MiR-212-5p is an “anti-proliferative” miRNA in PASMC

(A) Normal human PASMCs (hPASMCs, Lonza) were transfected with miR-212-5p or negative control miR inhibitor (Anti-miR-212 versus Anti-Neg). BrdU incorporation

assay was performed. Proliferation level of PASMCs transfected with negative control miR inhibitor (Anti-Neg) was set as 1 and served as controls. Proliferation level of

PASMCs transfected with miR-212-5p inhibitor (Anti-miR-212) was compared with that of control cells. Inhibition of miR-212-5p induced PASMC proliferation in vitro in

room air. (B) Normal hPASMC (Lonza) were transfected with miR-212-5p or negative control miR mimic and then exposed to room air (N) or hypoxia (H, 1% O2) for 24

h. BrdU incorporation assay was performed to determine the relative proliferation level of these cells. Proliferation level of PASMCs transfected with negative control miR

mimic (Neg mimic) and exposed to room air was set as 1 and served as controls. Proliferation levels of PASMCs in other groups were compared with that of control cells.

miR-212-5p mimic significantly suppressed PASMC proliferation in both room air and hypoxia. (C) Normal hPASMCs (Lonza) were infected with adenoviral particles that

express miR-212-5p (Ad-miR212, 100 PFUs/cell) or control adenoviral particles (Ad-Ctrl, 100 PFUs/cell) on day 1. Then cells were collected for cell counting on day 3

and 5, respectively. Overexpression of miR-212-5p significantly suppressed cell growth in room air. (D) Human PASMCs of PH patient (PH hPASMCs) were transfected

with miR-212-5p or negative control miR mimic. BrdU incorporation assay was performed and relative cell proliferation level was compared, as described above. miR-

212-5p mimic also significantly suppressed proliferation of PH hPASMCs. Data are presented as mean ± SEM. * or ** versus room air Anti-Neg, Neg mimic control, or

Ad-Ctrl, respectively; ## versus hypoxic Neg mimic control. *p < 0.05, ** or ##p < 0.01.
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C57BL/6 wild-type mice with negative control (Neg) or miR-212-5p
mimic via tail vein twice per week for 3 weeks, while mice were
exposed to room air (N) or hypoxia (10% O2, H) (Figure 4A). Lungs
were collected at the end of the study and stained with miR-212-5p
probes. Moderately increased miR-212-5p staining was observed in
pulmonary vessel walls and lungs of mice given miR-212-5p mimic
(Figures 4B and 4C). Administration of miR-212-5p mimic partially
and significantly attenuated hypoxia-induced RVSP elevation (Fig-
ure 4D) and pulmonary vessel wall remodeling (Figures 4F and
4G), while hypoxia-induced RV hypertrophy (Figure 4E) was not
changed.

ExogenousmiR-212-5p attenuates Sugen5416/hypoxia-induced

severe PH in rats

To determine if exogenous miR-212-5p can reverse established PH
in rats, we first injected 6-7-week-old Sprague-Dawley rats with Su-
gen5416 (20 mg/kg body weight [BW], subcutaneously [s.c.]) and
exposed them to hypoxia (H, 10% O2) for 3 weeks, followed by
2 weeks’ room air exposure to induce severe PH. Then, we started
weekly intratracheal (i.t.) administration of adenoviral particle
(Ad-miR-212-5p or Ad-Ctrl) into rats while they stayed in room
air for another 3 weeks (Figure 5A). Results of ISH staining using
a miR-212-5p probe showed that miR-212-5p staining was signifi-
cantly stronger in both airway and pulmonary vessels of lungs of
rats given Ad-miR-212-5p (Figure 5B). The amount of miR-212-
5p in the whole lung was also increased, as determined by qPCR
analysis (Figure 5C). We dissected pulmonary vessels and stripped
off the outer adventitial coat to collect mainly the muscle coat for
qPCR analysis and found that miR-212-5p level was significantly
increased in pulmonary vessel muscle coat of rats receiving Ad-
miR-212-5p (Figure 5D), further confirming that exogenous
206 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
miR-212-5p was successfully delivered into the pulmonary vessel
wall by i.t. delivery. PH indices were significantly reduced by admin-
istration of exogenous miR-212-5p: there was a reduction in Su-
gen5416/hypoxia (SuHx)-induced increase in RVSP (Figure 5E),
RV hypertrophy (Figure 5F), and pulmonary vessel wall remodeling
(Figures 5G and 5H) in rats.
Generation of engineered mPVEC-derived EVs with increased

levels of miR-212-5p

Recent studies suggest that extracellular vesicles (EVs) are naturally
occurring cargo delivery agents, which can be used as vehicles for
drug delivery. Their innate biocompatibility, capacity to deliver
different types of cargo, and ability to target specific cells make
them especially suitable for this task.16–22 In this study, we engineered
EVs (eEVs) derived from PVECs to contain excess exogenous miR-
212-5p, for use in the treatment of established PH in vivo. We infected
mPVECs with the XMIRXP-control or XMIRXP-miR-212 lentiviral
particles that can express miR-212-5p and then collected EVs from
the conditioned medium (Figure S3A). We designated these EVs as
Ctrl- and 212-eEVs, respectively, and confirmed the selective loading
of miR-212-5p in 212-eEVs by qPCR analysis (Figures S3B and S3C).
Our results showed that isolated eEVs expressed specific endothelial
cell marker proteins CD31 and CD144 (Figure S3D), confirming their
endothelial origin.14 These eEVs did not express exosome markers
heat shock protein 70 kDa (HSP70)25,26 and expressed very low levels
of CD81 (Figure S3D), confirming that the eEVs we collected in this
study were mainly microvesicles (MVs), but not exosomes. These re-
sults are consistent with our previous findings that EVs (not engi-
neered) collected by ultracentrifugation at 20,500 g for 1 h are mostly
MVs, not exosomes.13



Figure 3. SMC-specific knockout of miR-212 significantly exacerbates hypoxia-induced PH in mice

(A) The strategy to generate smoothmuscle cell (SMC)-specific miR-212 knockout mice andmouse genotyping (B). (C) The expression levels ofmiR-212-5p in freshly isolated

mouse PASMCs (mPASMCs) from sm-212�/�mice (n = 4) and their 212-fl/fl littermates (n = 4). sm-212�/� and their 212-fl/fl littermates were exposed to room air or hypoxia

(10% O2) for 3 weeks and then PH indices were measured. SMC-specific knockout of miR-212 significantly exacerbated hypoxia-induced RVSP elevation (D), RV hyper-

trophy (E), and pulmonary vessel wall thickening (F–G). V: vessels. Data are presented asmean ± SEM. *, **, or *** versus fl/fl control in room air; ## or ### versus fl/fl control in

hypoxia; *p < 0.05, ** or ##p < 0.01, ###p < 0.001.
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212-eEVs inhibit hypoxia-inducedPASMCproliferation in culture

We incubated mPASMCs with Ctrl- or 212-eEVs and exposed the
cells to room air (N) or hypoxia (H, 1% O2) for 24 h. Using BrdU
incorporation assay, we found that 212-eEVs decreased hypoxia-
induced PASMC proliferation (Figure S3E), suggesting that miRNA
can be loaded into mPVEC-derived EVs and be functional.

eEVs given intratracheally into mice can enter pulmonary blood

vessels

Next, we labeled Ctrl-eEVs with ExoGlow-Vivo EV Labeling Kit
(near-infrared [near-IR]) and instilled labeled eEVs into mice via
the trachea. Control mice received Dulbecco’s phosphate-buffered sa-
line (DPBS). Lungs were collected 10 min, 1 h, 3 h, and 24 h later for
frozen tissue section and stained for a-smooth muscle actin (a-SMA)
and DAPI. We first identified a vessel about 100–150 mm in diameter
in the 10 min lung section and obtained images with excitation filter
of 488 nm (for a-SMA), 740 nm (for near-IR-labeled EV), and
387 nm (for DAPI). We could visualize eEVs within the pulmonary
vessel wall (Figure S4A), indicating that some of the eEVs did enter
the pulmonary vessel wall. We also identified labeled eEVs in the
lung (both airways and vessels) 1 and 3 h after eEV delivery but could
not detect labeled eEVs in pulmonary vessels 24 h after delivery
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 207
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Figure 4. miR-212-5p attenuates hypoxia-induced PH in mice

(A) Experimental design: 6-8-week-old C57BL/6 mice were injected with miR mimic via tail vein (5 mg/kg BW/injection, twice a week) and exposed to room air (N) or hypoxia

(H, 10%O2) for 3 weeks. At the end of the study, moderately increasedmiR-212-5p staining was observed in pulmonary vessel walls as pointed by the arrows (B, ISH, arrows

point to miR-212-5p staining). MiR-212-5p levels was also increased in the lung (C, qRT-PCR analysis). Our results show that administration of miR-212-5p mimic signif-

icantly attenuated hypoxia-induced RVSP elevation (D) and pulmonary vessel wall remodeling (F–G), while RV hypertrophy (E) was not changed. V: vessels. Data are pre-

sented as mean ± SEM in C–F. ** or *** compared with N-Neg mimic group; # compared with H-Neg mimic group. #p < 0.05; **p < 0.01; ***p < 0.001. N = 5–6.
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(Figure S4B), possibly due to a diffusion of the eEV signal by 24 h after
eEV administration. Imaging result with z axes showed that eEVs
were taken up into SMCs in the pulmonary vessel wall, rather than
just being attached to them (Figure S4B and Video S1). We were
also able to deliver the nonmammalian Cel-miR-39 successfully
into the pulmonary vessel wall via PVEC-derived eEVs, further con-
firming that PVEC-eEVs can be used to deliver exogenous miRNAs
into PASMCs via i.t. administration (Figure S5).

212-eEVs attenuate hypoxia-induced PH in mice

We exposed C57BL/6 wild-type mice to hypoxia (10%O2) for 2 weeks
to establish PH and then gave eEVs, i.t., twice a week for 2 weeks,
while mice were still in hypoxia (Figure 6A). Terminally, we found
significantly stronger staining of miR-212-5p in the lungs, including
the vessels, of mice given 212-eEVs (Figure 6B). Using qPCR analyses,
we confirmed that miR-212-5p level was increased in lungs of mice
that received 212-eEVs (Figure 6C). We measured PH indices and
found that 212-eEVs significantly attenuated hypoxia-induced
RVSP increase (Figure 6D), RV hypertrophy (Figure 6E), and pulmo-
nary vessel wall remodeling (Figures 6F and 6G), suggesting that
212-eEVs attenuate hypoxia-induced PH.

rPVEC-derived 212-eEVs ameliorate SuHx-induced severe PH in

rats

We generated rat PVEC-derived Ctrl- or 212-eEVs following a similar
procedure to that in Figure S3A, using rat PVECs. Increased miR-
212-5p level in eEVs was confirmed by qPCR analysis (data not
shown). The 6-7-week-old Sprague-Dawley rats were injected with
one dose of Sugen5416 (20 mg/kg BW, s.c.) and exposed to hypoxia
(H, 10% O2) for 3 weeks, followed by 2 weeks room air exposure to
induce severe PH. Then, Ctrl- or 212-eEVs were delivered into these
rats via the trachea, weekly for 3 weeks (Figure 7A). Rat lungs were
208 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
collected at the end of the study for sectioning and ISH staining
with a miR-212-5p probe. We found significantly stronger staining
of miR-212-5p in the lung, including the vessels, of rats receiving
212-eEVs (Figure 7B). We also measured miR-212-5p levels in the
lung, heart, kidney, spleen, and liver of these rats and confirmed
that miR-212-5p levels were significantly induced in only the lungs
of rats receiving 212-eEVs (Figure 7C), but not in other organs (Fig-
ure S6). We measured PH indices and found that 212-eEVs
significantly attenuated SuHx-induced RVSP elevation (Figure 7D),
RV hypertrophy (Figure 7E), and pulmonary vessel wall remodeling
(Figures 7F and 7G) in rats, suggesting that 212-eEVs significantly
ameliorated established severe PH in rats.

DISCUSSION
In this study, we demonstrated that miR-212-5p level is upregulated
in PASMCs and lungs in human PH patients and rodent models of
PH, suggesting a role for miR-212-5p in the pathogenesis of PH.
To investigate the role of miR-212-5p in vivo, we generated a strain
of SMC-specific miR-212 knockout mice. We found that SMC-spe-
cific knockout of miR-212-5p significantly exacerbated hypoxia-
induced pulmonary vessel wall thickening and PH inmice, suggesting
a protective role of SMC-specific miR-212-5p in pulmonary vascular
remodeling and PH. We also provided the first evidence that admin-
istration of exogenous miR-212-5p attenuates both chronic hypoxia-
induced PH in mice and Sugen/hypoxia-induced severe PH in rats.
Our findings indicate that endogenous miR-212-5p is induced during
the pathogenesis of PH, to act as an adaptive and protective agent to
mitigate the severity of PH in vivo. This is in line with our previous
finding that while pathogenic mechanisms contribute to the patho-
genesis of PH, endogenous protective mechanisms are also activated
to moderate the severity of the disease.12 While the endogenous in-
duction of miR-212-5p is insufficient to completely prevent or reverse



Figure 5. MiR-212-5p attenuates established severe PH in rats

(A) Experimental design: 6-7-week-old Sprague-Dawley rats were given one dose of Sugen5416 (20 mg/kg BW, s.c.) and then exposed to hypoxia (H, 10%O2) for 3 weeks,

followed by 2 weeks in room air, to induce severe PH. Then, rats were given intratracheally (i.t.) Control adenoviral particles (Ad-Ctrl) or adenoviral particles expressing miR-

212-5p (Ad-miR-212), weekly for 3 weeks, while they were in room air. Rats given DMSO and exposed to room air served as controls (Veh). At the end of the study, an

increase in miR-212-5p in the lung was validated by in situ hybridization (ISH) with miR-212-5p probe (B, arrows point to miR-212-5p staining) and qRT-PCR analysis

(C). Increase in miR-212-5p level in isolated pulmonary vessels was also validated by qRT-PCR analysis (D). Administration of Ad-miR-212 significantly attenuated SuHx-in-

duced RVSP elevation (E), RV hypertrophy (F), and pulmonary vessel wall remodeling (G–H) in rats. V: vessels. Data are presented as mean ± SEM in C–G. ** or *** compared

with DMSO (Veh) group; # or ## compared with Ad-Ctrl group. #p < 0.05; ** or ##p < 0.01; ***p < 0.001. SuHx: Sugen5416/hypoxia. N = 5.
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the development of PH, administration of exogenous level of miR-
212-5p significantly ameliorates hypoxia-induced PH in mice and Su-
gen/hypoxia-induced PH in rats, suggesting that miR-212-5p could
be a potential therapeutic target for PH treatment.

So far, only limited upstream regulators for miR-212-5p expression
have been identified.27–29 While a recent study showed that miR-
212-5p was upregulated by hypoxia-inducible factor-1a (HIF-1a)
in pancreatic cancer cells in hypoxia,29 we do not know if HIF-1ame-
diates the upregulation of miR-212-5p in PASMCs in human PAH
patients or rodents with PH, as the regulation of gene expression is
always cell-type, tissue-type, and disease-background dependent.
The cAMP-responsive transcription factor (CREB) has been recently
identified as another transcriptional regulator for miR-212 in neuron
cells, macrophages, or insulin-secreting b-cells.27,28,30 Recent studies
showed that an extracellular cyclic AMP (cAMP)/CREB signaling in
pulmonary arteries (including both smooth muscle and endothelial
cells on the vessels) is activated to mitigate the severity of pulmonary
vascular remodeling and PH31 and that SMC-specific knockout of
CREB induced pulmonary vessel wall thickening and PH in mice.32

These findings not only revealed a protective mechanism that is acti-
vated during the pathogenesis of PH, but also led to our speculation
that miR-212-5p is upregulated by CREB in PASMCs to play the pro-
tective role in PH. Further studies with PASMCs are warranted to test
our speculation.

EVs are currently being engineered to be powerful drug delivery ve-
hicles33 as well as to carry specific cargo for use as therapeutic agents
in diseases. Kamerkar et al. have shown that exosomes can be engi-
neered to carry small interfering RNA (siRNA) to specifically target
Kras in pancreatic cancer.17 EVs derived from mesenchymal stem
cells (MSCs) have also been studied recently in PH. Aliotta et al.
found that MSC-EV can attenuate the development of MCT-induced
PH in mice.34 In another study, Lee and colleagues demonstrated that
MSC-derived exosomes exert a pleiotropic protective effect on the
lung and inhibit vascular remodeling and hypoxic PH, with suppres-
sion on the STAT3/miR-17 level and induction of miR-204 level in
the lung.35 In this study, we have provided the first proof of concept
that endothelium-derived EVs can be engineered to deliver exoge-
nous miRNAs into the lung to treat PH, in bothmouse and rat models
of PH. We used EV-derived from PVECs in room air, since they had
no effect on PASMC proliferation (data not shown).

eEVs were delivered via the trachea in our study, so that they can be
specifically delivered into the lung, without off-target delivery into
other organs. This is confirmed by our qPCR analysis showing that
miR-212-5p levels are not induced in other organs (Figure S6). How-
ever, it is not surprising that eEVs administered via the trachea reach
multiple cell types in the lung, including airway cells and vessel
cells (Figure S4 and Video S1). While our data provided the first
proof of concept that eEVs can be administered via the trachea to
deliver therapeutic reagents into pulmonary vessels and PASMCs
(instead of just attaching to PASMCs, Figure S4 and Video S1) for
PH treatment, it is critical that EVs can be further engineered for tis-
sue- or cell-type-specific delivery for future application of EVs in
disease treatment.

Although our finding that SMC-specific knockout of miR-212 exac-
erbated hypoxia-induced pulmonary vascular remodeling and PH in
mice supports our hypothesis about the protective role of miR-212,
specifically in SMCs, it is worth noting that exogenous miR-212-5p
(through adenoviral particles or eEVs) was delivered via the trachea
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 209
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Figure 6. 212-eEVs ameliorate hypoxia-induced PH in mice

(A) Experimental design: 6-8-week-old C57BL/6 mice were exposed to hypoxia (H, 10%O2) for 2 weeks to establish PH and then treated with 5� 10e8 Ctrl- or 212-eEVs via

the trachea, twice a week for 2 weeks while mice were still exposed to hypoxia. (B) Mouse lung sections were stained with a miR-212-5p probe (in situ hybridization, arrows

point to miR-212-5p staining). miR-212-5p staining was significantly increased in lungs, including the vessels, in mice that received 212-eEVs. (C) miR-212-5p levels were

measured by qPCR analysis and confirmed to be increased in lungs of mice that received 212-eEVs. (D–G) 212-eEVs significantly ameliorated hypoxia-induced RVSP

elevation (D), RV hypertrophy (E), and pulmonary vessel wall remodeling (F–G). V: vessels. Data are presented as mean ± SEM in C–F. * or ** or *** compared with Ctrl-eEV-

treated mice. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl-eEVs: n = 6; 212-eEVs: n = 8.
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Figure 7. 212-eEVs ameliorate Sugen/hypoxia-induced severe PH in rats

(A) Experimental design: 6-7-week-old Sprague-Dawley rats were given one dose of Sugen5416 (20 mg/kg BW, s.c.) and then exposed to hypoxia (H, 10%O2) for 3 weeks,

followed by 2 weeks in room air to induce severe PH. Then rats were treated with 5� 10e9 Ctrl- or 212-eEVs via the trachea, weekly for 3 weeks. (B) Rat lung sections were

stained with a miR-212-5p probe (in situ hybridization, arrows point to miR-212-5p staining). miR-212-5p staining was significantly increased in lungs, including in the

vessels, of rats that received 212-eEVs. (C) miR-212-5p levels weremeasured by qPCR analysis and confirmed to be increased in lungs of rats that received 212-eEVs. (D–G)

Treatment with 212-eEVs significantly ameliorated Sugen/hypoxia (SuHx)-induced RVSP elevation (D), RV hypertrophy (E), and pulmonary vessel wall remodeling (F–G). V:

vessels. Data are presented as mean ± SEM in C–F. * or ** compared with Ctrl-eEV-treated mice. **p < 0.001. N = 8.
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and was not PASMC-specific in the present studies (Figures 5, 6,
and 7). It is possible that miR-212-5p may also play a role in
other cell types (like endothelial cells, etc.), which may also
contribute to the attenuation of PH. Further studies are warranted
to reveal the role of miR-212-5p in other cells types (like endothelial
cells, etc.) in PH.
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In summary, we have demonstrated the protective role of SMC-spe-
cific miR-212-5p in PH. Administration of exogenous miR-212-5p
significantly attenuates PH in rodent models. We also provided the
first proof of concept that engineered endothelium-derived EVs can
be a powerful and promising therapeutic tool for treatment of severe
PH. Further studies to find means of delivering the eEVs to their
specific target, namely PASMCs, are warranted.

MATERIALS AND METHODS
Cell culture

Mouse pulmonary artery smooth muscle cells (mPASMCs) were iso-
lated frommouse lungs, as we described previously,12 and were main-
tained in SmGM-2 medium (Lonza, Walkersville, MD) containing
5% fetal bovine serum (FBS), growth factors, and 1% penicillin-strep-
tomycin. We also isolated mPASMCs from mice exposed to 10% O2

for 3 weeks and frommice exposed to room air for 3 weeks (controls).
The purity of isolated PASMCs was confirmed by immunostaining of
a-SMA (Figure S7).

Human pulmonary artery smooth muscle cells (hPASMCs) were pur-
chased from Lonza. hPASMCs isolated from normal human lungs
(donor lungs that could not be used) and from lungs of PH patients
were provided by the Pulmonary Hypertension Breakthrough Initia-
tive (PHBI). Patient or donor clinical information was described
previously.12 These cells were maintained in SmGM-2 medium con-
taining FBS and growth factors (Lonza).12 Use of these cells was
approved by the University of Illinois at Chicago Institutional Review
Board.

Mouse and rat pulmonary vascular endothelial cells (mPVECs and
rPVECs) were purchased from Cell Biologics (Chicago, IL) andmain-
tained in Endothelial Cell Medium containing 5% FBS, endothelial
cell growth factors, and antibiotics (Cell Biologics).

All cells were maintained in a humidified incubator with a constant
supply of 5% CO2 at 37�C.

Engineering and isolation of extracellular vesicles

To generate engineered extracellular vesicles (eEVs) that can be used
as a tool for miRNA delivery, we used an XMIRXPress Lentiviral sys-
tem (System Biosciences, Palo Alto, CA) that contains a target
sequence (GGAG)36,37 in the 30-end of miR-212-5p to direct the ex-
pressed miR-212-5p into EVs. We infected PVECs with the
XMIRXP-miR-212 lentiviral particles and selected the cells using pu-
romycin (1 mg/mL, Fisher Scientific) to generate stable XMIRXP-
miR-212 PVEC cell lines. PVECs infected with XMIRXP-control
lentivirus were used as control. Cells were cultured in room air for
24–48 h and EVs were collected from the supernatant (20,500 g), as
described below. These EVs were designated as Ctrl- or 212-eEVs,
respectively.

EV were isolated from cultured PVECs using a multi-step centrifuga-
tion method.13,38–41 Briefly, after obtaining confluent monolayers of
PVECs, the medium was refreshed with medium free of FBS or ves-
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icles. Conditioned medium was collected and cell debris pre-cleared
by centrifugation at 2,000 g for 15 min (min) at 4�C. The supernatant
was centrifuged at 20,500 g for 1 h at 4�C. Pelleted vesicles were
washed with ice-cold vesicle-free DPBS and pelleted again by centri-
fugation at 20,500 g for 1 h at 4�C. Finally, the pelleted vesicles were
resuspended in vesicle-free DPBS. Collected vesicles were quantified
using nanoparticle tracking analysis (NTA) technology with a
NanoSight LM10 HS instrument (Malvern Instruments, Malvern,
UK) at the Flow Cytometry Core of the University of Illinois at
Chicago (UIC).

For characterization, collected eEVs were lysed in modified radioim-
munoprecipitation assay buffer (mRIPA) buffer (50 mM Tris pH 7.4,
1% NP-40, 0.25% deoxycholate, 150 mmol/L NaCl, and protease in-
hibitors) and used for western blot analysis of PVECs or exosome
markers, as we described before.13 Briefly, 10 mg (for EV samples)
or 30 mg (for PVEC samples) of protein lysate was separated by
SDS-polyacrylamide gel electrophoresis and transferred to BA85
nitrocellulose membrane (Protran, Whatman, Dassel, Germany).
Proteins were detected with SuperSignal West Pico or Femto chemi-
luminescent substrate (Thermo Scientific, Waltham, MA). The
following primary antibodies were used: CD144 (Santa Cruz Biotech-
nology, Dallas, TX), CD31 (R&D Systems, Minneapolis, MN), HSP70
(System Biosciences), CD81 (System Biosciences), and a-Tubulin
(Sigma-Aldrich).

Imaging of eEVs in the pulmonary vessel wall

eEVs were labeled with ExoGlow-Vivo Labeling Kit (near-IR dye, Sys-
tem Biosciences) and then instilled into mice through their trachea.
Mouse lungs were collected for frozen tissue section and stained
with a-SMA antibody at 10 min, 1 h, 3 h, and 24 h after eEV delivery.
Lungs of control mice receiving DPBS were also studied. Near-IR dye-
labeled eEVs were imaged using an Olympus IX81 inverted widefield
microscope or a Leica Stellaris 8 laser scanning confocal microscope
at the Integrated Light Microscopy Core Facility of the University of
Chicago and analyzed using an Imaris X64 program.

RNA isolation and quantitative real-time reverse transcription

PCR

Total RNA was isolated using a miRNeasy Mini Kit or miRNeasy
Micro Kit (Qiagen, Valencia, CA) and treated with RNase-Free
DNase I (Qiagen),12 quantified with Nanodrop 2000 spectrophotom-
eter (Thermo Scientific).

For quantitative real-time reverse transcriptase PCR (qRT-PCR)
analysis of miRNA expression, a poly(A) tail was first added to the
30-end of miRNAs using a Poly(A) Polymerase Tailing Kit (Epicentre
Biotechnologies, Madison, WI). Poly(A) tailed-miRNAs were then
reverse transcribed using M-MLV Reverse Transcriptase (Invitrogen,
Grand Island, NY) with a poly(T) adaptor, which consists of a poly(T)
sequence and a sequence complementary to the universal primer used
in following qRT-PCR analysis. SNORD44, SNORD47, and
SNORD48 were used as internal controls. For qRT-PCR analysis of
mRNA expression levels, total RNA was reversely transcribed using
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M-MLVReverse Transcriptase with oligo(dT) 12–18 Primer (Invitro-
gen). Ribosomal protein L19 (RPL19) was used as internal control.
qRT-PCR was performed using SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) on StepOnePlus or ViiA 7
Real-Time PCR System (Applied Biosystems). Primer sequences are
in the Table S1.
Bromodeoxyuridine cell proliferation assay

Cell proliferation was measured using a bromodeoxyuridine (BrdU)
cell proliferation assay kit (EMD Millipore, Billerica, MA).12 Briefly,
mPASMCs were plated into a 96-well plate at a density of 3000
cells/well and incubated overnight. BrdU label was added to the cul-
ture medium the next day and cells cultured for another 16–18 h.
Colorimetric measurements were carried out on a GloMax 96 Micro-
plate Luminometer (Promega, Madison, WI). For proliferation assay
of mPASMCs transfected with miRNA oligos, BrdU label was added
24 h after transfection.
Cell growth curve

PASMCs were plated into 6-well plate at a density of 50,000 cells per
well (day 0). On the next day (day 1), PASMCs were infected with Ad-
miR212 (100 plaque-forming units [PFUs]/cell) or Ad-Ctrl (100
PFUs/cell). Then cells were collected for cell counting on day 3 and
5, respectively.
Immunofluorescence staining

PASMCs infected with Ad-miR212 or Ad-Ctrl were incubated with
20 ng/mL PDGF-BB for 24 h and then fixed for immunofluorescence
staining, as described before.12 Briefly, cells were fixed with 4% para-
formaldehyde (PFA) at room temperature for 15 min and then
blocked with blocking buffer (PBS that contains 3% BSA, 1% goat
serum, and 0.1% Triton X-100) at room temperature for 30 min.
Then cells were incubated with primary antibody (Ki-67, 1:200,
Sigma-Aldrich, St. Louis, MO) at 4�C overnight, followed by washing
and secondary antibody (1:500, Invitrogen) incubation at room tem-
perature for 30min. After DAPI staining, cells were imaged with Zeiss
LSM 710 Confocal Microscope (Fluorescence Imaging Core, UIC).
miRNA antagonists and mimics

All miRVana miRNA inhibitors and mimics for functional studies
were purchased from Ambion, Thermo Fisher Scientific. Negative
control miRNA inhibitor #1 or Negative control miRNA mimic #1
was used as the miRNA inhibitor or mimic control, respectively.
Animal studies

All animals were cared for in accordance with the University of Illi-
nois at Chicago animal care policy. Animal experimental protocols
were reviewed and approved by the Institutional Animal Care and
Use Committee. The 6-8-week-old male C57BL/6 mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME); 6-7-week-
old male Sprague-Dawley rats were purchased from Charles River
Laboratories (Cambridge, MA).
Details of each animal study were described below. For i.t. delivery of
EVs or adenoviral particles into mice/rats, and right ventricular sys-
tolic pressure (RVSP) measurements, animals were first anesthetized
with ketamine (100 mg/kg BW) and xylazine (5 mg/kg) via intraper-
itoneal (i.p.) injection. The anesthetics were given once before each
procedure and depth of anesthesia was monitored by toe pinching
to determine the loss of reflexes. After RVSP measurement, animals
were euthanized under anesthesia followed by lung perfusion/
exsanguination.
Assessment of pulmonary hypertension in animal studies

RVSP, Fulton’s index, and lung vascular remodeling (pulmonary
vessel wall thickness) were used as indices of severity of PH.
In vivo RVSP measurements

Tomeasure RVSP, as a surrogate for pulmonary artery pressure, mice
were anesthetized with ketamine/xylazine (100 and 5 mg/kg BW, i.p.)
and placed on a heating pad to maintain body temperature. A Millar
ultraminiature pressure transducer (1.0 Fr; Millar Instruments, Hous-
ton, TX) was introduced into the RV via the jugular vein to obtain
pressure measurements.
Measurement of ventricular weights to assess right heart

hypertrophy

The RV was dissected from the left ventricle and interventricular
septum (LV + S), and the ratios of their weights (RV/[LV + S]) (Ful-
ton’s index) was measured and calculated as an index of RV
hypertrophy.
Lung vascular morphometry

Lungs were inflated at 20 cm H2O pressure and fixed with 10% buff-
ered formalin via the trachea. Lungs were also perfused sequentially
with PBS and 10% buffered formalin at the same pressure via the
RV. Fixed lungs were paraffin-embedded, cut into 5 mm sections,
and stained with H&E at the Research Histology and Tissue Imaging
Core of UIC. The stained slides were scanned using Aperio ScanScope
(Leica Biosystems, Buffalo Grove, IL). Pulmonary arterioles, typically
50–100 mm in diameter for mice and 50–200 mm for rats, adjacent to
bronchioles, were measured for wall thickness, represented by the dif-
ference between the area of the entire vessel and area of the lumen
divided by the area of the entire vessel.

To investigate the role of endogenous miR-212-5p in hypoxia-
induced PH, SMC-specific miR-212 knockout mice (sm-212�/�)
were generated by crossbreeding miR-212 flox/flox mice (provided
by Dr. Karl Obrietan at Ohio State University) with SM22a-Cre
mouse (Jackson Laboratory). sm-212�/� mice and their 212 fL/fl lit-
termates were exposed to room air or hypoxia (10% O2, BioSpherix,
Parish, NY) for 3 weeks before PH indices were measured.

For miR-212-5p inhibitor study, mice were exposed to room air (nor-
moxia, N) or hypoxia in a hypoxia chamber (10% O2, H, BioSpherix)
and injected with negative control or miR-212-5p inhibitor (Ambion)
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via tail vein at a dose of 5 mg/kg BW twice per week. At the end of
2 weeks, mice were sacrificed and PH indices measured.

To investigate if exogenous miR-212-5p can ameliorate hypoxia-
induced PH, mice were injected with negative control or miR-212-
5p mimic (Ambion) via tail vein at a dose of 5 mg/kg BW twice per
week, while they were exposed to room air or hypoxia (10% O2) for
3 weeks. At the end of 3 weeks, mice were sacrificed and PH indices
measured.

To determine if exogenous miR-212-5p can reverse Sugen 5416/hyp-
oxia-induced PH in rats, rats were given one dose of Sugen5416
(20 mg/kg BW, s.c.) and then exposed to hypoxia (H, 10% O2) for
3 weeks, followed by 2 weeks in room air, to allow severe PH to
develop. Then, rats were given 108 PFUs control adenoviral particles
(Ad-Ctrl) or Ad-miR-212 via trachea, weekly for 3 weeks while they
were in room air. Rats given DMSO (Vehicle, Veh) and exposed to
room air served as controls. At the end of the study, rats were sacri-
ficed and PH indices measured.

To investigate if eEVs can attenuate/reverse established hypoxia-
induced PH in mice, mice were exposed to hypoxia (H, 10% O2)
for 2 weeks to establish PH and then given 5 � 108 Ctrl- or
212-eEVs, i.t., twice a week for 2 weeks while mice were in hypoxia.
At the end of 4 week, mice were sacrificed and PH indices measured.

To investigate if eEVs can attenuate/reverse established Sugen 5416/
hypoxia-induced severe PH in rats, severe PH was induced in rats us-
ing the Sugen/hypoxia protocol described above. Then rats were given
5 � 109 Ctrl- or 212-eEVs, i.t., weekly for 3 weeks while in room air.
At the end of study, rats were sacrificed and PH indices measured.

In situ hybridization

MiR-212-5p in the lung was detected using the digoxigenin (DIG)
-abeled miRCURY LNA miR-212-5p probe (Qiagen), following an
ISH procedure by Deng et al.9 Briefly, 5 mm lung sections were depar-
affinized with xylene and then rehydrated with graded concentration
(100%, 96%, 70%, and 50%) of ethanol. Then, slides were boiled for
10 min in diethyl pyrocarbonate (DEPC)-treated 10 mM sodium
citrate buffer (pH 6.0). After being washed three times with DEPC-
treated PBS, slides were incubated with 0.3% Triton X-100 at room
temperature for 10 min, then with freshly made 1� Proteinase K
(Qiagen) at 37�C for 15 min, and finally with 4% PFA at room tem-
perature for 15 min. Following incubation with 1� miRCURY LNA
miRNA ISH buffer (Qiagen) at 60�C for 1 h, slides were incubated
with 40 nM miR-212-5p probe in the same 1� ISH buffer at 60�C
overnight. After stringency washing with different concentrations
of SSC buffer and blocking, slides were incubated with anti-DIG anti-
body (1:500, BioChain, Newark, CA) at 4�C overnight. Then, slides
were washed and incubated with NBT/BCIP solution (BioChain) in
the dark overnight at room temperature. The next day, slides were
rinsed with distilled water and dehydrated with graded concentration
(50%, 70%, 96%, and 100%) of ethanol and xylene, and then mounted
with Shandon Consul-Mount (Thermo Scientific). Staining of miR-
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212-5p in the lung sections was checked after Aperio whole-slide
scanning and using an Aperio ImageScope program.

Statistical analysis

All experiments were repeated at least three times independently. For
in vivo experiments, at least five animals were used in each group. For
isolation of mPASMCs, there were at least three mice in each group.
Student’s t tests were used when comparing two conditions and a one-
way ANOVA with Bonferroni correction was used for multiple com-
parisons using GraphPad Prism 9 (GraphPad, San Diego, CA) and
Microsoft Excel (Microsoft, Redmond, WA), when applicable. Data
are presented as mean ± SEM. For significant differences, p <0.05,
0.01, and 0.001 was set. Power of in vivo studies was calculated via
https://www.stat.ubc.ca/�rollin/stats/ssize/n2.html.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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