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Mesenchymal stem cells-derived exosomal
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Abstract. — OBJECTIVE: Pulmonary embo-
lism (PE) is a primary clinical manifestation of
venous thromboembolism (VTE). It has been
demonstrated that pulmonary endothelial cells
(PECs) are apoptotic-resistant in PE.

MATERIALS AND METHODS: In this study,
PECs were collected from PE patients and mouse
models. Western blot, RT-PCR, flow cytometry,
H&E and TUNEL assay, confocal and TEM mi-
croscopy, and Luciferase reporter assay were
performed to determine the effects of miR-28-3p
on PECs apoptosis and if exosomes can act as
the shuttle to transport miR-28-3p to PECs.

RESULTS: The results revealed that apopto-
sis and miR-28-3p were downregulated in PECs
of PE. The miR-28-3p mimics and inhibitor en-
hanced and further inhibited apoptosis in PECs,
respectively. Both miR-28-3p-modified adipose
tissue-derived mesenchymal stem cells (AM-
SCs) and AMSC-derived exosomes upregulat-
ed miR-28-3p expression in PECs, leading to el-
evated apoptosis of PECs. Apoptosis inhibitor
5 (API5) was a direct target gene of miR-28-3p,
and the overexpression of API5 in miR-28-3p-
modified PECs further suppressed apoptosis.
Furthermore, the administration of miR-28-3p-
modified exosomes to PE mouse model promot-
ed apoptosis in PECs.

CONCLUSIONS: Exosomal miR-28-3p could
ameliorate PE-associated apoptosis-resistance
in PECs through targeting API5 in vitro and in
vivo. Therefore, AMSCs-derived exosome is a
promising way to deliver functioning miRNA to
PECs, providing insight into novel therapy of PE.
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Introduction

Pulmonary embolism (PE) is a common and
deadly venous thromboembolic disease, which is
the third-leading cause of cardiovascular death'.
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The outcomes of PE widely range from asymp-
tomatic, accidental emboli to a lethal massive
embolism?. It has been reported that clinically
apparent and untreated PT is related to about
thirty percent of hospital mortality, while the
mortality rate of treated PE patients substantially
drops to about eight percent’*. Despite all the
research conducted in the past decades, including
prophylaxis, diagnostic standards, and therapeu-
tic strategies, PE is still regarded as a common-
ly underdiagnosed and highly lethal disorder’.
Thus, further exploration of the mechanism of
PE would be beneficial to both basic and clinical
research of PE.

MicroRNAs (miRNAs), 19-25 nucleotides in
length, are a class of small noncoding RNA
molecules that exert roles in post-transcriptional
regulation to various biological and pathological
processes®. In particular, miRNAs bind 3’UTR
of mRNAs, thereby silencing gene expression
through directly inhibiting translation or promot-
ing mRNA degradation’. To date, several studies
demonstrate that miRNAs are promising bio-
markers for the diagnosis of PE including miR-
NA-1347, miR-28-3p®, miR-27a/b’, miR-221', and
miRNA-1233", where they are all significantly
up-regulated in patients with PE. However, as an
important regulator of gene expression, little at-
tention has been given to the function of miRNAs
in the pathological progression of PE.

Apoptosis is a classic process of programmed
cell death that is highly associated with cell
development and aging'>. Apoptosis functions
as a homeostatic modulator to regulate the dy-
namics of the cell population in the multicel-
lular organism'?. Apoptosis plays an important
role in a variety of disorders, such as lung and
kidney cancer'*!, cardiovascular disease', neu-
rodegeneration'®, and hepatobiliary disease'. It
is well-documented that PE is tightly associated
with pulmonary hypertension*'*, leading to an
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aberrant balance of cell proliferation and apop-
tosis in which cells, such as pulmonary endo-
thelial cells (PECs), are hyper-proliferated and
apoptosis-resistant'®?°, However, the mechanism
underlining PE-associated apoptosis-resistance is
not fully understood.

Intercellular communication is one of the
most important characteristics of multicellular
organisms, of which extracellular vesicles (EVs),
including exosomes, microvesicles, and pros-
tasomes, have been identified in recent decades,
although some of these vesicles are still poorly
understood?""*2. Exosomes, one of the most pop-
ular EVs, are specialized nano-sized vesicles of
endocytic origin and have been demonstrated to
function as a vehicle for intercellular transfer of
functioning molecules, such as RNA, lipids, and
protein®. So far, reports suggest that exosomes
are an ideal way to transport miRNA between
cells in vitro***. Therefore, this study was aimed
to determine the function of miR-28-3p in apop-
tosis-resistance of PECs in PE models and to see
if adipose tissue-derived mesenchymal stem cells
(AMSCs)-derived exosomes can function as an
ideal vehicle to transport miR-28-3p to PECs.

Materials and Methods

Ethics Statement

In this study, all subjects were informed before
inclusion, and written consents were given by
their guardians. All protocols of this study were
approved by the Ethics Committee of Cangzhou
Central Hospital. Animal experiments were per-
formed in accordance with the guidelines of the
local regulatory agencies and conformed to the
Regulations for the Management of Laboratory
Animals published by the Ministry of Science
and Technology of the People’s Republic of Chi-
na. All the experimental protocols were approved
by the Institutional Animal Care and Use Com-
mittee of Cangzhou Central Hospital.

Establishment of PE Mouse Model

Twelve male C57BL/6 mice (20.1£1.87 g, 8
weeks old; Jackson Labs, Bar Harbor, ME, USA)
were randomly divided into two groups (n=6 per
group): control (sham) and PE. The PE model
was established by intravenous injection of the
autologous thrombi which followed the detailed
protocol from the previous study*. Two days
post-injection, mice were sacrificed, and the pul-
monary arteries were collected.
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Primary PECs Collection

Thirteen patients with PE (6 men and 7 wom-
en; aged 39.5+6.7 years) and 15 healthy subjects
(9 men and 6 women; aged 37.2+5.1 years) were
enrolled in this study. The inclusion criterion
of PE was followed by previous guidelines?’?
(for example, systolic pulmonary artery pressure
(SPAP) >= 40 mmHg). Pulmonary artery sam-
ples were collected from patients with PE who
underwent atrial septum treatment in humans
or the PE procedure in mice. Human and mice
PECs (hPECs and mPECs, respectively) were
isolated from the pulmonary artery samples and
cultured in an endothelial cell-selective medium.
The detailed protocols were described in previous
studies?®%.

AMSCs Culture and Transfection

Human and mouse subcutaneous adipose
tissues were obtained from the PE humans
and the PE mice. Adipose tissues were har-
vested based on the protocol described in a
previous study®® and cultured in MesenPRO®
RS™ Medium (1% antibiotic-antimycotic; Gib-
co BRL, Gaithersburg, MD, USA). AMSCs
were confirmed by flow cytometric analysis
of cell immunophenotype®. The tested sur-
face markers of AMSCs included PE-labeled
cluster designation 29 (CD29), CD31, CDA44,
CD45, CD73, CD90, CD105, and human leu-
kocyte antigen-DR (HLA-DR; BD Bioscience
Pharmingen, San Diego, CA, USA). MiR-28-
3p was upregulated through transfection with
lentivirus-mediated pre-miR-28-3p precursor
(LV-miR-28-3p; Vigene Biosciences, Rockville,
MD, USA). LV-cel-miR-67 was used as the con-
trol. The transfection protocol was described in
a previous study’'. Isolated AMSCs were inocu-
lated in a semi-permeable membrane (transwell
insert) in the upper part of 6-well culture plates,
and PECs were inoculated in the lower part
to establish a double-cell co-culture system??.
After co-culture for 48 hours, the cells were
harvested for subsequent assays.

Transmission Electron Microscopy

The AMSC-derived exosomes morphology
was evaluated by transmission electron micros-
copy (TEM). Briefly, exosomes were fixed with
2% paraformaldehyde (PFA) and 3% (w/v) glu-
taraldehyde in cacodylate buffer and then load-
ed to copper grids coated with Formvar. After
washing, grids were contrasted with an equal
amount of 10% uranyl acetate, dried, and then
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imaged by Morgagni 268D TEM with Advanced
Microscopy Techniques digital imaging system
(Advanced Microscopy Techniques Corp., Wo-
burn, MA, USA).

Confocal Microscopic Assay

Phospholipid membrane dye lipophilic carbo-
cyanine DilC  (3) (1.25 uM) was applied to la-
beled AMSCs)*. The protocol was described in a
previous study**. PECs were cocultured with flu-
orescent exosomes originated from labeled AM-
SCs for 48 hours. Afterward, PECs were imaged
by confocal microscopy (Olympus, Center Valley,
PA, USA).

PECs Transfection

MiR-28-3p mimics and inhibitor were pur-
chased from GenePharma (GenePharma Co., Ltd,
Shanghai, China). The transfection of miR-323-
3p mimics and inhibitor into PECs was conducted
according to the manufacturer’s instructions of
Lipofectamine™ 3000 Transfection Reagent (In-
vitrogen, Carlsbad, CA, USA).

Isolation of AMSC-Derived Exosome

Exosomes were isolated from the supernatant
of miR-28-3p-modified AMSCs by using Exo-
Quick-TC Kit (Catalog number: EXOTC50A-1)
(System Biosciences, Palo Alto, CA, USA) ac-
cording to the manufacturer’s instructions. These
exosomes were subsequently confirmed by West-
ern blotting analysis of the surface markers (CD9
and CD63; BD Bioscience Pharmingen, San Di-
ego, CA, USA). The morphology of exosomes
was observed by Transmission Electron Micros-
copy (TEM). After centrifugal filtering, precip-
itates from the AMSCs-cultured medium were
used as negative control. Isolated exosomes were
co-cultured with PECs for 48 hours and then used
in subsequent assays.

Real-Time PCR

Total RNA was isolated from AMSCs, exo-
somes, and PECs using the TRIzol Reagent kit
(Sigma-Aldrich, St. Louis, MO, USA) in accor-
dance with the manufacturer’s instructions. Re-
verse transcription of miRNA was performed by
using stem-loop primers in TagMan™ Pri-miR-
NA Assay (AssaylD: Hs03302668 pri; Ther-
mo Fisher Scientific, Waltham, MA, USA). The
miRNA expressions were measured using the
Fast SYBR Green Master Mix (Applied Biosys-
tems, Foster City, CA, USA) and the 7500 Fast
Real-Time PCR System (Applied Biosystems,

Foster City, CA, USA). The primer information
was as follows: hsa-miR-28-3p: CACUAGAUU-
GUGAGCUCCUGGA; B-actin: forward 5°-CA-
GAGCCTCGCCTTTGCC-3’, reverse 5-GTCG-
CCCACATAGGAATC-3’; U6: forward 5’-GC-
GCGTCGTGAAGCGTTC-3, reverse 5-GTG-
CAGGGTCCGAGGT-3’; APIS: forward 5’-AGG-
CAGTACCCCTCTTCTCTA-3’, reverse 5-CCG
CCAACAATTTCAATACCTCC-3". Real-time
PCR data were analyzed using the comparative
threshold cycle relative-quantification method (2
22¢) “and mRNA and miRNA expressions were
normalized to that of B-Actin and U6 snRNA
(housekeeping miRNA) as a reference control,
respectively.

Flow Cytometry

For the apoptosis assay, the cells were har-
vested and collected. Cell apoptosis was as-
sessed using a FITC-Annexin V and PI kit
(Invitrogen, Molecular Probes; Carlsbad, CA,
USA). The collected cells were suspended in 100
uL of staining buffer, incubated for 15 min, and
kept on ice until analysis through flow cytome-
try. Cells, which were negative for both PI and
FITC-Annexin V staining were considered to be
living cells, whereas cells that were Pl-negative
and FITC-Annexin V-positive were considered
to be early apoptotic cells, and that showed both
Pl-positive and Annexin V-positive were those
in the later stages of apoptosis®. The results
were analyzed using the ModFit software and
FACSCaliber (BD Biosciences, San Jose, CA,
USA).

Luciferase Reporter Assay

A sequence carrying the predicted binding
sites of miR-28-3p was designed from the 3’UTR
of API5 and then was inserted into the fire-
fly Luciferase reporter gene in pMIR (Ambion,
Austin, TX, USA). The accuracy of insertion
was confirmed by sequencing. In addition, a se-
quence carrying mutated miR-28-3p binding sites
was inserted into the same Luciferase reporter
to test binding specificity. The modified Lucif-
erase reporter plasmids carrying either APIS-
wide-type or APIS-mutant were transfected with
miR-28-3p or miR-control into PECs by using
Lipofectamine™ 3000 kit (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s
instructions. Twenty-four hours post-transfection,
the Luciferase assay kit (Promega, Madison, WI,
USA) was applied to evaluate the Luciferase ac-
tivity.
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Western Bblot

Total proteins were extracted from AMSCs
and PECs using radio immunoprecipitation assay
(RIPA) lysis buffer (Beyotime Institute of Bio-
technology, Shanghai, China). The detailed pro-
tocol was performed as previously described?*.
The primary antibodies for apoptosis inhibitor 5
(APIS), CD9 and CD63, and GAPDH were pur-
chased from Cell Signaling Technology (Cell Sig-
naling Technology, Danvers, MA, USA). Quan-
tification of protein abundance was determined
using the Uvitec Alliance software (Eppendorf,
Hamburg, Germany).

Plasmid Construction

To construct APIS overexpression plasmids,
API5 cDNA was synthesized and inserted into a
pLVX-cir vector (GenePharma Co., Ltd, Shang-
hai, China) in accordance with the manufactur-
er’s instructions. The empty plasmids were used
as a negative control. Transfection was performed
by using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) in accordance
with the manufacturer’s instructions.

Animals and Experimental Protocols

Eighteen male C57BL/6 mice (21.2+1.51 g, 8
weeks old; Jackson Labs, Bar Harbor, ME, USA)
were firstly used to establish the PE mouse model
based on the protocol described above. The PE
mice were randomly divided into three groups
for different treatment: control, miR-67 modified
exosome (exosome-67), and miR-28-3p modified
exosome (exosome-28-3p). Exosome pellets were
resuspended in phosphate-buffered saline (PBS)
solution at 5 ug/ul protein concentration and
intravenously injected into mice (5 pg/mouse).
Three days post-injection, mice were sacrificed,
and the pulmonary arteries were collected for
subsequent assays.

TUNEL Assay

Mouse arteries tissues were collected and
fixed in 4% paraformaldehyde in PBS contain-
ing 0.12 mM sucrose for 15 minutes. Paraffin
sections were made and subjected to TUNEL
staining with the in situ TUNEL apoptosis de-
tection kit (Beyotime Institute of Biotechnology,
Nantong, Jiangsu, China) according to the man-
ufacturer’s instructions. Sections were coun-
terstained with 4°,6-diamidino-2-phenylindole
(DAPI), and the apoptotic cells were evaluated
by, Jena fluorescence microscopy (Carl Zeiss
Meditec, Germany).

10622

Hematoxylin and Eosin (H&E) Staining

H&E staining was performed for histopatho-
logical examination for lung tissues. Briefly, tis-
sues were fixed in 10 % (w/v) neutral-buffered
formalin for 24 hours, dehydrated with a graded
ethanol series, and then embedded in paraffin.
The lung tissue sections (5 um thickness) were
mounted on gelatin-coated slides and stained
with routine hematoxylin and eosin. After stain-
ing, the slides were imaged by using a light mi-
croscope (AmScope, Irvine, CA, USA).

Statistical Analysis

In this study, data were presented as means =+
SEM from at least four independent replicates.
The statistical analyses were completed by us-
ing SPSS 13.0 software (SPSS Inc., Chicago,
IL, USA). The differences between groups were
calculated using one-way ANOVA or two-tailed
Student’s #-test. Tukey’s HSD test was performed
for pairwise comparisons when the interaction
was significant. p < 0.05 was considered statisti-
cally significant.

Results

MiR-28-3p Affected PECs Apoptosis in PE

Since miR-28-3p may be a diagnostic marker
for PE due to its upregulation in the plasma®, the
expression of miR-28-3p was first detected in
PECs from PE patients and mice. On the contrary,
miR-28-3p was decreased in PECs of PE patients
and mice (Figure 1A and 1C). To test the effect
of miR-28-3p on PECs apoptosis, the miR-28-3p
mimics and inhibitor were applied to PECs of
PE. Compared with the healthy controls, apop-
tosis levels were reduced in PECs of PE patients
and mice (Figure 1B and 1D). Also, the miR-28-
3p mimics and inhibitor increased and further
decreased the apoptosis of PECs, respectively.
These results revealed that miR-28-3p plays an
important role in regulating PECs apoptosis in
PE.

Construction of
MiR-28-3p-Modified AMSCs

To establish miR-28-3p-modified AMSCs, hu-
man and mouse AMSCs were transfected with
LV-miR-28-3p. Real-time PCR results revealed
that the expression of miR-28-3p significantly
increased in miR-28-3p-treated AMCSs (AMCS-
28-3p) compared with miR-67-treated AMCSs
(AMSC-67) and control AMCSs (Figure 2A and
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Figure 1. MiR-28-3p was downregulated in PECs. A, MiR-28-3p expression in hPECs. B, After treating with miR-28-3p mimics
and inhibitor, hPECs apoptosis was analyzed by flow cytometry assay. C, MiR-28-3p expression in mPECs. D, After treating
with miR-28-3p mimics and inhibitor, mPECs apoptosis was analyzed by flow cytometry assay. Values are means + SEM. *p <
0.05 compared to control. *p < 0.05 compared to hPECs/mPECs. p < 0.05 compared to 12 h exposure hPECs/mPECs mimics.

2B). To show the cellular property of miR-28-
3p-treated AMCSs, a flow cytometric assay was
performed to detect the surface markers of engi-
neered AMCSs. The results suggested that miR-

28-3p-treated AMCSs were positive for CD29,
CD44, CD73, CD90, and CD105, and negative for
HLA-DR CD31 and CD45 in both hAMCSs and
mAMCSs (Figure 2C).
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Figure 2. Isolation and confirmation of miR-28-3p-modified AMSCs. A, MiR-28-3p expression in hAMSCs. B, MiR-28-
3p expression in mAMSCs. C, The surface markers of miR-28-3p-modified hAMSCs and mAMSCs were analyzed by flow
cytometry assay. Values are means + SEM. (*) denotes the difference between groups (p < 0.05).
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MiR-28-3p-Modified AMSCs Promoted
PECs Apoptosis in PE

To test the effect of miR-28-3p-modified
AMSCs on PECs apoptosis in PE, PECs from
PE patients and mice were cocultured with
miR-28-3p-modified AMSCs for 48 hours. The
miR-28-3p expression was significantly higher
in PECs cocultured with miR-28-3p-modified
AMSCs than those cocultured with the control
AMSCs or miR-67-modified AMSCs (Figure
3A and 3C). Furthermore, the apoptosis levels
of PECs were enhanced in PECs treated with
miR-28-3p-modified AMSCs in both humans
and mice (Figure 3B and 3D). These results
further demonstrate the essential effect of miR-
28-3p in PECs apoptosis and provide a clue that
there may be an intercellular communication
between AMSCs and PECs to mediate effects
of miR-28-3p.

Construction of MiR-28-3p-Modified
Exosomes

It is well-documented that exosomes play im-
portant roles in intercellular communication,
such as the delivery of functioning miRNAs*"-’.
Thus, exosomes and the supernatant were col-
lected from miR-28-3p-modified AMSCs. The
property of exosome was showed by detecting
exosome markers. Exosomes from miR-28-3p-
modified AMSCs positively expressed CD9 and
CD6 (Figure 4A). TEM examination revealed

the presence of AMSCs and exosomes that dis-
played a typical cup-shape (Figure 4B). The
exosome size distribution profile showed that
the size of the majority of exosome (98.6%) was
around 134.0 nm (Figure 4C). Also, the real-time
PCR results indicated that miR-28-3p expression
was significantly higher in exosomes originat-
ed from miR-28-3p-modified AMSCs compared
with those from miR-67-modified AMSCs and
control AMSCs (Figure 4E and 4F). To determine
if exosomes derived from miR-28-3p-modified
AMSCs mediated miR-28-3p-deliver, miR-28-3p-
modified AMSCs were labeled with lipophilic
carbocyanine DilC, (3). The exosomes from la-
beled AMSCs were then collected and cocultured
with PECs. Confocal images revealed that the
fluorescent dyes were detected in the membrane
and cytoplasm of PECs without labeling, sug-
gesting that AMSCs-derived exosomes delivered
miR-28-3p from AMSCs into PECs (Figure 4D).

MiR-28-3p Affected PECs Apoptosis by
Targeting API5

MiRNAs are regarded as essential regulators
for gene expression’. To further determine the
effect of miR-28-3p on PECs apoptosis, online
bioinformatics tools, such as PicTar (http:/
pictar.mdc-berlin.de/), Miranda (http:/microR-
NA.org) and TargetScan (www.targetscan.org/
index.html) were used to predict potential tar-
get genes of miR-28-3P. Based on the predic-
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Figure 3. MiR-28-3p-modified AMSCs affected PECs apoptosis. A, MiR-28-3p expression in hAMSCs-treated hPECs. B,
After treating with miR-28-3p-modified hAMSC, hPECs apoptosis was analyzed by flow cytometry assay. C, MiR-28-3p
expression in mAMSCs-treated mPECs. D, After treating with miR-28-3p-modified mAMSC, mPECs apoptosis was analyzed
by flow cytometry assay. Values are means + SEM. (*) denotes the difference between groups (p < 0.05).
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Figure 4. Isolation and confirmation of miR-28-3p-modified exosomes. A, The surface markers of miR-28-3p-modified
exosomes were analyzed by Western blot. B, Transmission electron photomicrograph of AMSCs (left, scale bar=2 um) and
AMSC-derived exosomes (right, scale bar = 200 nm). C, Exosome size distribution. D, Confocal images of miR-28-3p-
modified mAMSC and exosome-28-3p-treated PECs (x400). E, MiR-28-3p expression in hPECs treated with miR-28-3p-
modified exosome. F, MiR-28-3p expression in mPECs treated with miR-28-3p-modified exosome. Values are means + SEM.

(*) denotes the difference between groups (p < 0.05).

tions and the effect of miR-28-3p on PECs
apoptosis, API5, an anti-apoptotic factor, was
selected as a presumed target gene of miR-28-
3P (Figure 5D). Protein and mRNA expression
of API5 were decreased in PECs treated with
miR-28-3P-modified exosomes (Figure 5A, 5B,
and 5C). The Luciferase reporter assay re-
vealed that transfection of miR-28-3p signifi-
cantly decreased Luciferase activity in PECs
carrying the wide-type API5S 3’UTR, whereas
miR-28-3p did not affect the Luciferase activity
in PECs carrying the mutant API5 3°’UTR (Fig-
ure 5E). These results suggested that APIS is a
direct target gene of miR-28-3p. Next, to con-
firm the function of API5 in miR-28-3p-associ-
ated with PECs apoptosis, APIS overexpression
was induced in PECs treated with miR-28-3P-
modified exosomes. In both human and mouse
PECs, the overexpression of APIS significantly

decreased the apoptosis level compared with
PECs only treated with miR-28-3P-modified
exosomes (Figure SF and 5G). Collectively, it is
suggested that the effect of miR-28-3p on PECs
apoptosis is mediated by APIS.

MiR-28-3p Affected PECs
Apoptosis In Vivo

To determine if miR-28-3p could affect PECs
apoptosis in vivo, miR-28-3P-modified exosomes
were injected into PE mice. Three days post-injec-
tion, the expression of miR-28-3p in PECs of mice
treated with miR-28-3P-modified exosomes was
higher than those treated with miR-67-modified
or control exosomes (Figure 6A). Also, like the
observation found in the in vitro studies, protein
expression of APIS was decreased in PECs treat-
ed with miR-28-3P-modified exosomes compared
with the other two control groups (Figure 6B).
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Figure 5. MiR-28-3p affected PECs apoptosis by targeting API5. A, API5S mRNA expression in hPECs treated with miR-
28-3p-modified exosome. B, API5S mRNA expression in mPECs treated with miR-28-3p-modified exosome. C, APIS protein
expression in hPECs and mPECs treated with miR-28-3p-modified exosome. D, The sequence of wild-type and mutant miR-
28-3p binding sites in the 3’UTR of APIS. E, Relative luciferase activity. F, After overexpression of APIS in hPECs treated
with miR-28-3p-modified exosome, hPECs apoptosis was analyzed by flow cytometry assay. G, After overexpression of API5
in mPECs treated with miR-28-3p-modified exosome, mPECs apoptosis was analyzed by flow cytometry assay. Values are
means + SEM. (*) denotes difference between groups (p < 0.05). * p < 0.05 compared to hPECs/mPECs. *p < 0.05 compared

to hPECs/mPECs+Ex0-28-3p.

Furthermore, the TUNEL assay revealed that the
percentage of TUNEL-positive cells was higher
in PECs of mice treated with miR-28-3P-modified
exosomes (Figure 6C). Meanwhile, H&E staining
showed that miR-28-3P-modified exosomes could
attenuate pathological representation of PE mice,
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displaying less alveolar exudation and hemor-
rhage (Figure 6D). Together, the results suggest
that miR-28-3p plays an important role in the
regulation of PECs apoptosis in vivo and that the
exosome is a promising way to deliver function-
ing miRNA to PECs in vivo.
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Discussion

In this study, miR-28-3p was downregulated in
PECs from PE patients and mice, which is oppo-
site to the observation from the plasma of patients
with PE®. Also, PECs were found to be highly
apoptosis-resistant in PE models, which was re-
versed by upregulation of miR-28-3p through
coculturing with miR-28-3p-modified AMSCs
and exosomes. Furthermore, APAF1 was the
target gene of miR-28-3p, and APAF1/caspase-9

signaling mediated the effects of miR-28-3p on
PECs apoptosis. Finally, the effect of exosomal
miR-29-3p on PECs was also confirmed in vivo.
For either a single or recurrent episode, PE is
thought to lead to pulmonary vascular oblitera-
tion that is sufficiently severe to cause pulmonary
hypertension*. It has been reported that severe
pulmonary hypertension results in enhanced pro-
liferative potential of endothelial cells (ECs), fi-
broblasts, and smooth muscle cells®. Also, it is
suggested that severe pulmonary arterial hyper-
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tension is associated with cancer-like cell futures,
such as resistance to antigrowth signals, enhanced
proliferation, and evasion of apoptosis*. In the
current study, the apoptosis level of PECs was
downregulated in PECs of both PE patients and
mice, which is in agreement with previous stud-
ies reporting PE-induced apoptosis-resistance in
PECs* and pulmonary fibroblasts**. Endothelial
cells exert vital roles in maintaining vascular
integrity and regulating thrombosis, which is es-
sential for vascular homeostasis®. The disturbed
balance of PECs proliferation and apoptosis in
PE may be associated with vascular remodeling
since irregular thickening of the vessel is thought
of as a main vascular sign of PE*.

It has been demonstrated that miR-28-3p is a
plasma diagnostic marker in PE?®, implying the
potential roles of miR-28-3p in PE models. Thus,
to further determine the underlying mechanism
of PE, the focus was on the effect of miR-28-3p
in PECs apoptosis-resistance in PE. In this study,
the expression of miR-28-3p was downregulated
in PECs of both PE patients and the mouse model
along with decreased PECs apoptosis, whereas
the upregulation of miR-28-3p by engineered
AMSCs and exosomes enhanced the level of
apoptosis, indicating the potential roles of miR-
28-3p in PECs apoptosis. As a multifunctional
regulator, miR-28-3p is involved in various patho-
logical processes. In ovarian cancer, miR-28-3p
may play roles in cancer cell motility and inva-
sion*"**, Furthermore, miR-28-3p is found to act
as a cellular restriction regulator to suppress rep-
lication and infection of human T cell leukemia
virus, type 1%. Regarding apoptosis, upregulation
of miR-28-3p regulates osteoblasts proliferation
and apoptosis to promote fracture healing™.

Notably, the expression of miR-28-3p detected
in PECs disagrees with the report that the plasma
level of miR-28-3p elevates in PE patients®. The
similar paradoxical expression pattern of miR-
NAs between tissue and plasma has also been re-
ported in prostate cancer®. Since the mechanism
underlying releasing of miRNAs into the extra-
cellular environment is still not completely clear,
this phenomenon may be interpreted by several
hypotheses, such as origination from damaged
cells®, microvesicles®, protective proteins®, and
immunocytes®. However, the exact mechanism
of this discrepancy should be further explored in
the future.

In this study, API5 was identified as a direct
target gene of miR-28-3p, and the overexpres-
sion of APIS could reverse the effect of the
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upregulation of miR-28-3p on PECs apoptosis,
which indicates APIS signaling plays important
roles in miR-28-3p-related PECs apoptosis in PE.
Moreover, APIS, also known as fibroblast growth
factor-2-interacting factor (FIF) or anti-apoptosis
clone 11 (AAC-11), was originally found to act
as an anti-apoptotic factor in mouse fibroblasts®,
cervical carcinoma cells®, and liver cells”. It is
reported that APIS depletion enhances cellular
sensitivity to the anti-tumor drug, indicating the
anti-apoptotic role of API5 in cancer cell surviv-
al’®. The anti-apoptotic effect of APIS displays
an E2 promoter-binding factors (E2F)-dependent
pattern®. The present study revealed that overex-
pression of APIS could downregulate apoptosis
in exosome-treated PECs, indicating that miR-
28-3p/APIS signaling may play important roles in
regulating PECs apoptosis in PE.

As one of the important goals in this study,
the function of AMSCs-derived exosomes as the
vehicle to deliver miR-28-3p to PECs was inves-
tigated. The present study suggested that miR-28-
3p was highly expressed in modified AMSCs and
exosomes, and miR-28-3p expression was also
upregulated in PECs after coculturing with exo-
somes, thereby alleviating apoptosis-resistance
of PECs. Together, these results suggest that
AMSC exosomes are operable and an efficient
way to transport miRNA to PECs. As a prom-
ising approach, the specificity, accessibility, and
stability of exosome-carried miRNAs make them
a high-efficiency way to regulate cellular func-
tions and activities®’, which is widely applied in
multiple studies. For example, AMSC-originated
exosomal miR-122 can enhance hepatocellular
carcinoma chemosensitivity®. In addition, AM-
SC-derived exosomes elevate miR-17 expression
in hepatic macrophages, thereby ameliorating
acute liver failure in mice®'. Therefore, AMSC
exosome-based transportation of miRNAs may
be a promising therapeutic strategy.

Conclusions

In this study, miR-28-3p was downregulated
in PECs from both PE patients and mice, which
is opposite to the observation from the plasma of
patients with PE®. Also, PECs were found to be
highly apoptosis-resistant in PE models, which
could be reversed by the miR-28-3p upregulation
through coculturing with miR-28-3p-modified
AMSCs or exosomes. Furthermore, API5 was
the target gene of miR-28-3p, and API5 mediat-
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ed the effects of miR-28-3p on PECs apoptosis.
Finally, the effect of exosomal miR-29-3p on
PECs was also observed in the PE mice model in
vivo. The results suggested that miR-28-3p could
ameliorate PE-associated apoptosis-resistance in
PECs through targeting APIS, and AMSCs-de-
rived exosomes are an ideal way to deliver func-
tional miRNA to PECs for PE treatment. Thus,
this study may provide a novel strategy to treat
PE disease.
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