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Atherosclerosis is a chronic inflammatory disease associated
with the development of plaques that can be converted into
an acute clinical event by thrombosis or plaque rupture. Mesen-
chymal stem cells (MSCs) exhibit therapeutic effects for the
treatment of various diseases, including atherosclerosis. In
this study, we show that microRNA-145 (miR-145) is associ-
ated with atherosclerosis by microRNA sequencing and bioin-
formatics analysis. MSC-derived miR-145-rich exosomes could
efficiently deliver miR-145 from MSCs to human umbilical
vein endothelial cells (HUVECs). Treatment of miR-145-rich
exosomes could downregulate JAM-A, inhibit migration
in vitro, and reduce atherosclerotic plaque in vivo. Our study
suggests that MSC-derived miR-145-rich exosomes have great
potential for atherosclerosis prevention.

INTRODUCTION
Atherosclerosis is a disease of the large arteries and the primary cause
of atherosclerotic stroke. In recent years, several genetic and environ-
mental factors related to atherosclerosis have been identified, revealing
that atherosclerosis is a chronic inflammatory disease.With the devel-
opment of plaques, atherosclerosis can process to atherosclerotic
stroke through thrombosis and plaque rupture. Atherosclerotic stroke
is the main cause of physical disability in modern society; thus, it is
necessary to develop new strategies to prevent atherosclerotic stroke.1

Junction adhesion molecule A (JAM-A, also known as F11R) is over-
expressed in patients with atherosclerosis, thereby promoting athero-
sclerotic plaque formation.2,3 The mechanism involves combination
between JAM-A and its ligand lymphocyte function-associated anti-
gen-1 (LFA-1), which loosens tight junctions and promotes the migra-
tion of endothelial cells (ECs), resulting in increased endothelial perme-
ability.4,5 As a tight junction-associated protein, JAM-A plays an
important role in the barrier function of ECs and regulates the migra-
tion of ECs.6–9 Importantly, ECmigration can also lead to angiogenesis
in atherosclerosis plaques, and plaques with increased angiogenesis
exhibit lower stabilization.10 Accordingly, the inhibition of JAM-A
may have therapeutic potential in the treatment of atherosclerosis.

Exosomes are extracellular vesicles ranging in size from 50 to 150 nm.
These vesicles have been shown to have therapeutic effects in various
diseases. The contents of exosomes, including microRNAs, are
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released to recipient cells, resulting in regulation of biological func-
tion.11 MicroRNAs inhibit the expression of specific proteins but
are unstable in circulation because they are easily degraded by serum
RNase. Notably, exosomes can protect microRNAs from RNases, al-
lowing microRNAs to remain stable in circulation and to be trans-
ferred to recipient cells. Human umbilical cord mesenchymal stem
cells (HUC-MSCs) produce large numbers of exosomes,12–14 and
suchMSC-derived exosomes are expected to be therapeutic in various
diseases.15–17 However, the roles of microRNAs from MSC-derived
exosomes in atherosclerosis have not yet been evaluated.

In this study, we used microRNA sequencing to identify differential
expressed microRNAs in serum-derived exosomes from patients
with atherosclerotic stroke compared with controls. We further eval-
uated the mechanisms through which the identified microRNAs
could modulate EC migration and endothelial barrier function in
an MSC and human umbilical vein EC (HUVEC) coculture system.
RESULTS
Differentially expressed exosomal microRNAs between the

atherosclerotic stroke and control groups

In order to identify the differential expressed exosomal microRNAs in
atherosclerotic stroke, microRNA sequencing was conducted using
serum-derived exosomes from 16 patients who experienced atheroscle-
rotic stroke and from 16 healthy individuals. In total, 4,603 exosomal
microRNAs were evaluated (Figure 1A), and a set of differentially ex-
pressed microRNAs was identified (fold change [FC] > 2). The top 10
differentially expressed exosomal microRNAs are listed in the heatmap
in Figure 1B. Functional enrichment of these microRNAs (Figure 1C)
showed that microRNA-145 (miR-145) was involved in the leukocyte
transendothelial migration pathways, which is related to atheroscle-
rosis. According to previous studies and the TargetScanHuman data-
base, F11R (JAM-A) is a target of miR-145. Moreover, functional
rapy: Nucleic Acids Vol. 23 March 2021 ª 2020 The Author(s). 119
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Figure 1. MicroRNA sequencing and function enrichment; miR-145 was chosen for next experiments

(A) Volcano plot of microRNA sequencing. (B) Heatmap of the top 10 DEGs. (C) Functional enrichment of top 10 differentially expressed microRNAs. (D) Functional

enrichment ofmiR-145 target genes. (E) PCR was used to evaluate the expression ofmiR-145 in serum-derived exosomes from patients with atherosclerotic stroke (n = 60)

and healthy controls (n = 60). Unpaired t tests were used to test differences between the two groups. All data are shown asmeans ±SDs. ****p < 0.0001. (F) Relative luciferase

expression. Unpaired t tests were used to test differences between the two groups. **p = 0.002. (G) qRT-PCR, effects ofmiR-145 on JAM-A mRNA in HUVECs; all data are

shown as means ± SDs. n = 3. ***p = 0.0001. (H) qRT-PCR, miR-145 expression after miR-145 mimics treatment. **p = 0.0017. (I) Western blot, lane 1, HUVEC; lane 2,

HUVEC+NC mimcs; lane 3, HUVEC+miR-145 mimics. (J) JAM-A and miR-145 alignment. (K) Ago2 miR-145 RIP assay. n = 3. *p = 0.0093. (L) miR-145 JAM-A mRNA

pulldown assay. n = 3. **p = 0.0055.
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Figure 2. Identification of MSCs

(A) Flow cytometry analysis of CD29, CD44, CD73, CD90, and CD105 in MSCs. (B) Immunofluorescence of MSC markers CD29, CD44, CD90, CD105, and vimentin; the

images were 100 times magnified.
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enrichment analysis and previous studies demonstrated that JAM-A
was involved in EC migration and endothelial barrier function, which
are associated with atherosclerosis (Figure 1D). Compared with the
other differential expressed microRNAs, miR-145 and its targeting
gene JAM-A are related with both leukocyte transendothelialmigration
pathway and endothelial barrier function, which convinced usmiR-145
may play an important role in the early stage of atherosclerosis.

To verify that serum-derived exosomalmiR-145 was differentially ex-
pressed in patients who experienced atherosclerotic stroke, the serum
exosomal miR-145 expression was measured from 60 patients who
experienced atherosclerotic stroke and 60 healthy individuals (Fig-
ure 1E). The results showed that exosomalmiR-145 was differentially
expressed between the two groups, suggesting that serum exosomal
miR-145 may have potential applications as a biomarker of athero-
sclerotic stroke.

Dual-luciferase assays showed that JAM-A was a target of miR-145.
After treatment with negative control mimics, there were no signifi-
cant differences in activity of the JAM-A 30 untranslated region
(UTR) compared with that in the Mut group. However, after treat-
ment with miR-145 mimics, JAM-A 30 UTR activity was inhibited.
This result verified that JAM-A was a target of miR-145 (Figure 1F).
After treatment of HUVECs with miR-145 mimics, JAM-A mRNA
levels were decreased compared with that in untreated HUVECs (Fig-
ure 1G). Argonaute-2 miR-145 RIP assay suggested that argonaute-2
can combine miR-145. miR-145 JAM-A mRNA pulldown assay
showed that JAM-A mRNA can be combined with miR-145. This in-
formation demonstrated that miR-145 can suppress JAM-A expres-
sion at post-transcription level by binding to JxAM-A mRNA.

Isolation and identification of HUC-MSCs

We selected HUC-MSCs as exosome producers. MSCs were isolated
from the HUCs of healthy normal deliveries at the Affiliated Hospital
of Qingdao University. After isolation, MSCs were identified by flow
cytometry and immunofluorescence. CD29, CD44, CD73, CD90, and
CD105 were used as positive markers in flow cytometry, and CD45
was used as the negative control (Figure 2A). The MSC markers
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Figure 3. Identification of exosomes

(A) Exosome markers CD63 and CD9 were evaluated by

western blotting. (B) NTA to determine the diameter of

exosomes. (C) Exosomes under a transmission electron

microscope. (D) Expression of miR-145 in miR-145-rich

exosomes. The mean value of the fold change of normal

exosomalmiR-145was set as 1. Unpaired t tests were used

to test differences between the two groups. All data are

shown as means ± SDs. n = 3. **p = 0.003. (E) MSCs were

transfected with miR-145-overexpressing lentivirus.
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CD29, CD44, CD90, CD105, and vimentin were detected by immu-
nofluorescence analysis (Figure 2B). The results showed that the pos-
itive rate was above 95%, suggesting that the isolated cells were pure
HUC-MSCs.
Isolation and identification of MSC-derived exosomes

MSC-derived exosomes were isolated from MSC culture medium,
and miR-145-rich exosomes were isolated from MSCs transfected
with an hsa-miR-145-overexpressing lentivirus. After isolation, trans-
mission electron microscopy, nanoparticle tracking analysis (NTA),
and western blotting were used to identify exosomes. The exosome
markers CD9 and CD63 were detected by western blotting (Fig-
ure 3A). NTA identified MSC-derived exosomes with a diameter of
50–150 nm (Figure 3B). Exosome structures were directly observed
by electron microscopy (Figure 3C). These results supported that
we successfully isolated exosomes from the cell culture medium.
Additionally, PCR showed that the expression of miR-145 in miR-
145-rich exosomes was increased by approximately 6.399-fold
compared with that in normal exosomes (Figure 3D).
Exosomes served as carriers of microRNAs from MSCs to ECs

First, to investigate whether the MSC-derived exosomes could be
taken up by HUVECs, Pkh26 dye (a fluorescent dye that marks the
membranous structure and shows red fluorescence under excitation
at 551 nm) was used to mark exosomes. After treatment with
Pkh26-stained exosomes, HUVECs were observed under a micro-
122 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
scope, and Pkh26 could be seen clearly (Fig-
ure 4A). This result suggested that MSC-derived
exosomes could be absorbed by HUVECs.

Next, we showed that the MSCs could transport
microRNAs into HUVECs by secreting exo-
somes. Cy3 is a fluorescent dye that shows red
fluorescence under excitation at 570 nm. We
used Cy3-miR-145 mimics to transfect MSCs
(Figure 4D) and then performed coculture of
HUVECs and MSCs with MSCs in the upper
layer and HUVECs in the lower layer. After
coculture, Cy3 was clearly detected in HUVECs
(Figure 4B), and the expression of miR-145 was
also increased (Figure 4E). This result suggested
that MSC-derived exosomes could serve as microRNA carriers to
transport miR-145 to HUVECs.

To further investigate whether microRNA transportation fromMSCs
to HUVECs was an exosome-dependent procedure, the exosome
secretion inhibitor GW4869 was used to block exosome secretion
from transfected MSCs. The results showed that GW4869 blocked
miR-145 delivery, and weak fluorescence was observed in HUVECs
(Figure 4C); no differences in miR-145 expression were observed
compared with that in the control (Figure 4F). These results suggested
that microRNA transportation from MSCs to HUVECs was an exo-
some-dependent process.

miR-145-rich exosomes regulated HUVEC migration

To study the effects of miR-145-rich exosomes in inflammatory HU-
VECs, we treated HUVECs with or without oxidised low-density lipo-
protein (oxLDL), normal exosomes, and miR-145-overexpressing
exosomes. qRT-PCR analyses showed that miR-145 levels were
increased after treatment with miR-145-rich exosomes (Figure 5A).
Additionally, the expression of JAM-A protein was decreased after
treatment with miR-145-rich exosomes (Figure 5B and 5C), as was
the expression of LFA-1, the ligand of JAM-A. This result suggested
that MSC-derived miR-145-rich exosomes could transfer miR-145
to HUVECs and inhibit JAM-A expression.

Wound-healing assays (Figure 6A) and transwell migration assays
(Figure 6B) were performed to observe HUVEC migration.



Figure 4. MSC-derived exosomes transferred miR-145 from MSCs to HUVECs

(A) Stage A. Exosomes were marked with pkh26. HUVECs were treated with pkh26-labeled exosomes. Scale bar, 100 mm. Red, pkh26; blue, DAPI. (B) Stage B. Coculture of

MSCs and HUVECs. Scale bar, 400 mm. (C) Stage C. GW4869 blocked exosome secretion, and MSCs and HUVECs were cocultured. Scale bar, 400 mm. (D) miR-145 in

transfectedMSCswasmeasured by PCR. Themean value of the fold change in the control groupwas set as 1. Unpaired t tests were used to test differences between the two

groups. All data are shown asmeans ± SDs. n = 3. ***p = 0.0006. (E) Expression ofmiR-145 in HUVECs in stage B. Mean value of the fold change in the control group was set

as 1. Unpaired t tests were used to test differences between the two groups. All data are shown asmeans ± SDs. n = 3. **p = 0.0022. (F) Expression ofmiR-145 in HUVECs in

stage C. Mean value of the fold change in the control group was set as 1. Unpaired t tests were used to test differences between the two groups. All data are shown as

means ± SDs. n = 3.
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Following treatment with miR-145-rich exosomes, HUVECs showed
slower migration, suggesting that miR-145-rich exosomes could
suppress the migration of HUVECs under an inflammatory
environment.

miR-145-rich exosomes inhibited HUVECmigration by targeting

JAM-A

To confirm that JAM-A was targeted by miR-145-rich exosomes to
inhibit migration, we performed JAM-A silencing by small interfering
RNA (siRNA) in HUVECs and then treated the cells with miR-145-
rich exosomes and oxLDL. miR-145 was measured by qRT-PCR
(Figure 7A), and JAM-A protein was detected by western blotting
(Figure 7B and 7C). Wound-healing assays (Figure 7D and 7E) and
transwell migration assays (Figure 7F and 7G) were used to observe
HUVEC migration. The results showed that treatment with miR-
145-rich exosomes could not reduce the migration of JAM-A-
silencing HUVECs under inflammatory conditions. Thus, miR-145-
rich exosomes reduced HUVEC migration by inhibiting JAM-A
expression.

To further demonstrate that miR-145 lowers HUVEC migration, a
rescue experiment was also performed. miR-145 mimics and JAM-
A plasmid are transfected into HUVECs (Figure 8). On the base of
miR-145 mimic treatment, JAM-A plasmid can increase HUVEC
migration. This result demonstrates that miR-145 can inhibit HU-
VEC migration.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 123
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Figure 5. miR-145-rich exosomes inhibit JAM-A

expression of HUVEC

(A) HUVECs were treated with miR-145-rich exosomes,

and PCR was used to measure miR-145 expression in

HUVECs. Mean value of the fold change in the control

group was set as 1. Unpaired t tests were used to test

differences between the two groups. All data are shown as

means ± SDs. n = 3. ***p = 0.0006. (B) Effects ofmiR-145-

rich exosomes on JAM-A expression in HUVECs. Lane 1,

blank control; lane 2, HUVECs treated with oxLDL; lane 3,

HUVECs treated with oxLDL plus normal exosomes; lane

4, HUVECs treated with oxLDL plus miR-145-rich exo-

somes. (C) JAM-A expression in HUVECs. Group 1, blank

control; group 2, HUVECs treated with oxLDL; group 3,

HUVECs treated with oxLDL plus normal exosomes; group

4, HUVECs treated with oxLDL plus miR-145-rich exo-

somes. All data are shown as means ± SDs. n = 3. ****p <

0.0001.
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miR-145-rich exosomes reduced atherosclerotic plaques in vivo

To investigate the effects of miR-145-rich exosomes in vivo, we used
carotid artery cannula and a high-fat diet to establish atherosclerosis
model mice (Figure 9B). We found that exosome treatment had no
influence on mouse body weight. Additionally, miR-145-rich exo-
somes reduced plaque formation in atherosclerosis model mice, and
H&E staining showed that atherosclerotic plaques were reduced after
treatment with miR-145-rich exosomes (Figure 9A). Immunohisto-
chemistry analysis and western blot also demonstrated that JAM-A
expression was reduced in plaques after treatment with miR-145-
rich exosomes (Figure 9C). Overall, these results showed that exoso-
malmiR-145 inhibited JAM-A expression and reduced the formation
of atherosclerotic plaques in vivo.

DISCUSSION
In this study, we evaluated the potential application of exosomalmiR-
145 and its target gene JAM-A in the treatment of atherosclerosis us-
ing RNA sequencing and bioinformatics analysis. Notably, our find-
ings showed that MSC-derived exosomes could transfermiR-145 into
HUVECs.

Various methods of isolating EVs have been developed, including ul-
tracentrifugation,18 buoyant density ultracentrifugation,19 tangential
flow filtration, and microfluidic filtration.20,21 Commercial kits we
used to isolate exosomes are available to precipitate EV from cell cul-
ture medium; the steps are simple and time saving, but the exosomes
may be coisolated with other components, and it cannot be applied in
large-scale isolation. The function of EVs varies depending on their
origin cells,22,23 MSC-derived exosomes conserved most advantages
of MSCs, such as low immunogenicity and renewal capability.24

The interaction of exosomes with target cells is a complicated process
that is mostly mediated by endocytosis-related processes, including
macropinocytosis, clathrin-mediated endocytosis, phagocytosis, and
lipid raft-mediating internalization.25–27 Integrins and tetraspanins
play important roles in binding of exosomes and target cells. After
binding, the exosomes can be absorbed by the cell membrane, and
124 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
exosome contents are then released directly into cells.28 In particular,
exosomes secreted by brain ECs can cross the blood-brain barrier in a
process mediated by several receptors, including insulin receptor,
transferrin receptor, LDL receptor-related protein, and TMEM30A
on the exosome membrane.29 Taken together, these results suggest
that exosomes can serve as containers across different biological bar-
riers, transfer drugs or biological molecules to target cells, and regu-
late cell-cell communication.

In this study, we found significant differences in the expression of
serum-derived exosomal miR-145 from patients with atherosclerosis
compared with that in healthy controls. Bioinformatics analysis pre-
dicted that miR-145 and its target gene JAM-A were associated with
endothelial barrier function and EC migration. Then, we isolated
MSCs from the HUC, which served as a producer of exosomes, and
overexpressed miR-145 in MSC-derived exosomes. We found that
MSC-derived miR-145-rich exosomes could inhibit EC migration,
suggesting that these exosomes may regulate HUVEC function.
Finally, in vivo experiments showed that MSC-derived miR-145-
rich exosomes could inhibit JAM-A expression in plaque area and
reduced atherosclerosis plaque sizes. Accordingly, miR-145-contain-
ing MSC-derived exosomes may have therapeutic effects in the treat-
ment of atherosclerosis.

Endothelial injury is the initial stage of atherosclerosis. After injury,
ECs overexpress inflammatory factor and promote plaque formation.
In a study by Schmitt et al.,3 researchers found that under inflamma-
tory conditions, JAM-A expression was increased in ECs. Overex-
pression of endothelial JAM-Amay promote atherosclerosis via bind-
ing of JAM-A and LFA-1, which attracts monocytes to adhere to ECs,
or by loosening tight junctions between ECs, which enhances EC
migration and increases the permeability of the endothelium.3 More-
over, an inhibitory polypeptide of JAM-A was found to inhibit the
interaction between ECs andmonocytes under an inflammatory envi-
ronment by blocking the C2 domain of JAM-A, further supporting
the role of JAM-A in mediating atherosclerosis.9



Figure 6. HUVEC migration was evaluated by

wound-healing assay and transwell migration assay

Group 1, normal HUVECs; group 2, HUVECs treated with

oxLDL; group 3, HUVECs treated with oxLDL + normal

exosomes; group 4, HUVECs treated with oxLDL + miR-

145-rich exosomes. (A) Wound-healing assay. Compared

with group 2, group 4 showed lower healing area. n = 3.

*p = 0.0110. (B) Transwell migration assay. Compared

with group 2, group 4 showed fewer migrating cells. n = 3.

*p = 0.0131.
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The endothelium and its intercellular tight junctional complexes
represent a barrier between tissue and blood and can produce func-
tional molecules that regulate macrophage chemotaxis.30 Numerous
studies have demonstrated a variety of changes in the metabolic and
synthetic activities of ECs in response to defined flow stimulation,
including the expression of prostacyclin, nitric oxide, cytokines,
growth factors, extracellular matrix components, and vasoactive me-
diators.31–33 Additionally, the endothelium can regulate smooth
muscle cell migration and proliferation.34 Cholesterol-engorged
macrophages, called foam cells, play key roles in early lesions of
atherosclerosis. The precursors of macrophages are monocytes, a
type of leukocyte. The entry of monocytes into the artery wall is
mediated by adhesion and chemotactic molecules secreted by ECs.
oxLDL-treated ECs will bind monocytes rather than neutrophils.
Additionally, adhesion-associated molecules on the endothelial sur-
face, such as selectins, mediate monocyte rolling and adhesion to the
endothelium.35,36 Thus, ECs play key roles in atherosclerosis, and
EC-targeting therapy during early atherosclerosis may inhibit pla-
que formation or reduce plaque size.

Exosomal microRNAs can regulate various biological functions
and play important roles in many types of diseases. Importantly,
because of their stability in blood, exosomal microRNAs may
have applications as disease biomarkers.37 Klein-Scory and col-
leagues38 found that exosome-contained cellular RNA may provide
information regarding early stage pancreatic cancer progression.
Moreover, miR-17-92 in MSC-derived exosomes can enhance
neurological recovery by promoting oligodendrogenesis, neuro-
genesis, and axonal outgrowth.39 Patel et al.40 found that expres-
sion of the long noncoding RNA MALAT1 in adipose-derived
stem cell-derived exosomes has tremendous therapeutic potential
for traumatic brain injury by modulating inflammation. Taken
Molecular Th
together, these studies suggested that exoso-
mal microRNAs may have potential diag-
nostic or therapeutic value for various dis-
eases. MicroRNAs can have more than one
target gene, and one target gene can be sup-
pressed by various microRNAs. In addition
to miR-145, our RNA sequencing results also
identified another 182 differentially expressed
microRNAs between exosomes from patients
with atherosclerosis and those from control
serum. Another study identified 223 overexpressed microRNAs
in THP-1 macrophages treated with lipopolysaccharide.41 Thus,
further analyses of these DEGs may provide insights into the
complicated mechanisms of atherosclerosis. In summary, our re-
sults have shown that miR-145 modified exosomes are efficient
tools for gene drug delivery. miR-145-rich exosomes can inhibit
the migration of HUVECs via targeting JAM-A in vitro, and
administration of miR-145-rich exosomes can inhibit atheroscle-
rosis plaque formation in vivo. In consideration of the poor prog-
nosis of atherosclerotic stroke, our study suggests that the treat-
ment with miR-145-rich exosomes can provide a new
therapeutic strategy for atherosclerosis. However, our research
only studies the migration of ECs via JAM-A in vitro. Previous
research also reported that miR-145 could also affect the angiogen-
esis. More specific mechanisms of exosomal miR-145 still need to
be revealed in further study.

MATERIALS AND METHODS
Ethics statement

All patients enrolled in this study provided informed consent for
participation. The study was carried out according to the principles
of the Declaration of Helsinki and was approved by the ethics com-
mittee of our institution. All animal procedures were done in accor-
dance with the ethics committee.

Sequencing of exosomal microRNAs from patients with

atherosclerosis

Thirty-two patients were enrolled in the microRNA sequencing,
including 16 patients who experienced atherosclerotic stroke and
16 healthy individuals. All patients were recruited from the Affili-
ated Hospital of Qingdao University and were of Chinese Han
ancestry. There were no significant differences in age between the
erapy: Nucleic Acids Vol. 23 March 2021 125
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Figure 7. On the base of JAM-A silencing, miR-145-rich exosomes have no effect on HUVEC migration

(A) Expression of miR-145 in HUVECs was measured by PCR. n = 3. *p = 0.0012. (B and C) Analysis of JAM-A protein expression by western blotting. (D) Wound-healing

assay. (E) Quantification of wound-healing assay data. (F) Transwell migration assay. (G) Quantification of transwell migration assay data.
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patient group and healthy group. Sixteen patients were randomly
divided into four pools, and unpaired t tests were used to examine
differentially expressed genes (DEGs) with a cutoff of p %0.05 and
fold change >2. Volcano plots and heatmaps were produced using R
software.

Bioinformatics analysis

Functional enrichment of the top 10 differentially expressed exosomal
microRNAs was performed using DIANA-miRPath.42 The target
genes of specific microRNAs were predicted using the TargetScanHu-
126 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
man database.43 Functional enrichment of proteins was performed
using Metascape.44

Dual-luciferase assays

The reporter genes were designed by Takara (Shiga, Japan). Lipofect-
amine 3000 transfection reagent (Thermo Scientific, USA) was used
to transfect reporter genes into HUC-MSCs. After cotransfection of
miR-145 mimics and reporter plasmid, the HUVECs were cultured
in fetal bovine serum (FBS)-free medium in 48-well plates for 8 h.
The medium was then replaced with complete culture medium. At



Figure 8. Rescue experiment

Group 1, normal HUVECs; group 2, HUVECs treated with miR-145 mimics; group 3, HUVECs treated with miR-145 mimics + JAM-A plasmid. (A) Wound-healing assay.

Compared with group 1, group 2 showed lower healing area. n = 3. ***p = 0.0007. Compared with group 2, group 3 showed higher healing area. n = 3. *p = 0.0477. (B)

Transwell migration assay. Compared with group 1, group 2 showed fewer migrating HUVECs. n = 3. *p = 0.0251. Compared with group 2, group 3 showed more migrating

HUVECs. n = 3. *p = 0.0483.
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72 h after transfection, cellular protein was harvested using passive
lysis buffer and used for measurement of luciferase activity with a
dual luciferase assay kit (Promega, Madison,WI, USA). Relative lucif-
erase activity was calculated using raw data from firefly luciferase
normalized to Renilla luciferase activity.

Isolation of HUC-MSCs from the HUC

HUCs were obtained postpartum from full-term healthy infants
delivered via normal vaginal delivery at Qingdao University Affiliated
Hospital after obtaining informed consent according to institutional
guidelines under an approved protocol. HUC tissues were cut into
3- to 5-cm-long pieces. The surface of the cord was rinsed with sterile
phosphate-buffered saline (PBS) to remove asmuch blood as possible.
Vessels were removed to retain the Wharton’s jelly, which was then
cut into 1-mm pieces and cultured in complete culture medium
(90% Dulbecco’s modified Eagle’s medium [DMEM]/F12 and 10%
FBS, supplemented with 1% penicillin-streptomycin). When cells
were 80% confluent, they were digested with trypsin and resuspended
in culture medium. Cells were diluted at a ratio of 1:2, replated, and
cultured at 37�C in an incubator with an atmosphere containing
5% CO2.

Cytometry and immunofluorescence analyses for identification

of HUC-MSCs

The positive markers CD44, CD90, CD105, CD29, and CD73 and the
negative marker CD45 were detected by flow cytometry. CD44,
CD90, CD105, CD29, and vimentin were observed by immunofluo-
rescence. All antibodies were purchased from Abcam (Cambridge,
UK).
Cell culture

HUVECs were used as model ECs. HUVECs were cultured in 90%
DMEM containing 10% FBS and 1% penicillin-streptomycin.
HUC-MSCs were cultured in 90% DMEM/F12 containing 10% FBS
and 1% penicillin-streptomycin. All cells were cultured in 5% CO2

at 37�C in a humidified atmosphere. DMEM, FBS, and penicillin-
streptomycin were purchased from BI (BI, USA), and trypsin was
purchased from Thermo Scientific. Culture flasks (T25) were pur-
chased from Corning (Corning, NY, USA).

Transfection

MSCs were transfected with 10 nM Cy3-labeled miR-145 mimic
(Takara) using Lipo3000 reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions. To obtain miR-145-over-
expressing exosomes, MSCs were transfected with amiR-145-overex-
pressing lentivirus (Genechem) at a multiplicity of infection of 20.
MSCs were cultured in serum-free medium for 6 h after transfection,
and AFP fluorescence was observed after 3 days.

Isolation and identification MSC-derived exosomes

MSCs were cultured to 3rd passage before the experiment. For the
miR-145-rich exosomes, we used the miR-145 overexpression lenti-
virus to transfect 3rd-passage MSCs; after 1 passage culturing, trans-
fectedMSCs were expanded to obtain the culturing medium to isolate
miR-145-rich exosomes. For normal exosomes, 3rd-passage MSCs
were expanded directly to obtain the culturing medium to isolate
normal exosomes. All MSCs are cultured in T75 culture flasks (Corn-
ing, NY, USA). The culture medium was harvested every passage
operation. To guarantee that all isolated exosomes are MSC derived,
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 127
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Figure 9. In vivo experiments

(A) H&E staining of plaques following treatment with miR-145-rich exosomes. The chart shows lumen/artery ratio. After miR-145-rich exosome treatment, the lumen area

increased, suggesting that the stenosis level decreased. **p = 0.0098. (B) Immunohistochemistry was used to evaluate JAM-A expression in plaques. (C) Western blot

showed that JAM-A expression was inhibited after miR-145-rich exosomes treatment, the relative JAM-A expression is shown in the following chart. After miR-145-rich

exosomes treatment, JAM-A expression decreased. **p = 0.0057.
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all completed culture mediums were made with exosome-depleted
FBS (BI, USA).

The total exosome isolation reagent was purchased from Thermo Sci-
entific. The harvested cell culture medium was centrifuged at 2,000�
g for 30 min to remove cells and debris. Then, 1 volume of cell-free
culture medium was fixed with 0.5 volumes of reagent and incubated
at 4�C overnight. Samples were centrifuged at 10,000 � g for 1 h at
4�C, supernatants were discarded, and exosome pellets were resus-
pended in PBS. Isolated exosomes were identified by electron micro-
scopy observation, western blotting of exosomal markers CD9 and
CD63, and NanoSight analysis.

In vivo and in vitro exosome treatment

In vitro, 2 mg of exosomes on the basis of protein measurement were
added to 105 recipient cells. In vivo, 80 mg of exosomes were injected
into recipient mice weekly via tail-vein injection from the 9th week to
16th week. The concentration of miR-145 in miR-145-rich exosome
solution is about 0.932 � 103 copies/mL.
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Electron microscopy

For observation under electronmicroscopy, exosomes were fixed with
paraformaldehyde and loaded on Formvar- and carbon-coated cop-
per grids. Grids were then placed in 2% gelatin, incubated at 37�C
for 20 min, rinsed with PBS, and blocked with 1% cold water fish-
skin gelatin. Exosomes were viewed under a Talos F200C transmis-
sion electron microscope (Thermo Fisher).

Western blotting

JAM-A expression was examined by western blotting. Proteins were
isolated from HUVECs, then separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore). The membranes were blocked
with 5% milk (Solarbio) in TBST (Solarbio) for 2 h at room temper-
ature and incubated overnight at 4�C with primary antibodies
(1:1,000 dilution; all antibodies were purchased from Abcam). The
membranes were then incubated for 1 h at room temperature with
a 1:2,000 dilution of secondary antibody (Abcam). Protein bands
on the blots were detected using chemiluminescence horseradish
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peroxidase (HRP) substrate (Millipore) with a fusionX imaging sys-
tem (Vilber). All antibodies were purchased from Abcam. Gray levels
were calculated using ImageJ software and normalized to the level of
b-actin expression. The relative expression in the blank control was
set as 1.

qRT-PCR

miR-145 levels in exosomes and HUVECs were examined by qRT-
PCR. Total RNA was extracted from exosomes or HUVECs, and
RNA was then reverse transcribed into cDNA. In brief, the samples
were incubated for 1 h at 37�C, and the reaction was terminated at
85�C. For qPCR, denaturation was performed at 95�C for 10 s, fol-
lowed by amplification at 95�C for 5 s and 60�C for 20 s in 40 cycles.
Mir-X microRNA first-strand synthesis and TB green qRT-PCR kits
were purchased from Takara. miR-145-5p primers were designed by
Takara. qRT-PCR was carried out using a Roche LightCycler 480
II. Data were normalized to U6 expression. The mean value in the
control group was set as 1. All data are shown as means ± standard
deviations (SDs).

RNA interference

JAM-A silencing was achieved by JAM-A siRNA. The JAM-A siRNA
was purchased from Takara.

Wound-healing assay

Cells were seeded in 6-well plates in complete culture medium.
Wounds were created using 200 mL sterile pipette tips when the cells
reached 90% confluence, and the plates were then washed with PBS.
Closing of the wound was observed after 24 h. All experiments were
performed in the presence of 5 mg/mL mitomycin C to inhibit cell
proliferation. ImageJ software was used to analyze the results. Rela-
tive healing area was calculated as follows: relative healing area =
(initial area � final area)/initial area. Data are shown as means ±

SDs.

Transwell migration assay

Transwell chambers (8 mm) were purchased from Corning. HUVECs
were seeded in the upper chambers and cultured with serum-free me-
dium. Complete medium containing 10% serum was added to the
lower chamber. After culture for 12 h, cells in the upper chamber
were removed, and invasive cells embedded in the membrane of the
transwells were fixed with 4% paraformaldehyde, stained with crystal
violet for 15 min, and observed under a microscope. ImageJ software
was used to analyze the results. The mean cell number in the control
group was set as 1 for determination of the relative cell number. Data
are shown as means ± SDs.

Atherosclerosis model mice

All mice were apoE�/� female mice (in C57BL/6J background, Vital
River, Beijing, China) and were housed in the animal facility of the
Affiliated Hospital of Qingdao University on a 12-h light-dark cycle.
All mice were fed a high-fat diet (15% fat and 0.25% cholesterol;
KEAOXIELI, Beijing, China), except mice in the blank control group.
When mice were 8 weeks old, mice were anesthetized by intraperito-
neal injection of pentobarbital sodium (4 mg/100 g) before the sur-
gery. The right common carotid artery was inserted with a silicone
ring to induce the formation of carotid atherosclerotic plaques.
From the 9th to 16th week, exosomes were given every week. After
the 16th week, mice were euthanized by using pentobarbital sodium
(15 mg/100 g). After euthanasia, the right common carotid artery tis-
sues were immediately frozen in liquid nitrogen and then embedded
in paraffin for subsequent experiments. The plaque size was examined
by H&E staining, and JAM-A expression was detected by
immunohistochemistry.
H&E staining

Microscope slides containing rehydrated tissue sections were
immersed in water for 30 s with agitation by hand. Slides were then
dipped into a Coplin jar containingMayer’s hematoxylin and agitated
for 30 s. Next, slides were rinsed in water for 1 min and stained with
1% eosin Y solution for 10–30 s with agitation. Sections were dehy-
drated with two changes of 95% alcohol and two changes of 100%
alcohol for 30 s each. The alcohol was extracted with two changes
of xylene, and one drop of mounting medium was added, followed
by coverslipping. The lumen area ratio was calculated to evaluate
the level of stenosis; the formula is as follows: lumen area ratio =
lumen area/artery area. Smaller lumen area ratio means higher level
of stenosis.
Immunohistochemistry

Immunohistochemistry for JAM-A was performed. First, sections
were permeabilized by microwaving in 10 mM citrate buffer (pH
6.0) for 15 min. Immunostaining was carried out by using the
avidin-biotinylated enzyme complex method with anti-JAM-A
antibodies (1 mg/mL). After incubation with the appropriate biotin-
conjugated secondary antibodies and streptavidin solution, color
development was performed using 3,3-diaminobenzidine tetrahy-
drochloride as a chromogen. Sections were counterstained using
Gill-2 hematoxylin (Thermo Fisher). After staining, sections
were dehydrated by ethanol and xylene. All antibodies were pur-
chased from Abcam.
Statistical analysis

PCR, western blot, and migration assay data are shown as means ±
SDs. Student’s t tests, analysis of variance, and chi-square tests were
used to compare differences between groups. For western blotting,
the mean of the normalized gray level in the control group was
defined as a relative FC of 1. For transwell migration assays, the
mean cell number in the control group was defined as a relative cell
number of 1. For qRT-PCR, the relative FC was calculated as follows:
FCU6 = 2(CU6 � CT); relative FC = (FCu61 + FCu62 +..+ FCu6n)/n.
All data were normalized to the FC of the control group.
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