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The vascular response to pro-atherosclerotic factors is a multi-
factorial process involving endothelial cells (ECs), macro-
phages (MACs), and smooth muscle cells (SMCs), although
the mechanism by which these cell types communicate with
each other in response to environmental cues is yet to be under-
stood. Here, we show that miR-155, which is significantly
expressed and secreted in Kriippel-like factor 5 (KLF5)-overex-
pressing vascular smooth muscle cells (VSMCs), is a potent
regulator of endothelium barrier function through regu-
lating endothelial targeting tight junction protein expression.
VSMCs-derived exosomes mediate the transfer of KLF5-
induced miR-155 from SMCs to ECs, which, in turn, destroys
tight junctions and the integrity of endothelial barriers, leading
to an increased endothelial permeability and enhanced athero-
sclerotic progression. Moreover, overexpression of miR-155 in
ECs inhibits endothelial cell proliferation/migration and re-en-
dothelialization in vitro and in vivo and thus increases vascular
endothelial permeability. Blockage of the exosome-mediated
transfer of miR-155 between these two cells may serve as a ther-
apeutic target for atherosclerosis.

INTRODUCTION

Atherosclerosis, the underlying cause of myocardial infarction and
stroke, is a chronic progressive inflammatory disease and the lead-
ing cause of death worldwide." It is well known that endothelial
cells (ECs), macrophages, and smooth muscle cells (SMCs) partic-
ipate in atherogenesis.” During the development of atherosclerosis,
ECs are exposed to various damaging stimuli (such as oxLDL),
which trigger vascular endothelial injury. Vascular smooth muscle
cell (VSMC) activation and macrophage invasion promote the for-
mation of atherosclerotic plaque. Therefore, the effective preven-
tion and treatment of atherosclerosis should improve vascular
endothelial function as well as inhibit VSMCs and macrophage
activation.”

Kriippel-like factor 5 (KLF5), a zinc-finger-containing transcrip-
tion factor, plays a central role in cardiovascular remodeling
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by mediating SMC proliferation and migration, both of which
are essential to atherosclerotic plaque formation.™ Interestingly,
our preliminary study found that KLF5""/~apoE™'~ mice
(a VSMC-specific KLF5-knockout strain) exhibited significant
inhibition of VSMC proliferation and relative normal endothelial
function (Figure 1), indicating an important physiological link be-
tween SMC-expressed KLF5 and ECs during atherogenesis. These
prompted us to investigate whether KLF5-mediated communica-
tion between ECs and SMCs is involved in the development of
atherosclerosis. However, it remains to be clarified how the KLF5
that is expressed in SMCs exerts regulatory effects on endothelial
function.

MicroRNAs (miRNAs) have been observed in secreted exosomes,
which range from 30 to 100 nm in size and are composed of
RNAs, miRNAs, and soluble and membrane proteins.” Many cells
can secrete miRNAs via exosomes, and these exosomal miRNAs
exert their regulatory effects on recipient cells, which suggests
that the exosomal transfer of miRNAs could be a novel mechanism
for intercellular communication.”” Therefore, we hypothesize that
KLF5 expressed in VSMCs regulates endothelial function through
exosomal miRNAs. Despite significant progress in our understand-
ing of how miRNAs influence atherosclerotic plaque forma-
tion in vivo, many aspects of their regulation and function remain
unclear.
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We aimed to identify miRNAs that are regulated by KLF5 in human
aortic SMCs (HASMCs) and might contribute to the endothelial
dysfunction during atherogenesis.

RESULTS

VSMC-Specific Deficiency of KLF5 Ameliorates Wire-Induced
Injury in Mouse Femoral Arteries

To test whether KLF5 expressed in VSMCs is responsible for endothe-
lial injury, we performed a wire denudation injury in the femoral ar-
teries of KLF5 8 ~/~ (VSMC-specific knockout of KLF5) mice and
littermate wild-type (WT) mice. First, VSMC-specific KLF5 knockout
was confirmed in KLE5 8"/~ mice, which showed that the expres-
sion of KLF5 was not affected in other tissues, such as endothelium,
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Figure 1. KLF5 Regulates Expression of miRNAs,
Particularly miR-155

(A) Neointima hyperplasia was determined on H&E-
stained cross sections of wire-injured femoral arteries
14 days after injury in KLF5'9"~'~ mice or KLF5™ mice.
(n = 6 each group). Scale bar, 100 um. *p < 0.05 versus
KLF5™ mice (uninjured). *p < 0.05 versus KLF5"' mice
(injured). (B) The extent of re-endothelialization was eval-
uated in Evans-blue-stained femoral arteries at 4 days
after injury in KLF5'9"~~ mice or KLF5" mice. Blue
staining area indicates endothelial denudation. *p < 0.05
versus KLF5"" mice (uninjured). *p < 0.05 versus KLF5™
mice (injured). (n = 6 for each group). (C) Representative
photographs of immunofluorescence staining of CD31
(red) in carotid arteries of KLF5'¥"~/~apoE~'"mice or
apoE ~/~mice fed with HFD for 12 weeks. Magnification, x
100. (D) HASMCs were transfected with pAd-GFP or
pAd-GFP-KLF5 for 48 hr. miRNAs in HASMCs were
extracted, and miRNA array was performed (n = 3).
(E) HASMCs were transfected with pAd or pAd-KLF5 for
48 hr. miRNA expression was detected by real-time PCR
(n = 6). *p < 0.05 versus pAd group. (F) HASMCs were
treated with oxLDL for 24 hr. KLF5 expression was de-
tected by western blotting (n = 3). **p < 0.01 versus 0 mg/L
oxLDL group. (G) HASMCs were treated with oxLDL for
24 hr. miRNA expression was detected by real-time PCR
(n = 6). *p < 0.05 versus control (Con) group.
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heart, and skeletal muscles (Figures S1A and
S1B). We found that neointimal hyperplasia
was significantly suppressed in KLF5 8"/~
mice 14 days after injury (Figure 1A, left panel),
indicating that KLF5 knockout decreased the
proliferation of VSMCs, which is consistent
with our previous findings.® In an experiment
that followed, en face Evans blue staining of
the denuded area of vessel wall showed that
vascular endothelium of WT mice was severely
damaged immediately after wire injury and
recovered by =30% at day 4. In contrast, re-en-
dothelialization in KLF5"8"~/~ mice was 65%
at day 4 postinjury (Figure 1B). Moreover,
KLF5"8"/~apoE '~ mice exhibited apparently organized vascular
endothelium compared with apoE ™'~ mice, further indicating an
important physiological link between KLF5-regulated genes in
VSMCs and the ECs in the vasculature (Figure 1C). These results
prompted us to believe that KLF5 expressed in VSMCs could affect
the function of ECs through some unknown mechanism(s).

KLF5 Regulates the Expression of Multiple miRNAs

Based on recent studies that found that vesicle-mediated transfer of
miRNAs can mediate signals between cells, we hypothesized that
KLF5 regulates miRNA expression and secretion in VSMCs, and in
turn, miRNAs, as communication factors, mediate the link between
VSMCs and ECs during atherosclerosis. To assess which miRNAs
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are regulated by KLF5 in VSMCs, we transduced HASMCs with an
adenoviral vector encoding KLF5, resulting in an increase in the
KLF5 expression levels (Figure S1C). We first used miRNA microar-
ray analysis to determine the profile of miRNAs expressed in both
mock- and KLF5-transduced HASMCs. The results showed that a
number of miRNAs were markedly affected by KLF5 overexpression
in HASMC:s (Figure 1D) (Table S1). Among them, 43 miRNAs were
upregulated, and 36 miRNAs were downregulated. We next identified
the expression of miRNAs with an established role in vascular biology
using real-time PCR (Figure 1E). The expression of proinflammatory
miRNAs, such as miR-155 and miR-146a, was significantly induced
by KLF5 (Figure 1E). However, the differentiated smooth-muscle-en-
riched miR-143 and miR-145 were downregulated by KLF5 overex-
pression (Figure 1E). KLF5 also reduced the expression levels of
miR-222 and miR-221, which are involved in EC dysfunction in the
pathogenesis of atherosclerosis. Furthermore, miR-155 and miR-
146a were upregulated by prolonged KLF5 overexpression (Fig-
ure S1E). To determine whether endogenous activation of KLF5
would result in a comparable miRNA signature, we exposed HASMCs
to oxLDL, which resulted in a robust induction of KLF5 protein (Fig-
ure 1F) and mRNA expression (Figure S1E). oxLDL also significantly
reduced miR-143/145 and miR-221/222 expression, whereas that of
miR-155 and miR-146a was increased, which is consistent with the
regulation of these miRNAs by KLF5 (Figure 1G). Time-dependent
changes in the expression of miR-155, miR-146a, and miR-143/145
after the exposure of HASMCs to oxLDL yielded similar results
to those induced by KLF5 overexpression (Figure S1F). These
results prompted us to believe that the pro-atherogenic factor oxLDL
induced the expression of many miRNAs by upregulating KLF5
expression.

KLF5 Induces the Enrichment of miR-155 in Extracellular
Vesicles

Since it is known that miR-155 promotes a pro-atherosclerotic pheno-
type in macrophages,” we hypothesized that exosomes were involved
in the transfer of miR-155. To test this hypothesis, we first isolated
vesicles from the supernatants of pAd- and pAd-KLF5-transduced
HASMCGs. Quantitative analysis of electron micrographs showed
that the diameter of the vesicles was heterogeneous, but most were be-
tween 60 and 130 nm, with a median size of 100 nm (Figure S2A), indi-
cating that most of the isolated vesicles comprise exosomes but not
larger apoptotic bodies. Western blotting also confirmed the presence
of the known exosomal marker CD63 on the exosome surface (Fig-
ure S2B). Furthermore, we found that KLF5 was not detected in exo-
somes by western blot, further suggesting that KLF5 expressed in
VSMCs regulates EC function in an indirect way (Figure S2C). We
next used miRNA microarray analysis to compare the miRNAs in
extracellular vesicles derived from pAd- and pAd-KLF5-transduced
HASMCs. The results showed that the expression of 187 miRNAs
was altered in exosomes derived from KLF5-overexpressing HASMCs
by at least 1.5-fold (Table S2) compared with KLF5-normoexpressing
cells. Among them, 36 miRNAs were upregulated (Figure 2A; Table
§2). These results further demonstrated that KLF5 regulated miRNA
secretion in HASMCs. To further study the influence of KLF5 on the

regulation of miR-155 in extracellular exosomes, we isolated miRNA
from the vesicles and the remaining concentrated supernatant and
measured miRNA expression levels by real-time PCR (Figure 2B).
KLF5 overexpression resulted in a 15.31-fold enrichment of miR-
155 in extracellular vesicles (Figure 2B), whereas the remaining super-
natant did not show an upregulation of miR-155 levels (Figure S2D).
Furthermore, the induction of miR-155 in SMCs by oxLDL was
indeed KLF5 dependent, as shown by KLF5 overexpression (Fig-
ure 2C) or knockdown using KLF5 small interfering RNA (siRNA)
(Figure 2D). To further study the underlying mechanism, we analyzed
the promoter of miR-155 and found one putative KLF-binding site in
an evolutionarily conserved region 2.5 kb upstream of miR-155 (Fig-
ure S2E). Indeed, KLF5 bound to this part of the miR-155 promoter, as
demonstrated using a chromatin immunoprecipitation (ChIP) assay
(Figure 2E). Moreover, KLF5 and oxLDL activated a miR-155-pro-
moter-driven luciferase reporter construct (Figure 2F). Mutation of
the conserved KLF5-binding site blocked KLF5-dependent activation
(Figure S2F) most. Combined, these results show that the overexpres-
sion or endogenous activation of KLF5 upregulates miR-155 expres-
sion and secretion in HASMC:s.

SMC-Derived miR-155 Is Transferred to ECs via Exosomes

To determine whether miR-155 transfer was mediated by the release
of exosomes and whether ECs could take up SMC-derived exosomes,
we performed co-culture experiments with HASMCs and ECs in
which the cells were separated by a membrane of 0.4-um pore size
to prevent direct cell contact or transfer of larger vesicles (Figure 3A,
left panel). In this setup, fluorescein isothiocyanate (FITC)-labeled-
miR-155-transfected HASMCs were placed in the upper chamber
of a transwell co-culture system. ECs (Figure S3) were seeded in the
lower chamber. As shown in Figure 3A, FITC-labeled-miR-155 in
ECs was also significantly increased following KLF5 overexpression,
especially with oxLDL treatment (Figure 3A, right panel; Figure S3).
KLF5 silencing abrogated the inducing effect of oxLDL on miR-155
expression. Consistent with this finding, the pharmacological inhibi-
tion of sphingomyelinase, which is known to inhibit exosome gener-
ation, attenuated the transfer of FITC-miR-155 to ECs (Figure 3B),
indicating that the miRNA transfer was mediated by actively formed
exosomes and that KLF5 promoted the transfer of miR-155 from
SMC:s to ECs. To distinguish between membrane-enclosed miRNAs,
miRNAs that might be attached to the outside of these vesicles from
miRNAs in protein complexes, we investigated the mode of pro-
tection of miR-155 in HASMC supernatants. The results showed
that the degradation of the proteins alone (with proteinase K)
before RNase treatment did not affect miR-155 levels (Figure 3C).
In contrast, treatment with the phospholipid membrane disruptor
Triton X-100 before RNase treatment led to a near-complete degrada-
tion of miR-155, indicating that SMC-derived miR-155 was preferen-
tially protected by extracellular vesicles (Figure 3C). To further study
the mechanism whereby exosomes were taken up by ECs, we labeled
SMC-derived exosomes with PKH67 (a green fluorescent cell linker
dye with long aliphatic carbon tail) and incubated ECs with the
labeled exosomes (Figure 3D). Confocal microscopy analysis showed
that exosomes were taken up by the ECs at each time point observed,
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especially with exosomes derived from KLF5-transduced HASMCs
(Figure 3D). This finding was further supported by an increased level
of miR-155 (Figure 3E) in ECs co-cultured with pAd-KLF5-trans-
duced HASMC:s, again suggesting that SMC-derived exosomes can
be taken up by ECs and that KLF5 promotes exosome formation
and transfer between SMCs and ECs.

KLF5
binding

SMC-Derived miR-155 Impairs Endothelial Integrity, Facilitating
Atherosclerotic Plaque Formation

Based on our findings that KLF5 upregulated miR-155 expression and
promoted the transfer of miR-155 from SMCs to ECs via exosomes,
we sought to identify the role of miR-155 in ECs during atherogenesis.

1282 Molecular Therapy Vol. 25 No 6 June 2017

Molecular Therapy

Figure 2. KLF5 Induces Enrichment of miR-155 in
Extracellular Vesicles

(A) HASMCs were transfected with pAd or pAd-KLF5 for
48 hr. miRNAs from HASMC exosomes were extracted,
and miRNA array was performed. (B) HASMCs were
treated with oxLDL or transfected with pAd-KLF5 for 24 or
48 hr, respectively. Exosomes were extracted from the
medium of VSMCs by ultracentrifuge. miR-155 expression
in exosomes was detected by real-time PCR (n = 6).
*p < 0.05 versus pAd group; #p < 0.05 versus pAd group;
A p < 0.05 versus pAd-KLF5 group. (C) HASMCs were
treated with oxLDL or transfected with pAd-KLF5 for 24 hr.
miR-155 expression in HASMC was detected by real-time
PCR (n = 6). *p < 0.05 versus pAd group; “p < 0.05 versus
pAd group; ~p < 0.05 versus pAd-KLF5 group.
(D) HASMCs were treated with oxLDL or transfected with
KLF5 siRNA for 24 hr. miR-155 expression was detected
by real-time PCR(n = 6). **p < 0.01 versus control (Con)
siRNA. (E) ChIP assay for detecting the binding of KLF5 on
miR-155 promoter. The result of real-time PCR is shown in
the upper panel; the representative image of PCR prod-
ucts is shown in the lower panel. *p < 0.05 versus control;
#p < 0.05 versus oxLDL. (F) Reporter gene assay using
miR-155 promoter (n = 6). VSMCs were transfected with
indicated vectors for 48 hr; luciferase activities were
measured with the Dual-luciferase Reporter System
(Promega). Results are means + SEM for six separate
transfection assays with duplicate plates. *p < 0.05 versus
vehicle group; #b < 0.05 versus pEGFP N1 group (panel 5
versus panel 4).

To this end, exosomes secreted by pAd-KLF5-

transfected HASMCs (miR-155-rich exosome)

or pAd-transfected HASMCs (con exosome)

were injected into the tail veins of apoE ™'~

mice that were fed a high-fat diet (HFD) over a

period of 12 weeks. We found that injection of
+ miR-155-rich exosomes significantly increased
the level of miR-155 in the aortas of apoE™'~
+ mice (Figure 4A). The en face oil red O staining
of the thoracoabdominal aorta showed that
18.2% + 3.6% of the thoracoabdominal aortic
area was covered with plaques in apoE™~ mice
injected with miR-155-rich exosomes, relative
to 11.3% = 1.1% of the control exosomes (Figure 4B). To further
detect the effect of miR-155-rich exosomes on early or advanced pla-
que, apoE ™'~ mice injection of exosomes was fed with HED for 6 or
8 weeks. Oil red O staining of carotid artery sections (Figure 4C, left
panel) showed that 36.4% =+ 7.1% of the carotid artery area was
covered with plaques in apoE ™~ mice fed a HED for 8 weeks injected
with miR-155-rich exosomes, relative to 11.6% = 0.9% of the control
exosomes (Figure 4C, right panel). Accordingly, the miR-155 expres-
sion and distribution detected by fluorescence in situ hybridization
(FISH) (Figure 4D, upper panel) were increased in the carotid artery
plaque of apoE™~ mice injected with miR-155-rich exosomes. Mean-
while, the expression and distribution of CD31 (Figure 4D, upper

H*
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Figure 3. miR-155 in HASMCs Induced by KLF5 Can

Be Transferred to ECS via Exosome Secretion
(A) Anin vitro co-culture system was used where HASMCs
are seeded in the top compartment, which is separated by
a porous membrane from ECs that are cultured in the
bottom compartment. HASMCs (top compartment) were
transfected with FITC-miR-155 together with indicated
virus or siRNA and treated with or without oxLDL and
co-cultured with ECs (bottom compartment). FITC-miR-
~ oo 155 (green) and CD 31 expression (red) in ECs was
-\59 ‘? & analyzed by confocal microscopy. Statistical analysis
va *\3‘3‘ 4;‘3 .qy of fluorescence intensity of FITC-miR-155 (right panel).
o *p < 0.05 versus pAd group. (B) HASMCs were seeded in
the top compartment was treated with sphingomyelinase
(10 uM) inhibitor, an inhibitor of exosome generation, then
8- P transfected with FITC-miR-155 together with indicated
virus. Fluorescence intensity in ECs was detected using
6 confocal microscopy. *p < 0.05 versus pAd group.
(C) Extracellular vesicles of pAd or pAd-KLF5-transduced
44 HASMCs were isolated and incubated with the indicated
reagents for 45 min at 37°C before isolating RNA and
measuring the levels of miR-155 of ECs by real-time PCR
(n =86). *p < 0.05. (D) ECs were incubated with the exo-
S somes from PKH67-labeled (red) pAd- or pAd-KLF5
o & Q@"’ transduced HASMCs and fixed for confocal imaging. ECs
é{*‘o ae’g were incubated with PKH67-labeled exosomes for 30 min,
& @@ 2 hr, and 24 hr (n = 4) (upper panel). Exosome uptake was
,Q‘o quantified as percentage of fluorescence intensity (lower
Q a,:P’ o panel). *p < 0.05 versus 2 hr of pAd transfection. *p < 0.05
g va' versus 24 hr of pAd transfection. (E) ECs were incubated
D with the exosomes from PKH67-labeled (red) pAd- or pAd-
pAd PAd-KLFS KLF5 transduced HASMCs; real-time PCR detects the
expression of MiR-155in ECs. *p < 0.05 versus 0 hr group.
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Figure 4. Vascular-Derived miR-155 Is Transported to ECs, Leading to
Cellular Dysfunction

(A) Exosomes secreted by pAd or pAd-KLF5-transduced HASMCs were intrave-
nously injected into the tail vein of apoE ™~ mice fed with HFD (n = 6) once a week.
After 12 weeks, total RNA from aortic arch vessels was isolated for real-time PCR of
miR-155. **p < 0.01 versus control exosomes (con). (B) Exosomes prepared as
above were intravenously injected into the tail vein of apoE ™~ mice fed with HFD
(n = 6) once a week. The atherosclerotic lesion areas in thoracoabdominal aorta of
apoE '~ mice fed with HFD for 12 weeks were stained with en face oil red O (left
panel). Quantitative analysis of the plaque areas (right panel). *p < 0.05 versus con
exosomes. (C) Representative photographs of oil-red-O-stained carotid arteries of
apoE ™~ mice fed with a HFD for 6 or 8 weeks. The carotid sections were stained
with oil red O (left panel). Quantitative analysis of the plaque areas (right panel).
*p < 0.01 versus con exosomes. *p < 0.01 versus con exosomes (upper panel);
plague areas (lower panel). (D) Representative photographs of miR-155 in situ
hybridization (green) or CD31 staining (red) (upper panel). Quantitative analysis of
fluorescence intensity (lower panel). “p < 0.01 versus control exosomes.
(E) Representative photographs of aorta of apoE~~ mice fed with a HFD for
12 weeks. The apoE’/’ mice were anesthetized and 0.1 mL of 1% Evans blue (EB)
dye was injected into the inferior vena cava. After 30 min, the blood vessels were
perfused with PBS through the left ventriculum, and the aortas were isolated and
photographed. After taking the pictures, the aortas were minced and incubated
in formamide at 55°C for 24 hr, and the optical density was measured at 610 nm.
The aortic endothelial permeability was expressed as nanograms of EB dye ex-
travasated per milligram of tissue. *p < 0.01 versus con exosomes. (F) The
permeability of EC monolayers grown on 0.4-um filters was measured by the
transmembrane transport of rhodamine-dextran, which was added to the top well at
the beginning of the experiment, in the bottom well during a 1-hr time course. The
absorbance at 590 nm was indicated. Treatment of the EC monolayer with VEGF
(50 ng/mL) for 8 hr was included as a positive control to show cytokine-induced
permeability. *p < 0.05 versus con exosomes. (G) Exosomes prepared as above
were incubated with ECs for 24 hr. The expression of TJ proteins was detected
using western blotting (upper panel), and band intensities were quantified by optical
density scanning (lower panel). (H) Exosomes secreted by pAd-KLF5 and miR-155
inhibitor-transfected HASMCs were incubated with ECs for 24 hr. The expression of
TJ proteins was detected using western blotting (upper panel), and band intensities
were quantified by optical density scanning (lower panel).

panel) (Figure S4A) and mac-2 (Figure S4A) were detected. As shown
in Figure 4D, CD31 expression was significantly decreased in apoE™'~
mice injected with miR-155-rich exosomes compared with those
injected with control exosomes (Figure 4D, lower panel). In contrast,
mac-2 expression and SM a-actin expression were increased. Further-
more, en face Evans blue staining of plaque also showed that endo-
thelial integrity was damaged severely in miR-155-rich exosome-
injected mice (Figure 4E). These results suggest that one of the
proatherogenic effects of miR-155 might be related to its impairment
of endothelial function. Furthermore, we added miR-155-rich exo-
somes into cultured ECs and found that the proliferation (Figure S4B)
and migration (Figure S4C) of miR-155-rich exosome-treated ECs
were significantly decreased compared with the control. Accordingly,
the inhibition of miR-155 using a miR-155 inhibitor counteracted the
effect of miR-155-rich exosomes on endothelial proliferation and
migration. Next, we used an in vitro angiogenesis assay to determine
the effect of miR-155-rich exosomes on endothelial tube formation.
The results showed that ECs coincubated with miR-155-rich exo-
somes lost their ability to form vessels, as evidenced by the fact
that miR-155-rich exosome-treated ECs formed shorter and more
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homogeneous tubules than those coincubated with control exosomes,
suggesting that miR-155 exerts antiangiogenic effects on ECs (Fig-
ure S4D). These results in VSMCs identified that miR-155-rich exo-
somes could damage the endothelial function of KLF5.. The co-cul-
ture system further identified that overexpression of miR-155 in
KLF5-induced SMCs decreased the proliferation and migration of
ECs (Figures S4E and S4F). Accordingly, inhibition of miR-155
expression in SMCs using miR-155 inhibitor offset the effect of over-
expression KLF5 on ECs (Figures S4E and S4F).

We next performed an in vitro permeability assay by measuring the
migration of rhodamine-labeled dextran probes through EC mono-
layers growing on 0.4-pm filters. As shown in Figure 4F, treatment
of the endothelial barrier with miR-155-rich exosomes induced the
passage of the fluorescent probes from the top to the bottom wells
in a time-dependent manner. Due to the fact that the permeability
of the endothelial monolayer depends primarily on endothelial tight
junctions (T7Js), and that disruption of T7s facilitates lipid accumula-
tion and plaque formation, we sought to examine whether miR-155-
rich exosomes affected the expression of TJ proteins in ECs. Treat-
ment of ECs with miR-155-rich exosomes but not control exosomes
resulted in a significant decrease in the expression of TJ proteins,
especially zonula occludens-1 (ZO-1) (Figure 4G). The inhibiting ef-
fect of miR-155-rich exosomes on TJ expression could be abolished by
transfecting the recipient cells with a miR-155 inhibitor (Figure 4H).
These results suggest that SMC-derived miR-155 impairs endothelial
barrier function by suppressing the expression of TJ proteins.

miR-155 Disrupts the Endothelial Barrier by Decreasing TJ
Protein Expression

Next, we further study the function of miR-155 on endothelial barrier
and its mechanism. We found that, in response to HFD feeding,
the aortas from miR-155"'"apoE ™~ mice showed decreased perme-
ability, as determined by the extravasation of Evans blue dye when
compared with the aortas from miR-155" TapoE '~ mice (Figure 5A).
miR-155 overexpression by pAd-miR-155 infection significantly
decreased the expression of TJ proteins, such as ZO-1 and claudin
1, and adhesion molecules, including B-catenin and vascular endothe-
lial (VE)-catenin, at both the protein (Figure 5B) and mRNA levels
(Figure S5A). In contrast, the knockdown of miR-155 increased the
expression of these proteins (Figure 5B, lane 4 versus lane 3).

An in vitro EC permeability assay further revealed that miR-155 over-
expression using miR-155 mimics led to a loss of endothelial barrier
function (Figure 5C). Using ECs, western blotting showed that the
overexpression of miR-155 decreased the expression of T] proteins.
Accordingly, silencing of miR-155 by miR-155 inhibitor increased
the expression of T] proteins (Figure 5D). Immunofluorescence stain-
ing of B-catenin and VE-catenin revealed that these proteins were
localized at the TJs between ECs after miR-155 blockade by its inhib-
itor, but they were dislocated from the TJs upon miR-155 overexpres-
sion (Figure 5E). We next examined the miR-155 regulation of the
putative target ZO-1, a central molecular component of TJs, which
compose a major group of cell-cell adhesion complexes in ECs. The

predicted miR-155-binding site in the 3’ UTR of human ZO-1 was
cloned into a reporter plasmid and assessed for their responsiveness
to miR-155 in human microvascular endothelial cells (HMVECs).
The level of reporter activity for ZO-1 was significantly lower in
miR-155-expressing cells, whereas that of reporter activity for the
mutated ZO-1 3’ UTR was unaffected (Figure 5F). However, different
algorithms, such as miRecords, miRanda, and TargetScan 5.1, did not
identify B-catenin, VE-catenin, or claudin 1 as miR-155 targets. We
surmised that, although B-catenin, VE-catenin, and claudin 1 were
not the direct targets of miR-155, the reduction of these proteins
was affected by miR-155 indirectly. This question is the direction of
our future research.

Deletion or Inhibition of miR-155 Suppresses Atherogenesis

We next determined whether the miR-155 level in SMCs was altered
during atherogenesis. We found the expression of miR-155 in plaque
was increased with the time of HFD feeding (Figure S6A). Meanwhile,
as shown in Figures 6A and 6B, miR-155 expression (green) was
significantly increased in the VSMCs (red) of atherosclerotic apoE ™/~
mouse tissue (Figure 6A) and in VSMCs of human atherosclerotic
plaque tissue, as detected by a miRNA FISH assay (Figure 6B).
Furthermore, we generated miR-155"'"apoE™~ mice and detected
whether the deletion of miR-155 affected atherosclerosis. The results
showed that the plaque size and lipid deposition were significantly
decreased in miR-155""apoE™"~ mice (0.16 % 0.02) compared with
miR—155WtapoE'/' mice (1.32 £ 0.29) (Figures 6C and S6B). Addition-
ally, the medial area was also different between the groups (miR-
155" apoE ™'~ 5.12 + 0.71 versus miR-155"'"apoE ™'~ 0.51 + 0.06)
(Figures 6C and S6B). Moreover, the relative SMC content was
decreased in miR-155~ 'apoE'/ " mice (Figure 6D), but the relative
EC content was increased by miR-155 deficiency (Figure 6D). These
data suggest that the deletion of miR-155 suppresses atherosclerosis
progression by facilitating EC proliferation. To further assess the ef-
fect of miR-155 on endothelial function in vitro, gain- and loss-of-
function experiments were performed in ECs by transfecting the
cells with either a miR-155 mimic or anti-miR-155. miR-155 mimic
transfection markedly decreased EC proliferation (Figure S6C),
angiogenesis (Figure S6D), and migration (Figure S6E), as assessed
by an [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, a tube-formation
assay, and a wound-healing assay. In contrast, anti-miR-155 (miR-
155 inhibitor) transfection led to increased EC proliferation (Fig-
ure S6C), angiogenesis (Figure S6D), and migration (Figure S6E),
suggesting that miR-155 impairs endothelial function by repressing
EC proliferation and migration.

LNA-AnNti-miR-155 Therapeutic Effect for Atherosclerosis

To determine whether the inhibition of miR-155 could prevent
atherogenesis in a mouse model, apoE ™'~ mice were fed a HFD for
4 weeks to induce atherogenesis, followed by 4 weeks of treatment
with LNA-anti-miR-155 (locked nucleic acid [LNA]-modified anti-
miRNAs). The mice were then randomly assigned to receive LNA-
anti-miR-155 or LNA control. LNA treatment (LNA control or
LNA-anti-miR-155) had no impact on body weight during the
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Figure 5. miR-155 Regulates Endothelial Barrier
Function

(A) After feeding with HFD for 8 weeks, the apoE '~ or miR-
155~/~apoE~/~ mice were treated, and the aortic endothelial
permeability was determined as described in Figure 4E.
(B) pAd or pAd-KLF5 was intravenously injected into the tail
vein of C57BL/6 mice (n = 6) once a week. Protein extracts
from aortic tissues of miR-155"" or miR-155~"" mice (n = 6)
were prepared, and indicated TJ proteins were detected by
western blotting. Quantitative analysis of protein expression
is shown in the lower panel. *p < 0.05 versus pAd group;
#p < 0.05 versus miR-155"" group. (C) The permeability of EC
monolayers grown on 0.4-um filters was measured as
described above. (D) TJ protein expression was detected by
western blotting in ECs transfected with miR-155 mimic or
miR-155 inhibitor (anti-miR-155). Quantitative analysis of
protein expression is shown in the right panel. *p < 0.05
versus control mimic; *p < 0.05 versus anti-control.
(E) Representative photographs of immunofluorescence
staining of TJ proteins in ECs transfected with pAd-miR-155
or miR-155 inhibitor. (F) 293A cells were co-transfected with
miR-155 mimic or inhibitor together with pLuc-Z0-1-3" UTR.
Twenty-four hours later, cells were harvested for the deter-
mination of luciferase activities. Experiments were performed
in triplicate and each value is the mean + SEM of three in-
dependent experiments. *p < 0.05 versus control.
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study period. We also assessed the inhibition of miR-155 by FISH
(Figure S7). Notably, treatment with LNA-anti-miR-155 efficiently
blocked atherogenesis (Figure 7A) and restored the vascular integrity
(Figure 7B) and CD3lexpression in vascular ECs (Figure 7C), as
detected by oil red O staining, Evans staining, and immunofluores-
cence staining, respectively. These results imply that anti-miR-155
treatment suppresses atherogenesis by restoring the barrier func-
tion of vascular endothelium. To further examine whether targeting
miR-155 might reverse established disease, apoE™'~ mice were fed
a HFD for 8 weeks to induce atherosclerosis followed by treatment
with LNA-anti-miR-155 for another 4 weeks. The results showed
that targeting miR-155 could not completely reverse established
atherosclerosis (Figure 7D) by oil red O staining. However, LNA-
anti-miR-155 could improve the endothelium function (Figure 7E).

DISCUSSION

Exosomes have recently emerged as important players in intercellular
communication.'® Recent findings have suggested that different cell
types can secrete or receive miRNAs as a form of communication
and have set the stage for investigating the functional roles of trans-
ferred miRNAs in the context of immune responses.'' In this study,
our data demonstrate that KLF5 exerted its pro-atherosclerotic effect
by regulating the expression of multiple miRNAs, most prominently
miR-155. We found that miR-155-rich exosomes were secreted from
KLF5-overexpressing VSMCs and were taken up by recipient ECs.
Upon uptake by ECs, miR-155 inhibited the proliferation and migra-
tion of ECs and impaired endothelial barrier function by suppressing
the expression of TJ proteins. Our results indicate that miR-155
acts as a communication molecule between SMCs and ECs to coordi-
nate the responses of these two cells to pro-atherosclerotic factors.
Thus, targeting KLF5 or miR-155 in combination with existing
conventional therapies might be a novel therapeutic strategy in
atherosclerosis.

KLFS5 is an important transcription factor that regulates a number of
cellular processes, including development, differentiation, prolifera-
tion, and apoptosis.'” In the cardiovascular system, KLES5 is a target
for Angll signaling and is an essential regulator of cardiovascular
remodeling.” Some previous studies demonstrated that expression
of KLF5 in mature VSMCs is upregulated by various pathological
stimuli, including coronary atherosclerosis, vein graft, and vascular
injury."” """ In this study, our results show that oxLDL, which is a
potent pro-atherosclerotic factor, stimulates the expression of KLF5
in VSMCs and impairs the function of ECs. VSMC-specific knock-
down of KLF5 can decrease neointimal hyperplasia and endothelial
injury in the wire-injured femoral arteries of apoE ™'~ mice. These re-

Molecular Therapy

sults showing that KLF5 expressed in VSMCs can lead to endothelial
injury prompted us to investigate how KLF5 expressed in VSMCs ex-
erts its regulatory effects on endothelial function. In this regard, it is
noteworthy that the shear-responsive transcription factor Kriippel-
like factor 2 (KLF2) is a critical regulator of endothelial gene expres-
sion induced by fluid shear stress.'® Hergenreider et al. found that
endothelial overexpression of KLF2 induces the expression and
secretion of miRNAs that regulate SMC phenotypes in co-culture sys-
tems.'” They further confirmed that miR-143/145 secreted by KLF2-
transduced or shear-stress-induced HUVECs enriched in exosomes
and regulated target gene expression in co-cultured SMCs.'” The
exosomes derived from KLF2-expressing ECs also induced athero-
sclerotic lesion formation. These results suggest that miRNA-rich
exosomes can mediate communication between ECs and SMCs.
Two closely related both KLF5 and KLF2 are members of Kriippel-
like factor family. They have a similar structure but different
functions. The results that KLF2-induced miR-143/145 mediate
communication between ECs and SMCs prompted us to believe
that KLF5-induced miRNAs in SMCs could also regulate endothelial
function by an exosome-mediated mechanism.

In the process of atherosclerosis, oxLDL stimulate phagocytosis,
which reduces intercellular direct communication. Accumulation of
lipids internalized by phagocytosis leads to isolation of cell disruption
of cell-to-cell gap junction and contacts and to the disintegration
of the cellular network.'® The destruction of cell-to-cell contact
stimulates VSMC and macrophage proliferation and extracellular
matrix production; the latter isolates a cell from the neighboring
cells. Therefore, exosomes have one of the pivotal roles in cellular
communication.

miRNA array results showed that miR-155 was enriched in exosomes
deprived from KLF5-overexpressing VSMCs. Further observation
found that miR-155 expressed in VSMCs was secreted to surrounding
ECs or macrophages by exosomes, which promoted atherosclerosis.
Indeed, our previous study has demonstrated that miR-155, which
is an inflammation-related miRNA, is unregulated in macrophages,'”
meaning that KLF5 and miR-155 could co-operatively promote
atherosclerotic development.

The endothelium forms a selective permeability barrier between the

20 Cell-to-cell connections, such as adherents

vascular wall and blood.
junctions (AJs), TJs, and gap junctions, play important roles in the
regulation of endothelial barrier function, and their disruption per-
turbs endothelial barrier function and promotes inflammation.”’

Endothelial dysfunction is generally regarded as the initial step in

Figure 6. miR-155 Inhibition Suppresses Atherogenesis

(A) Immunofluorescence staining of miR-155 (green) and SM22¢. (red) in apoE ™'~ mouse atherosclerotic or normal carotid artery tissues after being fed with HFD for
12 weeks. Magnification, x 100. (B) Immunofluorescence staining of miR-155 (green) and SM22a. (red) in the human atherosclerotic or normal carotid artery tissues.
Magnification, x 100. (C) Quantitative analysis of I/M ratio, lipid deposition, and relative plague area of apoE ™~ or miR-155~"~apoE '~ mice. (D) Representative photographs
of immunofluorescence staining of the SMC-specific marker SM22a. and endothelial-specific marker CD31 in the carotid artery tissues of apoE /= or miR-155""apoE ™~/

mice. Magnification, x 100. The number of SMCs and ECs in the plagues was quantified. Means of all of the mice of one group (n = 6) are shown with SEM. *p < 0.05 versus

miR-155~"" group. (E) Model of the function of miR-155-rich exosomes.
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Figure 7. Inhibition of miR-155 Prevents
Atherogenesis

After feeding with HFD for 4 weeks, the WT and apoE ™/~
mice were treated with LNA-con or LNA-anti-miR-155
for another 4 weeks. (A) Representative photographs of
oil-red-O-stained carotid artery tissues (upper panel).
Quantitative analysis of plaque areas and ratio of I/M in all
mice of one group are shown with the SEM (n = 6) (lower
panel). *p < 0.05 versus WT group; #p < 0.05 versus
LNA-anti-con group. (B) The aortic endothelial perme-
ability was determined as described in Figure 4E and
expressed as nanograms of EB dye extravagated per
milligram of tissue (right panel). (C) Immunofluorescence
staining of CD31(red) in atherosclerotic or normal carotid
artery tissues (left panel). Quantitative analysis of CD31
expression (left panel). *p < 0.05 versus LNA-con group
(right panel). ApoE™~ mice were fed for 8 weeks to
induce atherosclerosis and were then treated with LNA-
anti-miR-155 for another 4 weeks. (D) The atherosclerotic
lesion areas in thoracoabdominal of apoE '~ mice were
stained with en face oil red O (left panel). Quantitative
analysis of the plague areas. *p < 0.05 versus LNA-con
group (right panel). (E) The aortic endothelial permeability
was determined as described in Figure 4E (left panel) and
expressed as nanograms of EB dye extravagated per
milligram of tissue (right panel). *o < 0.05 versus LNA-con
group (right panel).
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atherosclerotic plaque formation. oxLDL is a key element in the
development of atherosclerosis. It can result in endothelial dysfunc-
tion via multiple mechanisms, including EC apoptosis, disrupting
cell-to-cell junction and increasing endothelial permeability,”* etc.
In the present study, we have added a novel mechanism whereby
oxLDL-induced KLF5 upregulates miR-155 expression in VSMCs,
and then VSMC-derived miR-155 is transferred to ECs via exosomes
and exerts its damaging effect on ECs. Our study identified that
miR-155 could inhibit the expression of TJ proteins, especially
ZO-1. In ECs that normally express low miR-155 levels, ectopic,
SMC-derived miR-155 transferred via exosomes can effectively
reduce ZO-1 expression, disrupt the barrier function of vascular
endothelium both in vitro and in vivo, and open “gates” in these nat-
ural monolayer barriers for the traversal of macrophages, thereby
facilitating atherosclerosis. Notably, abnormal miR-155 expression
is involved in the occurrence of diseases such as cancer, cardiovascu-
lar disease, and inflammation.”*

Downregulation or loss of TJs, frequently as a result of the reduced
expression of TJ-associated proteins, contributes to atherosclerosis
progression by altering cell migration and proliferation.”* In ECs,
Zhu et al. found that miR-155 is upregulated by high shear stress
and targets the angiotensin II type 1 receptor and Ets-1, thus
reducing the proinflammatory activity of angiotensin IL.>° In addi-
tion, miR-155 can also contribute to the formation of foam cells
and enhance atherosclerosis progression.” Nazari-Jahantigh et al.
demonstrated that miR-155 promotes flow-induced atherosclerosis
by enhancing the inflammatory macrophage response, exemplified
by CCL2 expression.” miR-155 also plays a proatherogenic role in
proinflammatory M1-type macrophages in advanced atheroscle-
rosis. In our previous study, we found that, in marrow-derived mac-
rophages, miR-155 and tumor necrosis factor-a. (TNF-o) formed a
positive feedback loop to promote the inflammatory response.'” In
VSMCs, mammalian sterile 20-like kinase 2 (MST2) mediates miR-
155-promoted inflammatory and oxidative stress responses by
altering the interaction of MEK with Raf-1 and MST2 in response
to vascular injury.”® Our study found that macrophages also could
uptake the miR-155-rich exosomes secreted by KLF5-overexpressed
VSMCs (data not shown), indicating that the communication
between macrophages and VSMCs by miR-155-rich exosomes is
also related to atherogenesis induced by KLF5 overexpression in
VSMCs. Interestingly, Wang et al. identified that activated macro-
phages secrete miR-155-enriched exosomes as a paracrine regulator
for fibroblast proliferation and inflammation.*” In this study, we
identified miR-155 as a key regulator of claudin 1, beta-catenin,
and VE-cadherin, and especially ZO-1, suggesting a mechanism
of TJ disruption associated with atherosclerosis progression. Thus,
we propose a model for the role of miR-155 in endothelial dysfunc-
tion and atherogenesis in which VSMCs, in response to unfavorable
conditions such as oxLDL exposure, release miR-155 via exosomes
into the surrounding environment, which, in turn, suppresses TJ
protein expression and thus disrupts the endothelial barrier, subse-
quently contributing to atherosclerosis. Altogether, these findings
further illustrated that ECs, macrophages, and SMCs communicate
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with each other through exosomes in response to environmental
cues.

Many findings emerged from this study. First, exosomes derived from
KLF5-transduced cells are enriched in miR-155. KLF5 regulated miR-
155 expression and secretion in HASMCs. The transfer of miRNAs is
an important mechanism forming a synergic relationship between
VSMCs and ECs during atherosclerosis. These data help elucidate a
novel mechanism of KLF5-regulating cell communication in a miR-
155-dependent manner. Second, transferred miR-155 influenced
the responses of ECs to a lipid stimulus, impaired EC proliferation,
decreased the expression of TJ proteins on the cell membrane, and
regulated microvascular permeability. Third, therapies targeting
miR-155 in combination with existing conventional therapies may
serve as an effective treatment for atherosclerosis patients. This study
elucidates a novel cellular and molecular pathway that influences
miR-155 expression, and transfer between different cell types could
lead to the development of new therapeutic approaches and new in-
sights into atherosclerotic pathophysiology.

Conclusions

Problem

SMCs and ECs in the vasculature are involved in dysfunction of
vascular cells during atherogenesis, although the mechanism by
which these cell types communicate with each other in response to
environmental cues remains incompletely understood.

Results
Exosomes derived from KLF5-transduced cells are enriched in miR-
155. KLF5 regulated miR-155 expression and secretion in HASMCs.

Transferred miR-155 influenced the responses of ECs to a lipid stim-
ulus, impaired EC proliferation, decreased the expression of T pro-
teins on the cell membrane, and regulated microvascular permeability.

Therapies targeting miR-155 in combination with existing conven-
tional therapies may serve as an effective treatment for atherosclerosis
patients.

Impact
Blockade of the exosome-mediated transfer of miR-155 between
different cell types may serve as a therapeutic target for atherosclerosis.

MATERIALS AND METHODS

Animals

ApoEfl* mice, miR-155 mutant mice, and Tgln-cre mice were pur-
chased from Jackson Laboratory, and KLF5-flox mice were a gift
from Huajing Wan (Wuhan University, China).28 KLF5~/~ mice
were generated by crossing KLF5-flox mice and Tgln-cre mice
(SM-specific cre). apoE~'“KLF5 8"~/ double-knockout mice were
generated by crossing apoE~'~ and KLF5~'~ mice. The mice were
housed in the Hebei Medical University animal facilities on a 12-hr
light-dark cycle (7 a.m. to 7 p.m., light) in specific pathogen-free cag-
ing. The mice were weaned at 3-4 weeks of age, and all experiments
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were performed on animals older than 8 weeks of age. The mice had
ad libitum access to food and water except under fasting conditions.
The model mice were fed a HFD (21% crude fat, 0.15% cholesterol,
19.5% casein) throughout the experiment for 3 months. Adenoviral
constructs (1 x 10° plaque-forming units [PFUs]; empty, KLF5)
were injected via the tail vein every 14 days. An intraperitoneal injec-
tion of pentobarbital (5%) or the aerosol delivery of methoxyflurane
was used for anesthesia. Blood samples were drawn from the retroor-
bital venous plexus or by direct transventricular catheterization into
EDTA tubes, and the plasma was separated by centrifugation. The
aortic tissue was immediately snap-frozen in liquid nitrogen for
RNA extraction or cryopreserved in optimal cutting temperature
compound (OCT) for further analysis. The excised aortic roots,
abdominal aortas, and thoracic aortas (comprising the aortic arch
and the proximal portion of the descending aorta) were washed in
PBS, post-fixed in buffered formalin (4% formalin in PBS), and
then embedded in paraffin.

Adenoviral Vectors

The construction of Ad-GFP and Ad-miR-155 was described previ-
ously.”®
duced with the indicated adenovirus at a multiplicity of infection
(MOI) of 40 overnight in complete medium. After transduction,
the cells were allowed to reach to 70% confluence in complete me-
dium and growth-arrested for 24 hr before use.

Wherever adenoviral vectors were used, the cells were trans-

Analysis of Stained Sections

Plaque extensions on tissue sections of the carotid artery were evalu-
ated on pentachrome-stained sections, and lipid core sizes were deter-
mined by measuring the area of oil red O staining. The carotid artery
was embedded with OCT and then made into 5-um frozen sections.
Formalin-fixed, paraffin-embedded tissues sectioned at 4-pm were
analyzed by H&E staining for morphology. Arterial specimens were
sectioned to identify the region with maximal luminal narrowing.
These sections were selected for morphometric measurement of the
medial area, the intimal area, and the intima/media (I/M) ratio.
The sections were visualized using a Leica light microscope (Leica Mi-
crosystems). A minimum of eight mice per genotype were analyzed
for the morphometric measurements. Protein expression and distri-
bution were detected by immunohistochemistry. The antibodies
used included monoclonal anti-KLF5 (1:100; Abcam), monoclonal
anti-SM-actin (1:500; Sigma), polyclonal anti-SM-actin (1:100; Ab-
cam), polyclonal anti-CD31 (1:100; Abcam), and polyclonal anti-
mac-2 (1:200; Abcam).

Cell Culture and Transfection

HASMCs (5 x 10 cells in 6-well plates), cultured in DMEM supple-
mented with 10% fetal bovine serum, were transfected with 10 nmol/L
of the miRIDIAN mimic miR-155 (Thermo Fisher Scientific) or the
inhibitor miR-155 using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. The human cardiac
microvascular endothelial cell (HCMECs) line (catalog no. 6110) was
from ScienCell and was cultured in EC medium with 10% fetal bovine
serum and maintained in 5% CO, at 37°C in a humidified atmosphere.

RNA Isolation, Reverse Transcription, and Real-Time PCR

The total RNA from the aortas of the ApoE ™~ mice or HASMCs was
isolated using the RNAqueous kit (Ambion). The RNA purity and
concentration were assessed in an UV spectrophotometer (Thermo
Scientific). RT was performed with the High-Capacity cDNA Archive
Kit (Applied Biosystems) according to the manufacturer’s procedure.
For mouse KLF5, the forward primer is 5-ACCATTTTCAGCCA
CCAGAG-3/, and the reverse primer is 5-GTCTGGTGGGAGC
TGAAGA-3'. For B-actin, the forward primer is 5-GTGGGCCG
CTCTAGGCACCAA-3, and the reverse primer is 5-CTCTTTGA
TGTCACGCACGATTTC-3'. All miRNAs were extracted from
the aortas of the ApoE™'~ mice, from the serum of human CAD pa-
tients, and from control individuals using the miRNeasy Mini Kit
(QIAGEN) and reverse-transcribed with the RT2 miRNA First
Strand Kit (QIAGEN) according to the manufacturer’s instructions.
Real-time PCR was performed on a StepOnePlus Real-Time PCR
System (Applied Biosystems) using the RT2 SybrGreen quantitative
PCR Mastermix (QIAGEN). To amplify mature miRNA sequences,
TagMan MicroRNA Assays hsa-miR-155 (Assay ID 12601), U6
snRNA (Assay ID 001973), the TagMan MicroRNA Reverse Tran-
scription Kit (PN4366596), and TaqMan Universal PCR Master
Mix No AmpErase UNG (PN4324018) were used. The real-time
PCR amplifications were carried out in an ABI 5700 fast system
and analyzed with the Sequence Detector Software version 2.1
(Applied Biosystems). The relative quantification of gene expression
was performed using the comparative Ct method."?

MTS Assay

The cell growth rates were evaluated by the tetrazolium-dye-based
MTS assay, as described previously.'” In brief, 1 x 10* cells/well
were seeded in triplicate into 96-well plates in DMEM. After 24 hr,
the cells were treated according to the experimental design. After
each treatment, the medium was removed, and the cells were washed
in PBS. The MTS reagent was added at 2 mg/mL in Hank’s buffer and
incubated for 1 hr until dark-blue crystals could be seen in the cyto-
plasm under light microscopy. The crystals were dissolved in DMSO,
and the absorbance was measured in a Thermo Fluoroscan Ascent
spectrometer at 570 nm with background subtraction at 650 nm.
The results were expressed as the means + SEM of the absorbance
relative to time 0 or the control.

Exosome Purification and Electron Microscopy

Exosomes were isolated and purified from the supernatants of
HASMC cultures using differential centrifugation. The HASMCs
were cultured in DMEM-containing exosome-depleted serum. After
72 hr, the medium was collected and centrifuged at 2,000 x g for
15 min at 4°C and then again at 12,000 x g for 45 min at 4°C. The
supernatants were then passed through a 0.22-pm filter (Millipore)
and ultracentrifuged at 110,000 x g for 90 min at 4°C. The pellets
were then washed with phosphate-buffered saline (PBS) followed
by a second ultracentrifugation at 110,000 x g for 90 min at 4°C
and then resuspended in PBS. The protein levels of the exosome prep-
arations were measured using the BCA Protein Assay kit (Pierce)
following the manufacturer’s instructions. Exosome labeling with
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PKH67 (Sigma) was performed following the manufacturer’s proced-
ures. The pelleted exosomes were resuspended in approximately
100 puL of PBS and subjected to electron microscopy (EM), cell
treatment, or RNA extraction by mirVana miRNA isolation kit
(Life Technologies). For EM, the exosomes were fixed with 2% para-
formaldehyde, loaded on 200-mesh Formvar-coated grids, and then
contrasted and embedded. The grids were observed under an trans-
mission electron microscope equipped with a charge-coupled device
(CCD) camera.”

Femoral Artery Wire Injury

Twelve-week-old male mice were used for all of the vascular injury
experiments.” To induce neointima formation, the right femoral ar-
teries underwent wire-induced injury using a 0.015-inch-diameter
fixed-core wire guide (Cook) as previously described.’ Immediately
following injury, an adenoviral construct (MOI, 100; empty, KLF5)
was infused and incubated for 15 min. Ten days following injury,
the right injured and left uninjured femoral arteries were harvested,
perfusion-fixed in 4% paraformaldehyde, and embedded in paraffin
(ten sections, at 4 um apart). Re-endothelialization of the femoral
artery was determined by Evans blue staining 5 or 7 days after wire
injury in mice.”’

Animal Experimentation

All procedures involving animals were conducted according to the
European Community guidelines (Directive 2010/63/EU). These an-
imals were bred and maintained, and all procedures were performed
under a protocol approved by the Institutional Animal Care and Use
Committee at Hebei Medical University.

Western Blotting

Proteins were isolated from VSMCs as previously described and
then separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes (Millipore).3 " The membranes were blocked
with 5% milk in Tris-HCl Tween buffer solution for 2 hr at 37°C
and incubated overnight at 4°C with a specific rabbit anti-KIf5 anti-
body (1:500, Abcam). The membranes were then incubated for
1 hr at room temperature with a 1:5,000 dilution of anti-rabbit/horse-
radish peroxidase or anti-mouse/horseradish peroxidase (Santa Cruz
Biotechnology) and developed with the Chemiluminescence Plus
Western Blot Analysis kit (Santa Cruz Biotechnology).

Immunofluorescence

Human cardiac microvascular endothelial cells (HAVECs) were
grown to confluent monolayers on cell-culture-grade glass coverslips
and treated with or without miR-155 inhibitors or pre-miR-155
mimics. After treatment, the cells were washed with cold PBS,
fixed with 4% paraformaldehyde for 10 min at 4°C, permeabilized
in Tris-buffered saline (TBS; 10 mM Tris-HCl [pH 8.0], 150 mM
NaCl) containing 0.1% Triton X-100 for 10 min at room temperature
and blocked in 2% BSA in TBS with 1.33 g/L CaCl,, 1 g/L MgCl,, and
0.1% saponin overnight at 4°C. Then, the cells were incubated with
the desired primary antibodies followed by Alexa-Fluor-conjugated
secondary antibodies. Fluorescence images of the cells were captured
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using an inverted Leica fluorescence microscope (IX71) or a Leica
SP-8 confocal microscopic system.

ISH was performed in formaldehyde-fixed, paraffin-embedded tissue
sections using a miRCURY LNA microRNA ISH optimization kit and
the miR-155 detection probe (Exiqon) following the manufacturer’s
protocol. Probes for U6 and a scrambled sequence were used as pos-
itive and negative controls, respectively.

Luciferase Assay: 3' UTR Reporter Assays

HASMCs were transfected with 30 pmol of pre-miR-Ctrl or pre-
miR-155. The next day, the cells were transfected with 0.1 pg of the
psiCHECK?2 vector (Promega) expressing the 3’ UTR of the human
ZO-1 mRNA or the mutated 3 UTR of the human ZO-1 mRNA
(QuikChange II Site-Directed Mutagenesis Kit, Agilent) with JET-
PEI (Polyplus transfection) according to the manufacturer’s instruc-
tions. After 24 hr, the luciferase assay was performed using the
Dual-Luciferase Reporter Assay System (Promega). Renilla luciferase
activity was normalized to firefly luciferase activity.”’

Bioinformatic Analysis of the pri-miR-155 Promoter

Nucleotide sequences for Homo sapiens and eight orthologous se-
quences were obtained for the upstream region of the pri-155 pro-
moter from the Ensembl database (assembly GRCH37.p8). Upstream
regions were taken as 2,500 bases upstream and 500 bases down-
stream of the transcription start site. The identification of evolution-
arily conserved transcription factor binding sites was performed using
PhyloGibbs, a Gibbs sampling technique that utilizes phylogenetic
footprinting. Secondary identification of transcription factor binding
sites was performed using JASPAR and ConSite. J.

ChIP Assay

VSMCs were cross-linked with 1% formaldehyde for 15 min, lysed
as previously described, and then sonicated to an average size of
400-600 bp.”” The DNA fragments were immunoprecipitated over-
night with anti-KLF5 or anti-mouse immunoglobulin G (IgG) (as a
negative control). After the reversal of cross-linking, the pri-miR-
155-flanking genomic region containing KLF5-binding sites was
amplified by PCR; the forward and reverse primers used are shown
in the Supplemental Information.

Boyden Chamber Assay

HAVECs transfected with and without miR-155 inhibitors or pre-
miR-155 mimics were seeded in 8-pum 24-well Boyden chambers
(Transwell; Costar Corp) and subjected to cell invasion assays. The
lower chamber was filled with 600 puL of complete DMEM, and trans-
fected HAVECs cells were placed in 300 pL of serum-free DMEM
in the upper chamber and allowed to migrate for 4 hr at 37°C. After
fixation, the cells were stained with 4% Giemsa and counted on the
lower side of the membrane using Image] software.

Miles Assay
The level of vascular permeability was determined by quantitative
measurement of the Evans blue dye diffusion into the aorta according
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to the Miles test. miR-155""", apoE_/_, and miR—lSS_/_apoE_/_
mice fed a HFD for 8 weeks were anesthetized, and 0.1 mL of 1%
Evans blue dye was injected into the inferior vena cava. After
30 min, the blood vessels were perfused with PBS through the left ven-
triculum, and the aortas were isolated. Evans blue dye was extracted
from the arteries by incubating in formaldehyde at 55°C for 24 hr and
then cleared by centrifugation, and the optical density was measured
at 610 nm. Vascular permeability was expressed as the amount of
Evans blue extravasated per milligram of artery.

Endothelial Permeability Assay

The permeability of treated HAVEC monolayers grown on trans-
well filters (0.4-pm pore size; BD Biosciences) was assessed by the
passage of rhodamine B isothiocyanate-dextran (average molecular
weight [MW] approximately 70,000; Sigma). Briefly, rhodamine-
dextran was added to the top well at 20 mg/mL, and the appearance
of fluorescence in the bottom well was monitored by measuring
40-pL aliquots in a time course using a SpectraMax microplate
reader (Molecular Devices) at 544 nm excitation and 590 nm
emission.”

Wound-Healing Assay

Cells were seeded with the same number in 6-well plates in complete
medium. When the cells grew to 95% confluence, scratch wounds
were created using 100-pL sterile pipette tips. To remove the sus-
pended cells, the plates were washed with PBS twice. Images were
captured in three defined fields at 0 and 48 hr, respectively.”*

Matrigel Plug Angiogenesis Assay In Vivo
ECs were suspended in 400 nL of Matrigel, and, 48 hr later, the cells
were imaged.

Statistical Analysis

Statistical analyses were performed with the SPSS 13.0 statistical
package (SPSS). Multiple comparisons between groups were per-
formed using ANOVA. Differences between the mean values were
analyzed using Student’s t test (parametric) and a Mann-Whitney
U test (nonparametric). The data are expressed as the mean + SE.
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Figure 1. KLF5 regulates expression of miRNAs, particularly miR-155

A, Representative photographs of immunofluorescence staining with KLF5 staining, CD 31
and SM a-actin in carotid artery of KLF5'"" mice and KLF5"" mice. Magnification, x100
(KLF5, SM a-actin staining and CD31 staining). B, KLF5 expression was detected by Western
Blot (n=3) in different tissues of KLF5 in KLF5"9"" (VSMC-specific knockout of KLF5) mice
and KLF5"" mice. C, HASMCs were transfected with pAd or pAd-KLF5 for 48 h. KLF5
expression was detected by Western blotting (n=3). **P<0.01 vs pAd group. D, HASMCs were
transfected with pAd or pAd-KLF5 for different times. miRNA expression was detected by
real-time PCR (n=6). *P<0.05 vs 0 h group. *P<0.05 vs 0 h group. E, HASMCs were treated
with oxLDL for 24 h. KLF5 mRNA expression was detected by Real-time PCR(n=6). *P<0.05
Vs con group. **P<0.01 vs con group. F, HASMCs were treated with oxLDL for different times.
mMiRNA expression was detected by real-time PCR (n=6). *P<0.05 vs 0 h group. *P<0.05vs 0 h

group.
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Figure 2. KLF5 induces enrichment of miR-155 in extracellular vesicles

A, Electron microscopy image of an isolated vesicle. B, Exosomes was extracted from
the medium of VSMCs by ultracentrifuge. CD63 expression in exosomes was
detected by Western Blotting (n=6). C, Exosomes were extracted from the medium of
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VSMCs by ultracentrifuge. Cells were lysed and cell lysate was harvested. 20 pg
protein was used to detected the expression of KLF5 and CD63 in exosomes by
Western Blotting (n=3). D, miR-155 levels were detected by real-time PCR (n=6) in
the remaining supernatant of exosomes from the medium of VSMCs. *P<0.05 vs pAd
group. E, Part of ~2500 bp upstream sequence of pri-miR-155. KLF5 binding site was
marked with underline (green). Mutated sites of KLF5 binding site was marked with
underline (red). F, Reporter gene assay using miR-155 mutation promoter (n=6).
VSMCs were transfected with indicated vectors for 48 h, luciferase activities were
measured with the Dual-Luciferase Reporter System (Promega). Results are
meansxS.E.M. for six separate transfection assays with duplicate plates. *P <0.05 vs
vehicle group.



Figure 3
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Figure 3 KLF5 affects the transmission of miR-155 between HASMCs and
endothelial cells

An invitro co-culture system was used where HASMCs are seeded in the top
compartment, which is separated by a porous membrane from endothelial cells that
are cultured in the bottom compartment. HASMCs (top compartment) were
transfected with FITC-miR-155 together with indicated virus or siRNA and treated
with or without oxLDL and co-cultured with endothelial cells (bottom
compartment). FITC-miR-155 (green) and CD 31 expression (red) in endothelial cells
was analyzed by confocal microscopy.
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Figure 4. Vascular-derived miR-155 is transported to endothelial cells, leading
to cellular dysfunction

A, Exosomes secreted by pAd- or pAd-KLF5-transduced HASMCs were
intravenously injected into the tail vein of apoE” mice fed with HFD (n = 6) once
a week. Representative photographs of miR-155 in situ hybridization (green) and
mac-2 staining (red), SM a-actin staining (red), respectively. B, MTS assay was used
to detect the proliferation of endothelial cells. **P <0.01 vs con exosome or
miR-155-rich+anti-con group. C, Wound-healing assay was used to detect the
migration of endothelial cells. *P <0.05 vs con exosome or miR-155-rich+anti-con
group. D, Tube formation assay was used to detect the function of endothelial cells. E,
An invitro co-culture system was used where HASMCs were seeded in the top
compartment, which is separated by a porous membrane from endothelial cells that
are cultured in the bottom compartment. HASMCs (top compartment) were
transfected with indicated mimic or inhibitor together with indicated virus and
co-cultured with endothelial cells (bottom compartment). MTS assay was used to
detect the proliferation of endothelial cells. *P <0.05 vs con mimic group or con
mimic+pAd-KLF5 group, respectively. P <0.05 vs anti-con group or
anti-con+pAd-KLF5 group, respectively. F, Wound-healing assay was used to detect
the migration of endothelial cells. *P <0.05 vs con mimic group or con
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mimic+pAd-KLF5 group, respectively. "P  <0.05 vs anti-con group or
anti-con+pAd-KLF5 group, respectively.



Figure 5
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Figure 5. miR-155 regulates endothelial barrier function

pAd or pAd-KLF5 were intravenously injected into the tail vein of C57BL/6 mice (n
= 6) once a week. Total miRNA from aortic tissue of miR-155"" or miR-155" mice
(n=6) were prepared and indicated TJ protein mRNA were detected by real-time PCR.
*p< 0.05 vs pAd group; “p< 0.05 vs miR-155"" group.

10



Figure 6
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Figure 6. miR-155 inhibition suppresses atherogenesis

A, Representative photographs of staining of miR-155 by FISH in carotid artery of
apoE” mice fed with HFD for 4 weeks, 6 weeks or 8 weeks, respectively.
Magnification, x100. B, Representative photographs of en face oil red O-stained
thoracic aortas and HE-stained sections of the aortic root of apoE™ or
apoE"'miR-155"' mice. C, Endothelial cells were transfected with miR-155 mimics or
miR-155 inhibitor (anti-miR-155) for 24 h, and the proliferation of endothelial cells
was then detected by MTS assay. **P<0.05 vs con mimic group. P<0.05 vs anti-con
group. D, Endothelial cells were transfected with miR-155 mimics or miR-155
inhibitor (anti-miR-155) for 24 h, and tube formation assay was performed. E,
Endothelial cells were transfected with miR-155 mimics or miR-155 inhibitor
(anti-miR-155) for 24 h, and the migration of endothelial cells was then detected by
wound-healing assay. *P<0.05 vs con mimic group. "P<0.05 vs anti-con group.
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Figure 7
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Figure 7 Inhibition of miR-155 prevents atherogenesis
Immunofluorence staining of miR-155(red) and DAPI (blue) in apoE™ mice feed with
HFD for 8 weeks.
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Table I. miRNAs detected in HASMCs transfected with pAd or pAd-KLF5
displaying a variation lower than 2 between replicates

Upregulated miRNAs

hsa-miR-31-5p ; hsa-miR-943 ; hsa-miR-24-3p ; hsa-miR-625-5p ;
hsa-miR-4305 ; hsa-miR-3178 ; hsa-miR-1290 ; hsa-miR-4443 ;
has-miR-29a-5p ; hsa-miR-4290 ; hsa-miR-638 ; hsa-miR-20b-3p ;
hsvl-miR-H7-3p; hsa-miR-4791; hsa-miR-1304-5p; hsa-miR-935;
hsa-miR-1285-3p ; hsa-miR-4292 ; hsa-miR-421 ; hsa-miR-4449 ;
hsa-miR-665; hsa-miR-1273e; hsa-miR-410-3p; hsa-miR-502-3p;
hsa-miR-1469; hsa-miR-4732-5p; hsa-miR-1827; hsa-miR-1207-3p;
hsa-miR-4644; ebv-miR-BART8-3p; hsa-miR-324-3p; hsa-miR-3195;
hsa-miR-4530; hsa-miR-454-3p; hsa-miR-622; hsa-miR-493-3p;
hsa-miR-4497; hsa-miR-652-3p; hsa-miR-214-3p; hsa-miR-199b-5p;
hsa-miR-106a-5p; hsa-miR-4765; hsa-miR-1246;
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Table 1. miRNAs detected in HASMCs-derived exosomes transfected with pAd
or pAd-KLF5 displaying a variation lower than 1.5 between replicates

Upregulated miRNAs

hsa-miR-381-3p; hsa-miR-4317; hsa-miRPlus-A1073; hsa-miR-26b
-5p; hsa-miR-155-5p; hsa-miR-381-5p; hsa-miR-181d-5p; hsa-mi
R-154-3p; hsa-miR-190a-5p; hsa-miR-335-5p; hsa-miR-1185-1-3p

hsa-miR-320c; hsa-miR-885-5p; hsa-miR-376a-5p; hsa-miR-214
-5p; hsa-miR-193a-3p; hsa-miR-543; hsa-miR-500a-5p/hsa-miR-50
Ob-5p; hsa-miR-377-3p; hsa-miR-1207-3p; hsa-miR-26a-5p; hsa-
mMiR-140-3p; hsa-miR-320a; hsa-miR-654-3p; hsa-miR-548t-5p; h
sa-miR-5681b; hsv2-miR-H20; hsa-miR-34a-5p; hsa-miR-145-5p;
hsa-miR-493-3p; hsa-miR-337-5p; hsa-miR-5571-5p; hsa-miR-432
-5p; hsa-miR-143-3p; hsa-miR-154-5p; hsa-miR-551b-3p;
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