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Abstract: MicroRNAs (miRNAs) contribute to multiple cellular processes in embryonic development and disorders.
Several miRNAs are strongly associated with the progression of peripheral vascular disease. Recently, it was re-
ported that miRNA (miR)-92 is one of the most upregulated miRNAs in vascular injury after intervention in the
lower extremities; however, the function of miR-92 during proliferative vascular diseases remains unclear and the
potential targets of miR-92 are poorly characterized. In this study, we investigated the expression of miR-92 in vitro
and in vivo, and explored the associated underlying mechanism. qRT-PCR analysis showed that miR-92 expression
was highly upregulated in patients with artery restenosis compared to those without restenosis. Platelet-derived
growth factor (PDGF)-BB is regarded as a critical regulator of the phenotypic switch of VSMCs. miR-92 expression
was significantly upregulated in PDGF-BB-stimulated VSMCs. Introducing an miR-92 mimic into VSMCs enhanced
cell proliferation and migration, and induced S-phase arrest. The luciferase reporter assay revealed that KLF4 is
a downstream target gene of miR-92. In vivo, miR-92 overexpression promoted neointimal formation, and thus
resulted in a dramatic increase in intimal-medial area and thickness. These results reveal that miR-92 regulates
VSMC function by directly targeting KLF4, which may be an important finding useful for the diagnosis and treatment
of vascular restenosis and injury, arteriosclerosis, and other proliferative vascular diseases.
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Introduction VSMCs migrate from the medial arterial wall
into the intimal space and gradually form a neo-
intima. This formation combined with the pres-
ence of multiple extracellular matrix proteins
results in vascular stenosis [6]. However, the
precise molecular underlying mechanisms
implicated in the modulation of proliferation
and migration of arterial smooth muscle cells

(ASMCs) in ASO and vascular restenosis is still

Arteriosclerosis obliterans (ASO) of the lower
extremities is a common vascular disease and
remains the main cause of adult limb loss
worldwide [1, 2]. Several risk factors have been
reported to be involved in the development of
ASO following the progression of atherosclero-
sis in a lower extremity causing the arterial

canal to narrow, and even a complete block of
blood flow. Although surgery is the leading ther-
apeutic strategy for ASO, many patients devel-
op vascular restenosis, which is regarded as
the major limiting factor for the long-term suc-
cess of revascularization approaches [3].
Recently, a number of reports have indicated
that vascular smooth muscle cells (VSMCs)
have an important role in the pathogenesis of
ASO [4, 5]. Generally, during ASO, quiescent

unclear.

MicroRNAs (miRNAs) are a class of short non-
coding RNAs that can serve as important regu-
lators of human gene expression [7]. More
than 2,000 human miRNAs have been cloned
and sequenced, and typically they are consid-
ered to act as negative regulators of gene
expression at the post-transcriptional level [8].
miRNAs affect diverse cellular processes in
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embryonic development and disease condi-
tions [9-11]. Recently, several miRNAs have
been reported to regulate the functions of
ASMCs and participate in the development of
atherosclerosis, including miR-21, miR-221,
and miR-14 [12-14].

miR-92, a member of the miR-17-92 cluster, is
highly expressed in young healthy human
endothelial cells compared with senescent
endothelial cells that have higher levels of oxi-
dative stress and apoptosis [15]. Lan et al
[16] reported that overexpression of miR-92
enhances the viability of endothelial cells under
oxidative stress by targeting the protein kinase
B (Akt) signaling pathway. Conversely, miR-92
was revealed as a negative regulator of an-
giogenesis by binding to ab integrin subunit
mRNA [17]. However, the potential role of miR-
92 in ASMC function and peripheral vascular
diseases remains largely unknown. The aim of
this study was to determine the effect of miR-
92 in vascular restenosis of patients with ASO
after surgery, and to explore the relevant under-
lying mechanisms involved.

Materials and methods
Peripheral blood sample collection

Peripheral blood samples were collected from
100 patients with ASO who underwent lower
limb artery occlusion intervention (55 females
and 45 males; mean age, 52.5 + 5.6 years). All
patients underwent peripheral blood collection
before and after arterial intervention and 6
months after discharge. 3 ml peripheral venous
blood was collected in the early morning follow-
ing fasting which was placed in an anticoagu-
lant tube containing EDTA and rapidly mixed
upside down. The present study was approved
by the Ethics Committee of Pudong New
Area Peoples’ Hospital Affiliated to Shanghai
University of Medicine & Health Sciences and
informed consent was obtained from all
patients.

Reverse transcription-quantitative polymerase
chain reaction (QRT-PCR) to detect miR-92 in
peripheral blood

Total RNA was extracted from the separation of
white cells from the blood, using TRIzol reagent
(Thermo Fisher Scientific, Inc., Waltham, MA,
USA) following the manufacturer’s instructions,
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and reverse transcription was performed to
synthesize cDNA. miR-92 expression in white
cells was evaluated by qRT-PCR. The assay was
carried out as previously described [18].

Culture and transfection of VSMCs

Human VSMCs were purchased from the
American Type Culture Collection (Manassas,
VA, USA) and cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum
and 1% penicillin/streptomycin, at 37°C in a
humidified incubator containing 5% CO,. When
cultured cells reached >75% confluence, they
were sub-cultured at a 1:2 ratio. VSMCs were
plated in a 6-well plate and cultured for 24 h,
then transfected with control mimic (miR-NC)
or miR-92 mimic, and induced with platelet-
derived growth factor (PDGF)-BB (4 ng/ml,
Oncogene, USA) using a reagent kit (cat. no.
PMGO0041; Thermo Fisher Scientific, Inc.) ac-
cording to the manufacturer’s protocol. miR-92,
internal primers and miR-92 analogs were
designed and synthesized by Shanghai Bio-
engineering Co., Ltd. (Shanghai, China).

VSMC proliferation

After VSMCs were transfected for 24 h, prolif-
eration was determined using a CCK-8 kit
according to the manufacturer’'s protocol
(Invitrogen; Thermo Fisher Scientific, Inc.). Cell
proliferation was analyzed by measuring absor-
bance at 450 nm using a microplate reader.
CCK-8 and cell counting were performed to
detect cell proliferation as previously described
[19, 20].

Flow cytometry

VSMCs were suspended and collected at 48 h
after PDGF and/or miR-92 treatment, washed
with saline twice, fixed with 70% ethyl alcohol,
and treated with 1% Triton X-100. Propidium
iodide (50 mg/I) was added for staining at 37°C
away from light. The cell cycle of VSMCs was
detected by FACSCalibur (BD Biosciences, San
Jose, CA, USA) as previously described [21].
Data were analyzed by FlowJo software (FlowJo
LLC, Ashland, OR, USA).

Cell migration

After transfection for 48 h, VSMCs were treated
with pancreatin, seeded onto 12-well plates,
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and cultured under standard conditions for 24
h. A wound was made by scraping the cell
monolayer with a 200 ul pipette tip. Cell migra-
tion was determined by measuring the move-
ment of cells into the scraped area. The pro-
cess of wound closure was monitored and cells
were imaged at 24 h after wounding under a
microscope. The number of migratory cells was
quantified under a microscope, and the data
for statistical analyses were obtained from
three independent cell migration experiments.

Dual luciferase assays

The targets and binding sites of miR-92 were
predicted by TargetScan (http://www.target-
scan.org/). To determine the interaction be-
tween miR-92 and Kruppel like factor 4 (KLF4)
VSMCs were plated in a 24-well plate and co-
transfected with 200 ng pMIR-KLF4-wt or
pMIR-KLF4-mut, together with 100 nM miR-
101 mimics or negative control mimics (NCon-
trol), and 10 ng pRL-TK vector containing the
Renilla luciferase gene (Promega Corporation,
Madison, WI, USA) using Lipofectamine 2000
(Gibco; Thermo Fisher Scientific, Inc.). After 48
h, reporter activity was determined using the
Dual-Glo luciferase assay system according
to the manufacturer’s instruction (Promega
Corporation).

Western blot analysis

VSMCs were transfected with miR-NC or miR-
92 mimic for 36 h, and then were lysed with IP
solution and collected. Total protein samples
were separated by 12% SDS-PAGE and then
transferred to a PVDF membrane. The mem-
brane was probed with primary antibody for 2 h
at room temperature. Rabbit polyclonal anti-
body against KLF4 (1:1,000; Wuhan Boster
Biological Technology, Ltd., Wuhan, China) and
a mouse monoclonal antibody for GAPDH
(1:4,000; Cell Signaling Technology, Inc., Dan-
vers, MA, USA) were used as primary antibod-
ies. The membranes were then probed with a
goat anti-rabbit or a goat anti-mouse horse-
radish peroxidase-conjugated secondary anti-
body (1:20,000; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany). Signals were detected
by incubation with a SuperSignal West Pico
Chemiluminescent Substrate (Pierce; Thermo
Fisher Scientific, Inc.),imaged usinga ChemiDoc
XRS (BioRad Laboratories, Inc., Hercules, CA,
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USA) and quantified using Quantity One soft-
ware (Bio-Rad Laboratories, Inc.).

Mouse carotid artery injury model

The mouse carotid artery injury was perfor-
med as previously described [18]. C57BL/6
mice at 8-12 weeks of age were purchased
from Charles River Laboratories (Wilmington,
MA, USA). After housing for 7 days, mice were
randomly divided into three groups: sham sur-
gery group with intraperitoneal injection of 0.2
ml normal saline as control, and carotid artery
injury models with intraperitoneal injection of
miR-92 negative control or miR-92 agomir at
doses of 10 nmol/(kg:ml), respectively (n=4).
Mice were sacrificed after treatment for 21
days; the carotid artery was separated and inju-
ries were analyzed using hematoxylin and eosin
(H&E) staining. All the procedures were per-
formed in accordance with national (D.L.n.26,
March 4, 2014) and international (directive
2010/63/EU) laws and policies, and were
approved by the Animal Experimental Ethics
Committee of the Pudong New Area Peoples’
Hospital Affiliated to Shanghai University of
Medicine & Health Sciences.

Statistical analyses

All quantitative data for statistical analyses
were obtained from at least three independent
experiments. The data are presented as the
mean * standard deviation. Comparison be-
tween two groups was performed using
Student’s t-test and comparison between three
or more groups was performed using ANOVA
test with Bonferroni as a post hoc test. P<0.05
was considered significant.

Results

miRNA-92 expression in ASO patients with
lower limb artery intervention

Previous reports have revealed that miR-92
was significantly upregulated in ASO arteries
compared with normal arteries [22]. In this
study, we performed a gRT-PCR to determine
miR-92 expression in ASO patients before and
after intervention in a lower limb artery in white
cells of blood. As shown in Figure 1A, miR-
92 expression was significantly downregulated
after surgery compared with pre-surgery. To fur-
ther investigate the distribution of miR-92
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Expression of miR-92 stimu-
lated by FBS and PDGF-BB

Relative miR-92 expression >

To determine the distribution
of miR-92 in different phase
of vascular injuries, the miR-
92 expression was analyzed.
miR-92 was increased in pa-
tients with vascular injuries

Relative miR-92 expression @

Pre-PCI After-PCI

Figure 1. qRT-PCR analysis of miR-92 expression in peripheral blood. (A)
miR-92 expression of ASO patients pre- and post-intervention within the low-
er limb artery. “"P<0.01 vs. pre-PCI. (B) miR-92 expression in patients with
and without restenosis. “*P<0.01 vs. non-restenosis. Student’s T-test was
used in (A and B). qRT-PCR, reverse transcription-quantitative polymerase
chain reaction; miR, microRNA; ASO, arteriosclerosis obliterans.
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than in those without injuri-
es, with a positive time-
dependent relationship (Fig-
ure 2A). Furthermore, VSMCs
were cultured with FBS, and
the expression of miR-92
was significantly upregulated
compared with serum-starved
VSMCs (Figure 2B). It has
been previously reported that
PDGF-BB is involved in the
growth of VSMCs and is
regarded as a proliferative
agent [23, 24]. To further
explore the association be-
tween miR-92 expression and
PDGF-BB, PDGF-BB was used
to stimulate VSMCs, which
significantly upregulated miR-
92 expression compared with
the control group (Figure 2C).
o These results reveal that the
expression of miR-92 is posi-
tively associated with FBS
and PDGF-BB stimulation of
VSMCs.

.
restenosis

Effects of miR-92 on VSMC

Relative miR-92 expression @
~n
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Figure 2. FBS and PDGF-BB stimulates the expression of miR-92. (A) The
expression of miR-92 in patients with vascular injuries in a time-dependent
manner. “*P<0.01 vs. no injury. (B) and (C) miR-92 was upregulated under
the induction of FBS and PDGF. *"P<0.01 vs. control. Two-way ANOVA test
with Bonferroni as a post hoc test was used in (A), and Student’s T-test was
used in (B and C). FBS, fetal bovine serum; PDGF-BB, platelet-derived growth

factor-BB; miR, microRNA.

expression post-surgery, follow-up was con-
ducted with 100 patients for 6 months, and
miR-92 expression was highly upregulated in
the 37 cases with artery restenosis compared
with the 63 cases without restenosis after
intervention (Figure 1B). Taken together, these
results suggest that miR-92 is associated with
vascular injury and restenosis caused by
intervention.
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PDGF-8B proliferation and migration

Excessive VSMC proliferation
and migration are critical
events in the development of
arteriosclerosis [25]. To deter-
mine the effects of miR-92 on
the phenotype of VSMCs, a
miR-92 mimic was introduced
into PDGF-BB-stimulated VSMCs. The CCK8
assay showed that VSMCs transfected with
miR-92 exhibited significantly increased prolif-
eration compared with the miR-NC group
(Figure 3A). Flow cytometry analysis demon-
strated that miR-92 significantly enhanced the
PDGF-stimulated acceleration of cell cycle pro-
gression from the GO/G1 phase to the S phase,
suggesting that miR-92 induced S-phase arrest

Int J Clin Exp Pathol 2019;12(12):4253-4262
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Figure 3. miR-92 affects VSMC proliferation, migration, and the cell cycle. (A) miR-92 was into cultured VSMCs and
proliferation of PDGF-BB-stimulated cells was determined. (B) miR-92 enhanced the PDGF-stimulated acceleration
of cell cycle progression to S phase. The results of G1, G2 and M phases were not shown. (C) miR-92 increased the
PDGF-stimulated migration of VSMCs. One-way ANOVA test with Bonferroni as a post hoc test was used in (A and B).
*P<0.05 vs. NC and PDGF + miR92; #*P<0.01 vs. NC and PDGF. miR, microRNA; VMSC, vascular smooth muscle cell;

PDGF-BB, platelet-derived growth factor-BB.

in VSMCs (Figure 3B). There was no significant
difference in the G1-phase or G2M-phase (data
not shown). Furthermore, a wound closure
assay indicated that miR-92 significantly in-
creased the PDGF-stimulated migration of
VSMCs based on the quantification of migrated
cells for both groups (Figure 3C). The above
results suggest that miR-92 contributes to
growth of VSMCs, including proliferation, migra-
tion, and S-phase arrest.

miR-92 regulates KLF4 expression via target-
ing of the KLF4 3’-UTR

The KLF4 3-UTR was identified by screening for
potential miRNA binding sites using TargetScan.
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A potential binding site for miR-92 was identi-
fied at the 3-UTR repressor element (Figure
4A). To determine whether miR-92 regulates
expression of KLF4, the miR-92 binding site
was mutated in a luciferase reporter (pMIR-
KLF4-wt; wild type reporter), resulting in a
mutant reporter (pMIR-KLF4-mut; Figure 4B).
The pMIR-KLF4-wt or pMIR-KLF4-mut reporter
was co-transfected into VSMCs together with
miR-92 mimics or a negative control miRNA
mimic (Ncontrol), and luciferase assays were
performed. Compared with empty pMIR-
REPORTER vector, the luciferase activity of
pMIR-KLF4-wt was significantly attenuated due
to endogenous miR-92; however, miR-92 did

Int J Clin Exp Pathol 2019;12(12):4253-4262
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A

Position 362-368 of KLF4 3' UTR & ...UGMUUGUGUAUUGAH??%[{I-}U...
hsa-miR-92a-3p 3 UGUCCGGCCCUGUUCACGUUAU

miR-92 suppresses KLF4
expression at the mRNA and

protein levels
B

WT-Pmir-KLF4-3’ UTR 5 ..UGAAUUGUGUAUUGAUGCAAUAU... To further validate the under-
Mut-Pmir-KLF4-3’ UTR 5 ...UGAAUUGUGUAUUGAACGUUAUU... lying mechanism that miR-92
c regulates the expression of
KLF4, VSMCs were transfect-
E,"" . ed with a miR-92 mimic or
-.E 1ol T miR-NC, and the protein and
@ mRNA expression of KLF4
5 os] T were determined using west-
E ern blot and qRT-PCR, respec-
o NC WT-KLF _ Mut.KLF tively. As expected, compared

Figure 4. miR-92 regulates KLF4 expression via binding to KLF43'-UTR in
vitro. (A) Schematic representation of KLF43'-UTR as a target for miR-92. (B)
WT or Mut miR-92 target sequences of the KLF43’-UTR. (C) Luciferase activ-
ity of cells co-transfected with the WT or Mut KLF4 3’-UTR reporter genes or
negative control miR mimics (pMIR-reporter). “"P<0.01 vs. NC and Mut-KLF.
One-way ANOVA test with Bonferroni as a post hoc test was used in (C). miR,

with miR-NC, miR-92 mimics
significantly attenuated the
protein expression level of
KLF4 (Figure 5A). Similarly,
miR-92 significantly decrea-
sed the mRNA expression of

microRNA; KLF4, Kruppel like factor 4; 3’-UTR, 3-untranslated region; WT, KLF4 in VSMCs compared

wild type; Mut, mutant.
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Figure 5. Effects of miR-92 on KLF4 expression. (A)
miR-92 inhibited KLF4 expression at the protein
level. (B) miR-92 inhibited KLF4 expression at the
MRNA level. "P<0.05 vs. NC. Student’s T-test was
used in (B). miR, microRNA; KLF4, Kruppel like fac-
tor 4.

not affect the luciferase activity of pMIR-KLF4-
mut reporter, wherein the miR-92 binding site
was mutated (Figure 4C). Together, these data
suggest that miR-92 downregulates the expres-
sion of KLF4 by directly targeting the 3’-UTR of
KLF4.
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with the control (Figure 5B).

These results revealed that
miR-92 can directly inhibit the expression of
KLF4 in VSMCs at the mRNA and protein
levels.

miR-92 accelerates vascular injuries

Sullivan et al [26] reported that carotid injury
led to significant increase in vascular intimal
area and thickness; whereas, estrogen could
suppress the proliferation of VSMCs in this
model. The mouse model was used in this
study to elucidate the role of miR-92 in vascular
injury. Carotid artery injured mice were treated
with miR-92 mimic or negative control (intra-
peritoneal injection). H&E staining was per-
formed, which showed that carotid artery inti-
mal-media area and thickness were significantly
increased in the mice receiving the injection of
miR-92 compared with negative control (Figure
6A, 6B), suggesting that miR-92 exerts a
marked effect on vascular injuries by enhanc-
ing the proliferation and migration of VSMCs in
vivo.

Discussion

As endovascular surgery is widely applied to
treat ASO, vascular restenosis is the primary
factor that restricts treatment success due to
intimal hyperplasia after surgery. It is reported
that ASO progression is associated with the
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vascular injury

Figure 6. miR-92 accelerated vascular injuries. (A)
H&E staining. (B) Degree of neointima formation
(I/M) was significantly increased by overexpression
of miR-92. One-way ANOVA test with Bonferroni as
a post hoc test was used in (B). “*P<0.01 vs. Sham
and vascular injury. ‘vascular injury’ group vs. ‘vas-
cular injury + miR92’ group. miR, microRNA; H&E,
hematoxylin and eosin; I/M, intima-media ratio.
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activation of various genes that induce the
proliferation and migration of VSMCs [27, 28].
In this study, miR-92 was significantly down-
regulated in ASO patients post-surgery; where-
as, miR-92 is one of the most upregulated miR-
NAs during vascular restenosis. Functional
analysis revealed that miR-92 promoted the
proliferation of VSMCs in vitro and in vivo.
Furthermore, KLF4 was validated as a direct
target of miR-92, indicating that miR-92 may
exert its effects on VMSC proliferation, migra-
tion, and cell cycle by interaction with KLF4.
Accordingly, miR-92 may have a pivotal role
in vascular injury and arterial restenosis
post-surgery.

PDGF has been identified to be involved in the
pathogenesis of multiple vascular disorders.
PDGF-BB was used as a proliferative agent in
the study, as a previous report revealed that
PDGF is an important regulator in the proli-
feration of VSMCs [29]. PDGF-BB can stimulate
and enhance the growth of VSMCs by mediat-
ing the relevant underlying signaling pathways
[30, 31]. PDGF-BB binds to PDGF receptor-B
and, subsequently, initiates intracellular signal
transduction in VSMCs, including phosphati-
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dylinositol 3-kinase/Akt, extracellular signal-
regulated kinase and p38 mitogen-activated
protein kinase pathways [32-34]. In our study,
PDFD-BB increased proliferation and migra-
tion, and induced S-phase arrest in VSMCs,
suggesting that VSMCs dedifferentiated into
proliferative behavior in response to PDGF-BB
stimulation.

Notably, the proliferation and migration of
ASMCs have critical roles in the development
of arteriosclerosis [35]. The proliferation and
migration ability of VSMCs is closely associa-
ted with cellular phenotype. ASMCs can have
contractile or synthetic phenotypes, and syn-
thetic VSMCs proliferate faster than contractile
cells. Synthetic VSMCs are present in neointi-
ma, and are associated with the process of
arteriosclerosis [36]. In the present study,
ASMCs were induced into a proliferative state
using PDGF-BB. However, limited knowledge is
available regarding the association between
miR-92 expression and VSMCs. In our study,
gRT-PCR analysis revealed that miR-92 was
increased in ASO patients with artery injuries in
a time-dependent manner. Additionally, in an
established model of phenotypic regulation in
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vitro, VSMCs were treated with PDGF-BB and
FBS to induce expression of miR-92. CCK-8
and wound healing assays suggested that miR-
92 significantly enhanced the proliferation and
migration of VSMCs, arrested cells in S-phase
in vitro, and accelerated the vascular intimal
hyperplasia in the mouse carotid artery injury
model in vivo. Together, these results demon-
strate that the ability of miR-92 to regulate
VSMC viability, including effects on prolifera-
tion, migration and the cell cycle, may contrib-
ute to vascular injury and artery restenosis.

To further understand the underlying mecha-
nisms associated with the effect of miR-92 on
proliferation, migration, and the cell cycle in
VSMCs, KLF4 was identified as a potential tar-
get of miR-92. As a transcription factor, KLF4 is
involved in multiple cellular processes, includ-
ing inflammatory endothelial activation [37],
tumor progression [38], and stem cell biology
[39]. It has been reported that KLF4 promotes
phenotypic regulation and suppresses prolifer-
ation in VSMCs [39, 40]. Liu et al [41] reported
that treatment with PDGF-BB led to acute
upregulation of KLF4 and downregulation of
VSMC marker genes, which was blocked by
siRNA knockdown of KLF4. Furthermore, KLF4
acts as a potent mediator to activate the tu-
mor suppressor gene cyclin dependent kinase
inhibitor 1A (p21) in a p53-dependent manner,
thus resulting in reduced proliferation of VSMCs
[42]. However, the association between miR-92
and KLF4 has not been fully characterized. In
this study, it was revealed that miR-92 could
downregulate KLF4 expression at the mRNA
and protein expression levels in VSMCs, by
directly targeting the 3’-UTR of KLF4, indicating
that KLF4 is an important target of miR-92 that
could be useful for vascular restenosis preven-
tion and therapy.

Conclusions

In summary, the results reveal that miR-92 pro-
motes VSMC proliferation, migration, and cell
cycle in vitro, with smurfl as a potential func-
tional target. In vivo, a mouse artery injury
model was established to validate whether
exogenous mMiR-92 accelerates vascular neo-
intimal hyperplasia. Collectively, these findings
offer an appropriate rationale for miR-92 as a
potential therapeutic target for the treatment
of ASO, vascular injuries and restenosis, and
other proliferative vascular disorders.
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