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Abstract: The abnormal proliferation and migration of vascular smooth muscle cells (VSMCs) are crucial pathological processes that are involved in atherosclerosis. Growing evidence suggests that microRNAs (miRNAs) play critical
roles in VSMCs functions. Here, we analyzed the expression of four atherosclerosis-related miRNAs and found that
hsa-miR-148b was significantly down-regulated in plaques from atherosclerotic patients compared to a healthy
control group. The restoration of hsa-miR-148b function in cells transfected with a hsa-miR-148b mimicmarkedly
inhibited VSMCs proliferation and migration compared to a hsa-miR-148b mimic control. Furthermore, we discovered that heat shock protein 90 (HSP90) was a direct target of hsa-miR-148b in VSMCs. Hsa-miR-148b suppressed
HSP90 expression by directly binding its 3’-untranslated region (UTR). In addition, the expression of hsa-miR-148b
was negatively correlated with the HSP90 mRNA levels in plaques of atherosclerotic patients. Interestingly, the
overexpression of HSP90 partly abrogated the hsa-miR-148b-mediated inhibition of VSMCs proliferation and migration. Our study provides the first evidence that hsa-miR-148b has anti-proliferative and migratory functions by
targeting HSP90 in VSMCs and may aidin the development of new biomarkers and potential therapeutic targets for
atherosclerosis.
Keywords: VSMCs, atherosclerosis, hsa-miR-148b, HSP90

Introduction
Atherosclerosis is a devastating and life-threatening disease that is characterized by an accumulation of fibrous elements and lipids in large
arteries and is the leading cause of mortality
and morbidity worldwide [1, 2]. Vascular smooth
muscle cells (VSMCs) comprise the majority of
arterial walls and contribute to the development of atherosclerosis through aberrant cell
functions, such as proliferation, migration, and
apoptosis [3, 4]. However, the detailed molecular mechanisms underlying VSMCs contributions to atherosclerosis remain unclear.
MicroRNAs (miRNAs) are non-coding RNA molecules that are 18~24 nucleotides in length
and suppress translation or induce mRNA
cleavage by binding to the 3’ untranslated
regions (UTRs) of target genes [5]. Numerous
studies have demonstrated that miRNAs are

aberrantly present in many human cancers and
are involved in tumor cell initiation, development, and metastasis [6-8]. Emerging evidence
suggests that miRNAs are involved in a variety
of normal cellular processes, such as cell development, growth, survival, differentiation, proliferation and apoptosis [9-11]. Recently, many
studies have shown that miRNAs play important
roles in VSMCs functions. For example, Torella
et al. demonstrated that miR-133 could control
VSMCs phenotypic switching in vitro and vascular remodeling in vivo [12]. Chen et al. showed
that miRNA-34a reduces neointima formation
by inhibiting VSMCs proliferation and migration
[13]. Xu et al. reported that miR-135b-5p and
miR-499a-3p promote VSMCs proliferation and
migration in atherosclerosis by directly targeting MEF2C [14]. Liu et al. found that miRNA-1
regulates the proliferation of VSMCs by targeting insulin-like growth factor 1 [15]. However,
despite these findings, the functions of many
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other miRNAs present in VSMCs remain
unknown.
In this study, we demonstrate that hsa-miR148b wass ignificantly decreased in plaques
from atherosclerotic patients and that the overexpression of hsa-miR-148b inhibited VSMCs
proliferation and migration. More importantly,
we show that heat shock protein 90 (HSP90) is
a direct target of hsa-miR-148b in VSMCs. The
restoration of HSP90 partially reversed the
hsa-miR-148b-induced inhibition of VSMCs
proliferation and migration.
Materials and methods
Ethics statement
The protocol for our clinical research was
approved by the Ethical Committee of General
Hospital of Jinan Military Region and Guizhou
Provincial People’s Hospital. All patients gave
written informed consent to participate in this
study. Both the study and consent complied
with the Declaration of Helsinki.
Patient samples
Forty-six atherosclerotic patients undergoing
carotid endarterectomy were enrolled in this
study (62±2.4 years old; 31% women). Forty-six
healthy individuals enrolled from the Jinan district served as controls (65±3.6 years old; 27%
women). All specimens were frozen in liquid
nitrogen immediately after surgery.
Cell culture and transfection
Human VSMCs were obtained from the
American Type Culture Collection (ATCC,
Rockville, MD, USA). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS), 1% 100 U/ml penicillin and 1% 100 mg/
ml streptomycin sulfate and incubated in a
humidified incubator with 5% CO2 at 37°C.
Hsa-miR-148b mimics and controls were chemically synthesized by Suzhou GenePharma Co.,
Ltd. (Suzhou, China). The sequences were as
follows: 5’-GGUGAAGUUCUGUUAUACACU-3’ (mimics); 5’-CUAAGGCAACGAUCAGCAUUACGA-3’
(mimics control). The human HSP90 gene
(NM_001017963.2) was inserted into the
pcDNA3.1+HA vector to construct the pcDNA3.1+HA-HSP90 over-expression plasmid from
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Life Technologies (Invitrogen, CA, USA), and the
empty vector served as the negative control.
For transfection, hsa-miR-148b mimics or controls and pcDNA3.1+HA-HSP90 or pcDNA3.1+
HA empty vector were transfected with OptiMEM and Lipofectamine 2000 reagents
(Invitrogen, CA, USA), according to the manufacturer’s instructions.
RNA isolation and real-time quantitative PCR
(qRT-PCR)
Total RNA was isolated from plaques with
TRIzol® reagent (Invitrogen, CA, USA) according
to the manufacturer’s protocols, and aMiScript
SYBR Green PCR Kit (Qiagen, Valencia, CA,
USA) was used for qRT-PCR analysis. The
sequences of hsa-miR-148b amplification primers were 5’-AGUCAGUGCAUCACAGAACUU-3’
(sense), and the antisense primers were provided by the miScript SYBR Green PCR Kit. The
qRT-PCR was performed on an Applied
Biosystems 7900HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA,
USA). Small nuclear U6 snRNA was used as an
internal control. The relative expression levels
of hsa-miR-148b in plaques was quantified
using the 2-ΔΔCT method [16].
Luciferase reporter assays
The potential hsa-miR-148b binding site of
HSP90 was predicted by three computer-aided
algorithms: TargetScan, miRanda and PicTar.
The mRNA 3’-UTR sequence of the HSP90 (WT)
was PCR amplified and inserted into the psiCHECK-2 luciferase vector (Promega, Madison,
WI, USA). The forward primer sequence for the
mRNA 3’-UTR of HSP90 was 5’-TCTCTGGCTGAGGGATGACTTACCT-3’, and the reverse primer
sequence was 5’-TTAAGGCCAAGGAATTAAGTGACTG-3’. HSP90 mRNA 3’-UTR containing a
sequence with a mutation (MUT) in the putative
binding site of hsa-miR-148b were chemically
synthesized by Suzhou GenePharma Co., Ltd.
(Suzhou, China). For luciferase reporter assays,
VSMCs were seeded in 24-well plates and cotransfected with either the WT or MUT reporter
plasmids and the hsa-miR-148b mimic or mimic
control using Lipofectamine 2000. After 24 h,
the Firefly and Renilla luciferase activities were
detected using aGloMax-Multi Jr Single Tube
Multimode Reader (Promega, Madison, WI,
USA), where fireﬂy luciferase activity served as
an internal control to normalize for transfection
efficiency.
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loading control. Western blotting signals were
detected using the ECL plus Kit (Pierce, USA).
Cell proliferation assays
VSMCs proliferation was assayed using 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, USA). Approximately
8000 cells were seeded into each well of
96-well plates 24 h prior to transfection. At 0,
24, 48, or 72 h post-transfection, 25 μl of MTT
(5 mg/ml) was added to each well and plates
were incubated for 3~4 h at 37°C. Precipitates
in each well were solubilized with 150 μl of
dimethyl sulfoxide (DMSO) (Sigma, USA) and
measured at 480 nm using a VersaMax ELISA
microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Cell migration assays

Figure 1. Expression of atherosclerosis-related
miRNAs in human carotid atherosclerotic plaques.
A. Analysis of the expression levels of four miRNAs
(hsa-miR-21, hsa-miR-98, hsa-miR-132 and hsamiR-148b) in human carotid atherosclerotic plaques
and the healthy control by qRT-PCR. miRNA expression was normalized by a calibrator sample from the
healthy control. B. The expression of hsa-miR-148b
was significantly down-regulated in human carotid
atherosclerotic plaques. U6 was used as an internal
reference. **P<0.01.

Western blotting
Proteins were extracted from VSMCs using
RIPA lysis buffer (Invitrogen, CA, USA) and was
separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
before being transferred to polyvinylidene fluoride membranes (PVDF) (Millipore, MA, USA).
After blocking with 5% nonfat milk for 2 h at
37°C, the membranes were incubated overnight with the primary antibodies: PCNA
(1:1000, Sigma, USA), ki-67 (1:1000, Sigma,
USA), COL1A1 (1:500, Abcam, USA), COL5A1
(1:1000, Abcam, USA), MMP-2 (1:1000, Abcam,
USA), MMP-9 (1:2000, Abcam, USA) and HSP90
(1:1000, Millipore, USA). Membranes were then
incubated with corresponding HRP-linked secondary antibodies (Santa Cruz Biotechnology,
USA). The protein level of GAPDH was used as a
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VSMCs were co-transfected with either the
hsa-miR-148b mimic or mimic control, and
pcDNA3.1+HA-HSP90 or pcDNA3.1+HAempty
vector according to the manufacture’s information. When a cell confluency of ~90-95% was
reached ~6 h post-transfection, a cell spatula
was used to scratch the cell layer. Cells were
then washed 3x with warm PBS and incubated
at 37°C for 24 h. At 0 and 18 h post-washing,
the scratches were imaged with a digital camera system (Olympus Corp., Tokyo, Japan).
Statistical analysis
Experimental results are presented as the
mean ± standard deviation (SD) and analyzed
using SPSS 17.0 software (SPSS Inc., Chicago,
IL, USA) with Student’s t-test and ANOVA analyses. All experiments were performed in triplicate in three independent assays. P-values of
less than 0.05 were considered to be statistically significant.
Results
Expression of atherosclerosis-related miRNAs
in human carotid atherosclerotic plaques
Because miRNAs play important roles in VSMCs
functioning, we selected four miRNAs (hsamiR-21, hsa-miR-98, hsa-miR-132 and hsamiR-148b) that were reported to be aberrantly
expressed in the serum of atherosclerotic
patients based on the results of microarray-
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Figure 2. Restoration of hsa-miR-148b inhibited
VSMCs proliferation in vitro. A. The expression
of hsa-miR-148b was assayed by qRT-PCR analysis. B. Hsa-miR-148b mimic or mimic control
treated VSMCs were subjected to an MTT assay.
C. The protein expression levels of PCNA and ki67 in VSMCs were measured by western blot.
MTT: 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide. *P<0.05 and **P<0.01.

Figure 3. Restoration of hsa-miR-148b suppressed VSMCs migration in vitro. A. Wound-healing assay showed that
over-expression of hsa-miR-148b inhibited VSMCs migration. B. The protein expression levels of COL1A1, COL5A1,
MMP-2 and MMP-9 were in VSMCs were measured by western blot.

based miRNA expression profiling analysis [14,
17]. The expression levels of these miRNAs in
12 cases of human carotid atherosclerotic
plaques and healthy controls were investigated
by qRT-PCR analysis. Although no significant
difference in the expression of hsa-miR-21,
hsa-miR-98 and hsa-miR-132 was observed,
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the expression of hsa-miR-148b was significantly down-regulated compared to the healthy
control (Figure 1A, P<0.01). The decreased
hsa-miR-148b observed in human carotid atherosclerotic plaques was further confirmed in a
larger study group (Figure 1B, P<0.01), which
prompted us to focus on hsa-miR-148b.
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Figure 4. HSP90 mRNA is a direct target of hsa-miR-148b in VSMCs. A. The predicted hsa-miR-148b binding site in
the HSP90 3’-UTR is shown. B. The expression of hsa-miR-148b was significantly negatively correlated with HSP90
mRNA levels in plaques of atherosclerotic patients. C. qRT-PCR and western blot analysis of HSP90 expression in
VSMCs transfected with the hsa-miR-148b mimic or mimic control. D. Hsa-miR-148b inhibited luciferase activity in
the HSP90 with WT binding site 3’-UTR, but luciferase activity was not decreased in the MUT binding site 3’-UTR of
HSP90 mRNA. WT: wild type; MUT: mutant. LUC: luciferase. **P<0.01.

Restoration of hsa-miR-148b inhibited VSMCs
proliferation in vitro

miR-148b decreased the protein expression
levels of PCNA and ki-67 in VSMCs (Figure 2C).

MTT assay was performed to explore the function of hsa-miR-148b in VSMCs proliferation. As
shown in Figure 2A, the expression of hsa-miR148b was significantly increased in VSMCs
after treatment with hsa-miR-148b mimics
(P<0.01). The ectopic over-expression of hsamiR-148b could dramatically inhibit the proliferative ability of VSMCs (Figure 2B, P<0.05). In
addition, we found that the restoration of hsa-

Restoration of hsa-miR-148b suppressed
VSMCs migration in vitro
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Images of the scratches were captured at 0
and 18 h after transfection. We found that overexpression of hsa-miR-148b markedly inhibited
VSMCs migration (Figure 3A). Restoration of
hsa-miR-148b suppressed the protein expression of COL1A1, COL5A1, MMP-2 and MMP-9
(Figure 3B).
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Figure 5. Overexpression of HSP90 partially abrogates hsa-miR-148b induced inhibitory effects on VSMCs. A.
The expression of HSP90 mRNA and protein was detected by qRT-PCR and western blot analyses. B. Cell proliferation was assayed by an MTT assay in VSMCs transfected with hsa-miR-148b mimic, hsa-miR-148b mimicand
pcDNA3.1+HA-HSP90 or hsa-miR-148b mimicand pcDNA3.1+HA empty vector. C. Wound scratch assay was performed in VSMCs treated with hsa-miR-148b mimics or hsa-miR-148b mimics+pcDNA3.1+HA-HSP90 or hsa-miR148b mimics+pcDNA3.1+HA empty vector. *P<0.05 and **P<0.01.

HSP90 was a direct target of hsa-miR-148b in
VSMCs
Accumulating evidence has demonstrated that
miRNAs control genes expression by binding
target mRNAs to regulate transcriptional decay
and translational repression [5, 18]. A bioinformatic analysis was performed to identify the
potential targeted gene of hsa-miR-148b.
MiRanda algorithms revealed a potential seed
sequence of hsa-miR-148b in the 3’-UTR of
634

HSP90 (Figure 4A). Previous studies reported
that HSP90 was over-expressed in plaques of
atherosclerotic patients [19, 20]. Interestingly,
we observed that hsa-miR-148b expression
was negatively correlated with HSP90 mRNA in
plaques of atherosclerotic patients (Figure 4B,
P<0.001). As shown in Figure 4C, the mRNA
and protein expression levels of HSP90 were
significantly down-regulated in hsa-miR-148b
mimic transfectants compared with the mimic
control (P<0.01).
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Hsa-miR-148b inhibits cells migration and proliferation
To investigate whether HSP90 is a target gene
of hsa-miR-148b, we generated a wide type
(WT) recombinant reporter plasmid containing
the 975 nucleotide 3’-UTR of HSP90 mRNA.
Then, we manually altered the potential binding
sites by exchanging the G and U and the A and
C to construct the mutant (MUT) recombinant
reporter plasmid. The WT and MUT reporter
plasmids were co-transfected into VSMCs with
100 Nm of the hsa-miR-148b mimic or mimic
control. Whereas luciferase activity was inhibited by the hsa-miR-148b mimic with the WT vector, the inhibitory effect of the hsa-miR-148b
mimic was not observed in the MUT vector
(Figure 4D, P<0.01).
Over-expression of HSP90 partially abrogated
hsa-miR-148b induced inhibitory effects on
VSMCs
Although the luciferase reporter assays demonstrated that HSP90 is a direct target of hsamiR-148b in VSMCs, the role of the hsa-miR148b-induced inhibition of HSP90 in VSMCs
remains unknown. As shown in Figure 5, the
overexpression of HSP90 could partly reverse
the inhibitory effects of hsa-miR-148b on
VSMCs proliferation and migration (P<0.05).
Taken together, these results strongly suggest
that hsa-miR-148b plays a crucial role in VSMCs
proliferation and migration by target HSP90 in
atherosclerosis.
Discussion
VSMCs proliferation and migration are involved
in all stages of the progression of atherosclerosis [21, 22]. The regulatory roles of miRNAs in
the control of VSMCs proliferation and migration have been described in recent years [18,
23]. Abnormal miRNA expression profiles have
been reported to be correlated with atherosclerosis development [13, 24, 25]. Moreover, there
is accumulating evidence of an intimate association between miRNAs and the functions of
VSMCs [26, 27]. The identification of the roles
of novel miRNAs in the regulation of VSMCs
may lead to an improved understanding of
molecular mechanisms governing atherosclerosis and provide novel diagnostic and therapeutic strategies.
Since their discovery in 1993, miRNAs have
been implicated in regulating various pathways,
including cell proliferation, migration, apopto-
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sis, and differentiation and therefore participated in the process of many human diseases
[28]. It has been estimated that miRNAs could
regulate the expression of up to 30% of all
genes in the human genome [29]. In the present study, we analyzed the expressions of four
atherosclerosis-related miRNAs and found that
the expression of hsa-miR-148b was significantly down-regulated in human carotid atherosclerotic plaques compared with healthy control. Furthermore, the exogenous over-expression of hsa-miR-148b markedly inhibited the
proliferation and migration of VSMCs.
The hsa-miR-148b is located in the host gene
COPZ1 at human chromosome 12q13.13 [30].
Recently, several studies have demonstrated
that hsa-miR-148b is involved in regulating cancer development. The down-regulation of miR148b plays a role as an independent prognostic factor for non-small-cell lung cancer [31]
and may serve as a prognostic biomarker for
the early detection of hepatocellular carcinoma
[32]. Additionally, circulating miR-148b and
miR-133a serve as biomarkers for breast cancer detection [33]. Interestingly, MiR-148b
functions as a tumor suppressor inpancreatic
carcinoma by targeting AMPKα1 [34]. Therefore,
our data are consistent with previous research,
which demonstrated a role of has-miR-148b in
the cell growth and migration of hepatocellular
carcinoma, pancreatic carcinoma and lung
cancer.
Aberrant VSMCs growth and migration are
associated with the development of cardiovascular diseases, such as atherosclerosis and
hypertension [26]. Accumulating studies have
indicated that miRNAs may play important roles
in VSMCs migration and invasion processes.
PCNA and ki-67 were reported as two biomarkers involved in cell proliferation [35]. Additionally, COL1A1, COL5A1, MMP-2 and MMP-9
were shown to contribute to VSMCs migration
[36, 37]. In a further study, we found that the
restoration of has-miR-148b decreased PCNA
and ki-67 protein expression and down-regulated the protein expression of COL1A1, COL5A1,
MMP-2 and MMP-9. These findings all suggested that the restoration of hsa-miR-148b inhibited the proliferation and migration of the
VSMCs.
HSP90 is a ubiquitous molecular chaperone
that aids in the folding, assembly, and activa-
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tion of many proteins, including those involved
in signal transduction and transcriptional regulation [38]. Previous research showed that
HSP90 is highly expressed in plaques of atherosclerotic patients and is associated with
features of plaque instability [19, 20]. Here, we
demonstrated that hsa-miR-148b functions as
an important regulator of HSP90 expression by
modifying VSMCs proliferation and migration.
Luciferase reporter assays confirmed that hsamiR-148b directly binds the 3’-UTR of HSP90
mRNA. Moreover, the over-expression of HSP90
partly reversed the hsa-miR-148b-induced inhibition of VSMCs proliferation and migration.

[3]

In conclusion, we report that hsa-miR-148b
was down-regulated in plaques of atherosclerotic patients and that hsa-miR-148b overexpression inhibited VSMCs proliferation and
migration by targeting HSP90. Our study provides a better understanding of hsa-miR-148b
function in atherosclerosis development, which
may benefit the development of miRNA directed diagnostic and therapeutic approaches
against atherosclerosis.

[7]
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