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Knockdown of SCARAS inhibits PDGF-BB-induced
vascular smooth muscle cell proliferation and migration
through suppression of the PDGF signaling pathway
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Abstract. Vascular smooth muscle cell (VSMC) proliferation
and migration are critical in the progression of atherosclerosis
and can be induced by platelet-derived growth factor (PDGF).
Several studies have demonstrated that scavenger receptor
class A, member 5 (SCARAS5) is important in cancer cell
migration and invasion. However, the role of SCARAS in
VSMCs remains to be elucidated in the development of athero-
sclerosis. Therefore, the role of SCARAS was investigated in
PDGF-BB-stimulated VSMC proliferation and migration. In
the present study, it was shown that SCARAS5 expression was
enhanced by PDGF-BB in human aortic smooth muscle cells
(HASMCs). Knockdown of SCARAS by small interfering
(si)RNA significantly inhibited PDGF-BB-induced HASMC
proliferation and migration. Furthermore, siRNA-SCARAS
significantly inhibited the phosphorylation of PDGF
receptor (PDGFR) 8, AKT and extracellular signal-regulated
kinase 1/2 in PDGF-BB-stimulated HASMCs. In conclusion,
this study demonstrated that knockdown of SCARAS inhibits
PDGF-BB-induced HASMC proliferation and migration
through suppression of the PDGF signaling pathway. Thus,
SCARAS5 may be a novel therapeutic target for preventing or
treating vascular diseases involving VSMC proliferation and
migration.
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Introduction

Atherosclerosis is a chronic inflammatory response to injury in
the arterial wall (1). It is harmful to human health and respon-
sible for the majority of fatalities in the senior population (2).
The initial step of atherogenesis is intimal injury and subsequent
platelet aggregation and leukocyte invasion beneath the endo-
thelial monolayer. Furthermore, through macrophage activation
and foam cell formation, vascular smooth muscle cell (VSMC)
proliferation and migration lead to atherosclerosis (3).

Increased proliferation and migration of VSMCs are critical
events in the pathophysiology of atherosclerosis (4). The prolif-
eration of VSMCs can be induced by cytokines and growth
factors, such as tumor necrosis factor-a, platelet-derived growth
factor (PDGF) and transforming growth factor (TGF)-§ (3).
It has been reported that PDGF initiates numerous biological
effects via the activation of intracellular signal transduction
pathways that are critical in the proliferation and migration
of VSMC:s (5). Therefore, preventing PDGF-mediated VSMC
proliferation and migration may be an important therapeutic
approach for atherosclerosis.

Class A scavenger receptors (SR-As) are cell surface recep-
tors that bind a range of ligands, including modified low-density
lipoproteins and nucleic acids (6). The SR-A types found in
mammals are macrophage scavenger receptor type A (SR-A,
SCARA1), MARCO (SCARA2), CSR1 (SCARA3), SRCL4
(SCARA4) and SCARAS5 (7). Several studies have demon-
strated that SCARAS is critical in cancer cell migration and
invasion (8-10). More recently, one study showed that catechin
supplementation reduced the atherosclerotic lesion area, and
downregulated the expression levels of SCARAS (11). These
results suggest that SCARAS may be involved in atheroscle-
rosis. However, the role of SCARAS in VSMCs remains to
be elucidated in the development of atherosclerosis. Therefore,
the role of SCARAS in PDGF-BB-stimulated HASMC prolif-
eration and migration was investigated.

Materials and methods

Cell culture. Human aortic smooth muscle cells (HASMCs)
were obtained from the American Type Culture Collection
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(Manassas, VA, USA). Cells were cultured in SmGM-2 growth
media (Lonza, Basel, Switzerland) in 5% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
at 37°C in a humidified 5% CO, incubator. Cells from passages
3 to 5 were used in the experiments.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from HASMCs
using the RNA plus kit (Takara Biotechnologies Inc., Dalian,
China). cDNA was synthesized from 0.5 ug of total RNA with
superscriptor reverse transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc.). The levels of gene mRNA transcripts were
analyzed using the specific primers and SYBR Green I reagent
(Takara Biotechnologies Inc.) and the RT-PCR kit (Takara
Biotechnologies Inc.), on the Bio-Rad iQ5 Quantitative PCR
system (Bio-Rad, Hercules, CA, USA), according to the
manufacturer's instructions. The following primers were
used: SCARAS, 5'-CAGCTGGTTTCTTACCACGTAT-3'
(sense), 5'-GCACAAGTTCTCCCACACTTAG-3' (antisense);
and B-actin 5'-CCGTGAAAAGATGACCCAGATC-3'
(sense), 5'-CACAGCCTGGATGGCTACGT-3' (antisense)
(all obtained from Takara Biotechnologies Inc.). For relative
quantification, the levels of individual gene mRNA transcripts
were firstly normalized to the control 3-actin. Subsequently,
the differential expression of these genes was analyzed by the
DDCt method and expressed as the fold changes. The PCR
procedure was as follows: Initial denaturation at 94°C for
5 min; 40 cycles of denaturation at 94°C for 30 sec, annealing
at 55°C for 30 sec and extension at 72°C for 20 sec; and the
melt curve was analyzed from 65 to 95°C. Expression levels of
the relative genes were calculated using the 222 method (12)
and with -actin mRNA as an internal control.

Western blotting. Total protein extracts were prepared
using radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime Institute of Biotechnology, Nantong, China)
according to the manufacturer's instructions. Protein
concentration was determined by a bicinchoninic acid
protein assay (Sangon Biotech, Shanghai, China) using
bovine serum albumin (Gibco; Thermo Fisher Scientific,
Inc.) as the standard. Aliquots (30 ul) were separated on a
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene difluoride
membranes (Whatman Schleicher & Schuell, Middlesex,
UK). Membranes were blocked with Tris-buffered saline
(TBS) containing 1% (w/v) non-fat dry milk and 0.1% (v/v)
Tween-20 (TBST) for >2 h. After blocking, the target proteins
were probed with the following primary antibodies overnight
at 4°C: Rabbit anti-SCARAS5 (1:1,500; sc-98123), mouse
anti-platelet-derived growth factor receptor § (PDGFRp)
(1:1,500; sc-19995), mouse anti-AKT (1:2,000; sc-5298),
rabbit anti-phospho-AKT (1:2,000; sc-135650), rabbit
anti-extracellular signal-regulated kinase (ERK) (1:2,000;
$c-292838), mouse anti-phospho-ERK (1:2,000; sc-81492)
and anti-B-actin (1:1500; sc-47778) (all from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). Subsequently,
the blots were washed with TBST and incubated with
Subsequently, the blots were washed with TBST and incu-
bated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse immunoglobulin G (sc-395761) and bovine
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Figure 1. PDGF-BB induced SCARAS5 expression in HASMCs.
(A) Time-dependent induction of SCARAS5 mRNA expression by PDGF-BB.
(B) Time-dependent induction of SCARAS protein expression by PDGF-BB.
Results are presented as the mean + standard deviation from three indepen-
dent experiments performed in duplicate. Relative expression is expressed in
arbitrary units. “P<0.05 compared with no PDGF-BB treatment. PDGF-BB,
platelet-derived growth factor BB; SCARAS, scavenger receptor class A,
member 5; HASMCs, human aortic smooth muscle cells.

anti-rabbit horseradish peroxidase conjugated secondary
antibody (sc-2370) (both 1:3,000; Santa Cruz Biotechnology,
Inc.) for 1 h. After washing, the sites of antibody binding were
visualized by chemiluminescence (Boehringer Mannheim,
Mannheim, Germany). $-actin protein levels were used as
an endogenous control to allow the normalization of target
proteins. The relative protein expression levels were quanti-
fied using Image-Pro Plus 6.0 software (Media Cybernetics,
Silver Spring, MD, USA) and normalized to (3-actin.

SCARAS small interfering (si)RNA transfection. SCARAS
siRNA was designed by Genepharma (Shanghai, China).
Sequences corresponding to the siRNA of SCARAS
were: Sense, 5'-GCUCCAUCUGUGAGGAUUCATAT-3'
and antisense, 5-GAAUCCUCAGAUGGAGATdT-3'". For
in vitro transfection, HASMCs were seeded at a density of
1x10* cells/well in each well of a 96-well microplate and
grown for 24 h to reach 60% confluence. The cells were
transfected with either siRNA-scramble or siRNA-SCARAS
using HiPerFect Transfection reagent (Qiagen) according to
the manufacturer's instructions. A scramble Stealth RNAi
duplex served as a negative control (sense, 5'-UUCUCGAAC
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Figure 2. Expression of SCARAS5 was significantly decreased in
siRNA-SCRARS5-transfected HASMCs. HASMCs were transfected with
siRNA-scramble and siRNA-SCRARS, respectively. The corresponding
transfection efficiency was detected by reverse transcription-quantitative
polymerase chain reaction and western blot analysis. (A) SCARAS5 mRNA
expression in HASMCs; (B) SCARAS protein expression in HASMCs;
Results are presented as the mean + standard deviation from three indepen-
dent experiments performed in duplicate. "P<0.05 vs. the untreated cells.
PDGF-BB, platelet-derived growth factor BB; SCARAS, scavenger receptor
class A, member 5; HASMCs, human aortic smooth muscle cells. siRNA,
small interfering RNA.

GUGUCACGUAdTAT-3"; and antisense, 5'-ACGUACACGUUC
GGAGAAJdTAT-3").

HASMC proliferation assay. HASMC proliferation was
measured by an MTT assay. In brief, HASMCs (4x10* cells/ml)
were growth-arrested in a 96-well microplate. After being
grown to 60% confluence, HASMCs were incubated in
serum-free medium for 24 h prior to stimulation with 20 ng/ml
PDGF-BB and/or siRNA-SCARAS in serum free medium.
After 24 h, 0.5 pg/ml MTT Sigma-Aldrich (St. Louis, MO,
USA) was added and incubated for 4 h. Subsequently, 400 pl
dimethyl sulfoxide was added to dissolve the formazan crys-
tals formed. The absorbance value was measured at 450 nm
using a microplate reader (model 680, Bio-Rad).

HASMC migration assay. HASMCs migration was measured
with the Transwell migration assay. In brief, HASMCs were
resuspended in serum-free Dulbecco's modified Eagle's
medium (Gibco; Thermo Fisher Scientific, Inc.), and placed
in the upper compartment of Transwell chambers, while the
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Figure 3. Effects of SCARAS on PDGF-BB-induced proliferation of
HASMC:s. Cell proliferation was assessed by an MTT assay. The cells were
incubated in serum-free medium for 24 h prior to stimulation with 20 ng/ml
PDGF-BB and/or siRNA-SCARAS in serum free medium. siRNA-SCRARS
inhibited PDGF-BB-induced HASMC proliferation. “P<0.05 vs. the untreated
cells. "P<0.05 vs. PDGF-BB treatment. PDGF-BB, platelet-derived growth
factor BB; SCARAS, scavenger receptor class A, member 5; HASMCs,
human aortic smooth muscle cells. siRNA, small interfering RNA; OD,
optical density.
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Figure 4. Effects of SCARAS on PDGF-BB-induced migration of HASMCs.
Cell migration was assessed by the Transwell assay. The cells were incubated
in serum-free medium for 24 h prior to stimulation with 20 ng/ml PDGF
PDGEF and/or siRNA-SCARAS in serum free medium. siRNA-SCRARS
inhibited PDGF-BB-induced HASMC migration. ‘P<0.05 vs. untreated cells.
"P<0.05 vs. PDGF-BB treatment. PDGF-BB, platelet-derived growth factor
BB; SCARAS, scavenger receptor class A, member 5; HASMCs, human
aortic smooth muscle cells. siRNA, small interfering RNA.

lower chamber was supplemented with serum-free medium
(Sigma-Aldrich) containing PDGF-BB (Sigma-Aldrich)
as a positive control. After incubation for 16 h at 37°C, the
Transwells (Sigma-Aldrich) were washed twice with phos-
phate-buffered saline. The cells from the top side of the filter
were removed with a cotton swab, and cells on the bottom
side of the filter were stained for 30 min with Gill hema-
toxylin (Sigma-Aldrich). The number of cells on the lower
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Figure 5. Effects of SCARAS5 on PDGF-BB-induced PDGFRf3, AKT, and ERK1/2 phosphorylation. (A) The cells were incubated in serum-free medium for 24 h
prior to stimulation with 20 ng/ml PDGF-BB and/or siRNA-SCARAS in serum free medium at 37°C for 5 min (for PDGFRf}, AKT and ERK1/2 phosphoryla-
tion). The cells were lysed, and proteins were analyzed using 7.5 and 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting. The
relative protein expression levels of (B) p-PDGFR{, (C) p-AKT and (D) p-ERK1/2 were quantified using Image-Pro Plus 6.0 software and normalized to (3-actin.
Representative data from three different experiments are presented. "P<0.05 vs. control. “P<0.05 vs. PDGF-BB treatment. SCARAS5, scavenger receptor class A,
member 5; PDGF-BB, platelet-derived growth factor BB; PDGFR, platelet-derived growth factor receptor [3; ERK1/2, extracellular signal-regulated kinase 1/2; siRNA,

small interfering RNA.

surface in five random fields was counted under a microscope
(SZX7-1063, Olympus, Tokyo, Japan). in order to determine
the average number of cells that had migrated.

Statistical analysis. Values are presented as the mean + stan-
dard deviation. Data were analyzed using one-way analysis
of variance followed by Fisher's Least Significant Differences
post hoc test. All analyses were conducted using 13.0 SPSS
software (SPSS Inc., Chicago, IL, USA). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

SCARAS is enhanced by growth factor PDGF-BB. It has
been reported that PDGF-BB promotes the dedifferentiation
and proliferation of SMCs, and is upregulated at the site of
vascular injury and in atherosclerotic plaque specimens (13).
Thus, the present study examined the response of SCARAS
to PDGF-BB in cultured HASMCs. As shown in Fig. 1A, the

mRNA level of SCARAS was increased in a time-dependent
manner in response to 20 ng/ml PDGF-BB. Similarly, western
blotting demonstrated that the level of SCARAS protein was
also increased by PDGF-BB (Fig. 1B).

Knockdown of SCARAS markedly inhibits HASMC prolif-
eration in vitro. Evidence shows that HASMCs are critical
in the development of atherosclerosis and that SCARAS
is notably reduced in PDGF-stimulated HASMCs. Thus,
siRNA-SCARAS5 was designed and transfected into the
HASMC s in order to investigate the role of SCARAS in
HASMC. The transfection efficiency was determined by
RT-qPCR and western blot analysis in HASMCs. As shown
in Fig. 2A and B, the mRNA and protein expression levels
of SCARAS were significantly decreased in HASMCs.
Moreover, an MTT assay was performed to identify the
effect of SCARAS on HASMC proliferation. HASMCs were
pretreated with siRNA-SCARAS or siRNA-scramble for
24 h and then stimulated with PDGF-BB (20 ng/ml) for 24 h.
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As indicated in Fig. 3, PDGF-BB treatment significantly
increased the proliferation of HASMCs, compared with
the untreated cells; however, siRNA-SCARAS significantly
prevented PDGF-BB-induced HASMC proliferation. These
results suggested that SCARAS facilitates HASMC prolif-
eration in vitro.

Knockdown of SCARAS markedly retards HASMC migra-
tion in vitro. A Transwell migration assay was conducted
to investigate the effect of SCARAS on HASMC migra-
tion. As shown in Fig. 4, the Transwell assay revealed that
treatment with PDGF-BB markedly increased the number
of HASMC:s that migrated through the Transwell chamber,
while, siRNA-SCARAS significantly reduced the number of
cells that migrated following PDGF-BB stimulation. These
results suggested that SCARAS facilitates HASMC migra-
tion in vitro.

Knockdown of SCARAS inhibits HASMC proliferation
and migration through the suppression of the PDGF
signaling pathway. To investigate the mechanisms of
SCARAS5-promoted HASMC proliferation and migration, it
was examined whether SCARAS affected the phosphorylation
of AKT and ERK1/2 in PDGF-BB-stimulated HASMCs. As
shown in Fig. 5, treatment with PDGF-BB markedly increased
the phosphorylation of PDGFRf in HASMC:s. In addition, the
phosphorylation of AKT and ERK1/2 were also increased by
PDGF-BB in HASMCs. While, siRNA-SCARAS significantly
inhibited AKT and ERK1/2 phosphorylation by PDGF-BB in
HASMCs, which was associated with a reduction in PDGFRf
phosphorylation by PDGF-BB stimulation.

Discussion

VSMC proliferation and migration are critical in the
progression of atherosclerotic lesions. Inhibition of VSMC
proliferation and migration is an important therapeutic
strategy for atherosclerosis (14). In the present study, it
was demonstrated that SCARAS expression was enhanced
by PDGF-BB in HASMCs. Knockdown of SCARAS5 by
siRNA significantly inhibited PDGF-BB-induced HASMC
proliferation and migration. Furthermore, siRNA-SCARAS
significantly inhibited AKT and ERK1/2 phosphorylation by
PDGF-BB in HASMCs.

SR-As are membrane glycoproteins that can form homotri-
mers. This receptor was originally defined by its ability to
mediate the accumulation of lipids in macrophages. Recently,
Syviranta et al (15) showed that the mRNA expression level
of SR-A1 was upregulated in stenotic human aortic valves. In
this study, it was demonstrated that SCARAS expression was
enhanced by PDGF-BB in HASMCs. These results suggest
that SCARAS may be important in the development of athero-
sclerosis.

PDGF and its § receptor subtype (PDGFR[), which is
abundantly expressed in VSMCs, are significantly upregu-
lated and activated at sites of vascular injury (16,17). In this
study, PDGF was used as a proliferative agent as studies have
demonstrated that PDGF is a critical mediator of VSMC
growth (18,19). In line with these previous studies, it was
demonstrated that PDGF-BB increased HASMC proliferation
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and migration. However, siRNA-SCARAS inhibited the
proliferation and migration of PDGF-BB-stimulated
HASMCs.

PDGF-BB, one of the most potent mitogens and
chemoattractants for VSMCs, is important in the develop-
ment of atherosclerosis (16). Upon binding to PDGFRf on
VSMCs, PDGF-BB initiates a multitude of biological effects
through the activation of ERK1/2 MAP kinase. ERK1/2
transduces mitogenic signals to the nucleus by phosphory-
lating and activating specific transcription factors, thereby
leading to the formation of hyperplastic lesions in response
to vascular injury (20,21). ERK1/2 has been involved in
PDGF-induced upregulation of the neuron-derived orphan
receptor-1 in VSMC:s that is required for cell cycle progres-
sion (22). Moreover, PDGF-BB binds to PDGFRf and
activates the phosphatidylinositol 3-kinase (PI3K)/AKT
pathway in VSMCs. Activated AKT has been implicated
in the PDGF-BB-induced proliferation, migration and
changes in the cytoskeleton of VSMCs (23,24). A PDGFRf
antagonist or protein kinase inhibitor suppressed VMSC
proliferation in vitro and prevented cardiovascular disor-
ders in several animal experiments (25,26). In this study,
it was demonstrated that PDGF-BB markedly increased
the phosphorylation of PDGFRf, AKT and ERK1/2 in
PDGF-BB-stimulated HASMCs. While, siRNA-SCARAS
inhibited PDGF-BB-induced phosphorylation of PDGFR,
AKT and ERK1/2. These results indicate that inhibiting
PDGF-BB-induced activation of the PDGF signaling pathway
may have contributed to the inhibition of HASMC prolifera-
tion and migration exerted by siRNA-SCARAS.

In conclusion, this study demonstrated that knockdown of
SCARAS significantly inhibited HASMC proliferation and
migration induced by PDGF-BB. In addition, knockdown
of SCARAS notably inhibited the activation of the PDGF
signaling pathway. Therefore, SCARAS may be a novel
therapeutic target for preventing or treating vascular diseases
involving VSMC proliferation and migration.
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