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siRNA-mediated silencing of WntSa regulates inflammatory
responses in atherosclerosis through the MAPK/NF-kB pathways
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Abstract. Previous studies have demonstrated that the aber-
rant expression of Wnt5a occurs in atherosclerotic lesions.
However, the precise role of Wnt5a in the pathogenesis of
atherosclerosis remains largely unknown. The present study
was undertaken to determine whether the RNA interference
of Wnt5a in vivo by adenovirus (Ad)-mediated small inter-
fering RNA (siRNA) transfection is capable of inhibiting
the progression of atherosclerosis. Recombinant adenovirus
carrying siRNA targeting Wnt5a (Ad-Wnt5a siRNA) was
designed. Male apolipoprotein E-deficient (ApoE™) mice
were fed a high-fat diet to induce the pathogenesis of athero-
sclerosis. Mice were randomly divided into 3 groups (n=15
in each group): the mock group, which received treatment
with phosphate-buffered saline (PBS); the Ad-NC group,
which received treatment with Ad-non-specific siRNA; and
the Ad-Wnt5a siRNA group, which received treatment with
Ad-Wnt5a siRNA. Treatment with Ad-Wnt5a siRNA mark-
edly inhibited the mRNA and protein expression of Wnt5a in
the aortic tissues. The knockdown of Wnt5a had no significant
effect on blood lipid levels, but it suppressed atherosclerotic
development and increased plaque stability, which was deter-
mined by hematoxylin and eosin staining, picrosirius red
staining and Oil Red O staining. Furthermore, the mRNA
and protein expression of inflammatory cytokines, including
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monocyte chemotactic protein-1 (MCP-1), cyclooxygenase-2
(COX-2), matrix metalloproteinase (MMP)-2 and MMP-9 was
significantly downregulated in the Ad-Wnt5a siRNA group.
In addition, the knockdown of Wnt5a inhibited the nuclear
factor-kB (NF-kB) and mitogen-activated protein kinase
(MAPK) signaling pathways. These results demonstrate that
Ad-mediated Wnt5a silencing in vivo attenuates the develop-
ment of atherosclerotic disease by reducing inflammatory
mediators involved in the MAPK/NF-«kB pathways.

Introduction

Atherosclerosis, a chronic inflammatory disease, is a major
factor leading to cardiovascular complications (1). Following
the upregulation of inflammatory chemokines, monocytes
adhere to endothelial cells in the arterial wall and differentiate
into macrophages, which ingest lipoproteins and form foam
cells. Vascular smooth muscle cells proliferate and synthesize
extracellular matrix proteins. The above processes lead to
plaque formation (2).

Wnt5a is a highly conserved secreted glycoprotein of the
Wnat protein family, which activates the f-catenin-independent
signaling pathway, including the planar cell polarity (PCP)
pathway and the Ca?* pathway, which then further activates
downstream signals, including Jun N-terminal kinase (JNK),
protein kinase C (PKC) and Ca*/calmodulin-dependent
kinase II (CaMKII) (3). Wnt5a has been implicated in
inflammatory diseases, including rheumatoid arthritis, athero-
sclerosis, psoriasis and sepsis, suggesting that it plays a critical
biological role in the regulation of inflammation (4-7). In vitro
studies have demonstrated that Wnt5a promotes the expression
of inflammatory cytokines, chemokines and matrix metallo-
proteinases (MMPs) (8). Wnt5a can activate nuclear factor-xB
(NF-«xB) which is involved in the expression of inflammatory
genes (9). Wnt5a also stimulates chemotactic migration and
chemokine production by activating the p38 and extracellular
signal-regulated kinase (ERK) pathways (10).

Christman et al (5) reported that Wnt5a expression was
expressed in human and murine atherosclerotic lesions. It has
recently been demonstrated that Wnt5a levels are elevated in
the serum of atherosclerotic patients relative to healthy controls
and that the expression of Wnt5a is increased in advanced
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human atherosclerotic lesions (11). These data suggest an active
role of Wnt5a in the pathogenesis of atherosclerosis. However,
the direct effects of Wnt5a on atherosclerotic lesions and the
underlying mechanisms have not been well delineated.

In the present study, we used adenovirus (Ad)-mediated
small interfering RNA (siRNA) to target Wnt5a in a mouse
model of atherosclerosis. Subsequently, the effects of Wnt5a
knockdown on atherosclerotic lesions and the potential
mechanisms involved were investigated.

Materials and methods

Animal model. Eight-week-old male apolipoprotein E-deficient
(ApoE™) mice with a C57BL/6J genetic background were
obtained from Beijing University of Medicine Laboratory
(Beijing, China). All experimental protocols were approved by
the Institutional Animal Care Committee of Henan Provincial
People's Hospital, Zhengzhou, China. All the mice were kept
at 25°C on a 12-h light/dark cycle and fed a high-fat diet
(15% fat, 0.25% cholesterol). All efforts were made to mini-
mize suffering. Mice were euthanized by an injection with
pentobarbital sodium (100 mg/kg) intraperitoneally.

Construction of recombinant adenovirus carrying siRNA.
According to the Wnt5a gene sequence (GenBank accession
no. NM_009524), an effective siRNA for Wnt5a (sense,
5'-GAAGCCCAUUGGAAUAUUATT-3' and antisense,
5'-UAAUAUUCCAAUGGGCUUCTT-3") was designed and
synthesized by Genepharma Co., Ltd. (Shanghai, China).
Non-specific siRNA sequences (sense, 3'-UUCUCCGAACG
UGUCACGUUU-5' and antisense, 3'-ACGUGACACGUUC
GGAGAAUU-5") were used as the control. The recombinant
adenovirus was constructed as previously described (12). The
siRNA sequences were amplified and subcloned into the
pAdTrack-cytomegalovirus (CMV) plasmid, an adenoviral
shuttle plasmid. Subsequently, the recombinant shuttle
plasmids, pAdTrack-CMV and pAdEasy-1, were homologously
recombined in Escherichia coli strain BJ5183. The obtained
recombinant plasmids were then transfected into human
embryonic kidey (HEK)-293 cells (Type Culture Collection of
the Chinese Academy of Sciences, Shanghai, China) to
generate recombinant adenovirus. The virus was amplified
and purified, and titers were determined using the p24 ELISA
kit (Cell Biolabs, Inc., San Diego, CA, USA).

Treatment of mice with recombinant adenovirus. After 10 weeks
on a high-fat diet, the mice were randomly divided into 3 groups
(n=15 in each group): the mock group which received a 200-ul
phosphate-buffered saline (PBS) injection; the Ad-NC group
which received a 200-ul (1x10'° plaque-forming units of virus)
injection of recombinant adenovirus expressing non-specific
siRNA; the Ad-Wnt5a siRNA group which received 200-ul
(1x10" plaque-forming units) injection of recombinant adenovirus
expressing Wnt5a siRNA. Two weeks later, a second injection
was administered in a similar fashion as described above, and
the mice were euthanized for analysis 2 weeks after the second
injection. Blood samples were collected by cardiac puncture
from mice fasted overnight and concentrations of plasma total
cholesterol (TC), triglyceride (TG), high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) were detected using
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the ELISA kit (Shanghai Bangyi Biotechnology Co., Ltd.,
Shanghai, China) on an automatic analyzer (Roche P800; Roche
Diagnostics, Indianapolis, IN, USA).

Analysis of atherosclerosis. Prior to carotid artery isola-
tion, the mouse hearts were perfused with PBS, followed by
4% paraformaldehyde for 30 min under physiological pressure.
Afterwards, the isolated carotid artery was fixed with 4% para-
formaldehyde for 12 h, then embedded in paraffin and cut into
5-pum serial sections. The paraffin sections were prepared and
stained with hematoxylin and eosin (H&E) (Sigma, St. Louis,
MO, USA). For the detection of collagen, the sections were
stained with picrosirius red (Sigma). Lipid-rich lesions were
identified by Oil Red O (Sigma) staining. The plaque area,
collagen area and lipid area were observed and calculated
using Image-Pro Plus 6.0 software (Media Cybernetics Inc.,
Rockville, MD, USA).

Quantitative reverse transcription-polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from the carotid
arteries using the RNeasy Fibrous Tissue mini kit (Qiagen,
Valencia, CA, USA) and reverse transcribed into cDNA using
a PrimeScript™ 1st Strand cDNA Synthesis kit (Takara,
Dalian, China). Quantitative PCR was performed using SYBR®
Premix DimerEraser™ (Takara) to detect the mRNA expres-
sion of Wnt5a, cyclooxygenase-2 (COX-2), MMP-2, MMP-9
and monocyte chemotactic protein-1 (MCP-1). The primer
sequences used are listed in Table I. Quantitative measurements
were determined using the AACt method and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as the
internal standard for all samples. The RT-qPCR reactions were
performed in triplicate.

Western blot analysis. Proteins from the carotid arteries were
isolated using RIPA Lysis buffer (Beyotime, Haimen, China)
containing 100 pg/ml phenylmethylsulfonyl fluoride (PMSF;
Beyotime). Protein concentrations were determined using
a BCA assay. Equal amounts of protein were separated by
SDS-PAGE and then transferred onto nitrocellulose membranes
(Bio-Rad, Hercules, CA, USA). The membranes were blocked
in 5% skimmed milk for 1 h at room temperature and incubated
with primary antibodies overnight at 4°C. Subsequently, they
were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. The
membranes were visualized using an Odyssey imaging system
(LI-COR Biosciences, Lincoln, NE, USA). The following
antibodies were used: rabbit anti-Wnt5a (0.5 pg/ml), rabbit anti-
MMP-2 (1:500), rabbit anti-MMP-9 (1:600), rabbit anti-COX-2
(1:600), rabbit anti-GAPDH (0.5 ug/ml), goat anti-rat IgG H&L
(HRP) (1:2,000), goat anti-rabbit IgG H&L (HRP) (1:2,000) (all
purchased from Abcam, Cambridge, MA), rabbit anti-MCP-1
(1:600), rabbit anti-phospho-specific Thr202/Tyr204-ERK1/2
(1:1,000), rabbit anti-phospho-SAPK/JINK Thr183/Tyr185
(1:1,000), rabbit antiphospho-p38 mitogen-activated protein
kinase (MAPK) Thr180/Tyr182 (1:1,000) and rabbit anti-
phospho-NF-«kB p65 Ser536 (1:1,000) (all purchased from Cell
Signaling Technology (Danvers, MA, USA).

Statistical analysis. Values are expressed as the means + stan-
dard deviation (SD). Statistical significance of differences
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Table I. Primers used for RT-qPCR.
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Gene Forward primer (5'-3") Reverse primer (5'-3")
Wnt5a AATCCACGCTAAGGGTTCCTATGAG AGCCAGCACGTCTTGAGGCTA
COX-2 CCCAGAGCTCCTTTTCAACC ATTTGGCACATTTCTTCCCC
MMP-2 ACCCAGATGTGGCCAACTAC TACTTTTAAGGCCCGAGCAA
MMP-9 ATGATGGAGGAGAAGCAGTC AGGTGAAGGGAAAGTGACAT
MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGG
GAPDH AAGGGTCATCATCTCTGCCC GTGATGGCATGGACTGTGGT

RT-qPCR, quantitative reverse transcription-polymerase chain reaction; COX-2, cyclooxygenase-2; MMP, matrix metalloproteinase; MCP-1,
monocyte chemotactic protein-1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 1. Effect of adenovirus-mediated small interfering RNA (siRNA) on the expression of Wnt5a in vivo. (A) RT-qPCR was performed to analyze the mRNA
expression of Wnt5a in carotid artery tissues. (B) Western blot analysis was used for the detection of the protein expression of Wnt5a. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. (C) Protein expression was analyzed using Image-Pro Plus 6.0 software and normalized to GAPDH. Mice
in the mock group were treated with phosphate-buffered saline (PBS); mice in the Ad-NC group were treated with Ad-mediated non-specific sSiRNA (Ad-NC);
mice in the Ad-Wnt5a siRNA group were treated with Ad-mediated Wnt5a siRNA. Data are expressed as the means + standard deviation (SD). "P<0.05.

between two groups was determined using the Student's t-test,
and that among multiple groups was determined by one-way
ANOVA. A P-value of <0.05 was considered to indicate a
statistically significant difference. All statistical analyses
were performed using SPSS software version 11.5 (SPSS Inc.,
Chicago, IL, USA).

Results

Effective knockdown of Wnt5a by Ad-mediated siRNA in
ApoE"" mice. After adenovirus carrying Wnt5a siRNA was
administered to the mice in vivo, Wnt5a expression in the
carotid artery tissues was determined by RT-qPCR and western
blot analysis. The results revealed that the mRNA expression
of Wnt5a was significantly decreased by 61.3% compared with
that of the Ad-NC group and mock group (P<0.05) (Fig. 1A).
These results were further confirmed by western blot analysis
(Fig. 1B), which indicated that the protein expression of Wnt5a
was also markedly decreased by 76.5% (Fig. 1C) in the mice
treated with Ad-Wnt5a siRNA compared with the controls.

Ad-Wnt5a siRNA has no effect on plasma lipid levels. To
determine the effects of Wnt5a knockdown on the mouse
model of atherosclerosis, the serum lipid levels of the mice in

the 3 groups were detected. There was no significant differ-
ence in the serum levels of TC, TG, HDL and LDL between
the mock group and NC group, suggesting that treatment with
Ad-NC had no effects on the serum lipid profiles of the ApoE™"
mice (Fig. 2). Compared with the mock group or NC group,
the administration of Ad-Wnt5a siRNA also had no significant
effect on blood lipid levels.

Treatment with Ad-Wnt5a siRNA improves the stability of
atherosclerotic plaque. In order to further investigate the
effects of treatment with Ad-Wnt5a siRNA on atheroscle-
rosis, we determined the atherosclerotic lesion areas by H&E
staining. Compared with the mock group or Ad-NC group,
the mice which were transfected with Ad-Wnt5a siRNA
exhibited a decreased lesion area (Fig. 3A), suggesting that the
knockdown of Wnt5a suppressed atherosclerotic development
in the ApoE” mice. In order to assess whether the silencing
of Wnt5a expression affects plaque stability, we analyzed the
collagen content and lipid area in atherosclerotic plaque. Using
picrosirius red staining, we found that siRNA targeting Wnt5a
significantly increased the collagen area (Fig. 3B). Moreover,
we found that treatment with Ad-Wnt5a siRNA decreased the
lipid content in the plaque compared with the mock or NC
group (Fig. 3C).
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Figure 2. Effects of Ad-Wnt5a small interfering RNA (siRNA) on plasma lipid level. Plasma levels of (A) total cholesterol, (B) triglyceride, (C) low-density lipo-
protein (LDL) cholesterol and (D) high-density lipoprotein (HDL) cholesterol in the 3 groups of mice. Data are expressed as the means + standard deviation (SD).
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Figure 3. Effect of Ad-Wnt5a small interfering RNA (siRNA) on atherosclerotic lesion development and plaque stability. (A) Plaque area of the carotid artery
was analyzed by hematoxylin and eosin (H&E) staining. Plaque area was quantified as a percentage of the aortic valve. (B) Collagen content was analyzed
by picrosirius red staining and (C) lipid content was analyzed by Oil Red O staining, which was quantified as a percentage of the total plaque area. Data are

expressed as the means + standard deviation (SD). "P<0.05.

Silencing of Wnt5a alters the expression of inflammatory
mediators. Inflammatory factors have been reported to play
an important role in atherosclerotic plaque formation and
stability (13). Additionally, Wnt5a is involved in the regulation
of inflammation (7). Thus, we then investigated whether the
knockdown of Wnt5a has an effect on the inflammatory factors
involved in atherosclerotic plaque formation and stability. The
levels of inflammatory factors, such as MCP-1, COX-2, MMP-2

and MMP-9 were analyzed by RT-qPCR and western blot
analysis. Compared with the mock and NC groups, Ad-Wnt5a
siRNA significantly downregulated the mRNA expression of
MCP-1, COX-2, MMP-2 and MMP-9 in the atherosclerotic
lesions (Fig. 4A). Moreover, the protein expression of MCP-1,
COX-2, MMP-2 and MMP-9 was also decreased by Ad-Wnt5a
siRNA (Fig. 4B). These results indicate that the knockdown of
Wnt5a inhibits the inflammatory response in atherosclerosis.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 34: 1147-1152, 2014

>
_
&
S
]

1151

EZMCP-1 B
5 SMvP-2 I CP-1
5 I o2
3] E— 1P
5 & i
- : : 179
2 ., B - I I G rDH
£ OU9 = N < g
1| Q
£ & W ?,bzé ;§§
S = it
4 o] &
= - T 1 \l& T T N L Y"&
N2ty oy, \af
X R RN
- S L ?%,b“:
\,3)’ ‘?"b, \,3)’

Figure 4. Effect of Ad-Wnt5a small interfering RNA (siRNA) on the mRNA and protein expression of inflammatory mediators, monocyte chemotactic protein-1
(MCP-1), cyclooxygenase-2 (COX-2), matrix metalloproteinase (MMP)-2 and MMP-9. Detection of (A) mRNA expression and (B) protein expression levels of
genes by RT-qPCR and western blot analysis, respectively. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control. “P<0.05.
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Figure 5. Effect of Ad-Wnt5a small interfering RNA (siRNA) on nuclear
factor-kB (NF-kB) and mitogen-activated protein kinase (MAPK) signaling
pathways. Western blot analysis of phosphorylated p65, Jun N-terminal
kinase (JNK), extracellular signal-regulated kinase (ERK)1/2 and p38.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control.

Ad-Wnt5a siRNA inhibits the activation of the NF-xB and
MAPK signaling pathways. The activation of the NF-xB
and MAPK pathways is known to result in the production
of inflammatory cytokines and chemokines (14,15), which
is constitutively activated in atherosclerosis. To investigate
whether Ad-Wnt5a siRNA is capable of activating NF-xB
and MAPK pathways, we examined the effects of treatment
with Ad-Wnt5a siRNA on p65, INK, ERK1/2 and p38 phos-
phorylation in by western blot analysis. The results revealed
that Ad-Wnt5a siRNA attenuated p65, INK, ERK1/2 and p38
phosphorylation compared with the mock and Ad-NC groups
(Fig. 5), suggesting that the knockdown of Wnt5a inhibited the
NF-kB and MAPK signaling pathways.

Discussion

In the present study, we found that the silencing of Wnt5a
in vivo reduced the plaque area and increased plaque stability
in an animal model of atherosclerosis. The potential mecha-
nisms may involve the NF-kB and MAPK pathways, through
which Wnt5a downregulated inflammatory mediators. To the
best of our knowledge, our study is the first to delineate the
direct effects of Ad-Wnt5a siRNA on atherosclerotic lesions
and the underlying mechanisms in ApoE™ mice in vivo.

Atherosclerosis is a serious inflammatory disorder that
is associated with the upregulation of inflammatory makers.
Therefore, atherosclerotic development may be inhibited by
reducing the levels of inflammatory mediators. COX-2 is a
key regulator of inflammatory processes and is expressed
in atherosclerotic lesions from humans and mice (16,17).
COX-2 has been shown to promote early atherosclerotic lesion
formation in ApoE”" mice (18). It has been demonstrated
that Wnt5a induces the expression of COX-2 in endothelial
cells (9). MCP-1 is a member of the chemokine family and
plays an important role in the initiation of atherosclerosis. It
has previously been demonstrated that the absence of MCP-1
exerts protective effects against macrophage recruitment and
atherosclerotic lesion formation in apolipoprotein B (ApoB)
transgenic mice (19). In the present study, we found that the
silencing of Wnt5a downregulated the expression of COX-2
and MCP-1, and decreased the plaque area of the aortic root
in ApoE" mice, suggesting that the silencing of Wnt5a attenu-
ates atherosclerotic lesion formation by reducing the levels of
COX-2 and MCP-1.

The majority of atherosclerotic plaques are stable, but a
few become vulnerable and lead to myocardial infarction (MI)
and stroke (20-22). Plaque rupture is a major type of vulner-
able plaque (23). A previous study indicated that an increased
collagen-to-lipid ratio is an important indicator of plaque
rupture (24). MMP-2 and MMP-9, as mediators of extracellular
cell matrix degradation, play important roles in plaque rupture
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by degrading collagen (25). In the current study, we found a
reduced collagen-to-lipid ratio and a decreased expression of
MMP-2 and MMP-9 in the Ad-Wnt5a siRNA group, suggesting
that the silencing of Wnt5a enhances plaque stability.

In the progression of an atherosclerotic lesion, NF-xB
activation promotes the expression of COX, cytokines, chemo-
kines and adhesion molecules (14). NF-xB has also been
reported to regulate metalloproteinase expression, particularly
that of MMP-2 and MMP-9 (26). The inhibition of NF-xB
signaling attenuates the pathogenesis of atherosclerosis (27).
It has previously been demonstrated that MAPK activation
facilitates foam cell formation and MAPK inactivation is an
interesting target for drug therapy to reduce atherosclerotic
lesion formation (28). In this study, we measured NF-xB
activity and found that the silencing of Wnt5a decreased p65,
JNK, ERK1/2 and p38 phosphorylation. This indicates that the
silencing of Wnt5a may suppress NF-kB and MAPK activity,
reducing the levels of COX-2, MCP-1, MMP-2 and MMP-9.

Taken together, our results demonstrate that the silencing
of Wnt5a inhibits NF-kB and MAPK signaling, thereby modu-
lating the level of inflammation in atherosclerotic conditions
and protecting against vascular injury in atherosclerosis. The
present study provides evidence that Wnt5a may be used as an
effective molecular target for the gene therapy of atheroscle-
rosis. However, further investigations are warranted to delineate
the precise molecular mechanisms of Wnt5a in regulating the
inflammatory process in atherosclerosis.
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