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Atherosclerosis is a disorder occurring in the large arteries and
the primary cause of heart diseases. Accumulating evidence has
implicated long non-coding RNAs (lncRNAs) in atheroscle-
rosis. This study aims to clarify the potential effects of
lncRNA growth arrest-specific 5 (GAS5) on cholesterol
reverse-transport and intracellular lipid accumulation in
atherosclerosis. GAS5 was mainly localized in the nucleus
and highly expressed in the human monocytic leukemia cell
line (THP-1) macrophage-derived foam cells in coronary heart
disease. Overexpressed GAS5 increased THP-1 macrophage
lipid accumulation. Of note, GAS5 can inhibit the expression
of ATP-binding cassette transporter A1 (ABCA1) by binding
to enhancer of zeste homolog 2 (EZH2). Overexpression of
EZH2 reduced cholesterol efflux and ABCA1 expression.
EZH2 promoted triple methylation of lysine 27 (H3K27) in
the ABCA1 promoter region. Subjected to overexpressed
GAS5, overexpressed EZH2, or downregulated ABCA1, the
Apolipoprotein E (ApoE)�/� mice with atherosclerosis showed
increased total cholesterol (TC), free cholesterol (FC), choles-
terol ester (CE), low-density lipoprotein (LDL) levels, aortic
plaque, and lipid accumulation, accompanied by reduced
high-density lipoprotein (HDL) level and cholesterol outflow.
Altogether, knockdown of GAS5 can potentially promote
reverse-transportation of cholesterol and inhibit intracellular
lipid accumulation, ultimately preventing the progression of
atherosclerosis via reducing EZH2-mediated transcriptional
inhibition of ABCA1 by histone methylation.

INTRODUCTION
Atherosclerosis is a chronic vascular disease and associates with lipid
accumulation, uptake of low density lipoprotein (LDL) by macro-
phages, and the subsequent conversion to foam cells.1 Atherosclerosis
is characterized by inflammatory response, lipid accumulation, and
fibrosis of the arterial wall, all of which form the pathological basis
of coronary heart disease.2 The system of reverse-transportation of
cholesterol, a process of mobilizing cholesterol on high-density lipo-
protein (HDL) particles to plasma from extravascular tissues,3 plays
key roles in the progression of atherogenesis.4 Moreover, excessive
lipid accumulation in macrophages has been shown to trigger an in-
crease in the formation of foam cells, which is a crucial process of
atherosclerosis.5 At present, the exact pathology of atherosclerosis is
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not fully understood, largely due to the numerous factors at play.
Thus, it is necessary to elucidate the finer molecular mechanism un-
derlying atherosclerosis and to explore a treatment regimen to pro-
mote reverse-transportation of cholesterol and inhibit intracellular
lipid accumulation.

Long non-coding RNAs (lncRNAs) with a length of more than 200
nucleotides are clarified to play an important role in cardiovascular
diseases and various tumors.6 Widely expressed in various tissues
and cells of human and mice, lncRNA growth arrest-specific 5
(GAS5) represents a major regulator of cell growth in the pancreatic
b cells in mice.7 A previous study flagged increases in the expression
of GAS5 in patients with atherosclerosis, and its downregulation can
inhibit apoptosis of the human monocytic leukemia cell line (THP-1)
cells induced by oxidized low density lipoprotein (ox-LDL).8 Several
studies have concluded that lncRNAs can inhibit the transcription of
its target genes by recruiting enhancer of zeste homolog 2 (EZH2) to
the promoter region of target genes.9,10 As one of the enzymatic fac-
tors of the polycomb repressive complex 2, EZH2 is often upregulated
in various types of tumors, including breast, prostate, and colorectal
cancers.11 EZH2 has been reported to be regulated by lncRNA
SPRY4-IT1 in lung adenocarcinoma,12 by lncRNA ANCR in osteo-
blast differentiation,13 and by lncRNA HOTAIR in epithelial-to-
mesenchymal transition.14 EZH2 has been demonstrated to function
in an epigenetic manner. A previous study revealed that following
treatment with an antibody against EZH2, the number of nuclei pre-
senting with the mark of triple methylation of lysine 27 in histone H3
(H3K27me3) in tissues with atherosclerotic plaques decreased.15

EZH2 can promote the progression of atherosclerosis by regulating
ATP-binding cassette transporter A1 (ABCA1) transcription in
atherosclerosis.16 ABCA1 is a protein that has been implicated in
the pathology of atherosclerosis, capable of regulating lipid efflux.17

ABCA1 is also a key transporter in reverse-transportation of choles-
terol, and overexpression of ABCA1 can inhibit the progression of
uthor(s).
//creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2019.10.034
mailto:swalk0721@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2019.10.034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


R
el

at
iv

e 
ex

pr
es

si
on

 o
f G

AS
5

THP-1

DAPI GAS5 Merge

THP-1 + ox-LDL
0

1

2

3A

B

*

Ln
cR

N
A 

G
AS

5 
ex

pr
es

si
on

Nuclear Cytoplasm
0

20

40

60

80

10μm 10μm 10μm

Figure 1. GAS5 Is Expressed at a High Level in

THP-1 Macrophage-Derived Foam Cells

(A) Relative expression of GAS5 in THP-1 macrophage-

derived foam cells and THP-1 macrophages detected

using qRT-PCR. *p < 0.05 versus the THP-1 group; data

were compared using unpaired t test. (B) Subcellular

localization of GAS5 in THP-1 macrophage-derived foam

cells detected using FISH assay (�1,000). Cellular ex-

periments were repeated 3 times.
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atherosclerosis.18 On the basis of aforementioned literature, we pro-
posed the hypothesis that there may be interactions between GAS5,
EZH2, and ABCA1 in the progression of atherosclerosis. Hence, the
current study aimed to determine the ability of GAS5 to influence
the progression of atherosclerosis in connection with the involvement
of EZH2 and ABCA1.

RESULTS
GAS5 Is Highly Expressed in Atherosclerosis

It has been reported that GAS5 was highly expressed in the athero-
sclerotic plaque and downregulated GAS5 could suppress the ox-
LDL-induced THP-1 cell apoptosis.19 In order to identify the expres-
sion and role of GAS5 in atherosclerosis, the expression of GAS5 on a
cellular level was determined. The localization of GAS5 in THP-1
macrophage-derived foam cells was determined by fluorescence in
situ hybridization (FISH). qRT-PCR results demonstrated that the
expression of GAS5 in THP-1 macrophage-derived foam cells was
much higher than that in THP-1 macrophages (Figure 1A) (p <
0.05). It was shown that GAS5 was significantly enriched in THP-1
macrophage-derived foam cells after ox-LDL stimulation, and
GAS5 expression was upregulated in the THP-1 macrophage-derived
foam cells (p < 0.05), indicating that ox-LDL influenced the expres-
sion of GAS5. FISH results demonstrated that GAS5 was predomi-
nantly localized in the nucleus of the THP-1 macrophage-derived
foam cells, which may be related to the mechanism by which GAS5
functions in atherosclerosis (Figure 1B).

GAS5 Promotes Lipid Accumulation and Inhibits Cholesterol

Efflux in THP-1 Macrophage-Derived Foam Cells

qRT-PCR was performed to measure the expression efficiency of
GAS5 in each group. After knockdown or overexpression of GAS5,
the expression of GAS5 in THP-1 macrophage-derived foam cells
was changed as compared with the control group (Figure 2A) (p <
0.05), and there was no difference in the expression of GAS5 between
the short hairpin RNA-negative control (sh-NC) and lentivirus gene
overexpression vector (pLV-EGFP-N) groups (Figure 2A) (p > 0.05).
The results were suggestive of the successful knockdown and overex-
pression of GAS5.
Molecular T
The effects of knockdown and overexpression
of GAS5 on cholesterol efflux from THP-1
macrophage-derived foam cells were subse-
quently examined using a liquid scintillation
counter. After GAS5 knockdown, the cell
cholesterol efflux rate was even higher than that in the sh-NC
group; following the overexpression of GAS5, the cell cholesterol
efflux rate was lower, when compared to the pLV-EGFP-N group
(Figure 2B) (p < 0.05), highlighting the ability of GAS5 to inhibit
cholesterol efflux in THP-1 macrophage-derived foam cells. Next,
oil red O staining was performed in order to detect the effects
associated with the knockdown and overexpression of GAS5 on
intracellular lipid accumulation in THP-1 macrophage-derived
foam cells. As shown in Figure 2C, when compared with the
sh-NC group, knockdown of GAS5 inhibited intracellular lipid
accumulation; in comparison with the pLV-EGFP-N group, the
overexpression of GAS5 increased intracellular lipid accumulation
(p < 0.05). Consistent with the oil red O staining results, the re-
sults obtained from the high performance liquid chromatography
(HPLC) revealed that the intracellular total cholesterol (TC), free
cholesterol (FC), and cholesterol ester (CE) levels were much
lower than those in the sh-NC group following the knocking
down of GAS5; the intracellular TC, FC, and CE levels were
higher than those in the pLV-EGFP-N group after overexpression
of GAS5 (Table 1) (p < 0.05). The data collected indicated that
GAS5 can promote lipid accumulation and inhibit cholesterol
efflux in THP-1 macrophage-derived foam cells.

GAS5 Inhibits Transcriptional Expression of ABCA1 by Binding

to EZH2

According to the prediction results from bioinformatics website
available at http://pridb.gdcb.iastate.edu/RPISeq/, GAS5 may
directly bind to EZH2. Besides, EZH2 was demonstrated to func-
tion together with lncRNA previously.20,21 Hence, an RNA pull-
down experiment was conducted in order to determine whether
GAS5 can bind to EZH2. Western blot analysis revealed the pres-
ence of the EZH2 protein, indicating that EZH2 can bind to
GAS5 (Figure 3A). The results of RNA binding protein immuno-
precipitation (RIP) experiment revealed that, after RNA was
extracted from the pull-down protein solution by the EZH2
antibody, GAS5 could be detected using qRT-PCR (Figure 3B)
(p < 0.05), further verifying the mutual interaction between
GAS5 and EZH2 proteins.
herapy: Nucleic Acids Vol. 19 March 2020 85
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Figure 2. Overexpression of GAS5 Inhibits

Cholesterol Efflux but Promotes Lipid

Accumulation in THP-1 Macrophage-Derived Foam

Cells

(A) Transfection efficiency of GAS5 in each group deter-

mined using qRT-PCR. (B) Effect of GAS5 on the

cholesterol efflux of cells detected by liquid scintillation

counter. (C) Effect of GAS5 on intracellular lipid accu-

mulation examined using oil red O staining (�400). *p <

0.05 versus the sh-NC group; #p < 0.05 versus the pLV-

EGFP-N group. All cellular experiments were repeated 3

times. Comparison among multiple groups was analyzed

using one-way ANOVA.
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Meanwhile, the qRT-PCR results revealed that the mRNA expression
of ABCA1 was downregulated after the overexpression of GAS5 and
increased following GAS5 knockdown treatment (Figure 3C) (p <
0.05). This indicated that GAS5 can inhibit the transcriptional expres-
sion of ABCA1. As shown in Figure 3D, after overexpression of
EZH2, the mRNA expression of ABCA1 was downregulated and after
knocking down EZH2, the mRNA expression of ABCA1 was
increased (p < 0.05). This indicated that EZH2 can inhibit the tran-
scriptional expression of ABCA1. Therefore, it was concluded that
EZH2 can bind to the promoter region of ABCA1 to regulate tran-
scription of ABCA1.

Next, we performed chromatin immunoprecipitation (ChIP) assay
using EZH2 antibody, the results of which revealed that the expres-
sion of the ABCA1 promoter region was increased in the EZH2 anti-
body group when compared with the immunoglobulin G (IgG) group
(Figure 3E) (p < 0.05), indicating that the ABCA1 promoter region
interacted with EZH2. Meanwhile, qRT-PCR results revealed that
EZH2 could inhibit the transcriptional expression of ABCA1. The re-
sults suggested that H3K27me3 modification in the promoter region
of ABCA1 gene was associated with EZH2.

Subsequently, ChIP assay was employed to evaluate the expression of
H3K27me3 binding to ABCA1 gene. The results showed that the
86 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
expression of ABCA1 promoter region was
increased in the H3K27me3 antibody group,
when compared with the IgG group (Figure 3F)
(p < 0.05), indicating that the ABCA1 promoter
region directly binds to H3K27me3 and histone
H3K27me3 modification was present in
ABCA1 gene.

GAS5 and EZH2 Play a Role in THP-1

Macrophage-Derived Foam Cells via

ABCA1

Previous experiments have demonstrated that
stable overexpression of GAS5 in THP-1
macrophage-derived foam cells inhibited
cholesterol efflux from THP-1 macrophage-
derived foam cells and promoted intracellular
lipid accumulation. Moreover, GAS5may be able to regulate the tran-
scriptional expression of ABCA1 in THP-1 macrophage-derived
foam cells through EZH2. Hence, we hypothesized that the role of
GAS5 in atherosclerosis may be related to ABCA1.

The expression efficiency of pLV-EGFP-ABCA1 was determined by
qRT-PCR. Following the overexpression of ABCA1, the relative
expression of ABCA1 in THP-1 macrophage-derived foam cells
was confirmed to be higher than that in the control group (Figure 4A)
(p < 0.05). The results of cholesterol efflux detection indicated that the
cholesterol efflux rate of THP-1macrophage-derived foam cells in the
pLV-EGFP-GAS5 group was lower than that in the pLV-EGFP-N
group (p < 0.05). After knockdown of EZH2 expression or
overexpression of ABCA1, the cholesterol efflux rate of THP-1
macrophage-derived foam cells was much higher than that of the
pLV-EGFP-GAS5 control group, while the cholesterol efflux rate of
THP-1 macrophage-derived foam cells was lowered with knockdown
of ABCA1, as compared with that of the sh-GAS5 control group (Fig-
ure 4B) (p < 0.05). Subsequent oil red O staining results demonstrated
that after knocking down EZH2 or overexpressing ABCA1, lipid
accumulation in THP-1 macrophage-derived foam cells was reduced,
when compared to the pLV-EGFP-GAS5 control group, whereas with
knockdown of ABCA1 expression, the accumulation of lipids in
THP-1 macrophage-derived foam cells was higher than that in the



Table 1. HPLC Detection of GAS5 on Cholesterol Content in THP-1 Macrophage-Derived Foam Cells

Group TC (mg/mg) FC (mg/mg) CE (mg/mg) CE/TC (%)

Blank 502.15 ± 50.25 210.32 ± 21.54 291.83 ± 29.28 58.57

sh-NC 520.31 ± 51.15 220.15 ± 22.16 300.16 ± 31.02 57.88

sh-GAS5 369.11 ± 37.21* 156.24 ± 16.94* 212.87 ± 20.27* 57.72

pLV-EGFP-N 529.16 ± 52.99 220.31 ± 22.64 308.85 ± 30.97 59.06

pLV-EGFP-GAS5 710.15 ± 71.08# 301.54 ± 30.19# 408.61 ± 40.89# 57.87

All cellular experiments were repeated 3 times, and one-way ANOVA was used for data analysis between groups. HPLC, high performance liquid chromatography; TC, total choles-
terol; FC, free cholesterol; CE, cholesterol ester; NC, negative control; THP-1, the human monocytic leukemia cell line.
*p < 0.05 versus the sh-NC group
#p < 0.05 versus the pLV-EGFP-N group.

www.moleculartherapy.org
sh-GAS5 control group (Figure 4C) (p < 0.05). The HPLC results
illustrated that after knocking down EZH2 or overexpressing
ABCA1, TC, FC, and CE in THP-1 macrophage-derived foam cells
were lower than those in the pLV-EGFP-GAS5 control group, while
knockdown of ABCA1 elevated levels of TC, FC, and CE in THP-1
macrophage-derived foam cells in comparison to sh-GAS5 treatment
(Table 2) (p < 0.05).

These results indicated that knockdown of EZH2 or overexpression of
ABCA1 suppressed the inhibitory effect of overexpression of GAS5
on reverse-transportation of cholesterol of THP-1 macrophage-
derived foam cells while promoting an effect on intracellular lipid
accumulation. When ABCA1 expression was knocked down, the ef-
fects of knockdown of GAS5 on cholesterol efflux and intracellular
lipid accumulation could be attenuated. This suggested that GAS5
plays a role in regulating THP-1 macrophage-derived foam cells by
recruiting EZH2 to mediate ABCA1 promoter region histone
trimethylation.

GAS5 Promotes Progression of Atherosclerosis In Vivo

To further explore the effect of GAS5 on the progression of athero-
sclerosis in vivo, we fed ApoE knockout mice with a high-fat diet to
establish animal models of atherosclerosis. The results of qRT-PCR
demonstrated that knockdown and overexpression of GAS5 were
effective in RAW264.7 macrophage-derived foam cells (Figure 5A)
(p < 0.05), and ABCA1 knockdown was effective (Figure 5B) (p <
0.05). Next, the models were further evaluated. The blood lipid levels
of the control group and the model group revealed that the levels of
TC, triglyceride (TG), HDL, and LDL in the model group induced
by high-fat diet were higher than those in the C57BL/6J mice (p <
0.05) (Table S1). Oil red O staining of aortic results showed that after
a high-fat diet, the ApoE�/�mice showed obvious atherosclerotic pla-
ques in the aortic arch, abdominal aorta, thoracic aorta, and common
iliac artery branches, and the lipids in the plaque were stained with oil
red O, while C57BL/6J mice had no obvious atherosclerotic plaque
formation (Figure 5C). The results of H&E staining in the aortic
root were similar to those of the whole aortic staining. In the mice
induced by a high-fat diet, the blood vessel wall of the aortic root
was thickened, foam cells were accumulated, partially ruptured, and
the atherosclerotic lesions were obvious. There was no atherosclerotic
change in the aortic root of C57BL/6J mice, and the cells were normal
and arranged closely (Figure 5D). In conclusion, the high-fat diet-
induced ApoE�/� mice exhibited typical pathological features of
atherosclerosis, and the mouse models can be used for subsequent
experiments.

Measurement of the in vivo cholesterol efflux rate revealed that the
radioactivity of the pLV-EGFP-GAS5 group was decreased, as
compared with the pLV-EGFP-N group (p < 0.05); compared with
the sh-NC group, the radioactivity of the sh-GAS5 group was
increased (p < 0.05), while the radioactivity of sh-ABCA1 group
was decreased (p < 0.05). Compared with the sh-ABCA1 group, the
radioactivity of the sh-GAS5 + sh-ABCA1 group was elevated (p <
0.05) (Figure 5E). The aforementioned findings indicated that
GAS5 could regulate the reverse translocation process of macrophage
cholesterol in vivo by regulating the expression of ABCA1. Enzyme
oxidation method was used to evaluate blood lipid levels. The results
revealed that after overexpression of GAS5, levels of TG, TC, and LDL
were increased to different extents, while HDL level was decreased
(p < 0.05). After GAS5 expression was knocked down, levels of TG,
TC, and LDL were downregulated and the level of HDL was increased
(p < 0.05). Instead, after knocking down the expression of ABCA1, the
levels of TG, TC, and LDL were increased to different degrees, while
the level of HDL was decreased (p < 0.05). Furthermore, knockdown
of GAS5 expression inhibited the effect of knockdown of ABCA1
expression on blood lipid levels in ApoE�/� mice (p < 0.05) (Table
3), suggesting that GAS5 regulated blood lipid levels in ApoE�/�

mice with atherosclerosis by mediating reverse cholesterol transport.
Oil red O staining analysis of the aorta revealed that overexpression of
GAS5 promoted atherosclerosis, while knockdown of GAS5 attenu-
ated atherosclerosis; knockdown of ABCA1 was found to increase
atherosclerosis, while the knockdown of GAS5 expression inhibited
the effect of knockdown of ABCA1 on atherosclerotic lesions in
ApoE�/� mice (Figure 5F). H&E staining of arterial root showed
intimal hyperplasia and notable plaque formation in the valve of
each group, but the area of plaque in the mice overexpressing
GAS5 was much higher than that in mice expressing pLV-EGFP-N
when the plaque area of each mice was measured (p < 0.05); the
area of plaque in the mice was reduced by knockdown of GAS5
(p < 0.05); the area of plaque in the mice was enlarged following
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 87
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the knockdown of ABCA1 (p < 0.05), suggesting that knockdown of
GAS5 inhibited the effect of knockdown of ABCA1 on atherosclerotic
lesions in ApoE�/�mice (Figure 5G). Taken together, the results indi-
cated that GAS5 could promote atherosclerotic lesions in ApoE�/�

mice.

DISCUSSION
Atherosclerosis is a chronic inflammatory and lipid-depository dis-
ease that eventually leads to acute cardiovascular events.22 Emerging
evidence supports that epigenetic processes such as DNA methyl-
ation, histone modification, and noncoding RNAs play an important
role in plaque progression and vulnerability.23–25 Based on the results
observed during the present study, it became clear that downregula-
tion of GAS5 could promote reverse-transportation of cholesterol and
inhibit intracellular lipid accumulation via decreasing EZH2 and in-
hibiting the histone methylation of ABCA1, ultimately alleviating the
progression of atherosclerosis.

Atherosclerosis is a chronic inflammatory disease of the vessel wall.26

Although significant progress has been made in the research and
88 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
development of atherosclerosis treatment, the
drug therapies available at present still have
numerous side effects particularly for those on
long-term treatment plans.27 Thus, it is of great
importance to find more effective and long-
term treatment for patients with atheroscle-
rosis. The results of our study showed that
GAS5 was highly expressed in atherosclerotic
plaque tissues in ApoE�/�mice with atheroscle-
rosis. In line with our study, a previous study
confirmed GAS5 to be upregulated not only in
patients with atherosclerosis but also in athero-
sclerotic rats.28 Another study also provided ev-
idence highlighting the elevation of GAS5 in the
plaque of atherosclerosis from both human and
animal models.19 All of the aforementioned
findings support our results that GAS5 was overexpressed in athero-
sclerotic plaque.

Furthermore, this study found that downregulation of GAS5 can in-
crease the transcription of ABCA1 in atherosclerotic plaque via
binding to EZH2. lncRNAs could inhibit the transcription of its
target genes by recruiting EZH2 to the promoter region of target
genes. Specifically, lncRNA SYISL recruits EZH2 protein to the pro-
moters of the cell-cycle inhibitor gene p21 and muscle-specific genes
such as myogenin (MyoG) and muscle creatine kinase (MCK),
leading to H3K27me3 and epigenetic silencing of target genes.10 Be-
sides, lncRNA PCAT6 overexpression might decrease LATS2 pro-
moter activity via binding to EZH2, resulting in H3K27me3 in
the LATS2 promoter region.9 A previous study revealed that knock-
down of lncRNA PVT1 can downregulate EZH2,29 which highlights
the potential regulation of EZH2 by lncRNAs. As histone methyl-
transferase, EZH2 is a repressive epigenetic mark.30 Notably,
EZH2 can act as a regulator of cell process in various diseases
including atherosclerosis.31 More specifically, elevation of EZH2
has been observed in atherosclerotic plaque tissues.32 In our study,



A

C

B Figure 4. GAS5 Plays a Role in THP-1 Macrophage-

Derived Foam Cells by Recruiting EZH2 to Mediate

ABCA1 Histone Trimethylation

(A) Transfection efficiency of ABCA1 detected by qRT-

PCR; the data were compared using unpaired t test. (B)

The effects of GAS5, EZH2, and ABCA1 on reverse

cholesterol transport function of THP-1 macrophage-

derived foam cells detected by cholesterol efflux assay;

one-way ANOVA was used for data analysis among

multiple groups. (C) The effects of GAS5, EZH2, and

ABCA1 on lipid accumulation in THP-1 macrophage-

derived foam cells examined by oil red O staining (�400).

*p < 0.05 versus the pLV-EGFP-N group; #p < 0.05 versus

the pLV-EGFP-GAS5 group; &p < 0.05 versus the sh-

GAS5 group.
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the results of RNA pull-down, RIP, and ChIP assays strictly proved
that GAS5 can bind to EZH2 and downregulation of GAS5
decreased the expression of EZH2.

The present study also proved that downregulation of GAS5 could
promote reverse-transportation of cholesterol and inhibit lipid accu-
mulation via EZH2-mediated ABCA1, which was indicated by the
decreased TC, TG, and LDL levels upon knockdown of GAS5 or
EZH2 and overexpressed ABCA1. The combination of increased
lipid influx, elevated production and reduced catabolism of lipids,
and impaired HDL-mediated reverse cholesterol transport can pro-
mote atherosclerosis.33 Recent evidence has indicated that lncRNAs
are able to control the function of the vessel wall, lipid metabolism,
activation of macrophages, and inflammatory response.34 Liang
et al. concluded that GAS5 knockdown could alleviate ox-LDL-stim-
ulated apoptosis and recover ox-LDL-impaired autophagy flux in
human aortic endothelial cells.35 Moreover, the reduction of
GAS5 has been proved to downregulate the expression of pro-in-
flammatory cytokines (interleukin-6 [IL-6], IL-1b, tumor necrosis
factor alpha [TNF-a]) induced by ox-LDL in macrophages.28 As
shown in a previous study, the silkworm protein 30Kc6 dramatically
improves the conditions of the atherosclerosis by decreasing serum
levels of TG, HDL-C, LDL-C, and TC.36 Another study further sug-
gested that TC, TG, and LDL were upregulated in atherosclerosis,
Molecular T
and elevated ABCA1 expression induced by
apigenin can inhibit the development of
atherosclerosis.37 Cellular cholesterol trans-
porter ABCA1 might play vital roles in the pre-
vention of atherosclerosis cellular cholesterol
transporters.38 Moreover, leonurine has been
shown to inhibit atherosclerosis by upregulat-
ing ABCA1.39 It has been proved that athero-
sclerosis in ApoE–/– mice can be suppressed
via increasing ABCA1 expression by botulin.40

Furthermore, it has been also detected that the
expression of ABCA1 in atherosclerotic plaque
tissues can be decreased by EZH2,16 which was
consistent with the findings of our study:
ABCA1 expression has been shown to be stimulated following the
downregulation of GAS5 and EZH2. Based on these results, our
study found that downregulation of GAS5 can increase the expres-
sion of ABCA1 via binding to EZH2, thus inhibiting the progression
of atherosclerosis.

The in vivo results showed that the combined inhibition of GAS5
and ABCA1 completely negated the effects of inhibition of GAS5
on cholesterol efflux and lipid accumulation. However, that did
not emerge in in vitro experimental results. The different environ-
ment of in vitro and in vivo cells may cause the difference between
in vitro and in vivo experimental results. This is also what we will
continue to explore in the future study.

The key findings from the present study provided evidence
that knockdown of GAS5 could potentially stimulate reverse-
transportation of cholesterol and attenuate intracellular lipid
accumulation via reducing EZH2-mediated transcriptional inhibi-
tion of ABCA1, consequently preventing the progression of
atherosclerosis. These findings highlighted the potential of GAS5
as a promising therapeutic target to treat atherosclerosis. Consid-
ering all the experiments in the present study were conducted in
mice, we will try to develop clinical values in clinical trials in
future studies.
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Table 2. Determination of Cholesterol in THP-1 Macrophage-Derived Foam Cells by HPLC

Group TC (mg/mg) FC (mg/mg) CE (mg/mg) CE/TC (%)

pLV-EGFP-N 479.12 ± 53.34 181.29 ± 20.49 297.83 ± 33.84 62.66

pLV-EGFP-GAS5 634.13 ± 70.83* 248.19 ± 27.59* 385.94 ± 43.19* 60.92

pLV-EGFP-GAS5 + sh-EZH2 479.16 ± 53.73# 183.32 ± 20.68# 295.84 ± 33.19# 61.80

pLV-EGFP-GAS5 + pLV-EGFP-ABCA1 436.14 ± 49.31# 167.56 ± 18.67# 268.58 ± 29.93# 62.56

sh-GAS5 300.16 ± 34.83 120.08 ± 13.47 180.08 ± 20.42 60.66

sh-GAS5 + sh-ABCA1 481.64 ± 54.25& 186.97 ± 21.67& 294.67 ± 33.49& 62.13

All cellular experiments were repeated 3 times, and one-way ANOVA was used for data analysis. HPLC, high performance liquid chromatography; TC, total cholesterol; FC, free
cholesterol; CE, cholesterol ester; EZH2, enhancer of zeste homolog 2; THP-1, the human monocytic leukemia cell line; GAS5, growth arrest-specific transcript 5; ABCA1, ATP-bind-
ing cassette transporter A1.
*p < 0.05 versus the pLV-EGFP-N group
#p < 0.05 versus the pLV-EGFP-GAS5 group
&p < 0.05 versus the sh-GAS5 group.
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MATERIALS AND METHODS
Ethics Statement

This study was conducted under the approval of the Animal Ethics
Committee of Shanghai General Hospital and in strict accordance
with the Guide for the Care and Use of Laboratory Animals published
by the NIH.

Cell Culture and Transfection

The human monocytic leukemia cell line THP-1 was purchased from
the Basic Medical Cell Center of Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Beijing, China; http://www.
crcpumc.com/pr.jsp?keyword = THP1&_pp = 0_312). THP-1 mono-
cytes were cultured using RPMI 1640 medium (GIBCO, Carlsbad,
CA, USA) containing 10% fetal bovine serum (FBS). The THP-1 cells
were incubated in a 6-well plate with 20 mL of 100 nmol/L phorbol
myristic acetate (Sigma-Aldrich Chemical Company, St. Louis, MO,
USA) in each well for 72 h at 37�C with 5% CO2 to make THP-1 cells
grow in a single layer and convert from monocytes to macrophages.
Next, 50 mg/mL ox-LDL was added to serum-free RPMI 1640 me-
dium containing 0.3% BSA (Hyclone-Pierce, Logan, UT, USA), and
the cells were cultured in the medium for 48 h to induce macrophages
to be transformed into foam cells for cell transfection.

A mouse mononuclear macrophage cell line RAW264.7 was pur-
chased from the Basic Medical Cell Center of Institute of Basic Med-
ical Sciences, Chinese Academy of Medical Sciences (Beijing, China;
http://www.crcpumc.com/pr.jsp?keyword = RAW264.7&_pp =
0_312). RAW264.7 cells were cultured in DMEM medium (GIBCO,
Carlsbad, CA, USA) containing 10% FBS with 5% CO2 at 37�C. After
the cell density reached approximately 2 � 108 cells/L, the medium
was replaced with DMEM medium containing 1% FBS, and the cul-
ture mediumwas replaced every 2 days. The final concentration of ox-
LDL was 50 mg/mL, and the culture was continued for 24 h to induce
macrophages to transform into foam cells for cell transfection.

The vector used to construct the lentiviral vector was pLV-
enhanced GFP (EGFP)-N (lentivirus gene overexpression vector),
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pSIH1-H1-copGFP (lentivirus gene silencing vector of shRNA
fluorescent expression). The lentiviral vectors of sh-NC, sh-
GAS5, sh-EZH2, and sh-ABCA1 were constructed by Shanghai
GenePharma (Shanghai, China). Lentiviral packaging was per-
formed using 293T cells. The cells were cultured in RPMI 1640
complete medium containing 10% FBS and sub-cultured every
other day. The virus was collected and THP-1 macrophage-derived
foam cells were classified into the following groups according to
different transfections: blank control group (transfected with no
sequence); pLV-EGFP-N group (transfected with empty vector);
pLV-EGFP-GAS5 group (oe-GAS5, transfected with GAS5 overex-
pression lentiviral vector); pSIH1-H1-copGFP-sh-NC transfection
group (sh-NC, transfected with irrelevant shRNA sequence lentivi-
ral vector); sh-GAS5 group (transfected with GAS5 shRNA
lentiviral vector); pSIH1-H1-copGFP-sh-EZH2 (sh-EZH2, trans-
fected with EZH2 shRNA lentiviral vector); pLV-EGFP-N-EZH2
(oe-EZH2, transfected with EZH2 overexpression lentiviral
vector); pLV-EGFP-N-GAS5 + pLV-EGFP-N-EZH2 (oe-GAS5 +
oe-EZH2, co-transfected with GAS5 overexpression and EZH2
overexpression lentiviral vector); pLV-EGFP-N-GAS5 + pLV-
EGFP-N-ABCA1 (oe-GAS5 + oe-ABCA1, co-transfected with
GAS5 overexpression and ABCA1 overexpression lentiviral vec-
tor); sh-GAS5 + pSIH1-H1-copGFP-sh-ABCA1 (sh-GAS5 + sh-
ABCA1, co-transfected with GAS5 shRNA and ABCA1 shRNA
lentiviral vector); and pSIH1-H1-copGFP-sh-ABCA1 (sh-
ABCA1, transfected with ABCA1 shRNA lentiviral vector). The
THP-1 macrophage-derived foam cells in the logarithmic growth
phase were treated with trypsin, triturated, and made into a cell
suspension of 5 � 104 cells/mL. Next, the cell suspension was
then seeded in a 6-well plate with 2 mL per well and incubated
overnight at 37�C. The virus (1 � 108 U/mL) was added to the
cells for infection, whereas the cells with stable inheritance were
collected for subsequent experimentation.

RNA Isolation and Quantitation

The total RNA from the cells was extracted by Trizol (Sigma-Aldrich
Chemical Company, St. Louis, MO, USA). The RNA quality and

http://www.crcpumc.com/pr.jsp?keyword%20=%20THP1&amp;_pp%20=%200_312
http://www.crcpumc.com/pr.jsp?keyword%20=%20THP1&amp;_pp%20=%200_312
http://www.crcpumc.com/pr.jsp?keyword%20=%20RAW264.7&amp;_pp%20=%200_312
http://www.crcpumc.com/pr.jsp?keyword%20=%20RAW264.7&amp;_pp%20=%200_312
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Figure 5. GAS5 Downregulation Prevents Atherosclerosis Progression in ApoE–/– Mice

(A) Transfection efficiency of GAS5 in each group detected by qRT-PCR and (B) transfection efficiency of sh-ABCA1 in each group detected by RT-qPCR. (C) Oil red O

staining analysis of aortic plaque formation in C57BL/6J and ApoE�/�mice. (D) H&E staining analysis of aortic plaque formation in C57BL/6J and ApoE�/� mice (�400). (E)

Serum cholesterol efflux in ApoE�/� mice with atherosclerosis after oe-GAS5, sh-GAS5, or sh-ABCA1 treatment. (F) Oil red O staining analysis of aortic plaque formation in

ApoE�/� mice with atherosclerosis after oe-GAS5, sh-GAS5, or sh-ABCA1 treatment. (G) H&E staining analysis of aortic plaque formation in ApoE�/� mice with athero-

sclerosis after oe-GAS5, sh-GAS5, or sh-ABCA1 treatment (�400). *p < 0.05 versus the pLV-EGFP-N group; #p < 0.05 versus the sh-NC group; &p < 0.05 versus sh-ABCA1

group. The experiment was repeated three times. Comparison between two groups was analyzed using t test and comparison among multiple groups was analyzed using

one-way ANOVA.

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 91

http://www.moleculartherapy.org


Table 3. Blood Lipid Levels of Each Group of ApoE–/– Mice (n = 8, mmol/L)

Group TC TGs HDL LDL

pLV-EGFP-N 18.49 ± 1.96 1.83 ± 0.19 1.45 ± 0.16 9.16 ± 0.98

pLV-EGFP-GAS5 24.36 ± 2.59* 2.64 ± 0.29* 0.92 ± 0.09* 16.76 ± 1.78*

sh-NC 17.09 ± 1.71 1.68 ± 0.19 1.53 ± 0.16 7.61 ± 0.81

sh-GAS5 15.13 ± 1.59# 1.34 ± 0.15# 1.74 ± 0.18# 5.84 ± 0.59#

sh-ABCA1 23.49 ± 2.43# 2.57 ± 0.26# 0.96 ± 0.11# 15.96 ± 1.67#

sh-GAS5 + sh-ABCA1 17.49 ± 1.83& 1.76 ± 0.19& 1.49 ± 0.15& 7.64 ± 0.79&

TC, total cholesterol; TGs, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein; GAS5, growth arrest-specific transcript 5; ABCA1, ATP-binding cassette trans-
porter A1.
*p < 0.05 versus the pLV-EGFP-N group
#p < 0.05 versus the sh-NC group
&p < 0.05 versus the sh-ABCA1 group; data analysis was performed by one-way ANOVA.
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concentration were determined using an UV-visible spectropho-
tometry. The extracted RNA was subsequently reversely tran-
scribed into cDNA using the PrimeScript RT Reagent Kit (Takara
Holdings, Kyoto, Japan). The cDNA was utilized as a template,
with the target gene subjected to a fluorescent quantitative PCR
operation with reference to the SYBR Premix Ex TaqTM II (Tli
RNaseH Plus) kit (Takara Holdings, Kyoto, Japan). Quantitative
real-time fluorescence PCR was performed on a Cycler Dice Real
Time System (TP800, Takara Holdings, Kyoto, Japan). Next, 3 rep-
licates were set up for each group. Primer sequences for qRT-PCR
are shown in Table S2. The primers for the amplification template
were designed by the Primer Express 2.0 software (synthesized by
Guangzhou RiboBio, Guangzhou, Guangdong, China), with glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) regarded as
the internal reference gene. 2-DDCT was considered to be reflective
of the expression of the gene to be assessed: DCT = CT (target
gene) – CT (internal reference).

Western Blot Analysis

The cells were collected and washed with PBS, followed by incuba-
tion with protein lysis buffer containing protease and alkaline
phosphatase inhibitor at 4�C for 30 min. The protein was then
separated by 10% SDS-PAGE and then transferred onto a polyvi-
nylidene fluoride (PVDF) membrane. The membrane was then
blocked using 5% skimmed milk powder for 1 h and incubated
overnight at 4�C with Tris-buffered saline Tween-20 (TBST)
diluted primary rabbit antibody to EZH2 (#5246, 1:1,000, Cell
Signaling Technologies, Beverly, MA, USA), mouse antibodies to
ABCA1 (ab18180, 1:500, Abcam, Cambridge, MA, USA), b-actin
(ab6276, 1:1,000, Abcam, Cambridge, MA, USA), and
H3K27me3 (ab6002, 1:1,000, Abcam, Cambridge MA, USA). After
3 TBST washes, the membrane was incubated with horseradish
peroxidase (HRP)-labeled secondary antibody at room tempera-
ture for 1 h, followed by an additional 6 washes with TBST. The
immunocomplexes on the membrane were then visualized using
enhanced chemiluminescence (ECL) with the band intensities
quantified using ImageJ software. The ratio of the gray value of
the target band to b-actin was considered to be representative of
the relative protein expression.
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FISH Assay

FISH was performed to detect the subcellular localization of GAS5 in
THP-1 macrophage-derived foam cells. The cover glasses were placed
in the bottom of a 24-well plate at a density of 5� 103 cells/well. After
a 24 h period of culture, the supernatant was removed, after which the
cells were washed with 1 � PBS. After fixation with 4% paraformal-
dehyde, PBS containing 0.5% Triton X-100 was added to the cells, fol-
lowed by blocking with pre-hybridization solution at 37�C. Next,
GAS5 probe was hybridized overnight at 37�C. The cells were then
washed with a hybridization solution at 42�C under conditions
void of light. The hybridized area of the cover glasses was subse-
quently stained with 4’,6-diamidino-2-phenylindole (DAPI), with
the cover glasses fixed on the slide using a sealing agent under condi-
tions void of light. The experimental specimens were analyzed under
a laser confocal microscope.

Cholesterol Efflux Detection

THP-1 macrophage-derived foam cells were incubated in RPMI 1640
medium containing 10% FBS with 0.2 mCi/mL [3H] cholesterol.
Upon reaching 85% confluence, the cells were washed with PBS.
Next, the cells were transfected in fresh culture medium and assigned
into blank, sh-NC, sh-GAS5, pLV-EGFP-N, pLV-EGFP-GAS5, sh-
GAS5 + sh-ABCA1, pLV-EGFP-GAS5 + pLV-EGFP-ABCA1, and
pLV-EGFP-GAS5 + sh-EZH2 groups. The cells were then cultured
in serum-free RPMI 1640 medium containing lipoprotein for 24 h.
After PBS rinsing, the cells were cultured in fresh medium containing
25 mg/mL apoA-I for 6 h and lysed with the scintillation solution. The
[3H] cholesterol radioactivity of each sample was measured using a
liquid scintillation counter. The cholesterol efflux rate = radiation in-
tensity of culture solution (count per minute, cpm)O total radiation
intensity (culture liquid radiation intensity [cpm] + cell lysate radia-
tion intensity [cpm]) � 100%.

Oil Red O Staining

The THP-1 macrophage-derived foam cells were cultured in 6-well
culture plates with sterile coverslips. The cells were treated, washed
3 times with PBS, fixed with 50% isopropanol for 1 min, and stained
with oil red O staining solution for 10 min. After hematoxylin stain-
ing for 5 min, the cells were differentiated with 1% HCl, returned to
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blue, and sealed using a sealing agent. Under a microscope, the intra-
cellular lipids were observed to be stained with red and the nuclei were
stained with blue. The image analysis system was employed for im-
ages collection after which a microscope was used for photography.

HPLC

The THP-1macrophage-derived foam cells were collected after trans-
fection, washed 3 times with PBS, and disrupted by sonication in an
ice bath. The protein content was determined through the application
of the bicinchoninic acid (BCA) method. The cell lysate was divided
into two portions, one portion was added to an equal volume of
freshly prepared 15% KOH alcohol solution and stirred at room tem-
perature until the cell lysate was clear to obtain TC extraction; the
other portion was added to an equal volume of freshly prepared
8.9 mmol/L KOH alcohol solution for a water bath at 80�C for 1 h
to obtain FC. The protein was removed following the addition of
6% trichloroacetic acid. The sample was added with an equal volume
of a mixture of n-hexane and isopropanol at the ratio of 4:1, mixed
and stirred for 5 min, followed by centrifugation at a speed of
1,500 rpm for 5 min at 15�C. The upper organic phase was collected
and dried in a vacuum dryer at 65�C. After cooling, the upper organic
phase was added with 100 mL of mixture solution of isopropanol, n-
heptane, and acetonitrile at the ratio of 35:13:52 (V/V) to dissolve the
sample, followed by centrifugation at 1,500 rpm for 5 min for super-
natant collection. Next, 10 mL of the supernatant was collected for
HPLC. A non-gradient elution was performed using a C-18 column
with isopropanol:n-heptane:ethylidene as the mobile phase at a flow
rate of 1 mL/min, and the column temperature was maintained at
4�C. Detection was carried out at 216 nm for 10 min. Cholesterol
was quantified by peak area and CE was hydrolyzed by cholesterol
esterase. CE was calculated based on the following formula: CE =
TC � FC.

RNA Pull-Down Assay

GAS5 RNA fragment was in vitro transcribed using T7 RNA poly-
merase (Ambion, Company, Austin, TX, USA), then treated with
RNeasy Plus Mini Kit (QIAGEN Company, Hilden, Germany) and
DNase I (QIAGEN Company, Hilden, Germany), and purified by
the RNeasy Mini Kit. Then 1 mg of labeled RNA was heated in
RNA structure buffer containing 10 mmol/L Tris (pH = 7), 0.1
mol/L KCl, and 10 mmol/L MgCl2 to 95�C. After 2 min, the labeled
RNA was incubated on ice for 3 min and then allowed to stand at
room temperature for 30 min in order to allow the RNA to form a
suitable secondary structure. Next, 3 mg of THP-1 macrophage-
derived foam cells were added to the cell lysis (Sigma-Aldrich Chem-
ical Company, St. Louis, MO, USA) for 1 h at 4�C. The lysate was
centrifuged at 12,000 � g and 4�C for 10 min, followed by superna-
tant collection and transfer into an RNase-free centrifuge tube.
Next, 400 ng of biotinylated RNA was added to 500 mL of RIP buffer
and incubated with cell lysate for 1 h at room temperature while some
of the cell lysate was regarded as the input. Streptavidin magnetic
beads were then added to each binding reaction and incubated for
1 h at room temperature. Finally, the cells were washed 5 times
with RIP buffer and added with 5 � loading buffer. After incubation
at 95�C for 5 min, the eluted EZH2 protein was determined by west-
ern blot analysis.

RNA Binding Protein Immunoprecipitation

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Bedford, MA, USA) was used for measurement purposes.
THP-1 macrophage-derived foam cells at 90% confluence were lysed
in RIP lysis buffer, with the lysate supernatant collected and divided
into 2 portions. Two inputs were used to determine the endogenous
protein content in western blot analysis and content of RNA in quan-
titative real-time PCR. Afterward, 100 mL of cell extraction was incu-
bated with 900 mL of RIP buffer containing magnetic beads coated
with primary rabbit antibody to EZH2 (#5246, 1: 300, Cell Signaling
Technology, Beverly, MA, USA) or NC normal mouse IgG for 3 h at
4�C overnight. After instantaneous centrifugation, the tube was
placed on a magnetic separator with the supernatant then discarded.
The tube was subsequently washed 6 times with 500 mL of RIP wash
buffer. At the last wash, 50 mL of the wash buffer was collected with
the supernatant discarded and the loading buffer added. Western
blot analysis was employed to determine whether the magnetic beads
were coated with the antibody. The sample was incubated with pro-
teinase K at 55�C for 30 min and shaken continuously to detach
the protein. After the detachment, the immunoprecipitated RNA
was isolated with Trizol-chloroform and subjected to qRT-PCR for
GAS5 enrichment detection.

ChIP

ChIP was performed using EZ-Magna ChIP A kit (17-408, Upstate
Millipore, Billerica, MA, USA). In brief, 2 mL of THP-1 macro-
phage-derived foam cells in logarithmic growth phase were washed
with pre-cooled PBS. The cells were then ice-bathed in an equal vol-
ume of PBS containing Protease Inhibitor Cocktail II for 5 min. The
cell extract was centrifuged at 800 � g for 5 min at 4�C followed by
discarding of the supernatant. The cells were resuspended in
2.0 mL of cell lysis buffer containing Protease Inhibitor Cocktail II,
lysed on ice, and centrifuged at 800 � g for 5 min at 4�C with
0.5 mL of Protease Inhibitor Cocktail II. After the supernatant was dis-
carded, the cells were added with 2.0 mL of nuclear lysis buffer. The
mixture was lysed on ice and sonicated to a fragment of 200 to 1,000
bases in length. After ultrasonication, the product was subjected to gel
electrophoresis to determine the length of the DNA fragment. After
ultrasound was performed, the cells were centrifuged at 1,200 � g
for 10 min at 4�C, and 50 mL of the supernatant (DNA fragment)
was harvested from each group. The DNA fragment was co-immuno-
precipitated with the addition of 450 mL of dilution buffer and 2.25 mL
of Protease Inhibitor Cocktail II. The grouping was divided into NC,
H3K27me3, and EZH2 groups. Next, 5.0 mg of rabbit IgG was added
to the NC group, and 5.0 mg of mouse monoclonal antibody to
H3K27me3 and rabbit monoclonal antibody to EZH2 were added
to the H3K27me3 and EZH2 groups, respectively. The magnetic
bead-antibody complex was washed and resuspended in 500 mL of
ChIP wash buffer and added with 100 mL of ChIP elution buffer
and Proteinase K complex. The sample was placed on a magnetic
stand in order to collect the magnetic bead-protein complex followed
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 93
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by removal of the supernatant, and two rinses with ChIP wash buffer.
DNA was extracted again and qRT-RCR was conducted to quantify
the DNA promoter of ABCA1. The primer sequences of
ABCA1 were: forward, 50-CTCGGTGCAGCCGAATCTAT-30;
reverse, 50-CACTC ACTC TCGCTCGCAAT-30.

Establishment and Identification of Atherosclerosis Model in

ApoE–/– Mice

A total of 60 healthy specific pathogen-free (SPF) male ApoE�/�mice
(aged 6–8 weeks and weighing 20–30 g) purchased from Nanjing Bet-
ter Biotechnology (Nanjing, Jiangsu, China) were included in the
study to establish mouse models of atherosclerosis. 10 healthy
C57BL/6J SPF male mice (aged 8�10 weeks and weighing 20–30 g)
were purchased from Nanjing Better Biotechnology (Nanjing,
Jiangsu, China) as a normal control group. The experimental mice
were housed in a SPF animal laboratory with a humidity of 60% to
65% and a temperature of 22�C to 25�C. After 1-week period of accli-
matization, the mice in the model group were fed with a high-fat diet
(21% fat and 0.15% cholesterol) for 10 weeks, and C57BL/6J mice in
the control group were fed with a high-fat diet. By observing the phys-
iological state and tissue structure of the mice, it was judged whether
the model establishment was successful based on the following as-
pects: (1) physiological state: mice with dark fur, pale and dull claws
showed tiredness, sluggish appetite, and slow actions; (2) pathological
examination: three modeled mice were selected, with a large number
of atheromatous plaques detected in the arteries of these mice, a large
number of foam cells had formed and accumulated with the thick-
ened aortic intima, disordered tissue arrangement, as well as obvious
plaque instability; and (3) abnormal levels of TC, TG, HDL, and LDL
in blood lipid were detected.41 The mice in the normal group were
lively and active with smooth fur and normal appetite and mental
condition, and their tissues were neatly arranged without plaque. Af-
ter the successful modeling of atherosclerosis in ApoE�/� mice, the
mice were fed with the normal diet for 4 weeks. In the modeling pro-
cess, 3 mice died, blood lipid levels of 4 mice did not meet the blood
lipid level, and the modeling success rate was 88.33% (53/60). Then
ApoE�/� mice were assigned into 6 groups (8 in each group): pLV-
EGFP-N, pLV-EGFP-GAS5, sh-NC, sh-GAS5, sh-ABCA1, and sh-
GAS5 + sh-ABCA1 groups. The RAW264.7 macrophage-derived
foam cells in the logarithmic growth phase were trypsinized and pi-
petted to prepare a cell suspension of 5 � 104 cells/mL, which was
cultured at 37�C overnight after seeding in a 6-well plate (2 mL per
well). Then the virus (1� 108 plaque-forming unit [PFU]/100 mL) in-
fected with stably transfected cells was injected into mice of each
group. In the first week, the mice were injected (80 mL/kg in
0.2 mL normal saline) twice per week, followed by one injection per
week for the next 3 weeks, a total of 4 weeks. After that, the mice
were euthanized, followed by tissue sample collection.

Collection of Experimental Specimens of Mice

On the night prior to blood collection, the mice in each group were
fasted for 12 h. After anesthesia with 3% pentobarbital sodium, the
blood was collected from the ocular venous plexus of the mice. The
serum samples were obtained by centrifugation at 3,000 rpm for
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15 min at 4�C. The mice were euthanized after blood collection,
and the ventral midline incision was made to separate the sternum
and diaphragm bluntly. The hearts and kidneys were then isolated,
followed by exposure of the thoracic and abdominal aortas. The
vascular adventitia was dissected, tissues were isolated, and the whole
aorta was taken. After PBS rinsing, the aorta was fixed with 4% para-
formaldehyde solution for 24 h for subsequent experiments

Detection of Blood Lipid

The serum levels of TC, TG, HDL, and LDL were evaluated by an
automatic biochemical analyzer (AD-VIA-2400, Siemens, Erlangen,
Germany) with biochemical detection reagent (01218LH, Beijing
Leadman, Beijing, China).

Oil Red O Staining of Aorta

Themice were fasted 1 day prior to being anesthetized and euthanized
with a subcutaneous injection of 3% sodium pentobarbital at a dose of
50 mg/kg. The aortic arch to the branch of the abdominal aorta was
removed and the aorta was longitudinally dissected. The aorta was
spread, stained with oil red O staining solution for 15 min and soaked
for 20 min in 70% alcohol, followed by rinsing with distilled water for
30 min. The arteries were spread on a white plate, photographed, and
analyzed quantitatively using Image-Pro Plus 6.0 (IPP 6.0) software
(Media Cybernetics, Rockville, MD, USA) for plaque area. The red
staining presented with atherosclerotic lesions.

H&E Staining

The formaldehyde-fixed specimens were rinsed with distilled water
for 1 h and then completely soaked in the following reagents: 70%
alcohol for 24 h; 80% alcohol for 24 h; 95% alcohol (I) for 30 min;
95% alcohol (II) for 30 min; 100% alcohol (I) for 30 min; 100%
alcohol (II) for 30 min; the mixture of 100% alcohol and xylene at
the ratio of 1:1 for 20 min; xylene (I) for 20 min; xylene (II) for
20 min; soft wax for 10 min; and hard wax for 10 min. The samples
were subsequently embedded in paraffin blocks, after which they
were lightly sliced to 5 mm-thick slices. The slices were then gently
spread on a glass slide, baked at 60�C for 1 h, and stored at room tem-
perature. Paraffin-embedded sections were routinely dewaxed with
xylene, stained with hematoxylin for 5–10 min, rinsed under tap
water, and differentiated using 1% aqueous hydrochloric acid. The
sections were then stained with eosin solution for 1–2 min. Finally,
the sections were dehydrated with ethanol, cleared, and sealed with
neutral resin. An ordinary light fluoroscope was employed to analyze
the morphological structure of blood vessels and plaques, while Im-
ageJ image-processing software was employed for plaque area mea-
surement and images collection.

In Vivo Cholesterol Efflux Detection

Ox-LDL with a final concentration of 50 mg/mL was added into a
15 mL centrifuge tube and water-bathed with [3H] cholesterol at a
concentration of 5 mCi/mL at 37�C for 30 min. After the aforemen-
tioned mixture had been added into the DMEM medium, the
RAW 264.7 macrophage-derived foam cells were transfected with
pLV-EGFP-N, sh-NC, pLV-EGFP-GAS5, sh-GAS5, sh-ABCA1,
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sh-GAS5 + sh-ABCA1, followed by incubation at 37�C for 48 h. After
centrifugation and resuspension processes, the cell number was
adjusted to 1� 1010 cells/L, and the radioactivity of the injection sus-
pension was 6.2 � 106 cpm/mL. The 0.5 mL of isotope-labeled
suspension was injected into the mice through the abdominal cavity.
After 48 h, the serum of mice was collected. The blood samples were
placed on ice for 1 h, centrifuged at 1,200 rpm for 5 min, and 20 mL of
serum fluid was taken to calculate the radioactivity using a liquid scin-
tillation counter (FJ22107P, state-owned 262 nuclear instrument fac-
tory, Xi’an, Shaanxi, China).
Statistical Analysis

All data were analyzed by SPSS 21.0 statistical software (IBM,
Armonk, NY, USA). The data were all subjected to normal distribu-
tion and homogeneity of variance tests. Measurement data conform-
ing to normal distribution were expressed as mean ± SD. Data with
skewed distribution or uneven variance were expressed by the inter-
quartile range. Comparisons between two groups were analyzed by
unpaired t test, while comparisons among multiple groups were as-
sessed by one-way ANOVA, followed by a post hoc test. Data at
different time points were compared using repeated-measures
ANOVA. Data with skewed distribution were evaluated using a
nonparametric rank sum test. A p value <0.05 was considered to be
statistically significant.
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Supplementary Table 1 Blood lipid levels of mice in each group (mmol/L) 

Blood lipid C57BL/6J mice ApoE
-/- 

mice p 

TC 3.21 ± 0.41 20.54 ± 2.12 < 0.001 

TG 1.09 ± 0.19 2.04 ± 0.27 < 0.001 

HDL 2.23 ± 0.39 2.01 ± 0.21 0.0134 

LDL 0.94 ± 0.11 10.17 ± 1.13 < 0.001 

Note: TC, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein; data analysis between two groups was 

performed using t-test. 

  



Supplementary Table 2 Primer sequences for RT-qPCR 

Genes Sequences 

GAS5 F: 5’-ACACAGGCATTAGACAGAA-3’ 

 R: 5’-CCAGGAGCAGAACCATTA-3’ 

GAPDH F: 5’-GTCTCCTCTGACTTCAACAGCG-3’ 

 R: 5’-ACCACCCTGTTGCTGTAGCCAA-3’ 

ABCA1 F: 5’-GGTTTGGAGATGGTTATACAATAGTTGT-3’ 

  R: 5’-CCCGGAAACGCAAGTCC-3’  

Note: RT-qPCR, reverse transcription quantitative polymerase chain reaction; GAS5, growth arrest-specific transcript 5; ABCA1, ATP-binding cassette 

transporter A1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse. 
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