
Original Article
HDAC1-mediated deacetylation of HIF1a prevents
atherosclerosis progression by promoting
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We intended to characterize functional relevance of microRNA
(miR)-224-3p in endothelial cell (EC) apoptosis and reactive
oxygen species (ROS) accumulation in atherosclerosis, consid-
ering also the integral involvement of histone deacetylase 1
(HDAC1)-mediated hypoxia-inducible factor-1a (HIF1a)
deacetylation. The binding affinity between miR-224-3p and
Fos-like antigen 2 (FOSL2) was predicted and validated.
Furthermore, we manipulated miR-224-3p, FOSL2, HDAC1,
and HIF1a expression in oxidized low-density lipoprotein
(ox-LDL)-induced ECs, aiming to clarify their effects on cell
activities, inflammation, and ROS level. Additionally, we exam-
ined the impact of miR-224-3p on aortic atherosclerotic plaque
and lesions in a high-fat-diet-induced atherosclerosis model in
ApoE�/� mice. Clinical atherosclerotic samples and ox-LDL-
induced human aortic ECs (HAECs) exhibited low HDAC1/
miR-224-3p expression and high HIF1a/FOSL2 expression.
miR-224-3p repressed EC cell apoptosis, inflammatory re-
sponses, and intracellular ROS levels through targeting
FOSL2. HIF1a reduced miR-224-3p expression to accelerate
EC apoptosis and ROS accumulation. Moreover, HDAC1 in-
hibited HIF1a expression by deacetylation, which in turn
enhanced miR-224-3p expression to attenuate EC apoptosis
and ROS accumulation. miR-224-3p overexpression reduced
atherosclerotic lesions in vivo. In summary, HDAC1 overex-
pression may enhance the anti-atherosclerotic and endothe-
lial-protective effects of miR-224-3p-mediated inhibition of
FOSL2 by deacetylatingHIF1a, underscoring a novel therapeu-
tic insight against experimental atherosclerosis.
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INTRODUCTION
Atherosclerosis is a chronic and progressive inflammatory disorder
that is characterized by lipid accumulation and occurrence of fibrous
lesions in the large arteries, commonly leading to myocardial infarc-
tion, stroke, and other cardio-cerebral-vascular events.1 It is now clear
that endothelium dysfunction and vascular inflammation are respon-
sible for the initiation and maintenance of atherosclerotic plaque for-
mation.2 Recent evidence has ascribed lesion formation to injury of
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endothelial cells (ECs) at susceptible vascular sites, where ECs
generate pro-apoptotic proteins and are prone to apoptosis.3 Accu-
mulating evidence confirms that apoptosis in human aortic ECs
(HAECs) is fundamental for the pathophysiology of atherosclerosis
and contributes to its development.4,5 Additionally, pro-atherogenic
stimuli facilitate EC permeability, resulting in overproduction of reac-
tive oxygen species (ROS), which are a component of oxidative
stress.6 Identification of the relevant molecular biomarkers is
necessary to develop novel therapeutic strategies for ameliorating
endothelial dysfunction, which might impede or even reverse disease
progression in atherosclerosis.7

Endogenously expressed microRNAs (miRNAs) are small non-cod-
ing RNAs that mediate gene expression at the post-transcriptional
level.8 Interestingly, emerging studies have highlighted the dysregula-
tion of miRNAs in the physiological and pathophysiological processes
underlying atherosclerosis and cardiovascular diseases, such as in EC
activity, macrophage function, and vascular smooth muscle cell be-
haviors.9–11 For instance, miR-98, miR-146a, miR-1185, miR-210,
miR-148b, and miR-20a/b are all implicated in the progression of
atherosclerosis.12–14 Of note, miR-224 has been revealed to control
mammary epithelial cell apoptosis and lipid metabolism, which are
also two distinct features of atherosclerosis, by targeting the ACADM
and ALDH2 genes.15 Furthermore, a study by Xu et al.16 suggests that
forced expression of miR-224 attenuates the formation of vulnerable
atherosclerotic plaques and vascular remodeling in acute coronary
syndrome. Additionally, miR-224 expression is localized in human
coronary artery lesions, thus implying its participation in the modu-
lation of atherosclerosis progression,17 although details of the molec-
ular mechanism remain unknown. The bioinformatics analysis in this
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.10.044
mailto:cecilyshen@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.10.044&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. miR-224-3p is poorly expressed in atherosclerotic tissues

The expression of miR-224-3p in normal artery and atherosclerotic lesion tissues

was examined by qRT-PCR, normalized to U6. N = 62. *p < 0.05 versus the control

or blank group. The cell experiment was repeated three times independently. miR,

microRNA; qRT-PCR, quantitative reverse-transcriptase polymerase chain reac-

tion; ox-LDL, oxidized low-density lipoprotein; HAECs, human aortic endothelial

cells; AL, atherosclerotic lesion.
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study identified a putative target gene of miR-224-3p, namely Fos-like
antigen 2 (FOSL2). Previous work of Drosos et al.18 has indicated that
FOSL2 is a factor in accelerated inflammation and fibrosis in the
coronary arteries, which may promote formation of atherosclerotic
plaques. There is evidence showing that the miR-224-coding locus
in Xq28 is reciprocally regulated by histone deacetylase 1
(HDAC1).19 HDAC inhibitors are sometimes employed in a clinical
oncology setting, partly due to their anti-angiogenic abilities.20

HDAC1 has low expression in atherosclerotic lesions and in oxidized
low-density lipoprotein (ox-LDL)-treated human aortic ECs, and its
overexpression curbs atherosclerotic formation.21 Additionally,
hypoxia-inducible factor-1a (HIF1a) was negatively correlated with
miR-224-3p expression in glioblastoma and astrocytoma.22 A prior
study indicated that HDAC1 inhibited HIF1a expression through
de-lysine acetylation.23 Therefore, we performed this study to test
the hypothesis that the HDAC1/HIF1a/miR-224-3p/FOSL2 axis
has a regulatory role in the progression of atherosclerosis.

RESULTS
miR-224-3p was poorly expressed in atherosclerosis

Initially, we determined the expression of miR-224-3p in normal
artery and atherosclerotic lesion specimens using quantitative
reverse-transcriptase polymerase chain reaction (qRT-PCR). The re-
sults revealed that the expression of miR-224-3p was markedly
diminished in atherosclerotic lesions when compared with normal
artery (p < 0.05; Figure 1).

miR-224-3p inhibits cell apoptosis and ROS accumulation in ox-

LDL-induced HAECs

After discovering the abnormal expression of miR-224-3p in the cell
model of atherosclerosis, we knocked out or overexpressed miR-224-
3p in ox-LDL-induced HAECs to study the function of miR-224-3p in
atherosclerosis. First, we examined the cellular expression of miR-
224-3p in the ox-LDL-induced HAEC model of atherosclerosis by
qRT-PCR, which showed that the expression of miR-224-3p was
578 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
significantly reduced in ox-LDL-induced HAECs in comparison to
HAECs without any treatment (blank group) (p < 0.05; Figure 2A).
In addition, transfection with miR-224-3p mimic or miR-224-3p in-
hibitor caused no changes in cell morphology (Figure S1), and treat-
ment with negative control (NC)-mimic or NC-inhibitor did not
affect cell function in the absence of ox-LDL induction (Figures
S2A–S2E). The results of qRT-PCR showed significantly increased
expression of miR-224-3p in response to miR-224-3p mimic but
markedly diminished miR-224-3p expression in the presence of
miR-224-3p inhibitor (p < 0.05; Figure 2B). Results from flow cytom-
etry showed a significant increase in cell apoptosis after ox-LDL in-
duction compared to that in HAECs without any treatment (blank
group); miR-224-3p mimic significantly inhibited cell apoptosis,
while miR-224-3p inhibitor contributed to a conspicuous promotion
of cell apoptosis (p < 0.05; Figure 2C). Moreover, Cell Counting Kit-8
(CCK-8) results revealed a significant increase in cell proliferation af-
ter ox-LDL induction when compared with HAECs without any
treatment (blank group); miR-224-3p mimic notably increased cell
proliferation, while miR-224-3p inhibitor resulted in a marked
decline (p < 0.05; Figure 2D). The ROS level was significantly higher
in ox-LDL-inducted cells compared to that in HAECs without any
treatment (blank group); miR-224-3p mimic significantly reduced
the ROS level in cells, but miR-224-3p inhibitor provoked a signifi-
cant increase (p < 0.05; Figure 2E). Next, the results from enzyme-
linked immunosorbent assay (ELISA) showed that ox-LDL induction
notably increased the levels of tumor necrosis factor-a (TNF-a),
interleukin (IL)-1b, and IL-6 compared to findings in HAECs without
any treatment (blank group); the levels of TNF-a, IL-1b, and IL-6
were remarkably inhibited by miR-224-3p mimic treatment but pro-
moted by miR-224-3p inhibitor (p < 0.05; Figure 2F). In conclusion,
miR-224-3p could inhibit cell apoptosis and ROS accumulation in ox-
LDL-induced HAECs.

miR-224-3p targets and downregulates FOSL2

To investigate the downstream mechanism regulated by miR-224-3p,
we first predicted the downstream target genes of miR-224-3p using
the starBase database. Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the prediction results (Figure 3A;
Tables S1 and S2) suggested that these genes were mainly enriched
in signaling pathways, such as mitogen-activated protein kinase
(MAPK), which have earlier been linked to the development of
atherosclerosis.24,25 Then, retrieval for these potential target genes re-
vealed that FOSL2 had binding sites for miR-224-3p (Figure 3B).
Here, the KEGG database showed that the FOSL2 gene was associated
with multiple signaling pathways such as MAPK (map04380), indi-
cating that the FOSL2 gene may play a regulatory role in atheroscle-
rosis. In addition, dual luciferase reporter gene assay results revealed
significantly reduced luciferase activity of FOSL2-30untranslated
region (30UTR)-wild-type (WT) in 293T cells transfected with miR-
224-3p mimic relative to NC mimic (p < 0.05), while the luciferase
activity of FOSL2-30UTRmutant type (MUT) had no such significant
changes (p > 0.05; Figures 3C and 3D). In HAECs, the mRNA and
protein expression of FOSL2 was significantly lowered upon miR-
224-3p mimic (p < 0.05), while it was notably increased after
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Figure 2. miR-224-3p inhibits apoptosis and ROS accumulation in ox-LDL-induced HAECs

(A) The expression of miR-224-3p in ox-LDL-induced HAECs as examined by RT-qPCR, normalized to U6. ox-LDL-induced HAECs were transfected with NC-mimic, miR-

224-3p mimic, NC-inhibitor, or miR-224-3p inhibitor. (B) The apoptosis of ox-LDL-induced HAECs as examined by flow cytometry. (C) The proliferation of ox-LDL-induced

HAECs as examined by CCK-8 assay. (D) ROS levels in ox-LDL-induced HAECs measured using an ROS detection kit. (E) The levels of TNF-a, IL-1b, and IL-6 in ox-LDL-

induced HAECs as determined using ELISA. *p < 0.05 vs. the blank group. #p < 0.05 vs. the NC-mimic group. $p < 0.05 vs. the NC-inhibitor group. The experiment was

repeated three times independently. miR, microRNA; ox-LDL, oxidized-low density lipoprotein; HAECs, human aortic endothelial cells; RT-qPCR, reverse transcription

quantitative polymerase chain reaction; CCK-8, cell counting kit-8; ROS, reactive oxygen species; TNF-a, tumor necrosis factor-a; IL-1b, interleukin-1b; IL-6, interleukin-6;

ELISA, enzyme-linked immunosorbent assay; NC, negative control; ANOVA, analysis of variance; OD, optical density.
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treatment with miR-224-3p inhibitor when compared with their cor-
responding NCs (p < 0.05; Figures 3E and 3F). Furthermore, based on
the results from qRT-PCR and western blot analysis, FOSL2 was
highly expressed in clinical samples of atherosclerotic tissues when
compared with normal artery samples (p < 0.05; Figures 3G and
3H). Next, qRT-PCR and western blot analysis also revealed an eleva-
tion of FOSL2 expression in ox-LDL-treated HAECs in contrast to
that in HAECs without any treatment (blank group) (p < 0.05; Figures
3I and 3J). Pearson’s correlation analysis highlighted a negative cor-
relation between FOSL2 expression and miR-224-3p expression in
clinical atherosclerotic samples (p < 0.05; Figure 3K). These results
support the finding that FOSL2 is a direct target gene of miR-224-
3p and that miR-224-3p inhibits the expression of FOSL2.

miR-224-3p inhibits cell apoptosis and ROS accumulation in ox-

LDL-induced HAECs by targeting FOSL2

We verified the role of miR-224-3p in atherosclerosis by targeting
FOSL2. Western blot analysis results showed that overexpression of
FOSL2 promoted the expression of apoptosis-related proteins
(cleaved-poly[ADP-ribose] polymerase [PARP], cleaved caspase-3,
and Bcl-2-associated X protein [Bax]) relative to overexpression
(oe)-NC treatment, and reversed the effects provoked by miR-224-
3p mimic (Figure 4A). ELISA results showed that overexpression of
FOSL2 elevated the levels of TNF-a, IL-1b, and IL-6 compared
with oe-NC treatment and neutralized the effects of miR-224-3p
mimic (Figure 4B). Biochemical analysis showed that overexpression
of FOSL2 significantly increased ROS levels in cells and that overex-
pression of both FOSL2 and miR-224-3p could reverse the effect on
ROS exerted by miR-224-3p mimic (p < 0.05; Figure 4C). In addition,
flow cytometry showed that overexpression of FOSL2 significantly
promoted cell apoptosis when compared with oe-NC treatment and
that overexpression of both FOSL2 and miR-224-3p counteracted
the effects of miR-224-3p mimic alone (p < 0.05; Figure 4D).
CCK-8 assay results showed that, in contrast to oe-NC, overexpres-
sion of FOSL2 significantly inhibited cell proliferation, while concom-
itant overexpression of FOSL2 and miR-224-3p reversed the effect on
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 579
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Figure 3. miR-224-3p targets and downregulates FOSL2

(A) The results of KEGG functional enrichment analysis of downstream target genes. The abscissa refers to GeneRatio and the ordinate refers to KEGG entries. The histogram

on the right represents the color scale. (B) The binding sites between miR-224-3p and FOSL2-30UTR. (C) The luciferase activity (human) examined using dual luciferase

reporter gene assay in 293T cells. *p < 0.05 versus the NC-mimic group. (D) The luciferase activity (mouse) examined using dual luciferase reporter gene assay in 293T cells.

*p < 0.05 versus the NC-mimic group. (E) ThemRNA expression of FOSL2 in HAECs as examined by qRT-PCR, normalized toGAPDH. *p < 0.05 versus the NC-mimic group.

(legend continued on next page)
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the proliferation exerted by miR-224-3p mimic (p < 0.05; Figure 4E).
In conclusion, miR-224-3p could inhibit apoptosis and ROS accumu-
lation in ox-LDL-induced HAECs by targeting FOSL2.

HIF1a downregulates miR-224-3p expression to promote cell

apoptosis and ROS accumulation in ox-LDL-induced HAECs

HIF1a can promote the development of atherosclerosis,26,27 and
HIF1a expression has an inverse relation with miR-224-3p levels
in glioblastoma and astrocytoma.22 Therefore, we speculated that
HIF1a might be involved in atherosclerosis via miR-224-3p. As re-
vealed from the JASPAR database, HIF1a could bind to the miR-
224 promoter region as a transcription factor, indicating that
HIF1a might indeed transcriptionally mediate the miR-224 expres-
sion (Table S3). The results from qRT-PCR revealed that HIF1a
was highly expressed in clinical samples of atherosclerotic tissues
and ox-LDL-treated HAECs (p < 0.05; Figures 5A and 5B). Dual
luciferase reporter gene assay showed that luciferase activity of
the WT-miR-224-3p promoter was significantly reduced by oe-
HIF1a treatment (p < 0.05), while no significant difference was
evident in the luciferase activity of MUT-miR-224-3p promoter
(p > 0.05; Figure 5C). According to qRT-PCR results, depletion
of HIF1a significantly increased the expression of miR-224-3p
when compared with small interfering RNA (si)-NC (p < 0.05; Fig-
ure 5D). Based on the western blot analysis results, compared to si-
NC, depletion of HIF1a inhibited FOSL2 expression and dimin-
ished the expression of apoptosis-related proteins (cleaved-PARP,
cleaved caspase-3, and Bax). In addition, simultaneous depletion
of HIF1a and miR-224-3p reversed these effects caused by deple-
tion of HIF1a alone (Figure 5E). ELISA results revealed that levels
of TNF-a, IL-1b, and IL-6 were significantly reduced by depletion
of HIF1a in comparison to si-NC, while simultaneous depletion of
both HIF1a and miR-224-3p reversed the effect of depletion of only
HIF1a (p < 0.05; Figure 5F). Additionally, ROS levels in cells were
notably reduced upon depletion of HIF1a, while the effect was
rescued upon simultaneous depletion of both HIF1a and miR-
224-3p (p < 0.05; Figure 5G). As demonstrated by CCK-8 assay,
cell proliferation was markedly promoted upon depletion of
HIF1a relative to si-NC, and this effect was rescued by simulta-
neous depletion of HIF1a and miR-224-3p (p < 0.05; Figure 5H).
Flow cytometry results showed that HIF1a depletion significantly
inhibited cell apoptosis in contrast to si-NC treatment, while simul-
taneous depletion of both HIF1a and miR-224-3p rescued the ef-
fect of HIF1a depletion alone (p < 0.05; Figure 5I). Overall,
HIF1a expression negatively regulates the expression of miR-224-
3p, thereby promoting cell apoptosis and ROS accumulation in
ox-LDL-induced HAECs.
#p < 0.05 versus the NC-inhibitor group. (F) The protein expression of FOSL2 in HAE

expression of FOSL2 in clinical vascular samples as examined by qRT-PCR, normalized

FOSL2 in clinical vascular samples as examined by western blot analysis, normalized

sclerosis as examined by qRT-PCR, normalized to GAPDH. *p < 0.05 versus the blank

examined by western blot analysis, normalized to GAPDH. (K) Pearson’s correlation an

samples. The cell experiment was repeated three times independently. FOSL2, Fo

30untranslated region; mRNA, messenger RNA; GAPDH, glyceraldehyde-3-phosphate
HDAC1 upregulates miR-224-3p through inhibiting HIF1a via

deacetylation of lysine, thereby inhibiting cell apoptosis and

ROS accumulation in ox-LDL-induced HAECs

We next proceeded to explore the expression of HDAC1 in athero-
sclerotic tissues and cells. The results from qRT-PCR and western
blot analysis showed low expression of HDAC1 in clinical samples
of atherosclerotic tissues and in the cell model of atherosclerosis
(p < 0.05; Figures 6A and 6B). Co-immunoprecipitation (coIP) assay
revealed an interaction between HDAC1 and HIF1a (Figure 6C).
coIP results also showed that overexpression of HDAC1 significantly
inhibited the acetylation level of HIF1a relative to effects of immuno-
globulin G (IgG) (Figure 6D). In addition, qRT-PCR analysis showed
that HDAC1 overexpression did not change HIF1a expression,
whereas oe-HIF1a treatment enhanced HIF1a mRNA expression
in the presence of oe-HDAC1. Overexpression of HDAC1 signifi-
cantly diminished the expression of FOSL2, while increasing that of
miR-224-3p (p < 0.05), which was reversed by the combination of
HDAC1 and HIF1a overexpression (p < 0.05; Figure 6E). Western
blot analysis also revealed that overexpression of HDAC1 led to a
decline in the expression of HIF1a and apoptosis-related proteins
(cleaved-PARP, cleaved caspase-3, and Bax), while overexpression
of HDAC1 plus overexpression of HIF1a reversed these effects (Fig-
ure 6F). As demonstrated by ELISA, the levels of TNF-a, IL-1b, and
IL-6 were remarkably reduced by overexpression of HDAC1 but were
normalized upon simultaneous overexpression of both HDAC1 and
HIF1a (p < 0.05) (Figure 6G). ROS levels were notably reduced in
cells with HDAC1 overexpression, but ROS was increased upon
simultaneous overexpression of HDAC1 and HIF1a (p < 0.05) (Fig-
ure 6H). As revealed by CCK-8 assay, there was a remarkable
enhancement of cell proliferation in response to HDAC1 overexpres-
sion, which was reversed by simultaneous overexpression of HDAC1
and HIF1a (p < 0.05) (Figure 6I). Based on the flow cytometry,
HDAC1 overexpression notably suppressed cell apoptosis, while
simultaneous HDAC1 and HIF1a overexpression reversed this inhib-
itory effect (p < 0.05) (Figure 6J). Taken together, HDAC1 inhibits
HIF1a expression through deacetylation, thereby increasing the
expression of miR-224-3p, which inhibits cell apoptosis and ROS
accumulation in ox-LDL-induced HAECs.

miR-224-3p upregulation alleviates atherosclerosis in mice

Since mice with ApoE gene knockdown are prone to abnormal lipid
metabolism and lipid deposition, a large number of previous studies
have used ApoE knockout (ApoE�/�) mice for the establishment of
an atherosclerotic model.28,29 In this study, ApoE�/� mice were fed
with normal diet (ND) or high-fat diet (HFD) for 12 weeks to
study the role of miR-224-3p in atherosclerotic mice. The results of
Cs as examined by western blot analysis, normalized to GAPDH. (G) The mRNA

to GAPDH, n = 62. *p < 0.05 versus the control group. (H) The protein expression of

to GAPDH, n = 62. (I) The mRNA expression of FOSL2 in the cell model of athero-

group. (J) The protein expression of FOSL2 in the cell model of atherosclerosis as

alysis between the expression of FOSL2 and miR-224-3p in clinical atherosclerotic

s-like antigen 2; KEGG, Kyoto Encyclopedia of Genes and Genomes; 30UTR,
dehydrogenase; WT, wild-type; MUT, mutant.
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Figure 4. miR-224-3p inhibits cell apoptosis and ROS accumulation in ox-LDL-induced HAECs by targeting FOSL2

(A) The expression of apoptosis-related proteins (cleaved-PARP, cleaved caspase-3, and Bax) in ox-LDL-induced HAECs as examined by western blot analysis, normalized

to GAPDH. (B) The levels of TNF-a, IL-1b, and IL-6 in the supernatant of ox-LDL-induced HAECs as examined by ELISA. (C) ROS level in ox-LDL-induced HAECs measured

using an ROS detection kit. (D) The apoptosis of ox-LDL-induced HAECs as examined by flow cytometry. (E) The proliferation of ox-LDL-induced HAECs as examined by

CCK-8 assay. *p < 0.05 versus the oe-NC group. #p < 0.05 versus the oe-NC + miR-224-3p-mimic group. The experiment was repeated three times independently. PARP,

poly(ADP-ribose) polymerase; Bax, Bcl-2 associated X protein; oe, overexpression; Bcl-2, B cell lymphoma-2.
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qRT-PCR and western blot analysis revealed that miR-224-3p expres-
sion was significantly upregulated, while FOSL2 expression was
downregulated, and HDAC1 and HIF1a expression was unaffected
in aortic tissues of ND-fed mice injected with miR-224-3p compared
with mice treated with NC. In aortic tissues of HFD-fed mice treated
with NC, expression of miR-224-3p and HDAC1 was diminished, but
that of FOSL2 and HIF1a was elevated when compared to that in
aortic tissues of ND-fed mice treated with NC. Further delivery of
miR-224-3p resulted in an increase of miR-224-3p expression and a
decline of FOSL2 expression but had no effects on HDAC1 and
HIF1a expression in aortic tissues of HFD-fed mice (Figures 7A
and 7B). Hematoxylin and eosin (H&E) staining and oil red O stain-
ing confirmed successful induction of the model of severe atheroscle-
rosis, characterized by significantly increased size of vascular lesions,
as well as elevated lipid content. Of note, overexpression of miR-224-
3p significantly alleviated atherosclerosis and reduced the tissue lipid
content (Figures 7C and 7D; Figure S3A). The results of immunoflu-
orescence assay and western blot analysis showed that expression of B
cell lymphoma 2 (Bcl-2) was significantly downregulated in aortic
tissues of mice fed with HFD, while expression of Bax, cleaved cas-
pase-3, and cleaved-PARP were all significantly upregulated. In
contrast, overexpression of miR-224-3p effectively reversed this effect
582 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
(Figure 7E; Figure S3B). Results from ELISA showed that serum levels
of TNF-a, IL-1b, and IL-6 were all increased in mice fed with HFD,
while overexpression of miR-224-3p effectively reversed these effects
(Figure 7F). Therefore, the above results suggest that overexpression
of miR-224-3p can alleviate atherosclerosis in mice in vivo.

DISCUSSION
Atherosclerosis is recognized as the most important underlying
cause of adverse cardiovascular events.30,31 The vascular inflamma-
tion in ECs leads to endothelial dysfunction and atherosclerosis
development through triggering of pro-inflammatory signaling
pathways and by expediting macrophage infiltration.32 Interest-
ingly, recent studies have highlighted the functional relevance of
miRNAs during the formation of atherosclerotic lesions, which
has drawn attention of miRNAs as candidate targets for cardiovas-
cular disease treatment.33,34 Findings of the present study revealed
that HDAC1 overexpression facilitated miR-224-3p-mediated inhi-
bition of FOSL2 to suppress atherosclerosis by deacetylating HIF1a
(Figure 8).

There is a paucity of evidence demonstrating the differential expres-
sion and significant effects of miRNAs in atherosclerosis, but a
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Figure 5. HIF1a depresses the cell apoptosis and ROS accumulation in ox-LDL-induced HAECs

(A) The expression of HIF1a in normal artery (control group) and atherosclerotic lesions as examined by qRT-PCR, normalized to GAPDH. n = 62. *p < 0.05 versus the control

group. (B) The expression of HIF1a in ox-LDL-induced HAECs as examined by qRT-PCR, normalized to GAPDH. *p < 0.05 versus the blank group. (C) The results of dual-

luciferase gene reporter analysis on effect of HIF1a on 2 promoter regions ofmiR-224-3p. (D) The expression of HIF1a, miR-224-3p, and FOSL2 in ox-LDL-induced HAECs in

response to different treatment as examined by qRT-PCR, normalized to U6 or GAPDH. (E) The expression of apoptosis-related proteins (cleaved-PARP, cleaved caspase-3,

and Bax) in ox-LDL-induced HAECs as examined by western blot analysis, normalized to GAPDH. (F) The levels of TNF-a, IL-1b, and IL-6 in the supernatant of ox-LDL-

induced HAECs as examined by ELISA. (G) ROS level in ox-LDL-induced HAECs examined using an ROS detection kit. (H) The proliferation of ox-LDL-induced HAECs as

examined by CCK-8 assay. (I) The apoptosis of ox-LDL-induced HAECs as examined by flow cytometry. In panels (C) and (E)–(H), *p < 0.05 versus the si-NC group. #p < 0.05

versus the si-HIF1a + NC-inhibitor group. In (H), statistical analysis in relation to time-based measurements within each group was performed with the use of repeated-

measures ANOVA, followed by Bonferroni’s post hoc test. The cell experiment was repeated three times independently. HIF1a, hypoxia-inducible factor-1a; si, small

interfering RNA.
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general sense has been emerging that altering miRNA expression may
present a new therapeutic option to prevent or alleviate atheroscle-
rotic plaque formation and cardiovascular events.35 Results of the
present study showed low expression of miR-224-3p in atheroscle-
rotic samples andmodel cells. Likewise, miR-224-3p had poor expres-
sion in mouse neuroblastoma cells when oxygen and glucose are
deprived in a model of reperfusion injury.36 Low expression of
miR-224-3p can be predictive of poor prognosis of patients with
osteosarcoma.37 Largely in agreement with present results, other
miRNAs such as miR-99a-5p38 and miR-14639 are downregulated
in atherosclerotic artery samples and may thus potentially diminish
inflammation and vulnerable atherosclerotic plaque formation by in-
hibiting the transcription of their target genes. Atherosclerotic lesion
formation and accumulation of pro-atherogenic lipoproteins occur in
the present and other murine models of atherosclerosis.40–42 The
current study demonstrated that overexpression of miR-224-3p
significantly reduced plaque area, degree of artery lesion, and the lipid
content in ApoE�/� mice, thus arresting the progression of athero-
sclerosis. Consistently, Xu et al.16 argued that miR-224 inhibition in
a rat model contributed to increased blood lipid indexes and the
formation of vulnerable atherosclerotic plaques in acute coronary
syndrome through activation of the TGF-b/Smad pathway, suggest-
ing another possible regulatory mechanism of miR-224 in atheroscle-
rosis. However, the KEGG analysis in the present study did not
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 583

http://www.moleculartherapy.org


A

D E

F

H I J

G

B C

Figure 6. HDAC1 induces HIF1a deacetylation to increase the expression ofmiR-224-3p, thereby inhibiting cell apoptosis and ROS accumulation in ox-LDL-

induced HAECs

(A and B) The expression of HDAC1 in atherosclerotic tissues of clinical samples (n = 62) and the cell model of atherosclerosis, as examined by qRT-PCR and western blot

analysis. (C) The enrichment of HDAC1 in the promoter region of HIF1a as examined by coIP. *p < 0.05 versus IgG. #p < 0.05 versus the oe-NC group. (D) The acetylation level

of HIF1a regulated by HDAC1, as examined by IP. (E) The expression of HIF1a, miR-224-3p, and FOSL2 as examined by qRT-PCR, normalized to U6 or GAPDH. (F) The

expression of apoptosis-related proteins (cleaved-PARP, cleaved caspase-3, and Bax) in ox-LDL-induced HAECs as examined by western blot analysis, normalized to

GAPDH. (G) The levels of TNF-a, IL-1b, and IL-6 in the supernatant of ox-LDL-induced HAECs as examined by ELISA. (H) ROS level in ox-LDL-induced HAECs examined

using an ROS detection kit. (I) The proliferation of ox-LDL-induced HAECs as examined by CCK-8 assay. (J) The apoptosis of ox-LDL-induced HAECs as examined by flow

cytometry. In panels (E) and (G)–(J), *p < 0.05 versus the oe-NC group. #p < 0.05 versus the oe-HDAC1 group. The cell experiment was repeated three times independently.

HDAC1, histone deacetylase 1; IP, immunoprecipitation; IgG, immunoglobulin G.
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indicate any enrichment of the TGF-b/Smad signaling pathway, so we
did not explore the effects of the TGF-b/Smad signaling pathway in
our model. Therefore, we argue that miR-224 restoration may sup-
press the formation of atherosclerotic lesions.
584 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
Endothelial dysfunction is involved in the atherogenic pathway,43 and
the apoptosis of ECs is a notable finding in atherosclerosis.44 Addi-
tionally, we now showed that miR-224-3p upregulation inhibited
apoptosis and ROS accumulation in ox-LDL-induced HAECs. Prior
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Figure 7. miR-224-3p upregulation alleviates atherosclerosis in mice

(A) The expression of HDAC1, HIF1a, miR-224-3p, and FOSL2 in the aortic tissues of mice as determined by qRT-PCR (n = 10). (B) The HDAC1, HIF1a, and FOSL2 levels in

the aortic tissues of mice as determined by western blot analysis, normalized to GAPDH (n = 10). (C) Oil red O staining for ApoE�/� mouse aortic tissues (n = 10). (D)

Quantitative observation of aortic lesions (n = 10). (E) Protein expression of Bcl-2, Bax, cleaved-caspase 3, and cleaved-PARP determined by western blot analysis in mouse

aortic tissues. (F) The levels of TNF-a, IL-1b, and IL-6 in the serum ofmice (n = 10). *p < 0.05 versus the ND+NCgroup. #p < 0.05 versus the HFD +NCgroup. The experiment

was repeated three times independently. H&E, hematoxylin and eosin; DAPI, 40,6-diamidino-2-phenylindole; ND, normal diet; HFD, high-fat diet.
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evidence demonstrates that miR-224-3p overexpression can alleviate
cell apoptosis, cleaved caspase-3 expression, and ROS production in
the context of cerebral ischemia reperfusion injury by targeting
FIP200.36 miRNAs can interact with the 30UTR of specific target
mRNAs, resulting in the inhibition of mRNA degradation or transla-
tion.45 In this study, scrutiny of the biological prediction website and
luciferase reporter assay results consistently identified that miR-224-
3p bound to the 30UTR of FOSL2 mRNA and could negatively regu-
late its expression. A previous study has indicated FOSL2 to be a key
regulator of leptin expression in adipocytes, whereby its overexpres-
sion is positively associated with leptin levels.46 Importantly, leptin
activation accelerated chronic oxidative stress in ECs, which conse-
quently led to initiation of the atherogenic processes.47 In addition,
a previous functional study has indicated the promoting action of
FOSL2 for the formation of atherosclerotic plaques.18 Thus, the
downregulation of FOSL2 induced by miR-224-3p overexpression
possesses the ability to inhibit apoptosis and ROS accumulation in
ox-LDL-induced HAECs. Additionally, ox-LDL causes increased pro-
duction of inflammatory cytokines from ECs and monocytes, such as
TNF-a, IL-1b, and IL-6, which result in lipid formation.48,49 Many
studies have shown that anti-inflammatory treatment has positive
effects on prevention of atherosclerosis.50,51 Overexpression of miR-
224-5p can significantly inhibit the expression of TNF-a and IL-1b
in the hippocampus following onset of type 2 diabetes mellitus in
association with obstructive sleep apnea.52 Moreover, miR-224
suppresses airway epithelial cell inflammation in PM2.5-induced
asthmatic mice due to its ability in reducing the expression of pro-
inflammatory mediators transforming growth factor-b (TGF-b),
MMP9, TIMP-1, and RORgt.53 These reports highlighted the protec-
tion from inflammation conferred by miR-224. Concordantly,
present findings of reduced levels of TNF-a, IL-1b, and IL-6 suggest
an anti-inflammatory action of miR-224-3p in the alleviation of
atherosclerosis.

In a probe into the anti-inflammatory mechanism of miR-224-3p, we
found that HIF1a downregulated the expression of miR-224-3p to
facilitate cell apoptosis and ROS accumulation in ox-LDL-induced
HAECs. The study of Shatrov and colleagues54 provided earlier evi-
dence that ox-LDL, which is often employed in establishing athero-
sclerotic models, induces HIF1a expression in human macrophages.
In the context of glioblastoma and astrocytoma, an inverse correlation
between HIF1a and miR-224-3p expression has also been reported.22

Moreover, endothelial HIF1a upregulation augmented atheroscle-
rosis by stimulating miR-19a-mediated CXCL1 expression, suggest-
ing that inhibition of the endothelial HIF1a/miR-19a pathway may
be an anti-atherosclerotic therapeutic strategy.55
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Figure 8. HDAC1-mediated HIF1a deacetylation

upregulated miR-224-3p to reduce ROS

accumulation and EC apoptosis in atherosclerosis
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More importantly, our mechanistic investigation revealed that
HDAC1 induced HIF1a deacetylation to increase the expression of
miR-224-3p, thereby abrogating cell apoptosis and ROS accumula-
tion in ox-LDL-induced HAECs. Other evidence shows that the
HIF1a/HDAC1 signaling pathway could influence the hypoxia-
induced cell activities.56 In line with our findings, HDAC1 decreases
HIF1a protein acetylation and stability.23 Moreover, HDACs and
miRNAs are two key epigenetic factors essentially involved in patho-
genesis, carcinogenesis, tumor promotion, and chemoresistance, and
the crosstalk is closely associated with various human diseases,
including cardiovascular diseases.57,58 Indeed, a previous study
showed that HDAC1 upregulation could impede EC apoptosis in
the context of atherosclerosis.21 In addition, Hyndman et al.59 docu-
mented that HDAC1 overexpression triggered deacetylation of nitric
oxide synthase (NOS3) to diminish NOS3 expression, which was re-
vealed to ameliorate endothelial dysfunction. These findings support
our conclusion that the anti-atherosclerotic and endothelial-protec-
tive effects of miR-224-3p are achieved through HDAC1-dependent
HIF1a deacetylation.

Finally, aiming to generalize our findings, we recapitulated the earlier
results that HDAC1-mediated HIF1a deacetylation upregulated
miR-224-3p to reduce ROS accumulation and EC apoptosis in
atherosclerosis. These findings provide mechanistic insight of previ-
ously unrecognized roles of the HDAC1/HIF1a/miR-224-3p/FOSL2
axis in the progression of atherosclerosis. Thus, this study offers a
fresh molecular insight that might guide the development of new
targeted therapies for atherosclerosis and other cardiovascular dis-
eases. However, the lesions from the ApoE�/� mouse model differ
distinctly from those occurring in humans, such that future studies
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are warranted using other animal models, such
as LDL receptor-deficient mice, for the in-depth
analysis of the established signaling axis in
atherosclerosis so as to validate these findings
and expand the translational potential of this
direction. In addition, the role of miR-224-3p
was detected only in experiments following
12 weeks of HFD; the precise function of the
HIF-1a/miR-224-3p/FOSL2 axis in interven-
tion and treatment of atherosclerosis still needs
to be further explored with 24- to 36-week
experiments.

MATERIALS AND METHODS
Ethics statement

The study was implemented with the ratification
from the Ethics Committee of The First Affili-
ated Hospital of Jinan University. Informed
written consent was obtained from each participating subject prior
to sample collection. Animal experiments were approved by the local
Institution of Animal Care and Use Committee of The First Affiliated
Hospital of Jinan University and implemented following the Guide
for the Care and Use of Laboratory Animals, published by US Na-
tional Institutes of Health (NIH publication no. 85-23, revised 2011).

Sample collection

The atherosclerotic lesion tissues were attained from 62 patients who
had undergone carotid/femoral artery endarterectomy, and the
normal arterial tissues were obtained from 62 healthy adult entities
abnormally dying without evidence of atherosclerosis within 3 h
after death at the First Affiliated Hospital of Jinan University. The
demographic information of patients is shown in Table 1. All
tissues were immediately stored in liquid nitrogen for subsequent
experimentation.

Cell treatment

Culture of HAEC lines (American Type Culture Collection, Mana-
ssas, VA, USA) was implemented with vascular cell basal medium
(GIBCO Company, Grand Island, NY, USA) containing 10% fetal
bovine serum, 100 mg/mL streptomycin, and 100 U/mL penicillin
with 5% CO2 at 37�C.60 A cell model of atherosclerosis was con-
structed by inducing cells in a medium encompassing 50 mg/mL
ox-LDL for 24 h. During the transfection, the cells were cultured in
a 6-well plate until reaching 80% confluence, whereupon serum-
free medium was used to renew the previous medium. The transfec-
tion was implemented as per the manuals of the Lipofectamine 2000
reagent kit (Invitrogen, Carlsbad, CA, USA). Except for the blank
group, which did not receive ox-LDL induction or transfection, and



Table 1. Clinical parameters of patients with atherosclerosis

Parameters Control Atherosclerosis

Number 62 62

Sex (female, %) 47 44

Age 60.29 ± 9.69 62.16 ± 11.59

Total cholesterol (mmol/L) 3.48 ± 0.88 5.68 ± 0.67*

LDL-C (mmol/L) 2.38 ± 0.45 2.59 ± 0.42

HDL-C (mmol/L) 1.72 ± 0.39 1.91 ± 0.47

TG (mmol/L) 1.50 ± 0.28 2.15 ± 0.38*

Creatinine (mg/dL) 1.05 ± 0.27 1.24 ± 0.16

The data are expressed as mean ± SD. Data between two groups were compared using
independent sample t test. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
density lipoprotein cholesterol; TG, triglyceride. *p < 0.05 versus healthy controls.

Table 2. Sequences for transfection

Sequence

miR-224-3p mimic 50-AAAAUGGUGCCCUAGUGACUACA-30

miR-224-3p inhibitor 50-UGAAGUCACUAGGGCACCAUUUU-30

NC mimic 50-UUCUCCGAACGUGUCACGUTT-30

NC inhibitor 50-CAGUACUUUUGUGUAGUACAA-30

si-NC 50-ACUAGACUUUGCAUUGCGA-30

si-HIF1a 50-UACUGUUCCUGAGGAAGAA-30

miR, microRNA; NC, negative control; HIF1a, hypoxia-inducible factor-1a.
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the ox-LDL group without plasmid transfection, the ox-LDL-induced
cells were respectively transfected with miRmimic or miR inhibitor of
miR-224-3p; NC mimic; NC inhibitor; overexpression vector of
FOSL2 (oe-FOSL2), HDAC1 (oe-HDAC1), or HIF1a (oe-HIF1a);
oe-NC; and siRNA against HIF1a (si-HIF1a) and NC (si-NC). After
transfection, the cells were cultured for 48 h. The plasmids used were
purchased from GenePharma (Shanghai, P.R. China).21 Sequences of
all plasmids used for transfection are shown in Table 2.
qRT-PCR

Total RNA isolation from HAECs in response to different treatments
was implemented using TRIzol reagents (Invitrogen). The primers of
HIF1a/miR-224-3p/FOSL2 were synthesized by Invitrogen (Table 3).
cDNA was generated from total RNA with TaqMan MicroRNA
Reverse Transcription Kit (4366596, Thermo Fisher Scientific, Wal-
tham, MA, USA) and High-Capacity cDNA Reverse Transcription
Kit (4368813, Thermo Fisher Scientific). With glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and U6 (both purchased from
Invitrogen) serving as normalizers for mRNA and miRNA amplifica-
tions, respectively, qRT-PCR was conducted on a qPCR detection de-
vice (ABI7500, Thermo Fisher Scientific) following the protocols in
the SYBR PremixExTaqTMII (TliRNaseH Plus) kit (DR820A, Takara
Bio, Otsu, Shiga, Japan). The PCR solution was mixed by triturating
the bottom of the tube, followed by brief centrifugation at 5,000 rpm.
The PCR solution was then loaded into a real-time fluorescence qPCR
detection device (ABI, Foster City, CA, USA) for PCR analysis.
Finally, fold changes in gene expression were calculated by the 2�DDCt

relative quantification method.
Western blot analysis

A radio-immunoprecipitation assay kit (R0010, Solarbio, Beijing, P.R.
China) was applied for total protein isolation from HAECs, followed
by protein concentration estimation using a bicinchoninic acid pro-
tein assay kit (Genebase, Guangzhou, P.R. China). Next, 40 mg of
the protein was extracted from each sample, loaded, and then sub-
jected to protein separation through sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Afterward, the protein was trans-
ferred onto a polyvinylidene fluoride membrane (Merck Millipore,
Billerica, MA, USA), which was then sealed with Tris-buffered sa-
line-Tween 20 containing 5% bovine serum albumin. The overnight
membrane incubation was implemented at 4�C with the following
anti-rabbit primary antibodies against GAPDH (#5174, 1:1,000),
HDAC1 (#34589, 1:1,000), HIF1a (#36169, 1:1,000), FOSL2
(HPA004817), Bcl-2 (ab182858, 1:2,000), Bax (ab182734, 1:1,000),
cleaved caspase-3 (#9661, 1:1,000), caspase-3 (ab13847, 1:500),
cleaved-PARP (#5625, 1:1,000), and PARP (ab74290, 1:1,000). The
secondary goat anti-rabbit antibody against IgG (#150077, 1:1,000)
was subsequently added to the membrane, followed by incubation
at room temperature with gentle shaking. The antibody against
FOSL2 was purchased from Sigma-Aldrich (St. Louis, MO, USA);
the antibodies against GAPDH, HDAC1, HIF1a, cleaved caspase-3,
and cleaved-PARP from Cell Signaling Technologies (CST, Beverly,
MA, USA); and those against Bax, caspase-3, PARP, and IgG from
Abcam (Cambridge, UK). The bands were developed using enhanced
chemiluminescence. The ImageJ software was applied to analyze the
gray value of each band. The ratio of gray value of the target protein
band to that of the internal reference band was regarded as the relative
protein expression.

ROS level determination

Total ROS kits (BioVision, Milpitas, CA, USA) were used to measure
intracellular ROS levels according to the instructions. In brief, HAECs
were incubated with 500 mL of ROS detection solution and stained for
30 min at 37�C in darkness. With the staining solution replaced by
phosphate-buffered saline (PBS), a flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) was applied to analyze the samples.

CCK-8 assay

After transfection, adherent cells in the logarithmic growth
phase were trypsinized to form a single-cell suspension. Subse-
quent to the adjusting of cell concentration to 5 � 104 cells/mL,
the cell suspension was incubated in a 96-well culture plate
at 100 mL cells per well at 37�C with 5% CO2 for 24 and
48 h. Five duplicated wells were set for each group. One
hour before termination of the incubation, 10 mL CCK-8 solution
(Beyotime, Shanghai, P.R. China) was supplemented into each
well of the plate and sufficiently mixed. After 1-h incubation, the
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Table 3. Primer sequences for qRT-PCR

Target Primer sequence (50–30)

HDAC1 F: CTACTACGACGGGGATGTTGG

R: GAGTCATGCGGATTCGGTGAG

HIF1a F: TAGCCGAGGAAGAACTATGAAC

R: CTGAGGTTGGTTACTGTTGGTA

miR-224-3p F: TGATGTGGGTGCTGGTGTC

R: TTGTGTTGGGGCAGTACTG

FOSL2 F: GCCAGCAGAAATTCCGGG

R: GGGTTGGACATGGAGGTGAT

U6 F: GCTTGCTTCAGCAGCACATA

R: AAAAACATGGAACTCTTCACG

GAPDH F: AGAAGGCTGGGGCTCATTTG

R: AGGGGCCATCCACAGTCTTC

qRT-PCR, quantitative reverse-transcriptase polymerase chain reaction; HDAC1,
histone deacetylase 1; HIF1a, hypoxia-inducible factor-1a; miR-224-3p, microRNA-
224-3p; FOSL2, Fos-related antigen 2; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; F, forward; R, reverse.
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optical density (OD) value at 450 nm was determined using a
microplate reader (BD Biosciences), which represented the number
of cells.

Flow cytometry

In this study, 48 h after transfection, medium used for each cell group
in the culture plate was transferred to 5-mL conical tubes, which were
then placed on ice. The cells in the culture plate were incubated with
0.5 mL of 0.25% trypsin until they began to fall off from the culture
plate wall, followed by microscopic observation. The cells were
completely removed from the culture plate wall by gentle and contin-
uous trituration and then slightly re-suspended in the previously
collected medium to reach a final concentration of about 1 � 106

cells/mL. Next, 0.5 mL of the obtained cell suspension (5 � 105 cells)
was transferred from the cell culture plate to a clean centrifuge tube,
followed by the addition of staining solution. The cells were then
gently re-suspended with 0.5 mL of precooled 1 � binding buffer
and incubated with 5 mL Annexin V-fluorescein isothiocyanate and
10 mL propidium iodide for 15 min, in the absence of light. Finally,
the cells were analyzed using a flow cytometer (BD Biosciences).
The above reagents were all purchased from Beyotime.

ELISA

The mouse whole blood was attained and centrifuged at 3,000 rpm at
room temperature for 30min to separate the serum.The serumconcen-
trations of TNF-a, IL-1b, and IL-6 were determined based on the
instructions of the following detection kits: mouse TNF-a ELISA kit
(ab208348),mouse IL-1bELISAkit (ab100704), andmouse IL-6ELISA
kit (ab100712). Amicroplate reader (BioTek,Winooski, VT, USA) was
employed to measure the OD value at 450 nm, and the Origin 9.5 soft-
warewas used for analysis. The expression of TNF-a, IL-1b, and IL-6 in
the supernatant of HAECs was examined using ELISA. Here, the kits
588 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
used were human TNF-a ELISA kit (ab181421), human IL-1b ELISA
kit (ab46052), and human IL-6 ELISA kit (ab178013).

Dual luciferase reporter gene assay

We predicted the downstream target genes of miR-224-3p through
interrogation of the starBase database (http://starbase.sysu.edu.cn/),
and KEGG enrichment analysis was carried out for the predicted re-
sults by using the “cluster profiler” package of R language. The
signaling pathways related to FOSL2 were predicted through the
KEGG database (https://www.kegg.jp/kegg/pathway.html). The infor-
mation regarding the binding between miRNA and FOSL2 was
retrieved from the TargetScan database (http://www.targetscan.org/
vert_71/). Whether FOSL2 was a direct target of miR-224-3p was veri-
fied by dual luciferase reporter gene assay. Artificially synthesized hu-
man or mouse FOSL2-30UTR-WT gene fragments were introduced
into pMIR-reporter (Huayueyang Biotechnology, Beijing, P.R. China)
using endonuclease sites SpeI and Hind III. Complementary sequence
mutation sites were designed on the basis of FOSL2-30UTR-WT. After
restriction endonuclease digestion, the target fragments were inserted
into pMIR-reporter plasmids using the T4 DNA ligase. The correctly
sequenced luciferase reporter plasmids WT and MUT were co-trans-
fected into HEK293T cells (Shanghai Beinuo Biological Technology,
Shanghai, P.R. China) along with mimic or NC-mimic, respectively.
After 48 h, the cells were lysed. A Glomax 20/20 luminometer (Prom-
ega, Madison, WI, USA) was adopted to examine luciferase activity,
which was calculated based on the following formula: luciferase activ-
ity = luciferase activity of firefly/luciferase activity of Renilla. Mean-
while, dual luciferase reporter gene assay was also performed to verify
whether miR-224-3p was indeed a direct target of HIF1a. The murine
miR-224-3p promoter (WT) gene fragment was artificially synthe-
sized, and its complementary sequence sites (MUT) were designed
based on the miR-224-3p WT promoter. Following restriction endo-
nuclease digestion, the target fragments were inserted into pMIR-re-
porter plasmids using the T4 DNA ligase. The correctly sequenced
luciferase reporter plasmids WT and MUT were co-transfected into
HEK293T cells (Shanghai Beinuo Biological Technology) with oe-
HIF1a or oe-NC, respectively, for 48 h. Subsequent to cell lysing,
the luciferase activity was measured using Glomax 20/20 luminometer
(Promega) on a dual luciferase system and expressed as the ratio of
firefly luciferase activity to Renilla luciferase activity.

CoIP

HEK293T cells were transfected with plasmids expressing Flag-
HIF1a and HA-HDAC1 and then cultured for 48 h. IP was purified
with a Flag antibody. Meanwhile, HDAC1 was overexpressed in
HEK293T cells. The precipitates were rinsed with pre-lysis buffer
and examined by western blot analysis.23 The antibodies used for
western blot analysis and IP were as follows: HDAC1 (#34589,
CST), Flag (A4596, Merck Millipore), acyl lysine (SAB520090-
100UG, Sigma-Aldrich), and HA (05-904, Sigma-Aldrich).

An animal model establishment

Forty male ApoE�/� mice (weighing 20 ± 2 g and aged 6 ± 1 weeks
old) were obtained from Vital River (Beijing, P.R. China) and

http://starbase.sysu.edu.cn/
https://www.kegg.jp/kegg/pathway.html
http://www.targetscan.org/vert_71/
http://www.targetscan.org/vert_71/
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randomly assigned into four groups with ten mice in each group:
ND + NC group (ND + transfection with NC agomir), ND + miR-
224-3p group (ND + transfection with miR-224-3p agomir),
HFD + NC group (HFD + transfection with NC agomir), HFD +
miR-224-3p group (HFD + transfection with miR-224-3p agomir).
Agomir-NC and miR-224-3p agomir were respectively mixed
with Invivofectamine 3.0 reagent (Thermo Fisher Scientific), and
the mixtures were then injected into mice via tail vein at a dose of
7 mg/kg/day, once a day for 10 consecutive days.61 After 12 weeks
of feeding, mice were euthanized with 3% pentobarbital (intraperito-
neally) following 12 h of fasting, during which time they had free
access to water. Before euthanasia, whole blood was collected for
determination of inflammatory factors while the aorta was harvested
after euthanasia for the subsequent experiments.

H&E staining

After mice were euthanized, PBS was perfused via the left ventricle.
Subsequently, aortas were separated from brachiocephalic trunks,
fixed by immersion in 4% paraformaldehyde, dehydrated, and
embedded in paraffin for sectioning. The prepared paraffin sections
were dewaxed using xylene I and xylene II and hydrated with gradient
alcohol series (5 min for each). Following a 2-min rinse with water,
the sections were stained with hematoxylin for 8 min, differentiated
with 1% hydrochloric acid alcohol for 5 s, and then blued in 0.25%
ammonia water for 1 min. Following three rinses with water, 2 min
each, the sections were stained with eosin for 30 s and treated with
gradient alcohol, xylene I, and xylene II, for 3 min each. The sections
were transferred to a slide, and after the xylene was completely dried,
the slides were sealed with neutral gum. Finally, the pathological
changes of blood vessels were observed under a microscope (Leica
M205C, Carl Zeiss, Jena, Germany).

Oil red O staining

To observe the extent of intravascular lesions in the aortic roots, 0.5%
oil red O (Sigma-Aldrich) and hematoxylin (Servicebio, Wuhan,
Hubei, P.R. China) were used to stain the transverse sections
(10 mm) for 30 min and 20 s, respectively. Next, the sections were
immediately washed under running water for 2 min. Representative
microscopic images of the lesions were obtained with a Leica micro-
scope (Leica MD2500, Carl Zeiss). The images were analyzed using
the Image-Pro Plus software (version: 6.0, Media Cybernetics, Silver
Spring, MD, USA). All aortas were longitudinally sliced and then
stained with oil red O for 3 h. Next, the stained aortas were immersed
in 75% alcohol until the undamaged artery walls were cleared.
Images of typical lesions were recorded under a Leica microscope
(Leica M205C, Carl Zeiss) and analyzed using the Image-Pro Plus
software.62

Immunofluorescence assay

Aortic roots were fixed with 4% paraformaldehyde, then embedded in
an Oligonucleotide (OCT)complex (Sakura Finetek USA, Torrance,
CA, USA), and transversely cut into 6-mm sections. Immunofluores-
cence assay was performed to stain the aortic roots, in which the Bcl-2
(ab182858), Bax (ab32503), cleaved caspase-3 (#9661, Rabbit), and
cleaved-PARP (#5625, Rabbit) were observed. Afterward, ECs were
localized using antibody against CD31 (ab28364). The images were
captured under a confocal laser scanning microscope (FV300,
Olympus, Tokyo, Japan).63 Bcl-2, Bax, and CD31 used in this exper-
iment were purchased from Abcam, while cleaved-caspase-3 and
cleaved-PARP were from CST.
Statistical analysis

All statistical data were processed using SPSS 21.0 statistical software
(IBM SPSS Statistics, Chicago, IL, USA). Measurement data were
expressed as mean ± SD. Data between two groups were compared
using independent sample t test. Comparisons among multiple
groups were conducted using one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. Statistical analysis in relation to time-
based measurements within each group was performed with
repeated-measures ANOVA, followed by Bonferroni’s post hoc test.
The relationship between two indices was analyzed using Pearson’s
correlation coefficient. A value of p <0.05 was indicative of significant
difference.
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