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via the HDAC1/KLF5/IKBa/NF-kB axis
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MicroRNA (miR)-410 plays a potential role in the pathogenesis
of atherosclerosis. The current study mainly focuses on
the underlying mechanism of miR-410/histone deacetylase 1
(HDAC1)/KLF5/nuclear factor kB (NF-kB) inhibitor a

(IKBa)/NF-kB axis in atherosclerosis. miR-410 expression
was determined using quantitative real-time PCR in both
mouse models of atherosclerosis and human umbilical endo-
thelial cells (HUVECs) treated with oxidized low-density lipo-
protein (ox-LDL). The study subsequently predicted regulators
associated with miR-410 through bioinformatics, and their
binding relation was further verified through dual luciferase re-
porter gene and RNA immunoprecipitation (RIP) assays, and
how HDAC1 regulated KLF5 was tested through coimmuno-
precipitation (coIP). In HUVECs, miR-410 and HDAC1
mRNA expression; HDAC1, KLF5, IKBa, p65, p-p65,
VCAM-1, ICAM-1, andMCP-1 protein expression; and inflam-
matory cytokine expressions were detected using quantitative
real-time PCR, western blot, and ELISA. The present study
further tested cell functions by Cell Counting Kit-8 (CCK-8),
flow cytometry, and the colony-formation assay. It was revealed
that miR-410 could target HDAC1, whereas HDAC1 could
target transcription factor KLF5, increasing IKBa expression,
thus suppressing NF-kB in atherosclerosis. Furthermore,
silencing miR-410 or overexpressing HDAC1 increased cell
viability and suppressed apoptosis and an inflammatory reac-
tion in HUVECs in atherosclerosis. Blocking miR-410 pro-
motes HDAC1 expression and increases IKBa levels through
KLF5 to suppress NF-kB, thus preventing development of
atherosclerosis.

INTRODUCTION
Atherosclerosis is an ongoing chronic inflammatory disease, which oc-
curs at the sites of disturbed blood flow.1 Unfortunately, atherosclerosis
and its resultant clinical complication of cardiovascular diseases are
major health problems in the modern world. The pathology of athero-
sclerosis is characterized by multiple monocyte-derived macrophages
in the lipid core and vascular smooth muscle cells dominating in the
fibrous cap with numerous lymphatic T cells.2 The plaques are gener-
ally covered by an intact endothelium until the eventual breakdown of
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the endothelial integrity, resulting in tragic progression and complica-
tions of the condition. One of the earliest onsets contributing to the
occurrence of atherosclerosis is the impairment to the endothelial lin-
ing of the inner surface of the arterial vasculature. Mediated by a com-
plex interplay of factors, stages, and molecular pathways, however, the
endothelial dysfunction of atherosclerotic damage remains elusive.

microRNAs (miRNAs), as the endogenous, non-coding, evolution-
arily conserved small RNAs, are estimated to regulate approximately
60% of human coding genes.3 The miRNAs have recently emerged as
vital regulators of the cellular homeostasis and metabolic responses to
stimuli in various human diseases including atherosclerosis.4,5 Previ-
ous studies have shown that miRNAs are involved either in a benefi-
cial or harmful way in almost all molecular signaling of arterial re-
modeling and the genesis of atherosclerosis, including endothelial
dysfunction, arterial wall invasion, platelet and vascular smooth mus-
cle cell activation, as well as plaque formation.6,7 Additionally, micro-
RNA (miR)-410 has been discovered to serve as oncogenes and tumor
suppressors altering cell functions in numerous ways including pro-
liferation, apoptosis, biochemistry metabolism, and inflammatory re-
sponses in different human malignancies, such as liver cancer,
pancreatic cancer, colon cancer, and non-small cell lung cancer.8 It
is unclear whether and howmiR-410 is involved in the non-cancerous
disorder processes such as endothelial dysfunction in atherosclerosis.
There are studies that have reported that nuclear factor kB (NF-kB) is
a crucial driver of endothelial dysfunction that is activated bymultiple
inflammatory cytokines.9 Furthermore, from the current study’s
experimental results, it has been established that histone deacetylase
1 (HDAC1) was negatively regulated by miR-410. Therefore, the pre-
sent study hypothesized that miR-410 participates in the initiation of
atherosclerosis, targeting HDAC1, regulating NF-kB, resulting in
endothelial dysfunction. To test this hypothesis, atherosclerosis of
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. High miR-40 expression is observed in atherosclerosis

(A) The heatmap of candidate miRNA expression in GEO: GSE89858. The abscissa represents the sample number, the ordinate represents the miRNA name, each small

square represents the expression of a miRNA in a sample, and the histogram on the right is the color scale. (B) The differential expression of miR-410 in GEO: GSE89858. The

abscissa represents the sample type, the ordinate represents the expression, and the upper-left corner is the difference in p value. (C) The sequence alignment of miR-410 in

human and mouse, in which Query is human miR-410 sequence, and Sbjct is mouse miR-410 sequence.
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endothelial cell lines and mouse models was established, and the cor-
relation among miR-410, downstream genes, NF-kB, inflammatory
cytokines, and endothelial impairment was evaluated. Subsequently,
we determined their respective roles in cholesterol instability-induced
endothelial dysfunction in arterial vasculature.

RESULTS
miR-40 is highly expressed in atherosclerosis

Through the hMDD database, we searched for atherosclerosis-related
miRNAs and found that 29 miRNAs were considered as potential
therapeutic targets for atherosclerosis (Table S1). At the same time,
mouse atherosclerotic expression dataset GEO: GSE89858 was ob-
tained through the GEO database. The expression of candidate
miRNAs in the dataset was analyzed (Figure 1A). It was found that
miR-410-3p showed significantly high expression in atherosclerotic
samples (Figure 1B). Further sequence alignment analysis of miR-
410 in human and mouse (Figure 1C) showed that their sequences
were identical in human and mouse, suggesting that they may have
similar regulatory mechanisms and functions.

Downregulated miR-40 suppresses the development of

atherosclerosis in mice

Subsequent to a high-fat diet (HFD), the current study detected the
expression of miR-410 expression in ApoE�/� mice. Quantitative
real-time PCR analysis showed that the miR-410 expression in the
thoracic aorta tissues was significantly higher in the HFD group
compared to the normal diet (ND) group (p < 0.05), and meanwhile,
the HFD + miR-410 antagomir group demonstrated lower miR-410
levels than the HFD + negative control (NC) antagomir group
(p < 0.05; Figure 2A). Subsequently, hematoxylin and eosin (H&E)
and oil red O staining were performed on the aorta tissues (Figures
2B and 2C), which showed increased severity and area of inflamma-
tion and impairment in the HFD group in comparison to the ND
group, whereas miR-410 antagomir rescued the damage.

The levels of serum inflammatory cytokines tumor necrosis factor
(TNF)-a, interleukin (IL)-1, and IL-6 were found to be markedly
elevated in the HFD group in comparison to the ND group as detected
by the enzyme-linked immunosorbent assay (ELISA; p < 0.05), which
was reversed by additional miR-410 antagomir treatment (Figure 2D).
Furthermore, the western blot analysis revealed that exposure to an
HFD could cause higher expression of endothelial cell glycoproteins
VCAM-1, ICAM-1, and MCP-1 in the mice aorta tissues (p < 0.05),
whereas miR-410 antagomir could minimize the change in those gly-
coproteins (Figure 2E). Cumulatively, the above-mentioned results
demonstrated that an HFD significantly increased the miR-410 and
inflammatory cytokine levels in the mice aorta tissues resulting in
atherosclerosis, which could be rescued by miR-410 antagomir.
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Figure 2. miR-40 inhibition suppresses the initiation of atherosclerosis in mice

(A) Detection of miR-410 expression level in aorta tissues. (B) Arterial impairment and inflammation. (C) The area of aorta impairment. (D) Serum TNF-a, IL-1, and IL-6 levels in

mice. (E) VCAM-1, ICAM-1, and MCP-1 expression in aorta tissues; *p < 0.05. Measured data are described as mean ± standard deviation, analyzed using independent

samples t test between two groups; n = 10.
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Interference ofmiR-410 expression can protect human umbilical

endothelial cells (HUVECs) from oxidative damage

Aimed to determine whether the in vivo findings could be replicated
in an in vitro cell line, HUVECs were treated with oxidized low-den-
sity lipoprotein (ox-LDL) to simulate HFD. Quantitative real-time
PCR analysis detected higher miR-410 levels in cells treated with
ox-LDL (Figure 3A). The cells were additionally treated with miR-
410 antagomir or NC antagomir subsequent to ox-LDL induction,
which revealed that miR-410 antagomir decreased the expression of
miR-410 (p < 0.05; Figure 3B). Additionally, the ELISA and western
blot analyses showed that the levels of TNF-a, IL-1, and IL-6 and the
expressions of VCAM-1, ICAM-1, and MCP-1 were reduced in the
supernatant of cells treated with miR-410 antagomir in comparison
to those treated with NC antagomir (Figures 3F and 3G). Further-
more, a series of cell function experiments, including Cell Counting
648 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
Kit-8 (CCK-8), colony-formation assay, and flow cytometry on cell
viability and apoptosis, were performed. miR-410 antagomir
increased the cell viability and suppressed apoptosis (Figures
3C�3E). The above-mentioned results showed that miR-410 pro-
moted proliferation and decreased apoptosis in HUVECs.
Interfering miR-410 dampens development of atherosclerosis

via regulation of HDAC1

The molecular mechanism underlying the miR-410 interference in
atherosclerosis was studied. The bioinformatic prediction suggested
that miR-410 potentially targeted genes HDAC1 and alpha-dystro-
brevin (DTNA; Figure 4A). Additionally, microRNA.org suggested
that miR-410 specifically bound to the HDAC1, which existed in
both humans and mice (Figure 4B). Furthermore, it has been
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Figure 3. Blocking miR-410 prevents the development of atherosclerosis

(A) miR-410 expression in HUVECs treated with ox-LDL. (B) miR-410 expression in HUVECs after inhibiting miR-410. (C) HUVEC viability. (D) Colony formation to evaluate

HUVEC viability. (E) HUVEC apoptosis. (F) The expression of TNF-a, IL-1, and IL-6 in HUVEC culture supernatant. (G) VCAM-1, ICAM-1, and MCP-1 levels in HUVECs;

*p < 0.05. Measured data are described as mean ± standard deviation. Unpaired t test was used to analyze data between two groups and Bonferroni or Tukey’s test to

analyze data among groups at different time points after repeated-measures ANOVA. All of the experiments were performed with technological triplicate.
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previously reported that HDAC1 can prevent the development of
atherosclerosis, and its expression was decreased in atherosclerosis.10

We thus hypothesized that the regulatory mechanism of miR-410 on
atherosclerosis might be through expression of HDAC1.Western blot
analysis detected that the expression of HDAC1 was decreased in
mice aorta tissues following an HFD compared to a ND (p < 0.05; Fig-
ure 4C). Moreover, in comparison to the HFD + NC antagomir
group, the expression of HDAC1 was found to be elevated in the
HFD + miR-410 antagomir group (p < 0.05).

In HUVECs treated with ox-LDL, the expression of HDAC1 was also
found to be increased when miR-410 was silenced by antagomir (Fig-
ure 4D). Moreover, the RNA immunoprecipitation (RIP) showed that
the amount of miR-410 binding to HDAC1 in the anti-AGO2 group
was significantly increased in comparison to that in the anti-immuno-
globulin G (IgG) group (Figure 4E). Additionally, in comparison to
the NC mimic group, the co-transfection with wild-type (WT)-
HDAC1-30 untranslated region (UTR) in the miR-410 mimic group
resulted in a significant decrease in the fluorescence intensity
(p < 0.05), and meanwhile, there was no significant difference noted
in the fluorescence intensity subsequent to co-transfection with
mutant (mut)-HDAC1-30 UTR (p > 0.05; Figure 4F), which suggested
that miR-410 could directly bind to HDAC1.

The sequences of short hairpin (sh)-HDAC1-1 (shRNA targeting
HDAC1-1) and sh-HDAC1-2 were designed as previously
described.11 Western blot analysis showed that the HDAC1 level
was markedly decreased in the sh-HDAC1-1 and sh-HDAC1 groups
in comparison to the sh-NC group and was the lowest in the sh-
HDAC1-2 group; therefore, it was selected for subsequent experi-
ments (Figure 4G). Aimed to investigate the effect of miR-410 binding
with HDAC1 on HUVEC proliferation and apoptosis, miR-410 and
HDAC1 were blocked simultaneously in the HUVECs previously
treated with ox-LDL. Quantitative real-time PCR analysis revealed
that the expression of miR-410 was decreased, and the HDAC1 level
was increased in the miR-410 antagomir + sh-NC group in compar-
ison to the NC antagomir + sh-NC group (Figure 4H). The miR-410
expression showed no significant change in the miR-410 antagomir +
sh-NC group and miR-410 antagomir + sh-HDAC1 group, whereas
the expression of HDAC1 was found to be significantly reduced in
the sh-HDAC1 group (p < 0.05; Figure 4H). Furthermore, the cell
function tests, including CCK-8 assay, colony-formation assay, and
flow cytometry, demonstrated that the cell viability was improved,
and apoptosis was reduced in the miR-410 antagomir + sh-NC group
in comparison to the NC antagomir + sh-NC group, whereas the
miR-410 antagomir + sh-HDAC1 group had less cell viability and
enhanced apoptosis than the group of miR-410 antagomir + sh-NC
(Figures 4I�4K). The aforementioned data suggested that HDAC1
is a downstream target of miR-410, and the inhibition of miR-410
promoted the development of atherosclerosis through HDAC1.

HDAC1 binds KLF5 to induce the expression of NF-kB inhibitor a

(IKBa) in HUVECs

Although it has been previously reported that HDAC1 can inhibit
KLF5,12 the underlyingmechanism remains elusive. The bioinformatic
website STRINGpredictedHDAC1 could regulateKLF5, and the coim-
munoprecipitation (coIP) assay verified that HDAC1 could bind to
KLF5 and thatHDAC1 inhibited its transcriptional activity by targeting
and directly binding to KLF5 (Figures 5A and 5B). It has been estab-
lished that KLF5 reduces the expression of IKBa.13 Additionally, the
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 649
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Figure 4. Interfering miR-410 inhibits development of atherosclerosis via regulation of HDAC1

(A) The bioinformatics websites StarBase, miRWalk, microT, RNAInter, and microRNA.org predicted the target genes of miR-410. (B) Prediction of targets of miR-410. (C)

HDAC1 expression in mice aorta tissues (n = 10). (D) HDAC1 level in HUVECs treated with ox-LDL. (E) RIP-verified miR-410 binds to HDAC1. (F) The binding of miR-410 to

HDAC1. (G) The expression of HDAC1 in HUVECs chose an optimal sequence for subsequent experiments. (H) miR-410 and HDAC1 expression in endothelial cells. (I) Cell

viability. (J) Colony formation used evaluates the cell viability. (K) Cell apoptosis; *p < 0.05. Measured data are described as mean ± standard deviation. Unpaired t test was

used to analyze data between two groups and Bonferroni or Tukey’s test to analyze data among groups at different time points after repeated-measures ANOVA. All of the

experiments were performed with technological triplicate.
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expression of IKBa has been found to be decreased in atherosclerosis,
whereas the upregulation of IKBa was revealed to attenuate the patho-
genesis.14 The present study observed that the expression of KLF5 was
increased when KLF5 was overexpressed in the HUVECs treated with
ox-LDL, and it was also observed that IKBa expression was markedly
decreased in the oe-KLF5 (overexpressed KLF5) group in comparison
to the oe-NC (NC of oe-KLF5) group (Figure 5C). Furthermore, the
dual luciferase reporter gene assay showed the luciferase activity in
the IKBa promoter + oe-KLF5 group was significantly reduced
compared to the IKBa promoter + oe-NC group (p < 0.05). The lucif-
erase activity in the IKBa promoter + oe-KLF5 + oe-HDAC1 (overex-
pressed HDAC1) group was found to be higher than that in the IKBa
promoter + oe-KLF5 group but showed no significant change in com-
parison to the IKBa promoter + oe-NC group (Figure 5D). These re-
sults implied that HDAC1 binds directly to KLF5 in order to inhibit
its transcription, thus increasing the expression of IKBa.

HDAC1 prevents atherosclerosis in mice via promoting IKBa

expression

On the basis of HDAC1 regulating IKBa through the inhibition of
KLF5, this study explored the effect of HDAC1 promoting the expres-
650 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
sion of IKBa on the development of atherosclerosis, and thus,
HDAC1 was overexpressed in the HFD mice. The western blot re-
vealed that the HDAC1 and IKBa levels in the aorta tissue were
remarkably elevated in the HFD + oe-HDAC1 group in comparison
to the HFD + oe-NC group (Figure 6A). The area of aorta impairment
was revealed to be reduced in the HFD + oe-HDAC1 group (Fig-
ure 6B). Meanwhile, HDAC1 overexpression decreased serum
TNF-a, IL-1, and IL-6 levels in mice (Figure 6D). Additionally, the
western blot analysis showed HDAC1 overexpression could also sup-
press the expression of VCAM-1, ICAM-1, and MCP-1 in mice aorta
tissues (p < 0.05; Figure 6C). Cumulatively, the above-mentioned re-
sults suggested that HDAC1 prevented the pathogenesis of athero-
sclerosis in mice through the upregulation of IKBa expression.

HDAC1 prevents atherosclerosis in HUVECs through

upregulation of IKBa

To investigate whether HDAC1 suppressed the development of
atherosclerosis in vitro via IKBa, ox-LDL-treated HUVECs were
co-transfected with plasmids of HDAC1 overexpression and IKBa
silencing. The results of the western blot analysis demonstrated that
HDAC1 and IKBa levels were elevated in the oe-HDAC1 + sh-NC

http://microRNA.org
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Figure 5. HDAC1 binds KLF5 to suppress its transcription and induce the expression of IKBa in HUVECs

(A) Bioinformatics website STRING (https://string-db.org/cgi/network.pl?taskId=LIdtFKtm9mBY) predicted that HDAC1 targeting regulates KLF5. (B) The binding of HDAC1

and KLF5 in HUVECs treated with ox-LDL. (C) KLF5 and IKBa levels in HUVECs. (D) HDAC1 can inhibit IKBa through KLF5; *p < 0.05. Measured data are described as

mean ± standard deviation. Unpaired t test was used to analyze data between two groups and ANOVA test to analyze data among multiple groups. All of the experiments

were performed with technological triplicate.
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group in comparison to the control group, whereas the level of IKBa
was increased without the HDAC1 level significantly changed in the
oe-HDAC1 + sh-IKBa group compared to the oe-HDAC1 + sh-NC
group (Figure 7A). Additionally, the cell function experiments
showed that the oe-HDAC1 + sh-NC group had improved cell
viability and reduced apoptosis more than the oe-NC + sh-NC group
(p < 0.05), whereas it was opposite in the oe-HDAC1 + sh-IKBa
groups in comparison to the oe-HDAC1 + sh-NC group (Figures
7B�7D). The expression of VCAM-1, ICAM-1, and MCP-1 was
lower in the oe-HDAC1 + sh-NC group than the oe-NC + sh-NC
group but higher in the oe-HDAC1 + sh-IKBa group than the oe-
HDAC1 + sh-NC group (Figure 7E). The results manifest that
HDAC1 prevents the pathogenesis of atherosclerosis in HUVECs
via upregulation of IKBa expression.

miR-410 inhibits NF-kB signaling by upregulation of IKBa

through HDAC1

The NF-kB signaling accelerates the development of atherosclerosis
by activating the inflammatory response.14 The current study further
blocked the expression of miR-410 in mice fed with HFD. The result
of the western blot analysis showed that the level of IKBa was
increased, and the p-p65 level was decreased in the HFD + miR-
410 antagomir group in comparison to the HFD + NC antagomir
group, whereas there was no significant change in the expression of
p65 (Figure 8A). Subsequently, miR-410 and IKBa were silenced in
the ox-LDL-treated HUVECs. Additionally, the western blot also re-
vealed that the level of IKBa was increased, and the level of p-p65 was
decreased in themiR-410 antagomir + sh-NC group in comparison to
the NC antagomir + sh-NC group, without any significant change in
the expression of p65 (Figure 8B). Meanwhile, the level of IKBa was
decreased, and the p-p65 level was increased in the miR-410
antagomir + sh-IKBa group compared with the miR-410 antagomir +
sh-NC group, without any significant change in the expression of p65.
Furthermore, the present study also examined the effect of miR-410
antagomir treatment on p-p65 nuclear translocation (Figure S1). It
was observed that miR-410 antagomir treatment increased the nu-
clear translocation of p-p65.

Aimed to further explore the effect of inhibiting the NF-kB signaling
on atherosclerosis, HDAC1 was blocked in the HUVECs with addi-
tional IKB JSH-23 (HY-13982; MedChemExpress; 20 mm).15 The
expression of HDAC1 was found to be decreased, whereas the expres-
sion of p-p65 was found to be increased with no significant change in
the level of p65 in the sh-HDAC1 +DMSO group compared to the sh-
NC + DMSO group, as detected by the western blot (Figure 8C).
Additionally, in comparison to the sh-HDAC1 + DMSO group, there
was no significant change noted in the HDAC1 and p65 levels in the
sh-HDAC1 + JSH-23 group (p > 0.05), whereas the p-p65 expression
was found to be decreased (p < 0.05).

The cell viability was inhibited, and apoptosis was enhanced in the sh-
HDAC1 + DMSO group compared to the sh-NC + DMSO group,
whereas it was opposite in the sh-HDAC1 + JSH-23 group in compar-
ison to the sh-NC +DMSO group (Figures 8D�8F). Furthermore, the
western blot analysis demonstrated that the expression levels of
VCAM-1, ICAM-1, and MCP-1 in the sh-HDAC1 + DMSO group
were elevated compared to the sh-NC + DMSO group, whereas
they were found to be reduced in the sh-HDAC1 + JSH-23 group
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 651
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Figure 6. HDAC1 prevents atherosclerosis in mice

via promoting IKBa expression

(A) HDAC1 and IKBa levels in mice aorta tissues. (B) The

area of aortic impairment (�400). (C) VCAM-1, ICAM-1,

and MCP-1 levels in aorta tissues. (D) Serum TNF-a, IL-1,

and IL-6 expression inmice; *p < 0.05.Measured data are

described as mean ± standard deviation. Unpaired t test

was used to analyze data between two groups; n = 10.
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compared to the sh-HDAC1 + DMSO group. Cumulatively, the
aforementioned results suggested that miR-410 inhibits the develop-
ment of atherosclerosis by promoting IKBa expression through
HDAC1 and inhibiting the NF-kB signaling.

DISCUSSION
Atherosclerosis and its complications of cardiovascular disease are
the leading cause of mortality and morbidity in the world.16 It is of
great necessity to identify the target to counteract atherosclerosis.
The present study showed that the cholesterol exposure remarkably
increased miR-410 levels in cultured HUVECs and in mouse thoracic
aorta. The cell line treated with ox-LDL and mouse models treated
with HFDs were used to mimic cholesterol-induced vascular endo-
thelial dysfunction in atherosclerosis patients. Furthermore, it was
discovered that HDAC1 was a downstream gene regulated by miR-
410 and could bind directly to KLF5 to suppress its transcription
and promote IKBa expression, thus facilitating cell proliferation of
HUVECs and inhibiting NF-kB to alleviate endothelial cell activation
and dysfunction. Therefore, blocking miR-410 protected against
atherosclerosis through the miR-410/HDAC1/KLF5/IKBa/NF-kB
axis, which presented itself as a potential target in atherosclerosis pro-
phylaxis and treatment.

Inflammation plays a crucial role at all stages of the atherosclerosis for-
mation and controls the development and the destabilization of the
plaques. It has been widely accepted that the formation of atheroscle-
rosis is triggered by endothelial dysfunction, causing disturbed aggre-
gation of platelets, vascular smooth muscle growth, inflammation,
blood flow, as well as the vascular tone.17 Additionally, it has been es-
tablished that endothelial cells and leukocytes use theNF-kB signaling
652 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
to enhance the expression of inflammatory
genes, including various adhesion molecules
and cytokines, which induce the inflammatory
activities of the arterial wall.18 miRNAs serve
as silencers of their target genes by modulating
their expression via binding to 30 UTR.19 It has
been observed that several miRNAs regulate
the proliferation and differentiation of endothe-
lial cells and may affect cell apoptosis, such as
miR-34, miR-217, and miR-146.20,21 Further-
more, some miRNAs can also alter the inflam-
matory state of the vasculature on pro- or
anti-inflammatory cytokines,22 whereas other
miRNAs present different expression patterns
depending on the disease pathogenesis. According to previously con-
ducted studies, miR-410 can be either an oncogene or a tumor sup-
pressor gene in different neoplasms, and it is a component of the reg-
ulatory network of cell apoptosis.23,24 In the current study,
our findings showed that hyperlipidemia, more specifically ox-LDL,
increased the level of miR-410 with elevated inflammatory cytokines
and adhesion molecules in both cultured endothelial cell HUVECs
and mouse aorta, whereas the inhibition of miR-410 could reverse
the changes. These findings are consistent with the result of a previous
study thatmiR-410 silencing can inhibit the ox-LDL-induced cell pro-
liferation of HUVECs and rescue cell apoptosis.25

The protection against atherosclerosis relies on cell proliferation, and
the current study suggests the involvement of miR-410 in this process.
It was found that the miR-410 expression was increased in atheroscle-
rosis and was associated with the elevation of NF-kB, and the bio-
informatic prediction of HDAC1 being the target gene fulfills the cir-
cle. HDAC1 is considered as a positive regulator of cell proliferation,
and the silencing of HDAC1 in mice would cause growth disorders,
and the p21 cyclin-dependent inhibitor was increased accord-
ingly.10,26 As a further prediction of KLF being the target gene of
HDAC1 and IKBa being the downstream component, we verified ex-
istence of miR-410/HDAC1/KLF5/IKBa/NF-kB axis. Additionally,
KLF5, a zinc-finger-structured transcription factor, plays an essential
role in cardiovascular remodeling through acceleration of the pheno-
typic transformation of vascular smooth muscle cells from a contrac-
tile phenotype to a disadvantageous proliferative phenotype and then
accelerates the formation of atherosclerotic plaques.27 It has been
shown that promoting KLF5 downregulation protects from vascular
injury.28 Furthermore, the activation of NF-kB was demonstrated
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Figure 7. HDAC1 protects against atherosclerosis in HUVECs through upregulation of IKBa

(A) HDAC1 and IKBa levels in HUVECs. (B) Cell viability. (C) Colony-formation assay of cell viability (�400). (D) Cell apoptosis. (E) VCAM-1, ICAM-1, and MCP-1 expression in

HUVECs; *p < 0.05. Measured data are described as mean ± standard deviation. ANOVA test was used to analyze data among multiple groups. All of the experiments were

performed with technological triplicate.
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to be triggered by signal-induced degradation of IKBa protein. As
IKBa protein is degraded, the complex of NF-kB is subsequently
released into the cell nucleus, where it can “turn on” the expression
of specific genes with a nearby DNA binding site of NF-kB causing
the cascade of endothelial dysfunction.29,30 This highlights the thera-
peutic potential of targeting miR-410 or its downstream molecules in
order to provide a holistic approach for the prevention of atheroscle-
rosis.31,32 Further investigation on the expansive role of miR-410, as
well as miR-410/HDAC1/KLF5/IKBa/NF-kB axis, will provide
insight on the most effective way to fully capitalize on their properties
in a therapeutic manner.

Conclusively, miR-410 silencing promotes HDAC1 expression and
increases IKBa levels through KLF5 to suppress NF-kB, thus prevent-
ing the endothelial dysfunction of atherosclerosis. This provides a
novel potential target to counteract atherosclerosis.

MATERIALS AND METHODS
Screening of atherosclerosis-related miRNAs

The miRNAs related to atherosclerosis were searched through HMDD
version (v.)3.2 database (http://www.cuilab.cn/hmdd), and the
miRNAs labeled as therapeutic target in the search results were selected
as candidate miRNAs. Through GEO database (https://www.ncbi.nlm.
nih.gov/geo/), the mouse atherosclerosis expression dataset GEO:
GSE89858 was obtained. The selected samples were 6-week samples,
including 3 normal samples and 3 disease model samples. By taking
normal samples as control, wilcox.test was used to measure differential
expression of miR-410 in normal samples and disease samples.
shRNA screening

The shRNA sequence was designed on the basis of HDAC1 gene
sequence obtained from the GenBank database. Two optimal shRNAs
sequences targeting different regions within the HDAC1 gene that
have the fewest BLAST matches were selected (Table S2) and con-
structed with the pGMLV-SC6 vector (component sequence: hU6-
MCS-CMV-RFP-PGK-puromycin; GenePharma, Shanghai, China).
The plasmids were successfully created after enzyme digestion and
sequencing, named sh-HDAC1-1 and sh-HDAC1-2, and built into
the HDAC1-shRNA vectors and the NC vectors for subsequent trans-
fection into human ovarian surface epithelial cells (HOSEpiC cells).
Western blot was employed to detect the levels of HDAC1 in the cells
to determine the most effective shRNA sequence.

Mouse model of atherosclerosis

Sixty 4- to 6-week-old C57BL/6J ApoE�/� male specific pathogen-
free (SPF) mice (16�21 g; Peking University Health Science Center,
Beijing, China) were raised in a SPF animal lab under the controlled
conditions of 40%–60% humidity and 18�C�23�C temperature. The
mice were randomly divided into six groups (n = 10 in each group):
the ND group (as controls, as they were fed with regular mouse food);
HFD group (fed with high fat food with 0.25% cholesterol and 15%
fat); HFD + NC antagomir group; HFD + miR-410 antagomir group;
HFD + oe-NC group (lentivirus oe-NC was injected 2 � 107 TU/
mouse into tail veins); and HFD + oe-HDAC1 group (lentivirus oe-
HDAC1 was injected 2 � 107 TU/mouse into tail veins). (For the
last 4 groups, mice were also fed with high fat food for 16 weeks,
whereas the lentivirus injection started at week 4.). The mice were
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Figure 8. miR-410 inhibits NF-kB by upregulation of IKBa through HDAC1

(A) The IKBa, p65, and p-p65 levels in aorta tissues (n = 10). (B) IKBa, p65, and p-p65 expression in HUVECs. (C) HDAC1, p65, and p-p65 levels in HUVECs. (D) Cell viability.

(E) Colony-formation assay results of cell viability (�400). (F) Apoptosis in HUVECs. (G) VCAM-1, ICAM-1, and MCP-1 expression in cells; *p < 0.05. Measured data are

described as mean ± standard deviation. Unpaired t test was used to analyze data between two groups and ANOVA test to analyze data among multiple groups. All of the

experiments were performed with technological triplicate.
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anesthetized subsequent to a 16-week diet for the collection of 0.7 mL
blood through renal artery centesis, and the thoracic aortas were har-
vested and stored in liquid nitrogen following euthanasia.

H&E staining

The paraffin-embedded mice aorta tissue sections were dewaxed us-
ing xylene and further hydrated with gradient ethanol. Subsequent
to staining with hematoxylin for the duration of 10 min, the sections
were rinsed with tap water and dipped in 0.5% hydrochloric acid
ethanol to remove any excessive staining. After being rinsed with
running water, the sections were stained with hematoxylin for the
duration of 5 min and then with eosin for the duration of 10 min.
Following the ethanol dehydration and xylene dewaxing, the sections
were sealed with neutral gum and observed under an XSP-8CA up-
right microscope (Shanghai Optical Instrument Factory, Shanghai,
China) for micrographs.

Oil red O staining

The mice aorta tissue sections were incubated in distilled water for
1 min and subsequently rinsed with 100% propylene glycol (Poly-
scientific, Bayshore, NY, USA) for the duration of 2 min. Part of
the tissue sections were stained with oil red O working solution for
36 h, and the remainder was rinsed with 85% propylene glycol and
then stained with hematoxylin. The slides were then mounted on
glycerin jelly.

Cell culture and transfection

HUVECs (ATCC CRL-1730) were purchased from American Type
Culture Collection (Manassas, VA, USA) and cultured in DMEM
(Thermo Fisher Scientific,Waltham,MA, USA) with 10% fetal bovine
654 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
serum (FBS; Thermo Fisher Scientific). The cells were cultured at the
controlled temperature of 37�C in a 5% CO2 atmosphere. The cells in
the logarithmic growth phase were extracted and seeded into a 6-well
plate (3 � 105 cells/well). When the cell confluence reached 50%, the
cells were transfected using Lipofectamine 2000 (11668019; Invitro-
gen, Carlsbad, CA, USA). Subsequent to 24 h of transfection, the cells
were further treated with 50 mg/mL ox-LDL (Beijing Xiesheng Bio-
Technology, Beijing, China) for an additional 24 h.

To verify the effect of NF-kB signaling on atherosclerosis,
HDAC1 was inhibited in HUVECs, and IKB JSH-23 (HY-13982;
MedChemExpress, NJ, USA; 20 mm) was added to the cells.15 The
experiment was divided into three groups: sh-NC + DMSO, sh-
HDAC1 + DMSO, and sh-HDAC1 + JSH-23. Subsequent to the
transfection, the expressions of HDAC1, p65, and p-p65 were de-
tected using the western blot analysis, the cell activity was detected
by the CCK-8, HUVEC survival was detected by clone formation,
and the apoptosis was detected using flow cytometry.

ELISA

Taking IL-6, for example, the kit (mouse: RAB0287, Sigma-Aldrich,
St. Louis, MO, USA; human: EHC007.48, NeoBioscience, Shenzhen,
China) was coated with specific IL-6 antibody at the bottom. Subse-
quently, plasma was added, and then the IL-6-specific biotinylated
antibodies were further added to bind the IL-6 in the samples. The
unbound biotinylated antibodies were washed away following incu-
bation at room temperature, and then the streptavidin-peroxidase
(SP) conjugate was added for the SP-conjugation reaction. Further-
more, the tetramethyl benzidine (TMB) contained in the color-
developing solution could be catalyzed by SP to produce a blue
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conjugate, which would turn yellow when acidic-terminating solu-
tion was added. The ratio of the yellow color density and the content
of IL-6 combined at the bottom of the kit and the absorbance (opti-
cal density [OD]) value of the yellow solution could be measured;
thus, the content of IL-6 in the samples was calculated according
to the standard curve. The detection of TNF-a (mouse: Sigma-
Aldrich; human: E-EL-H0109c, Elabscience, Wuhan, China) and
IL-1 (mouse: ab100704, Abcam, UK; human: 583311-96, Cayman,
Beijing, China) was conducted following the above-mentioned
procedure.

Quantitative real-time PCR

The total RNA was extracted by the TRIzol reagent (15596026;
Invitrogen). The RNA samples were quantified using the TaqMan
MicroRNA Assays (Applied Biosystems, Foster City, CA, USA).
The synthesis of cDNA from mRNA was generated using a commer-
cially available kit (RR047A; Takara, Japan). Additionally, the synthe-
sis of cDNA of miR-410 was carried out using miRNA First Strand
cDNA Synthesis (Tailing Reaction) kit (B532451-0020) in accordance
with the instructions provided by the manufacturer (Sangon Biotech,
Shanghai, China). Subsequently, the cDNA was subjected to quanti-
tative real-time PCR using the SYBR Premix Ex Taq II (Perfect Real
Time) Kit (DRR081; Takara) with the Applied Biosystems (ABI) 7500
instrument (ABI, Foster City, CA, USA), and each reaction was run in
technological triplicate. The universal RT primer of miRNA and for-
ward primer of U6 were provided by the miRNA First Strand cDNA
Synthesis Kit. Moreover, individual miRNA-specific forward primer
and mRNA primer information is listed in Table S3. The miR-410
level was normalized to U6 and the target mRNA level to GAPDH.
The results of the experiment were calculated using the 2�

OOCT

method.

Western blot

Protein extraction was performed using the protease inhibitor-con-
tained radioimmunoprecipitation assay (RIPA) buffer (R0010; Solar-
bio, Beijing, China), and the concentration was measured using the
BCA protein assay kit (Thermo Fisher Scientific). The protein sample
was separated using freshly prepared SDS-PAGE, electrotransferred
onto polyvinylidene fluoride (PVDF) membranes, and then probed
with primary antibodies. Next, the membrane was re-probed with
goat anti-rabbit IgG (1:10,000, ab6721; Abcam), and the immuno-
blots were visualized with enhanced chemiluminescence detection re-
agents. Additionally, the gray values of the target protein bands were
quantified by employing the Image Pro Plus 6.0 software (Media Cy-
bernetics, USA), with GAPDH used for normalization. The primary
antibodies used were the following: anti-HDAC1 antibody (1:2,000,
ab7028; Abcam), anti-KLF5 antibody (1:2,000, ab137676; Abcam),
anti-IKBa antibody (1:1,000, ab32518; Abcam), anti-p65 antibody
(1:1,000, ab16502; Abcam), anti-p-p65 antibody (1:1,000, ab97726;
Abcam), anti-VCAM-1 antibody (1:2,000, ab134047; Abcam), anti-
ICAM-1 antibody (1:1,000, ab7815; Abcam), and anti-MCP-1 anti-
body (1:1,000, DF7577; Affinity Biosciences, USA). All western blot
tests were conducted with technological triplicate to obtain sufficient
data for further analysis.
CCK-8

The cells were seeded into 96-well plates at a density of 2 � 103 cells/
well, leaving the blank control group with only cell medium but no
cells for zero adjustment. Subsequent to 24-h transfection, 10 mL of
CCK-8 solution was added to each well to co-incubate for an addi-
tional duration of 4 h at 37�C at 0, 24, 48, 72, and 96 h. The absor-
bance at the wavelength of 450 nm was measured using a microplate
reader (Bio-Rad, Hercules, CA, USA). The ratio of the absorbance of
the experimental group to the control group was calculated and made
into a curve of cell viability. The average result was obtained with
technological triplicates to ensure variable data for further analysis.

Colony-formation assay

The cells in the logarithmic growth phase were treated with 0.25%
trypsin and gently dissociated into a single cell suspension. The cells
in each group were then inoculated into dishes containing 10 mL pre-
heated culture medium at the temperature of 37�C at a gradient den-
sity of 50,100 and 200 cells/10 cm well, respectively. The cells were
then evenly dispersed by gentle rotation, which was followed by
further incubation at 37�C and 5% CO2 for 1 week, with the culture
medium changed once every other day. The culture was halted once
the clone in the dish was visible to the naked eyes. Subsequent to the
removal of the supernatant, the cells were washed twice with PBS and
then fixed with 2 mL 4% paraformaldehyde for the duration of
20 min. The fixed cells were stained with 2 mL Giemsa’s solution
(G4640; Solarbio Science & Technology, Beijing, China) for 40 min.
Subsequently, the number of cell clones was counted under an in-
verted IX-50 microscope (Olympus, Japan), and the number of col-
onies with >10 cells/colony was counted.

Evaluation of cell apoptosis by flow cytometry

The day following transfection, the cells in each group were digested
with 0.25% trypsin, and the digestion was terminated using the
RPMI-1640 medium containing 10% FBS (Thermo Fisher Scientific).
The cells were then centrifuged at 1,000 rpm for the duration of 5min,
and the resultant supernatant was discarded. Subsequently, the cells
were fixed with 70% ethanol, precooled at 4�C, adjusted to the con-
centration of 1 � 106 cells/mL, and stained with 10 mL Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI; 556547;
Shanghai Shuojia Biotechnology, Shanghai, China) for the duration
of 15�30min at the controlled temperature of 4�C. The cell apoptosis
ratio was evaluated employing the EPICS XL flow cytometer (Beck-
man Coulter, CA, USA) at excitation wavelength of 480 nm, FITC
at 530 nm, and PI at greater than 575 nm.

RIP chromatin immunoprecipitation (ChIP) assay

The RIP kit (Millipore, MA, USA) was employed to detect the binding
of HDAC1 to AGO2 protein. The supernatant was discarded after the
cells were rinsed with precooled PBS. Subsequently, the resultant cells
were lysed with the same volume of RIP lysate in an ice bath for the
duration of 5 min and centrifuged at 14,000 rpm for 10 min at the
controlled temperature of 4�C to collect the supernatant. Partial cell
extract was taken as input, and the remainder was incubated with an-
tibodies for co-precipitation. Consequently, 50 mL of magnetic beads
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was taken from each co-precipitation reaction system, resuspended in
100 mL RIP wash buffer, and then added with 5 mg antibody, accord-
ing to the experimental group. Following this, the magnetic bead-
antibody complexes were resuspended in 900 mL RIP wash buffer,
added with 100 mL cell extract, and incubated overnight at 4�C.
The sample was then placed on a magnetic base to collect the mag-
netic bead-protein complexes. The samples and the input were di-
gested using proteinase K to extract RNA for subsequent PCR detec-
tion. The antibodies used in RIP were AGO2 (ab32381, 1:50; Abcam)
mixed at room temperature for the duration of 30 min, and IgG
(1:100, ab109489; Abcam) was used as the NC. HDAC1 was eventu-
ally detected by quantitative real-time PCR analysis.

CoIP assay

The HUVECs were placed in RIPA lysate, added with 1% cocktail
(1:100; Sigma-Aldrich), and then lysed on ice at 4�C following ultra-
sound treatment. The cell debris was removed by centrifugation,
and the resultant cell lysate was incubated with 1 mg of anti-
HDAC1 antibody (1:2,000, ab7028; Abcam), IgG (1:2,000, ab6721;
Abcam), and 15 mL protein A/G beads (Santa Cruz Biotechnology,
TX, USA) for the duration of 2 h. Subsequent to extensive washing,
the beads were boiled at the temperature of 100�C for 5 min.
The proteins were then separated using SDS-PAGE, transferred
to a nitrocellulose membrane (Millipore), and then subjected to
immunoblotting.

Dual luciferase reporter gene assay

The biological prediction websites StarBase (starbase.sysu.edu.cn/),
miRWalk (mirwalk.umm.uni-heidelberg.de/), microT (http://diana.
imis.athena-innovation.gr/DianaTools/index.php?r%20=%20microT_
CDS), RNAInter (www.rna-society.org/rnainter/), and microRNA.
org (www.microrna.org/microrna/home.do) were employed to pre-
dict the target genes of miR-410, and the prediction results of the
above-mentioned five websites were tested using the Venn diagram
online tool (bioinformatics.psb.ugent.be/webtools/Venn/). Addition-
ally, the STRING website (https://string-db.org/cgi/network.pl?
taskId=LIdtFKtm9mBY) was used to analyze the binding correlation
between HDAC1 and KLF5. Furthermore, the luciferase report
method verified the effect of miR-410 on HDAC1 and that HDAC1
could regulate the transcription of KLF5. The full length of HDAC1
was synthesized with additional sequences of SpeI and HindIII cleav-
age sites so that it could be introduced into pMIR-reporter (Promega,
WI, USA). In the WT HDAC, we designed the complementary
sequence mutation position of the seed and inserted the target frag-
ment into the pMIR-reporter plasmid using the T4 DNA ligase. Sub-
sequently, the sequenced luciferase reporter plasmids WT and mut
were co-transfected with NCmimic andmiR-410mimic, respectively,
into the HEK293T cell line (Shanghai Institutes for Biological Sci-
ences, Shanghai, China). Following 48 h of transfection, the cells
were collected and lysed, and the luciferase activity was detected using
the luciferase detection kit (K801-200; BioVision, CA, USA) and the
Glomax 20/20 luminometer fluorescence detector (Promega) and
further calculated as Luc/Rel of the relative fluorescence value with
Renilla being the internal reference.
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Additionally, the IKBa promoter region was amplified, and the
target fragment was inserted into the pGL3-basic reporter plasmid
co-transfection system using the T4 DNA ligase. The correctly
sequenced luciferase reporter plasmid promoter was co-transfected
with oe-NC, oe-HDAC1, and oe-KLF5 into the HEK293T
cell line. The luciferase activity was detected and calculated as pre-
viously described. All of the experiments were performed with tech-
nological triplicate to obtain sufficient and variable data for further
analysis.

Statistical analysis

All statistical analyses were completed employing the SPSS 21.0 soft-
ware (IBM, Armonk, NY, USA). The results were expressed as the
mean ± standard deviation. Unless otherwise noted, the statistical
comparisons were performed using the unpaired t test when only
two groups were compared or by Tukey’s test-corrected one-way
analysis of variance (ANOVA) when more than two groups were
compared. The variables were analyzed at different time points using
the Bonferroni-corrected repeated-measures ANOVA. Statistical sig-
nificance was considered existing when two-tailed p <0.05.

Study approval

All animal experiments were reviewed and approved by the Institu-
tional Animal Care and Use Committee of The Second Hospital
of Jilin University. Extensive measures were taken to minimize the
suffering of all of the included animals.
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