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Inhibition of miR-34a prevents endothelial cell apoptosis by
directly targeting HDAC1 in the setting of atherosclerosis
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Abstract. Despite recent medical advances, atherosclerosis
is a global burden accounting for numerous mortalities and
hospital admissions. MicroRNAs (miRNAs/miRs) regu-
late cardiovascular biology and disease, but the role of
microRNA-34a in atherosclerosis remains unclear. In the
present study, it was demonstrated that miR-34a was highly
expressed in atherosclerotic lesions and oxidized low-density
lipoprotein (Ox-LDL)-treated human aortic endothelial
cells (HAECs) (atherosclerotic cell model) using reverse
transcription-quantitative polymerase chain reaction. The
expression of histone deacetylase (HDAC) 1 was reduced
in atherosclerotic lesions and Ox-LDL treated HAECs.
TargetScan predicted that HDACI is the potential target of
miR-34a and the double-luciferase reporter assay confirmed
that HDAC1 was directly targeted by miR-34a. Furthermore,
miR-34a inhibitor significantly enhanced the cell viability of
HAECs and the cell apoptosis was suppressed. In addition,
the expression of apoptotic-related proteins was detected by
western blotting. The results showed that miR-34a inhibitor
significantly upregulated B-cell lymphoma 2, procaspase-3,
procaspase-9 and proto-oncogene c-Myc protein expres-
sion, and downregulated the expression of p21. In contrast,
co-transfection of HDACI-small interfering RNA and
miR-34a inhibitor eliminated the effects of miR-34a on
HAECs. This indicated that miR-34a inhibitor promoted cell
viability and prevented cell apoptosis of HAECs through
regulating HDACI. In conclusion, it was demonstrated that
miR-34a promoted atherosclerotic formation by modulating
the proliferation and apoptosis of HAECs, and regulating
the expression of apoptosis-related proteins by targeting
HDACI.
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Introduction

Atherosclerosis is a chronic inflammatory disease that causes
vascular walls that can cause cardiovascular disease such as
stroke, myocardial infarction, and peripheral blood artery
disease (1,2). In developed countries, atherosclerosis is a
leading cause of mortality. It remains a huge challenge to solve
this global clinical problem. The pathogenesis of atheroscle-
rotic lesion formation is a multistage process. Inflammation is
a major component of atherosclerosis and considered to play
a role in all developmental stages of the diseases (3,4). So far,
few have known that the complex upstream gene regulators
involved in response to atherosclerosis.

MicroRNAs are evolutionary conserved non-coding RNAs
of about 19-25 nucleotides, function by regulating one or more
mRNA to regulate gene expression for translation inhibition or
cleavage (5,6). With regard to miRNA function, they play a key
role in cell proliferation, cell death and organ development (7,8).
Recent studies have revealed that miRNAs play a key role in the
pathophysiological processes of atherosclerosis. MicroRNAs
control the senescence and dysfunction of endothelial cells,
proliferation and migration of vascular smooth muscle cells, and
macrophage-driven cytokine production and polarization.

MicroRNA-34a (miR-34a) is located in the region of
chromosome 1p36.23, and usually, it is expressed aberrantly
in multiple types of diseases such as human tumors (9),
atherosclerotic cardiovascular diseases (10,11), and other types
of diseases. MiR-34a is suggested highly expressed in athero-
sclerosis patients and played critical roles in the regulation
of various cell biological events including cell proliferation,
differentiation, apoptosis, etc. Endothelial cell (EC) apoptosis
is a crucial process for the development of atherosclerosis.

To the best of our knowledge, no precise studies have been
made about the role of miR-34a in cell apoptosis in atheroscle-
rosis progress. This study we will investigate the exact role of
miR-34a in cell apoptosis in atherosclerosis.

Materials and methods

Tissue samples. A total of 15 pairs of atherosclerotic lesion
tissues and normal veins were obtained during treatment
from 15 patients at Dongyang People's Hospital. All tissues
were immediately stored in liquid nitrogen until use. All
the protocols were approved by the Ethics Committee of
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Dongyang People's Hospital. Informed consent was obtained
from each patient.

Cell culture. The human aortic endothelial cells (HAECSs)
were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and 1% penicillin/streptomycin. All
cells were incubated in a humidified incubator at 37°C and 5%
CO,,

Establishment of atherosclerotic cell model. Ox-LDL was
used to establish the atherosclerotic cell model. Native LDL
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
oxidized by exposure to CuSO4 (5 ymol/l free Cu2+ concen-
tration) in PBS at 37°C for 24 h. HAECs were treated with
50 pg/ml ox-LDL for 24 h.

Cell transfection. The miR-34a mimic (50 nM), miR-34a
inhibitor (50 nM), the negative control (50 nM) (Shanghai
GenePharma Co., Ltd., Shanghai, China), 1 g Control-siRNA
(empty vector), 1 ug HDACI-siRNA (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) or 50 nM miR-34a
inhibitor+1 ug HDACI1-siRNA, was transfected into HAECs
respectively using 30 ul Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) according
to the manufacturer's instructions. Transfected cells were
incubated at 37°C in an atmosphere of 5% CO, for 48 h.

RNA extraction and reverse transcription-quantitative
PCR. Total RNA of atherosclerotic tissues or HAECs was
extracted by using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), and cDNAs were synthesized using miScript
Reverse Transcription kit (Qiagen GmbH, Hilden, Germany)
according to the manufacturer's instructions. The primers for
reverse transcription and amplification of miR-34a, HDACI1
and U6 were designed and synthesized by GenScript Co.,
Ltd., (Nanjing, China). Quantitative real-time PCR was
conducted to detect miR-34a and HDAC1 mRNA using the
SYBR Premix Ex Taq™ II (TliRNaseH Plus) kit (Takara
Biotechnology Co., Ltd., Dalian, China) using the Bio-Rad
Laboratories, Inc., (Hercules, CA, USA) machine, with the
U6 small nuclear RNA and GAPDH as internal normalized
references, respectively. The primer sequences for qPCR
were as follows:U6-Forward: SSAAAGCAAATCATCGG
ACGACC3'"; U6-Reverse: SSGTACAACACATTGTTTCC
TCGGA3'; GAPDH-Forward: 5GAAGGTGAAGGTCGG
AGTC3'"; GAPDH-Reverse: 55 GAAGATGGTGATGGGATT
TC3'; miR-34a-Forward: 55SCAGCCTGGAGGAGGATCG
A3'"; miR34a-Reverse: S TCCCAAAGCCCCCAATCTS3
HDACI1-Forward: 5CTACTACGACGGGGATGTTGG3';
HDACI-Reverse: 5SGAGTCATGCGGATTCGGTGAG3'. The
222 method was applied to quantify the relative gene expres-
sions (12).

Cell proliferation assay. Cell Count Kit-8 assay
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) was used as a qualitative marker for cell viability. After
48 h transfection with miR-34a mimic, miR-34a inhibitor,
the negative control or miR-34a inhibitor+ HDACI1-siRNA,
HAECs were seeded into 96 well plates in triplicate at
5x10° cells per well. At 0, 24, 48, and 72 h, 10 ul of CCK-8
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Figure 1. Expression of miR-34a in atherosclerosis. The expression level of
miR-34a was detected by qRT-PCR. (A) The relative miR-34a expression in
normal veins (Control) and atherosclerotic lesion tissues (AL); (B) the rela-
tive miR-34a expression without ox-LDL (Control) and HAECs treated with
ox-LDL (ox-LDL). “P<0.01 vs. Control.

solution mixed with 90 ul of RPMI-1640 was added to each
well. And after 2 h of incubation, the absorbance was measured
at 570 nm.

Apoptosis assay. HAECs were transfected with miR-34a
mimic, miR-34a inhibitor, the negative control or miR-34a
inhibitor+ HDACI1-siRNA, and 48 h after transfection, the cells
then were subjected to apoptosis assay. Then 106 treated cells
were stained with Annexin V and PI using an apoptosis detec-
tion kit (BD Biosciences, Franklin Lakes, NJ, USA). According
to the manufacturer's instructions, after incubation for 15 min
in the dark, cell apoptosis were then detected by flow cytometry.

Luciferase reporter assay. For confirmation of direct target
binding, the wild type and mutant 3'UTR of HDACI identified
by TargetScan was cloned into a pmiR-RB-ReportTM dual
luciferase reporter gene plasmid vector (Guangzhou RiboBio
Co., Ltd., Guangzhou, China). The UTR region of candidate
target gene was inserted downstream of the sequence of
renilla luciferase, which is designed for reporter fluorescence.
For luciferase reporter analysis, HAECs were co-transfected
with luciferase reporter vectors and control mimic or miR-34a
mimic using Lipofectamine 2000. After 48 h, luciferase
activity was analyzed by the dual-luciferase assay system
(Promega Corporation, Madison, WI, USA) according to the
manufacturer's protocols.

Western blot analysis. HAECs were transfected with
miR-34a mimic, miR-34a inhibitor, the negative control
or miR-34a inhibitor+ HDACI1-siRNA for 48 h, then cells
were collected and total proteins were extracted in 40 mM
Tris-HCI (pH 7.4) containing 150 mM NacCl and 1% (v/v)
Triton X-100, supplemented with protease inhibitors. Protein
concentration was determined using the bicinchoninic acid
protein assay (Pierce; Thermo Fisher Scientific, Inc.). Equal
amounts of protein were resolved on 10% SDS-PAGE gels,
and then transferred to a PVDF membrane (EMD Millipore,
Billerica, MA, USA). After blocking with 5% skimmed milk
in TBST, then probed with antibodies against Bcl-2 (cat
no. 4223; dilution: 1:1,000), procaspase-3 (cat no. 9664; dilu-
tion: 1:1,000), procaspase-9 (cat no. 9501; dilution: 1:1,000),
c-Myc (cat no. 13,987; dilution: 1:1,000); p21 (cat no. 2947,
dilution: 1:1,000); B-actin (cat no. 4970; dilution: 1:1,000)
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Figure 2. Expression of HDACI in atherosclerosis. (A) Protein level of HDACI in normal veins (al-a3) and atherosclerotic lesion tissues (b1-b3); (B) the
relative HDAC1 mRNA expression in atherosclerotic lesion tissues (AL) and normal veins (Control); (C) protein level of HDACI in HAECsS treated with
(ox-LDL) or without (Control) ox-LDL; (D) the relative mRNA expression of HDAC1 in HAECsS treated with (ox-LDL) or without (Control) ox-LDL; (E) the
relative miR-34a expression in HAECs in different groups, Control: cells without any treatment, ox-LDL: cells treated with ox-LDL, NC: cells transfected with
the negative control, mimic: cells transfected with miR-34a mimic, inhibitor: cells transfected with miR-34a inhibitor, In+siRNA: cells co-transfected with

miR-34a inhibitor and HDAC1-siRNA. “"P<0.01 vs. Control.

(all from Cell Signaling Technology, Inc., Danvers, MA,
USA), membranes were subsequently incubated with horse-
radish peroxidase (HRP) conjugated secondary antibody
(Anti-rabbit IgG, HRP-linked Antibody; cat no. 7074; dilu-
tion: 1:5,000). Immunoreactive bands were visualized using
the enhanced chemiluminescence detection system. The
protein levels of the stripes were normalized based on the
gray value of B-actin.

Statistical analysis. SPSS v17.0 software was used to analyze
the data. Values are expressed as mean + SD of experiments
performed in triplicate. Data were analyzed by one-way
ANOVA or Student's t-test. P<0.05 was considered to indicate
a statistically significant difference.

Results

MiR-34a is highly expressed in atherosclerosis. Fifteen
pairs of atherosclerotic lesion tissues and normal veins
were recruited in this study. Q-RT PCR result showed that
compared to the normal veins, the expression of miR-34a
were significantly increased in atherosclerotic lesion tissues
(Fig. 1A). In addition, Ox-LDL induction significantly
increased the expression of miR-34a in HAECs (Fig. 1B).
These data suggest that miR-34a is highly expressed in
atherosclerosis.

HDACI is low expressed in atherosclerosis. We next studied
the expression of HDACI in atherosclerosis, and we found that
the expression of HDAC1 was reduced both in atherosclerotic
lesions and Ox-LDL treated HAECs (Fig. 2A-D).

For further study the role of miR-34a in atherosclerosis,
miR-34a mimic, miR-34a inhibitor, the negative control (NC),
Control-siRNA (empty vector), HDACI1-siRNA, or miR-34a
inhibitor+HDACI1-siRNA was transfected into HAECs respec-
tively, the transfection efficiency was detected by qRT-PCR
and western blotting (Figs. 2E and 3).
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Figure 3. Expression of HDAC1 in HAECs transfected with HDAC1-siRNA.
(A) Protein level of HDAC1 in HAECs transfected with HDAC1-siRNA or
Control-siRNA; (B) the relative HDAC1 mRNA expression in HAECs trans-
fected with HDAC1-siRNA (siRNA) or Control-siRNA (Control). “P<0.01
vs. Control.

HDACI is the target gene of miR-34a. We used TargetScan
to predict the potential targets of miR-34a, HDAC1 was iden-
tified as a potential miR-34a target gene (Fig. 4A). And the
luciferase reporter assay showed that the luciferase activity
was significantly reduced in the HAECs co-transfected
of miR-34a with HDACI-UTR-WT reporter plasmids, but
co-transfection of miR-34a with HDAC1-UTR-MUT reporter
plasmids did not (Fig. 4B). To further confirm that miR-34a
regulates HDAC1 expression in HAECs, miR-34a mimic,
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Figure 4. HDAC1 is a direct target of miR-34a. (A) Interaction between miR-34a and 3'UTR of HDACI was predicted using TargetScan target site prediction
software; (B) Luciferase activity of a reporter containing a wild-type HDAC1 3'UTR or a mutant HDACI1 3'UTR are presented. ‘HDAC1-3'UTR-MUT’ indi-
cates the HDAC1 3'UTR with a mutation in the miR-34a binding site. UTR, untranslated region. 48 h after cell transfection, protein (C) and mRNA (D) levels
of HDACI in HEACs in different groups were determined by using western blotting and gRT-PCR respectively. All data are presented as the mean + SD of

three independent experiments. "P<0.05, “P<0.01 vs.control.

miR-34a inhibitor and negative control (NC) were trans-
fected into HAECs. The results showed that miR-34a mimic
significantly inhibited the expression of HDACI1, and miR-34a
inhibitor significantly enhanced the expression of HDACI1
(Fig. 4C and D). Together, these data indicate that miR-34a
directly target HDACI.

MiR-34a inhibitor enhances the cell viability of HAECs.
Given our limited understanding of the role played by miR-34a
in HAECs, we examined the effects of miR-34a gain and
loss-of-function on atherosclerosis. The CCK-8 results showed
that Ox-LDL induction significantly reduced the viability of
HAECs, and when compared with ox-LDL treatment alone,
miR-34a inhibitor significantly enhanced the cell viability of
HAECs, whereas HDAC1-siRNA eliminated the increased
viability of HAECs induced by miR-34a inhibitor (Fig. 5).
These results indicated that miR-34a inhibitor enhances the
cell viability of HAECs through regulating HDACI.

MiR-34a inhibitor suppresses apoptosis in HAECs. Flow
cytometry analysis demonstrated that cell apoptosis
were increased in Ox-LDL induction HAECs compared
to the control group. Compared with ox-LDL treatment
alone, miR-34a inhibitor significantly reduced the apop-
tosis of HAECs, whereas HDACI-siRNA eliminated the
decrease of apoptosis of HAECs induced by miR-34a
inhibitor (Fig. 6). Together, these data indicated that miR-34a
inhibits cell grow and promotes apoptosis of HAECs via regu-
lating HDACI.

Effects of miR-34a inhibitor on the expression of apop-
tosis-related genes. To further investigate the molecular
mechanism of the miR-34a effects on HAECs, the expression
of apoptosis-related genes were detected by western blotting.
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Figure 5. Effect of miR-34a inhibitor on the cell viability of HEACs. 48 h
after cell transfection, CCK-8 assay was used to detect the cell viability
of HEACs. All data are presented as the mean + SD of three independent
experiments.

The results showed that miR-34a inhibitor significantly
increased the expression of Bcl-2, procaspase-3, procaspase-9
and c-Myc, and the expression of p21 was significantly
decreased compared with ox-LDL treatment alone. In addi-
tion, HDACI1-siRNA eliminated the effects induced by
miR-34a inhibitor (Fig. 7). It is further demonstrated that
miR-34a regulates the expression of apoptosis-related proteins
by targeting HDACI.

Discussion

Functional miRNA of miR-34a have been highly concerned
by researchers in recent years. Welch et al (13), reported that
ectopic miR-34a induces apoptosis resulting in the activation
of a caspase-mediated apoptotic pathway when reintroduced
into the neuroblastoma cell lines, which show a decrease in
expression of miR-34a. Then, a number of data showed that
miR-34a regulates a plethora of target proteins to induce cell
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Figure 6. Effect of miR-34a inhibitor on the cell apoptosis of HEACs. 48 h after cell transfection, FCM was used to detect the cell apoptosis of HEACs, and
data was analyzed. All data are presented as the mean + SD of three independent experiments. “"P<0.01 vs. control; #P<0.01 vs. oxLDL; ““P<0.01 vs. inhibitor.
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Figure 7. Effect of miR-34a inhibitor on cell apoptosis related proteins expression in HEACs. (A) 48 h after cell transfection, western blotting was used to detect
the protein expression of Bcl-2, procaspase-3, procaspase-9, c-Myc and p21, and (B-F) protein expression was quantified and presented as fold of the control.
All data are presented as the mean = SD of three independent experiments. “P<0.01 vs. control; “P<0.05, “/P<0.01 vs. oxLDL; “P<0.05, *¢P<0.01 vs. inhibitor.

apoptosis, thus acting as a tumor suppressor (14-17). The tissues compared with the normal tissues, and consistent
present study found that miR-34a inhibitor could repress cell  results was found in ox-LDL induced HAECs. Also, we found
apoptosis in atherosclerosis. that the expression of HDAC1 was negative correlation with

In the present study, our preliminary data showed that miR-34a. So we hypothesis HDACI1 gene was associated with
miR-34a was significantly increased in atherosclerotic lesion = miR-34a. In order to confirm this hypothesis, firstly we use
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TargetScan to predict the potential targets of miR-34a. HDAC1
was identified as a potential miR-34a target gene. In addition,
luciferase reporter assay verified miR-34a directly binding
to 3'-UTR of HDACI. Moreover, the expression of HDAC1
was significantly increased in miR-34a inhibitor transfected
HAECs. These results demonstrated that miR-34a directly
targets HDACI.

Histone acetylation function as reducing histone-DNA
interactions or creating an open chromatin configuration (18).
Histone deacetylases (HDAC)-dependent regulation of protein
acetylation levels leads to cell- and gene-specific transcrip-
tional repression or activation (18). HDACI is considered as
a positive regulator of cell proliferation, HDACI depletion in
mice results in growth deficiencies, and the p21 cyclin-depen-
dent inhibitor were correlated increased (19,20). Our research
have revealed that miR-34a directly targets HDACI, and
miR-34a inhibitor could promote cell viability and prevent
cell apoptosis. We further explored underlying mechanism of
the effects on HAECs caused by miR-34a, and the relationship
between HDACI and apoptosis was explored. The expres-
sion levels of the anti-apoptotic protein Bcl-2, procaspase-3,
procaspase-9 and c-Myc were detected after transfection with
miR-34a inhibitor or miR-34a inhibitor +HDACI-siRNA.
Results showed that miR-34a inhibitor significantly improved
the expression of anti-apoptotic protein, and HDAC1-siRNA
eliminated the effects of miR-34a inhibitor on HAECs.

Moreover, p21 was also determined in the present study,
and the findings suggested that miR-34a inhibitor significantly
inhibited p21 expression, and this inhibition was reversed
by HDACI-siRNA. It has been demonstrated that the most
significant down-regulation by miR-34a is represented by
ribosomal proteins (17). Of interest, some ribosomal proteins
have the ability to up-regulate miR-34 and down-regulate p21.
Established anticancer treatments were recently introduced
into atherosclerosis therapeutic strategies to prevent restenosis
after angioplasty and endarterectomy. miR-34a increases the
sensitivity of cells to 5-FU treatment (21) and recently it has
been demonstrated that some ribosomal proteins are essential
to mediate cell apoptotis caused by 5-FU through molecular
mechanisms involving crucial pro-inflammatory factors as
NFkB (22). In the light of these findings, one possibility is
that miR-34a inhibitor down-regulated p21 expression through
regulating ribosomal proteins thus preventing cell apoptosis.

In conclusion, this study demonstrated that miR-34a was
up-regulated in atherosclerosis. MiR-34a inhibition could
promote the proliferation and induce apoptosis of endothelial
cells through regulating the expression of apoptotic-associated
proteins by targeting HDACI. Thus, our research provides
evidence that miR-34a might serve as a new potential thera-
peutic target for atherosclerosis.
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