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Abstract

Background: Although INcRNATP73-AS1 has been shown to play important roles in
various human diseases, its function in atherosclerosis (AS) remains unclear.

Methods: Human aortic endothelial cells (HAECs) were treated with 50 pg/ml oxi-
dized low-density lipoprotein (ox-LDL) to establish an atherosclerotic cell model. The
expression of TP73-AS1, miR-654-3p and AKT3 was detected by gRT-PCR. Cell functions
were evaluated CCK-8 assay and flow cytometry. The protein levels of apoptosis-related
proteins were evaluated by western blot. The binding relationship among TP73-AST,
miR-654-3p and AKT3 was determined by bioinformatics analysis and luciferase
reporter assay.

Results: TP73-AS1 was upregulated and miR-654-3p was downregulated in ox-LDL
treated HAECs. TP73-AS1 silencing and miR-654-3p mimics decreased the viability and
inhibited apoptosis of ox-LDL treated HAECs, decreased the expression levels of c-cas-
pase-9, c-caspase-3 and Bax, and increased Bcl-2 expression. In addition, miR-654-3p
inhibitor significantly reversed the inhibitory effects of si-TP73-AS1 on cell viability
and apoptosis. TP73-AS1 could positively regulate AKT3 through directly sponging
miR-654-3p.

Conclusion: TP73-AS1 promoted apoptosis of ox-LDL stimulated endothelial cells by
targeting the miR-654-3p/AKT3 axis, suggesting that TP73-AS1 might be a potential
target for AS treatment.
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Background

Cardiovascular diseases (CVDs) have become common killers, causing more than 17.3
million deaths every year worldwide [1]. Atherosclerosis (AS), a CVD and inflammatory
disease, is involved in endothelial dysfunction [2]. Previous studies have revealed that the
aberrant proliferation and apoptosis of aortic endothelial cells are associated with AS devel-
opment [3]. Hence, well understanding the specific mechanisms involved in human aortic
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endothelial cells’ (HAECs) growth and apoptosis may contribute to developing novel thera-
pies to prevent AS development.

Long noncoding RNAs (IncRNAs) with a length of approximately 200 nucleotides play
essential regulatory functions in AS progression [4]. For example, H19 expression is upreg-
ulated during AS development, and H19 inhibition effectively enhances proliferation and
inhibits apoptosis of HAECs [5]. NEAT1 knockdown suppresses the proliferation and pro-
motes apoptosis of HAECs [6]. TP73-AS1, a newly identified IncRNA involved in devel-
opment of various tumors, is highly expressed in ovarian cancer cell lines, and TP73-AS1
downregulation inhibits proliferation, invasion, and migration of the ovarian cancer cell
line SKOV3 in vitro [7]. In addition, TP73-AS1 is upregulated in several types of human
cancer, and TP73-AS1 knockdown effectively attenuates the progression of ovarian can-
cer [7], hepatocellular carcinoma [8], and bladder cancer [9]. Based on the crucial roles of
TP73-AS1 in human cancers, it might have a potential function in other diseases, such as
AS. Thus, this study aimed to explore its potential functions in AS.

MicroRNAs (miRNAs) are small noncoding RNAs (ncRNAs) with a length of 22 nt,
which regulate gene expression at the post-transcriptional level [10]. MiRNAs could con-
trol a series of AS pathological processes, including lipoprotein metabolism, endothelial cell
growth and apoptosis, as well as immune responses [11]. For example, miR-654-3p sup-
presses tumor proliferation, migration, invasion, and epithelial-mesenchymal transition
(EMT) in hepatocellular carcinoma [12], colon cancer [13], and gastric cancer [14]. MiR-
654-3p was closely involved in the inflammatory responses through modulating RAB22A
[15] in AS, indicating a potential role of miR-654-3p in AS.

AKT serine/threonine kinase 3 (AKT3) plays essential functions in many cellular pro-
cesses, including cell growth, differentiation, proliferation, and apoptosis [16]. AKT3 pro-
motes apoptosis of different types of tumor cells such as gastric cancer [17], endometrial
carcinoma [18] and breast cancer [19]. AKT3 overexpression promotes the progression of
esophageal squamous cell carcinoma and downregulates the expression level of apoptosis-
related proteins including c-caspase-3, c-caspase-9, Bax and Bcl-2 [20]. AKT3 is highly
expressed during AS progression and AKT3 kinase inhibits the pinocytosis of oxidized
low-density lipoprotein (ox-LDL) in macrophages [21]. These studies indicate that targeting
AKT3 might be a potential treatment strategy for preventing human diseases, including AS.

This study established an atherosclerotic cell model using 50 pg/ml ox-LDL treatment as
previously reported [22-24] and found that TP73-AS1 was highly expressed in 50 pg/ml
ox-LDL treated HAECs. In addition, TP73-AS1 knockdown and miR-654-3p overexpres-
sion effectively enhanced viability and inhibited apoptosis of ox-LDL treated HAECs. Fur-
thermore, our results revealed a new regulatory network involved in AS development, i.e.
silencing TP73-3P attenuated AS progression via inhibiting aortic endothelial cell apoptosis
by targeting the miR-654-3p/AKT3 axis. We believe that our results provided a potential
target of AS treatment.

Materials and methods

Cell culture

Human aortic endothelial cells (HAECs) were purchased from Platts Life Technology
Co., Ltd. (Wuhan, China), and cultured in endothelial cell culture medium (Gibco, USA)
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supplemented with endothelial cell growth factor and 5% FBS at 37 °C with 5% CO,.
When needed, 50 pg/ml ox-LDL was added for 24 h.

Cell transfection

Small interfering RNA targeting TP73-AS1 (si-TP73-AS1, sense 5-CCCAGUGGUGAC
UCCACAATT-3" and antisense: 5-UGGGUUAGGCCCCACCU GGTT-3’) and cor-
responding negative control (si-NC, 5-ATTGGAAGCTGTGTTCCA TTA-3’) were
synthesized by Jima Biotech (Shanghai, China) and transfected into HAECs using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, California, U.S.A.). MiR-654-3p mimic, miR-NC,
miR-654-3p inhibitor, inhibitor NC, TP73-AS1 overexpressing vector pc-TP73-AS1,
AKT3 overexpressing vector pc-AKT3 and negative control vector pc-NC were pur-
chased from RiboBio (Guangzhou, China) and transfected into HAECs using Lipo-
fectamine 2000 following the manufacturer’s instructions.

QRT-PCR

Total RNA was extracted using TRIzol reagent (Biosntech, Beijing, China). QRT-PCR
analysis was performed on the ABI 7500 real-time PCR system using the SYBR Green
PCR Kit (Takara Bio). U6 and GAPDH were regarded as internal references. The relative
expression was calculated using the 2~ ALC method. The primers were TP73-AS1 for-
ward 5-CCTTAATACCTGGGCCGGA-3" and reverse: 5-CGGTA AGGAATCCCAAG
-3 miR-654-3p forward 5-GGGCCAGTAATTGCACCTGTC-3’ and reverse 5-CCA
GTGCAGGTTCCGAAGTA-3%; AKT3 forward 5-GAACAAG GCTACTCGCCAAG-3’
and reverse 5-AAGGGCCAGTTGACGAAAC-3; GAPDH forward 5-TGGATTTGG
ACGCATTGGTC-3" and reverse 5-TTTGCACTGGTAC GTGTTGAT-3’; U6 forward
5-CTCGCTTCGGCAGCACA-3"and reverse: 5-AACG CTTCACGAATTTGCGT-3".

Western blot

Total protein was extracted using RIPA buffer. Approximately equal amounts of proteins
were separated by 10% SDS-PAGE and transferred onto PVDF membranes (Bio-Rad).
The membranes were incubated with primary antibodies against AKT3 (1: 1000, Lian-
mai, Shanghai, China), c-caspase-3 (1: 1000, Lianmai, Shanghai, China), c-caspase-9
(1: 1000, Lianmai, Shanghai, China), Bax (1: 1000, Lianmai, Shanghai, China), Bcl-2
(1: 1000, Lianmai, Shanghai, China) and GAPDH (1: 1000, Lianmai, Shanghai, China)
overnight at 4 °C. Finally, the bands were visualized by an enhanced chemiluminescence
(ECL) kit.

CCK-8 assay

Briefly, 1 x 10* HAECs were seeded into 96-well plates overnight. 10 pl of CCK-8 solu-
tion (Cell Counting Kit-8) was added to each well following transfection for 0, 24, 48, 72
and 96 h, and incubated for another 2 h. Finally, the absorbance was detected at 450 nm
using a microplate reader.

Apoptosis analysis
Cells apoptosis was examined by an Annexin V FITC/PI apoptosis detection kit pur-
chased from Vazyme Biotech Co., Ltd. Briefly, HAECs were re-suspended in 1 x binding
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Fig. 1 TP73-AS1 was upregulated and miR-654-3p was downregulated in ox-LDL-treated endothelial cells.
The figure shows the levels of TP73-AS1 (A) and miR-654-3p (B) detected by qRT-PCR in HAECs treated with
or without 50 pg/ml ox-LDL for 24 h. **P <0.01

buffer (100 pl), and incubated with 5 pl of PI and 5 pl of Annexin V FITC in darkness for
10-20 min. The apoptotic rate was detected using flow cytometry (Jiyuan, Guangzhou,
China).

Luciferase activity assay

Luciferase reporter assay was performed as previously reported [25]. TP73-AS1 wild-
type (WT) or mutant (MUT) or AKT3 containing the putative miR-654-3p binding site
was synthesized and cloned into luciferase reporter pGL3 Basic vector (Promega). MiR-
654-3p mimics or miR-NC was co-transfected with recombinant luciferase reporter
plasmids into HAECs using Lipofectamine 2000. After 48 h for transfection, the relative
luciferase activity was detected.

RIP assay

RIP assay was performed using a commercial EZ-Magna RIP kit from EMD Millipore
using Ago2 antibody (ab32381; 1:150; Abcam). In brief, HAECs were lysed and incu-
bated with anti-IgG antibody (12-370; 1:150; Merck Millipore) or Ago2 antibody-
conjugated protein A/G magnetic beads. Finally, RNAs were purified and analyzed by
qRT-PCR.

Statistical analysis

Data were presented as the mean+ standard deviation (SD). Differences were deter-
mined using Student’s ¢-test (between two groups) or one-way analysis of variance
(ANOVA) (among multiple groups). p <0.05 was considered as the significant threshold.

Results

TP73-AS1 was upregulated and miR-654-3p was downregulated in ox-LDL-treated
endothelial cells

Firstly, HAECs were treated with 50 pg/ml ox-LDL for 24 h. QRT-PCR analysis showed
that TP73-AS1 was significantly upregulated (p<0.01) (Fig. 1A) and miR-654-3p was
downregulated (p<0.01, Fig. 1B) in ox-LDL-treated HAECs. These results suggested
that TP73-AS1 and miR-654-3p might play important roles in AS.
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Fig. 2 TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs. The figure shows A TP73-AS1
levels evaluated by gRT-PCR, B cell viability assessed by CCK-8 assay, C apoptosis evaluated by flow
cytometry and D the levels of apoptosis-related proteins detected by Western blot in HEACs transfected with
si-TP73-AS1 or si-NC, and treated with 50 ug/ml ox-LDL for 24 h. **P <0.01
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TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs

To investigate TP73-AS1’s function, HAECs were transfected with si-TP73-AS1, and
treated with ox-LDL. QRT-PCR analysis revealed that ox-LDL treatment significantly
increased the TP73-AS1 level (p <0.01), and si-TP73-AS1 markedly decreased the TP73-
AS1 level in ox-LDL treated HEACs (p<0.01) (Fig. 2A). CCK-8 assay indicated that
ox-LDL treatment inhibited cell proliferation (p<0.01), and si-TP73-AS1 significantly
attenuated ox-LDL induced growth defection of HEACs (p<0.01) (Fig. 2B). Ox-LDL
treatment promoted apoptosis of HEACs (p <0.01), and si-TP73-AS1 significantly inhib-
ited ox-LDL-induced apoptosis of HEACs (p<0.01) (Fig. 2C). Meanwhile, Western blot
indicated that ox-LDL treatment significantly increased the protein levels of c-caspase-9,
c-caspase-3, and Bax and decreased the Bal-2 level (all p<0.01), while si-TP73-AS1
downregulated c-caspase-9, c-caspase-3, and Bax, and upregulated Bcl-2 (all p<0.01) in
ox-LDL treated HEACs (Fig. 2D). These data suggested that TP73-AS1 downregulation
attenuated ox-LDL induced apoptosis in endothelial cells.

Overexpression of miR-654-3p inhibited apoptosis of ox-LDL treated HAECs
To further explore the role of TP73-AS1 in AS, miR-654-3p overexpression was con-
ducted in ox-LDL treated HAECs. Ox-LDL treatment decreased miR-654-3p level

Page 5 of 13
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Fig. 3 MiR-654-3p mimics inhibited apoptosis of ox-LDL treated HAECs. The figure shows A miR-654-3p level
evaluated by gRT-PCR, B cell viability assessed by CCK-8 assay, C apoptosis evaluated by flow cytometry and
D the levels of apoptosis-related proteins detected by Western blot in HEACs transfected with miR-654-3p
mimics or miR-NC, and treated with 50 ug/ml ox-LDL for 24 h. **P <0.01

(p<0.01), and miR-654-3p mimics significantly increased the miR-654-3p level in ox-
LDL treated HEACs (p<0.01) (Fig. 3A). Ox-LDL treatment inhibited cell prolifera-
tion (p<0.01), and miR-654-3p mimics significantly inhibited ox-LDL induced growth
defection of HEACs (p<0.01) (Fig. 3B). Flow cytometry showed that ox-LDL treatment
promoted apoptosis of HEACs (p<0.01), and miR-654-3p mimics significantly inhib-
ited ox-LDL induced apoptosis of HEACs (p <0.01) (Fig. 3C). In addition, Western blot
indicated that ox-LDL treatment significantly increased the protein levels of c-caspase-9,
c-caspase-3, Bax, and decreased Bal-2 level (all p<0.01), while miR-654-3p mimics
downregulated c-caspase-9, c-caspase-3, Bax, and upregulated Bcl-2 (all p<0.01) in ox-
LDL treated HEACs (Fig. 3D). These results suggested that miR-654-3p mimics had a
similar effect to si-TP73-AS1, and miR-654-3p overexpression inhibited apoptosis of ox-
LDL treated HAECs.

TP73-AS1 was a sponge of miR-654-3p

To investigate the mechanism of TP73-AS1, the StarBase online database was used to
predict the target miRNAs of TP73-AS1. The results indicated that miR-654-3p was
a putative target of TP73-AS1 (Fig. 4A). Luciferase reporter assay showed that miR-
654-3p mimics significantly decreased the relative luciferase activity of WT TP73-AS1
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transfected with pc-TP73-AS1. **P <0.01

(p<0.01), while having no effect on MUT TP73-AS1 (Fig. 4B). RIP assay demon-
strated that TP73-AS1 and miR-654-3p were both enriched significantly in miRNPs
containing Ago2 compared with those containing anti-IgG (p<0.01) (Fig. 4C).
Moreover, si-TP73-AS1 significantly increased the miR-654-3p level compared with
si-NC in HAECs (p<0.01) (Fig. 4D). TP73-AS1 overexpression (pc-TP73-AS1) mark-
edly decreased miR-654-3p expression compared with pc-NC in HAECs (p<0.01)
(Fig. 4E). These results indicated that TP73-AS1 was a sponge of miR-654-3p.

TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs by targeting
miR-654-3p

To determine whether the effect of TP73-AS1 in AS was mediated by miR-654-3p,
si-TP73-AS1 and miR-654-3p inhibitor were co-transfected into HAECs. Ox-LDL
treatment significantly decreased the miR-654-3p level (p<0.01), and miR-654-3p
inhibitor further decreased the miR-654-3p level compared with miR-NC in ox-LDL
treated HAECs (p <0.01) (Fig. 5A). CCK-8 assay showed that ox-LDL treatment signif-
icantly decreased HAECSs’ viability (p <0.01), miR-654-3p inhibitor further decreased
cell viability of ox-LDL treated HAECs (p<0.05); si-TP73-AS1 promoted viability
of ox-LDL treated HAECs (p<0.01), while co-transfection of miR-654-3p inhibitor
and si-TP73-AS1 significantly reversed the inhibitory effect of si-TP73-AS1 (p<0.01)
(Fig. 5B). Ox-LDL treatment promoted apoptosis of HAECs (p<0.01), and si-TP73-
AS1 significantly inhibited apoptosis of ox-LDL treated HAECs (p<0.01). Moreo-
ver, miR-654-3p inhibitor further promoted apoptosis of ox-LDL treated HAECs
(p<0.01), while co-transfection of miR-654-3p inhibitor and si-TP73-AS1 signifi-
cantly reversed the inhibitory effect of si-TP73-AS1 on apoptosis of ox-LDL treated
HAECs (p<0.01) (Fig. 5C). In addition, miR-654-3p inhibitor further increased the
expression of c-caspase-9, c-caspase-3, and Bax and decreased Bcl-3 expression (all
p<0.01), while co-transfection of miR-654-3p inhibitor and si-TP73-AS1 significantly
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Fig. 5 TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs by targeting miR-654-3p. A
MiR-654-3p level evaluated by gRT-PCR in HAECs transfected with miR-654-3p inhibitor or inhibitor NC and
treated with ox-LDL for 24 h. B Cell viability assessed by CCK-8 assay, C apoptosis evaluated by flow cytometry
and D the levels of apoptosis-related proteins detected by Western blot in HEACs with si-TP73-AS1, si-NC,
miR-654-3p inhibitor, or co-transfected with si-TP73-AS1 and miR-654-3p inhibitor, and treated with 50 pg/ml
ox-LDL for 24 h. *P <0.05, **P < 0.01

reversed the effect of si-TP73-AS1 (all p<0.01) (Fig. 5D). These results revealed that
TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs partially by tar-
geting miR-654-3p.

AKT3 was identified as a target of miR-654-3p

Then we explored the downstream mechanism of miR-654-3p and found that ox-LDL
treatment significantly increased AKT3 expression compared with the control at both
mRNA (p<0.01) (Fig. 6A) and protein levels (p<0.01) (Fig. 6B). The prediction by
StarBase revealed a putative binding site between miR-654-3p and AKT3 (Fig. 6C),
suggesting that AKT3 might be a target of miR-654-3p. Luciferase reporter assay also
confirmed their binding (p<0.01) (Fig. 6D). In addition, miR-654-3p mimics mark-
edly decreased AKT3 expression (p<0.01) (Fig. 6E, F) in HAECs. These data sug-
gested that AKT3 was a target of miR-654-3p.

MiR-654-3p mimics inhibited apoptosis of ox-LDL treated HAECs through targeting AKT3
Next, we explored whether the inhibitory effect of miR-654-3p mimics on ox-LDL
induced HAEC apoptosis was mediated by AKT3. QRT-PCR analysis showed that
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ox-LDL treatment increased the AKT3 level compared with the control group
(p<0.01), and pc-AKT3 (overexpression of AKT3) significantly further increased
the AKT3 level compared with pc-NC (p<0.01) (Fig. 7A). CCK-8 assay showed that
overexpression of AKT3 further decreased the viability of ox-LDL treated HAECs
(p<0.05), and co-transfection significantly reversed the inhibitory effect of miR-
654-3p mimics (p<0.01) (Fig. 7B). Meanwhile, AKT3 overexpression further pro-
moted apoptosis of ox-LDL treated HAECs compared with pc-NC (p <0.01), while
co-transfection significantly reversed the inhibitory effect of miR-654-3p mimics
(p<0.01) (Fig. 7C). In addition, AKT3 overexpression significantly increased the pro-
tein levels of c-caspase-9 (p <0.05), c-caspase-3 (p<0.01), and Bax (p <0.05), while it
decreased Bcl-2 expression (p <0.01) compared with miR-654-3p mimics in ox-LDL
treated HAECs, while co-transfection of miR-654-3p mimics and pc-AKT3 signifi-
cantly reversed the effect of miR-654-3p mimics (p<0.01) (Fig. 7D). These results
suggested that miR-654-3p mimics inhibited apoptosis of ox-LDL treated HAECs
through targeting AKT3.

Discussion

In the last decades, the chronic inflammatory disease AS has become a global clini-
cal problem [26]. Therefore, there is an urgent need to explore the specific pathogenic
mechanisms in AS progression to help develop effective therapeutic targets and relieve
patients’ pain. Here, we found that TP73-AS1 was upregulated in ox-LDL treated

Page 9 of 13
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level evaluated by gRT-PCR in HAECs transfected with pc-AKT3 or pc-NC, and treated with ox-LDL for 24 h.
B-D (B) Cell viability assessed by CCK-8 assay, C apoptosis evaluated by flow cytometry and D the levels of
apoptosis-related proteins detected by Western blot in HAECs transfected with miR-NC, miR-654-3p mimics,
pc-AKT3, or co-transfected with miR-654-3p mimics and pc-AKT3, and treated with ox-LDL for 24 h. * P <0.05,
**P<0.01

HAECs. Our results revealed a complete mechanism of TP73-AS1 in AS development.
Specially, TP73-AS1 promoted apoptosis of ox-LDL treated HAECs by upregulating
AKT3 expression via directly sponging miR-654-3p.

Recently, a number of IncRNAs have been identified to be closely involved in cell
proliferation, apoptosis, and the immune response during AS occurrence and might
be considered as potential diagnostic and therapeutic biomarkers. For example,
FA2H-2 knockdown activated inflammation and inhibited autophagy flux, leading
to aggravation of ox-LDL induced inflammatory responses in human aorta vascular
smooth muscle cells [27]. MALAT1 was robustly expressed in the macrophages of
rats with diabetic atherosclerosis, and low-dose sinapic acid abated the pyroptosis of
macrophages through inhibiting MALAT1 expression [28]. TUG1 was upregulated
during AS, and its knockdown significantly inhibited the inflammatory response and
attenuated atherosclerotic lesions in a mouse model [29]. MALAT1 is downregu-
lated in ox-LDL treated vascular endothelial cells, and its downregulation promoted
dendritic cell maturation in AS development [30]. IncRNA-ATB promoted viability,
migration and angiogenesis of human microvascular endothelial cells, and might be
considered as a potential biomarker for AS [31]. Although many IncRNAs have been
revealed to be associated with AS development, more effective and specific molecu-
lar targets are still necessary. In this study, we found that TP73-AS1 downregulation
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effectively inhibited AS progression in vitro, suggesting that TP73-AS1 might be
another potential target for AS treatment.

LncRNAs always function as sponges of miRNAs to regulate biological processes in
the development of human cardiovascular diseases [32, 33]. Silencing H19 attenuated
the inflammatory response by sponging miR-130b in ox-LDL-treated Raw264.7 cells
[34]. LEF1-AS1 modulated the proliferation of vascular smooth muscle cells through
targeting miR-544a [35]. MALAT1 suppression protected endothelium against
ox-LDL induced inflammation by inhibiting miR-181b expression [36]. LncRNA
ZFAS1 enhanced inflammatory responses in AS by directly sponging miR-654-3p
to upregulate ADAM10 and RAB22A [15]. Hence, we hypothesized that TP73-AS1
might directly sponge miR-654-3p to affect AS progression. Both luciferase reporter
and RIP assays confirmed their relationship. Rescue experiments demonstrated that
co-transfection of miR-654-3p inhibitor and si-TP73-AS1 attenuated si-TP73-AS1
induced inhibition on cell apoptosis. These data indicated that the effect of TP73-AS1
in AS was partially mediated by miR-654-3p.

Previous studies demonstrated that AKT3 could promote tumor development in dif-
ferent human cancers [37]. Importantly, AKT3 was also highly expressed in AS, and loss
of AKT3 led to inhibition of AS development [38]. Consistent with these reports, our
results confirmed that AKT3 was significantly upregulated in ox-LDL treated HAECs.
Interestingly, a previous study reported AKT3 as a target of miR-654-3p, and the miR-
654-3p/AKT3 axis was closely involved in the proliferation and invasion of ovarian
cancer cells [39]. In the present study, rescue experiments confirmed the role of the miR-
654-3p/AKT3 axis in AS.

High-fat diet-induced animal models have been a widely used strategy to determine
the function of IncRNAs/miRNAs in AS development [22, 40]. The impact of TP73-AS1
in AS progression should be confirmed using these models in the future.

Conclusion

In summary, we investigated the role of TP73-AS1 in the apoptosis of HAECs and
revealed that TP73-AS1 downregulation effectively inhibited apoptosis of ox-LDL
treated HAECs through regulating the miR-654-3p/AKT3 axis. Our study suggested
that TP73-AS1 might be a potential target for AS treatment.

Abbreviations
AS: Atherosclerosis; ox-LDL: Oxidized low-density lipoprotein; CVDs: Cardiovascular diseases; INcRNAs: Long non-coding
RNAs; miRNAs: MicroRNAs.

Acknowledgements
Not applicable.

Authors’ contributions
Guarantor of integrity of the entire study: JN. Study concepts: DW. Study design: ZH. Definition of intellectual content:
DW. All authors read and approved the final manuscript.

Funding

This work was supported by the Postdoctoral Research Program of Stomatology Hospital of Southern Medical University
(Grant No. PY2018031) and the Scientific Research and Cultivation Plan of Stomatological Hospital of Southern Medical
University (Grant No. PY2017003).

Availability of data and materials
The datasets analyzed during the current study are available from the corresponding author on reasonable request.



Ni et al. Cell Mol Biol Lett (2021) 26:27 Page 12 of 13

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Stomatological Hospital, Southern Medical University. All proce-
dures followed the guidelines of this hospital. Written consent to participate in this study was obtained from patients.

Consent for publication
Not applicable.

Competing interests
The author reports no conflicts of interest in this work.

Author details

'Stomatological Hospital, Southern Medical University, No. 366 Jiangnan Avenue South, Haizhu District, Guangzhou City,
Guangdong Province, People’s Republic of China. “Peking University School of Stomatology, Beijing 100081, People’s
Repubilic of China.

Received: 18 January 2021 Accepted: 12 May 2021
Published online: 08 June 2021

References

1. Prabhakaran D, Jeemon P, Roy A. Cardiovascular diseases in India: current epidemiology and future directions. Circu-
lation. 2016;133(16):1605-20. https://doi.org/10.1161/circulationaha.114.008729.

2. Libby P, Bornfeldt KE, Tall AR. Atherosclerosis: successes, surprises, and future challenges. Circ Res. 2016;118(4):531-4.
https://doi.org/10.1161/circresaha.116.308334.

3. LiY,Yang C, Zhang L, Yang P. MicroRNA-210 induces endothelial cell apoptosis by directly targeting PDKT1 in the set-
ting of atherosclerosis. Cell Mol Biol Lett. 2017;22:3. https://doi.org/10.1186/511658-017-0033-5.

4. Chen X, Yan CC, Zhang X, You ZH. Long non-coding RNAs and complex diseases: from experimental results to
computational models. Brief Bioinform. 2017;18(4):558-76. https://doi.org/10.1093/bib/bbw060.

5. Pan JX. LncRNA H19 promotes atherosclerosis by regulating MAPK and NF-kB signaling pathway. Eur Rev Med
Pharmacol Sci. 2017;21(2):322-8.

6. Zhang X, Guan MX, Jiang QH, Li S, Zhang HY, Wu ZG, et al. NEATT knockdown suppresses endothelial cell
proliferation and induces apoptosis by regulating miR-638/AKT/mTOR signaling in atherosclerosis. Oncol Rep.
2020;44(1):115-25. https://doi.org/10.3892/0r.2020.7605.

7. Wang X, Yang B, SheY, Ye Y. The IncRNA TP73-AS1 promotes ovarian cancer cell proliferation and metastasis via
modulation of MMP2 and MMP9. J Cell Biochem. 2018;119(9):7790-9. https://doi.org/10.1002/jcb.27158.

8. SongW, Zhang J, Xia Q, Sun M. Down-regulated INncRNA TP73-AS1 reduces radioresistance in hepatocellular carci-
noma via the PTEN/Akt signaling pathway. Cell Cycle. 2019;18(22):3177-88. https://doi.org/10.1080/15384101.2019.
1671089.

9. Tuo Z Zhang J, Xue W. LncRNATP73-AS1 predicts the prognosis of bladder cancer patients and functions as a sup-
pressor for bladder cancer by EMT pathway. Biochem Biophys Res Commun. 2018;499(4):875-81. https://doi.org/10.
1016/j.bbrc.2018.04.010.

10. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of cancer and other dis-
eases. Nat Rev Drug Discov. 2017;16(3):203-22. https://doi.org/10.1038/nrd.2016.246.

11. Aryal B, Singh AK, Rotllan N, Price N, Ferndndez-Hernando C. MicroRNAs and lipid metabolism. Curr Opin Lipidol.
2017;28(3):273-80. https://doi.org/10.1097/mol.0000000000000420.

12. Yang J, Zhang Z, Chen S, Dou W, Xie R, Gao J. miR-654-3p predicts the prognosis of hepatocellular carcinoma and
inhibits the proliferation, migration, and invasion of cancer cells. Cancer Biomark. 2020;28(1):73-9. https://doi.org/
10.3233/cbm-191084.

13. LiP,CaiJX, Han F,Wang J, Zhou JJ, Shen KW, et al. Expression and significance of miR-654-5p and miR-376b-3p in
patients with colon cancer. World J Gastrointest Oncol. 2020;12(4):492-502. https://doi.org/10.4251/wjgo.v12.i4.492.

14. Deng G, Mou T, He J, Chen D, Lv D, Liu H, et al. Circular RNA circRHOBTBS3 acts as a sponge for miR-654-3p inhibiting
gastric cancer growth. J Exp Clin Cancer Res. 2020;39(1):1. https://doi.org/10.1186/513046-019-1487-2.

15. Tang X, Yin R, Shi H, Wang X, Shen D, Wang X, et al. LncRNA ZFAS1 confers inflammatory responses and reduces cho-
lesterol efflux in atherosclerosis through regulating miR-654-3p-ADAM10/RAB22A axis. Int J Cardiol. 2020;315:72-80.
https://doi.org/10.1016/j.jcard.2020.03.056.

16. Manning BD, Cantley LC. AKT/PKB signaling: navigating downstream. Cell. 2007;129(7):1261-74. https://doi.org/10.
1016/j.cell.2007.06.009.

17. HuJ,Ni G, Mao L, Xue X, Zhang J, Wu W, et al. LINC00565 promotes proliferation and inhibits apoptosis of gastric
cancer by targeting miR-665/AKT3 axis. Onco Targets Ther. 2019;12:7865-75. https://doi.org/10.2147/0tt.s189471.

18. LiL, Ma L. Upregulation of miR-582-5p regulates cell proliferation and apoptosis by targeting AKT3 in human endo-
metrial carcinoma. Saudi J Biol Sci. 2018;25(5):965-70. https://doi.org/10.1016/j.5j0s.2018.03.007.

19. Chin YR, Yoshida T, Marusyk A, Beck AH, Polyak K, Toker A. Targeting Akt3 signaling in triple-negative breast cancer.
Cancer Res. 2014;74(3):964-73. https://doi.org/10.1158/0008-5472.can-13-2175.

20. ZhengTL, Li DP, He ZF, Zhao S. miR-145 sensitizes esophageal squamous cell carcinoma to cisplatin through directly
inhibiting PI3K/AKT signaling pathway. Cancer Cell Int. 2019;19:250. https://doi.org/10.1186/512935-019-0943-6.

21. Ding L, Zhang L, Kim M, Byzova T, Podrez E. Akt3 kinase suppresses pinocytosis of low-density lipoprotein by
macrophages via a novel WNK/SGK1/Cdc42 protein pathway. J Biol Chem. 2017;292(22):9283-93. https://doi.org/10.
1074/jbc.M116.773739.


https://doi.org/10.1161/circulationaha.114.008729
https://doi.org/10.1161/circresaha.116.308334
https://doi.org/10.1186/s11658-017-0033-5
https://doi.org/10.1093/bib/bbw060
https://doi.org/10.3892/or.2020.7605
https://doi.org/10.1002/jcb.27158
https://doi.org/10.1080/15384101.2019.1671089
https://doi.org/10.1080/15384101.2019.1671089
https://doi.org/10.1016/j.bbrc.2018.04.010
https://doi.org/10.1016/j.bbrc.2018.04.010
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1097/mol.0000000000000420
https://doi.org/10.3233/cbm-191084
https://doi.org/10.3233/cbm-191084
https://doi.org/10.4251/wjgo.v12.i4.492
https://doi.org/10.1186/s13046-019-1487-2
https://doi.org/10.1016/j.ijcard.2020.03.056
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.2147/ott.s189471
https://doi.org/10.1016/j.sjbs.2018.03.007
https://doi.org/10.1158/0008-5472.can-13-2175
https://doi.org/10.1186/s12935-019-0943-6
https://doi.org/10.1074/jbc.M116.773739
https://doi.org/10.1074/jbc.M116.773739

Ni et al. Cell Mol Biol Lett (2021) 26:27 Page 13 of 13

22. Zhang X,Wang Z, Li W, Huang R, Zheng D, Bi G. MicroRNA-217-5p ameliorates endothelial cell apoptosis induced by
ox-LDL by targeting CLIC4. Nutr Metab Cardiovasc Dis. 2020;30(3):523-33. https://doi.org/10.1016/j.numecd.2019.
09.027.

23. Prasongsukarn K, Chaisri U, Chartburus P, Wetchabut K, Benjathummarak S, Khachansaksumet V, et al. Phenotypic
alterations in human saphenous vein culture induced by tumor necrosis factor-alpha and lipoproteins: a preliminary
development of an initial atherosclerotic plaque model. Lipids Health Dis. 2013;12:132. https://doi.org/10.1186/
1476-511x-12-132.

24. Wang Q, Ji J,Hao S, Zhang M, Li K, Qiao T. Iron together with lipid downregulates protein levels of ceruloplasmin in
macrophages associated with rapid foam cell formation. J Atheroscler Thromb. 2016;23(10):1201-11. https://doi.
0rg/10.5551/jat.32292.

25. Halimulati M, Duman B, Nijiati J, Aizezi A. Long noncoding RNA TCONS_00024652 regulates vascular endothelial cell
proliferation and angiogenesis via microRNA-21. Exp Ther Med. 2018;16(4):3309-16. https://doi.org/10.3892/etm.
2018.6594.

26. Zhang L, Chen J,He Q, Chao Z, Li X, Chen M. MicroRNA-217 is involved in the progression of atherosclerosis through
regulating inflammatory responses by targeting sirtuin 1. Mol Med Rep. 2019;20(4):3182-90. https://doi.org/10.
3892/mmr.2019.10581.

27. Guo FX,Wu Q, Li P, Zheng L, Ye S, Dai XY, et al. The role of the LncRNA-FA2H-2-MLKL pathway in atherosclero-
sis by regulation of autophagy flux and inflammation through mTOR-dependent signaling. Cell Death Differ.
2019;26(9):1670-87. https://doi.org/10.1038/541418-018-0235-z.

28. HanY, Qiu H, Pei X, Fan Y, Tian H, Geng J. Low-dose sinapic acid abates the pyroptosis of macrophages by down-
regulation of INcCRNA-MALATT1 in rats with diabetic atherosclerosis. J Cardiovasc Pharmacol. 2018;71(2):104-12.
https://doi.org/10.1097/fc.0000000000000550.

29. Zhang L, Cheng H, YueY, Li S, Zhang D, He R. TUG1 knockdown ameliorates atherosclerosis via up-regulating the
expression of miR-133a target gene FGF1. Cardiovasc Pathol. 2018;33:6-15. https://doi.org/10.1016/j.carpath.2017.
11.004.

30. LiH,Zhu X, Hu L, Li Q Ma J, Yan J. Loss of exosomal MALAT1 from ox-LDL-treated vascular endothelial cells induces
maturation of dendritic cells in atherosclerosis development. Cell Cycle. 2019;18(18):2255-67. https://doi.org/10.
1080/15384101.2019.1642068.

31. Zhu AD, Sun YY, Ma QJ, Xu F. INcRNA-ATB promotes viability, migration, and angiogenesis in human microvascular
endothelial cells by sponging microRNA-195. J Cell Biochem. 2019;120(9):14360-71. https://doi.org/10.1002/jcb.
28692.

32. HuangY.The novel regulatory role of INcRNA-miRNA-mMRNA axis in cardiovascular diseases. J Cell Mol Med.
2018,22(12):5768-75. https://doi.org/10.1111/jcmm.13866.

33, LiM, Duan L, LiY, Liu B. Long noncoding RNA/circular noncoding RNA-miRNA-MRNA axes in cardiovascular diseases.
Life Sci. 2019;233:116440. https://doi.org/10.1016/].1fs.2019.04.066.

34. HanY, Ma J, Wang J, Wang L. Silencing of H19 inhibits the adipogenesis and inflammation response in ox-LDL-
treated Raw264.7 cells by up-regulating miR-130b. Mol Immunol. 2018;93:107-14. https://doi.org/10.1016/j.
molimm.2017.11.017.

35. Zhang L, Zhou C,Qin Q, Liu Z, Li P. LncRNA LEF1-AS1 regulates the migration and proliferation of vascular smooth
muscle cells by targeting miR-544a/PTEN axis. J Cell Biochem. 2019;120(9):14670-8. https://doi.org/10.1002/jcb.
28728.

36. Wang L, QiY,Wang Y, Tang H, Li Z, Wang Y, et al. LncRNA MALAT1 suppression protects endothelium against oxLDL-
induced inflammation via inhibiting expression of MiR-181b target gene TOX. Oxidative Med Cellular Longevit.
2019;2019:8245810. https://doi.org/10.1155/2019/8245810.

37. Hinz N, Jucker M. Distinct functions of AKT isoforms in breast cancer: a comprehensive review. Cell Commun Signal-
ing. 2019;17(1):154. https://doi.org/10.1186/512964-019-0450-3.

38. YuH, Littlewood T, Bennett M. Akt isoforms in vascular disease. Vascul Pharmacol. 2015;71:57-64. https://doi.org/10.
1016/j.vph.2015.03.003.

39. Duan M, Fang M, Wang C, Wang H, Li M. LncRNA EMX20S induces proliferation, invasion and sphere formation of
ovarian cancer cells via regulating the miR-654-3p/AKT3/PD-L1 axis. Cancer Manag Res. 2020;12:2141-54. https://
doi.org/10.2147/cmar.s229013.

40. Yang L, Gao C. MiR-590 inhibits endothelial cell apoptosis by inactivating the TLR4/NF-kB pathway in atherosclerosis.
Yonsei Med J. 2019;60(3):298-307. https://doi.org/10.3349/ym;j.2019.60.3.298.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.numecd.2019.09.027
https://doi.org/10.1016/j.numecd.2019.09.027
https://doi.org/10.1186/1476-511x-12-132
https://doi.org/10.1186/1476-511x-12-132
https://doi.org/10.5551/jat.32292
https://doi.org/10.5551/jat.32292
https://doi.org/10.3892/etm.2018.6594
https://doi.org/10.3892/etm.2018.6594
https://doi.org/10.3892/mmr.2019.10581
https://doi.org/10.3892/mmr.2019.10581
https://doi.org/10.1038/s41418-018-0235-z
https://doi.org/10.1097/fjc.0000000000000550
https://doi.org/10.1016/j.carpath.2017.11.004
https://doi.org/10.1016/j.carpath.2017.11.004
https://doi.org/10.1080/15384101.2019.1642068
https://doi.org/10.1080/15384101.2019.1642068
https://doi.org/10.1002/jcb.28692
https://doi.org/10.1002/jcb.28692
https://doi.org/10.1111/jcmm.13866
https://doi.org/10.1016/j.lfs.2019.04.066
https://doi.org/10.1016/j.molimm.2017.11.017
https://doi.org/10.1016/j.molimm.2017.11.017
https://doi.org/10.1002/jcb.28728
https://doi.org/10.1002/jcb.28728
https://doi.org/10.1155/2019/8245810
https://doi.org/10.1186/s12964-019-0450-3
https://doi.org/10.1016/j.vph.2015.03.003
https://doi.org/10.1016/j.vph.2015.03.003
https://doi.org/10.2147/cmar.s229013
https://doi.org/10.2147/cmar.s229013
https://doi.org/10.3349/ymj.2019.60.3.298

	LncRNA TP73-AS1 promotes oxidized low-density lipoprotein-induced apoptosis of endothelial cells in atherosclerosis by targeting the miR-654-3pAKT3 axis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture
	Cell transfection
	QRT-PCR
	Western blot
	CCK-8 assay
	Apoptosis analysis
	Luciferase activity assay
	RIP assay
	Statistical analysis

	Results
	TP73-AS1 was upregulated and miR-654-3p was downregulated in ox-LDL-treated endothelial cells
	TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs
	Overexpression of miR-654-3p inhibited apoptosis of ox-LDL treated HAECs
	TP73-AS1 was a sponge of miR-654-3p
	TP73-AS1 knockdown inhibited apoptosis of ox-LDL treated HAECs by targeting miR-654-3p
	AKT3 was identified as a target of miR-654-3p
	MiR-654-3p mimics inhibited apoptosis of ox-LDL treated HAECs through targeting AKT3

	Discussion
	Conclusion
	Acknowledgements
	References


