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Long noncoding RNAs (IncRNAs) are important regulators of various cellular functions. Recent studies have shown that a novel
IncRNA termed Punisher is highly expressed in cardiovascular progenitors and has potential role in cardiovascular diseases.
However, its role, especially in molecular mechanism, is unclear. In our present study, we observed that Punisher was
obviously downregulated in atherosclerotic plaques. Further research proved that it can suppress the apoptosis of VSMCs
potentially contributing to the progression of atherosclerosis. Intriguingly, Punisher revealed to regulate mitochondria fission
as well as mitochondrial functions induced by hydrogen peroxide (H,O,) in VSMCs. Mechanistically, Punisher was further
proved to serve as a ceRNA which directly binds to miR-664a-5p and consequently regulates its target OPAIL, and finally
contributes to the biological function of VSMCs. Particularly, Punisher overexpression distinctly suppressed neointima
formation and VSMC apoptosis in vivo. Encouragingly, these results were in accordance with findings obtained with the
clinical evaluation of patients with atherosclerosis. Our data provides the significant relationship among OPA1, mitochondrial
homeostasis, VSMC apoptosis, and atherosclerosis. And IncRNA Punisher and miR-664a-5p could serve as the novel and

potential targets in the diagnosis and treatment of cardiovascular diseases.

1. Introduction

Atherosclerosis (AS) is a systemic, diffuse, and progressive
chronic vascular disease, characterized by lipid deposition
in some parts of the arteries, abnormal proliferation, and
migration of vascular smooth muscle cells (VSMCs) and
fibrous matrix and excessive apoptosis of VSMCs. These
abnormalities result in the development of the atherosclero-
tic plaque, a fibrous plaque that gradually dilates into the
blood vessels, inducing vascular stenosis [1-4].

Apoptosis happens at various stages of AS and is the
main factor leading to the instability of the atherosclerotic

plaques. VSMCs are one of the main components of the vas-
cular wall, and also, the apoptosis of these cells is involved in
the development of the atherosclerotic plaques. Emerging
evidences suggested that the excessive proliferation and apo-
ptosis of VSMCs plays the critical role in the occurrence,
development, and instability of AS [5]. In the physiological
state, VSMC renewal happens at a relatively slow speed; in
the late-stages of atherosclerosis, instead, VSMC apoptosis
is prominent, contributing to the instability of the plaque
and increasing the probability of thrombosis. Additionally,
several studies indicate that VSMC apoptosis not only accel-
erates atherosclerosis but also promotes calcification and
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medial degeneration of plaque, prevents expansion of remodel-
ing, and promotes the formation of atherosclerotic stenosis [5].
Conversely, in the early stage, the abnormal VSMCs exhibited
excessive proliferation. Therefore, the imbalance between
VSMC proliferation and apoptosis is considered to be the
important factor determining the progression of atherosclero-
sis. The regulation of the apoptosis in VSMC can prevent the
increase in size and calcification of late atherosclerotic plaques
and might serve as a potential therapeutic target. Intriguingly,
increase evidence reported that mitochondrial dynamics is cru-
cially involved in intrinsic pathway of apoptosis which results
in regulation of energy supply, cellular respiration, signal trans-
duction, and cell cycle [6, 7]. Therefore, the study of the mech-
anisms of mitochondrial division and fusion in the process of
VSMC apoptosis might allow the discovery of new drug targets
effective in treatment of AS.

To date, constitutive exploration suggested that noncoding
RNAs are proved to be significant regulators of various cellular
processes, in particular, cell apoptosis, and mitochondrial
dynamics [8-18]. Long noncoding RNAs (IncRNAs) are longer
than 200 nucleotides, do not encode proteins, and might be
located in the nucleus or cytoplasm. Most IncRNAs have
conserved secondary structures, specific splicing patterns, and
subcellular localization. The specificity of IncRNAs indicates
that they are functional. However, the regulatory role of
IncRNAs is difficult to determine because it is not only based
on their sequence, structure, and conservation. Although
research on IncRNAs has rapidly progressed in recent years,
the function and molecular mechanism of most IncRNAs
remain unclear. Several studies have shown that IncRNAs play
an important role not only in cell proliferation, differentiation,
and aging, but also in pathological processes, such as cancer,
cardiovascular disease, neurodegenerative disease, and autoim-
mune diseases [17, 19-23]. Moreover, several important stud-
ies have indicated that IncRNA may be closely related to the
function of heart and blood vessels [24-29].

Punisher is previously identified as a conserved IncRNA in
animal and humans and detected previously in mature endo-
thelial cells [30, 31]. Punisher appears to be potentially
involved in the regulation of cell-cycle, vascular development,
DNA damage, and chromatin modification. Punisher also acts
as a suppressor of branching and vessel formation. All these
evidences indicated that Punisher has potential role in cardio-
vascular diseases. However, the biological function and molec-
ular mechanism of Punisher in AS remain unclear.

In this study, we investigated the role of Punisher in the
pathogenesis of AS, in relation to the VSMC apoptosis. We
demonstrated that Punisher was more expressed in VSMCs
than in other cells which indicate it could play more significant
role in VSMCs. Through bioinformatics analysis, we found
that Punisher could serve as a competitive endogenous RNA
(ceRNA) to regulate the downstream miR-664a-5p. Further-
more, we explored the role of the mitochondrial fusion protein
optic atrophy (OPA)1 in the regulation of VSMC’s biological
function. In vivo test demonstrated the significant role of Pun-
isher in the treatment of atherosclerosis. These findings
improve the understanding of the mechanisms that regulate
VSMC apoptosis and mitochondrial dynamics and provide
novel insight into the pathogenesis of atherosclerosis.
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2. Results

2.1. Punisher Regulates Apoptosis and Mitochondrial Fission
Induced by H,0, in VSMCs. To evaluate the role of Punisher
in AS, we first detected the expression of Punisher in the
atherosclerotic aortas of patients. Interestingly, we observed
that Punisher expression was obviously lower in the athero-
sclerotic arteries compared with those of healthy people
(Figure 1(a) and Figure S1), indicating that Punisher may be
a potential regulator in the development of AS. Next, we
examined the expression of Punisher in various cells related
to AS and observed that VSMC had the highest Punisher
levels compared with the other cell types (Figure 1(b)).
Therefore, we further explored the functional role of Punisher
using the human artery VSMC line. We used siRNA and
overexpression plasmids to suppress or increase Punisher
expression and verified by qRT-PCR (Figures 1(c) and 1(d)).
Then, we found that Punisher can slightly regulate the
proliferation (Figure S2a) and migration of VSMC cells
(Figure S2b-c). Therefore, we further consider whether there
are simultaneous other functions regulated by Punisher.

Previous studies have demonstrated that apoptosis is an
independent risk factor for atherosclerotic lesions, and
excessive apoptosis in the atherosclerotic plaques plays an
important role in the formation of unstable plaques [32].
Meanwhile, aberrant mitochondrial fusion and fission are
crucially involved in the regulation of apoptosis [33]. There-
fore, we explored whether Punisher participates in the medi-
ation of VSMC apoptosis and mitochondrial dynamics.
Additionally, hydrogen peroxide (H,0,) induces both apo-
ptosis and mitochondrial fission in VSMCs and has been
used to generate oxidative stress mimicking atherosclerosis
[34-36]. Previous study has shown that the response to oxi-
dative stress induced by H,0, in VSMC depends upon the
concentration of H,0, applied (Figure S3) [37]. We first
investigated whether downregulation of Punisher is
involved in the occurrence of apoptosis and mitochondrial
fission. We found that si-Punisher transfection strongly
promoted VSMC apoptosis and mitochondrial fission
(Figures 1(e) and 1(f)), whereas upregulation of Punisher
displayed the opposite effects upon H,O, treatment
(Figures 1(g) and 1(h)). Consistently, further studies
revealed that the knockdown of Punisher promoted ROS
production (Figure 1(i)). The production of ATP and
mitochondrial membrane potential were also positively
regulated by Punisher (Figures 1(j) and 1(k)). Besides,
since increased sensitivity to H,0O, could also be explained
by a reduced activity of antioxidants, we detected whether
Punisher can regulate antioxidant enzymes and found that
it could practically activate the expression of SODs and
GPx (Figure S4). Taken together, these data indicated that
Punisher can partially induce cell proliferation and
migration, and most importantly, it suppresses apoptosis
and mitochondrial dynamics in VSMCs which might
finally result in the protection of atherosclerosis.

2.2. Punisher Regulates the Expression of OPAI. To understand
the molecular mechanism through which Punisher regulates
cell apoptosis and mitochondrial fission, we executed unbiased



Oxidative Medicine and Cellular Longevity

Relative
expression of punisher

P=0.181

Q2-UR
11.7%

10'7 m
10210t 100 100

10°

107

8

1072 102 10t
Ctrl-siRNA Si-punisher
(e)
Control H,0,
107 Q1-UR 7 4Q1-UL QI-UR
4.5% :H 59 9.2%
QI-LR Q2-LR
3 3.7% 64 15.0
T T T
10% 10 10° 10° 1072 10% 10 100 10° 1072
7 4 Q1-UL QI-UR]
59.6% 52%
QL-LR
4.8%
T
10%° 100 10° 10° 1072
Punisher+H,0,

MitoSOX

Si-punisher

Punisher+H

Average
fluorescence intensity

®

*
) 30
o 25
QLR
0%

0 T T
Healthy Patients
(a)
1.6
_«:: 14 *
g 1.2
2 K 1.0
=208
o]
2§06 B
= 04
Z o2
0.0 T
Ctrl-siRNA  Si-punisher
()
35

IN]
S

% of apoptotic cells

o wnow

Ctrl-siRNA  Si-punisher

'S
S

w
S

S

% of apoptotic cells
o
(=1

o

Control  Punisher

H,0,

Control

3.5

[ Control
[ Si-H,0,
8 Control+H,0,
Wl Punisher+H,0,

Relative
RNA level of punisher

Relative
RNA level of punisher

ntrol

Si-punisher

ATP (umol)

FiGure 1: Continued.

1)
S
*

—_
“«

w

Fragmented
mitochondria (% of cells)
S

o

Ctrl-siRNA  Si-punisher

DN W
S a3

5]

Fragmented
mitochondria (% of cells)
G

o w

[J Control
[ Control+H,0,
[ ] Punisher+H,0,

(h)




4 Oxidative Medicine and Cellular Longevity

1.0
0.8 *
0.6
0.4

The level of JC-1

0.2
0.0

(k)

FIGURE 1: Punisher regulates cell apoptosis and mitochondria dynamics of VSMC. (a) Punisher transcript expression in atherosclerotic
plaques of patients (1 =12) and healthy people (n=9) was measured by quantitative reverse transcription-polymerase chain reaction
(qQRT-PCR). (b) qRT-PCR analysis of Punisher mRNA expression in human arterial vascular smooth muscle cells (HA-VSMC),
RAW?264.7, and endothelial cells. (¢, d) siRNAs and overexpression plasmids were designed and transfected for 24 hours to knock down
or enforce Punisher expression in VSMCs. The expression of Punisher was quantified by qRT-PCR. (e) Annexin V-FITC/propidium
iodide staining and FACS quantification of the number of apoptotic cells in HA-VSMC after transfection of si-Punisher. (f) MitoTracker
staining of mitochondrial fission in VSMC after Punisher knockdown. (g) Annexin V-FITC/propidium iodide staining and FACS
quantification of the number of apoptotic cells in HA-VSMC after transfection of Punisher overexpression plasmids with H,O,
stimulation. (h) MitoTracker staining of mitochondrial fission in VSMCs after Punisher overexpression with H,O, stimulation. (i, j)
Evaluation of ROS and ATP production after knockdown or overexpression of Punisher with or without H,O, treatment. (k)
Measurement of mitochondrial membrane potential by detecting mitochondrial membrane potential expression using JC-1. All values

are the average of at least 3 biological replicates, and data shown are the mean + SD. Scale bars: 20 yum. *p < 0.05; **p < 0.01.

microarray analysis to survey gene expression alteration regu-
lated by Punisher in VSMCs. We found that 331 and 274 genes
were upregulated and downregulated more than 2 folds
(p <0.05), respectively, when Punisher was knocked down
(Figure 2(a)). Gene ontology analysis indicated that the down-
regulated genes were mostly related to cell apoptosis, mitochon-
drial fission, platelet degranulation, platelet activation vascular
smooth muscle contraction, and p53 signaling pathway
(Figure 2(b)). Further analysis showed that many of the down-
regulated genes, such as caspase-3 and OPA1, were involved in
apoptosis and mitochondrial signaling (Figure 2(c)). Then, we
investigated the mitochondrial genes by using western blot
and found that knockdown of Punisher could significantly
decrease OPA1 expression whereas there was no or slight effect
of other mitochondrial fission and fusion proteins, indicating
that OPA1 could be the potential downstream target of Pun-
isher (Figure 2(d)). Meanwhile, Bcl-2 and cleaved caspase-3
were also suppressed after knocking down of Punisher and acti-
vated by overexpression of Punisher (Figure 2(e)).

2.3. Punisher Regulates miR-664a-5p Expression and Activity.
Next, we further investigated the potential molecular mecha-
nism through which Punisher regulates VSMC apoptosis.
Since Punisher knockdown had slight or no effect on the
expression of the nearby coding genes (Figure S5), we ruled
out the possibility that Punisher affected the nearby cis-
acting genes. Then, we observed Punisher localized in the
cytoplasm rather than in the nucleus (Figures 3(a) and 3(b)).
Two mechanisms of action of IncRNA in the cytoplasm have
been identified so far: IncRNA might act as competing
endogenous RNA, sequestering miRNAs to restore mRNA
translation; they might promote STAUl-mediated mRNA
decay via ALU elements [38, 39]. Bioinformatics analysis
showed that there was no ALU element in the sequence of
Punisher (http://www.repeatmasker.org). Additionally, RIP
results indicated that Punisher can interact with the protein
AGO?2, a key component of the RISC complex (Figure 3(c)).
Therefore, we hypothesized that cytoplasmic Punisher might
play a role as a competitive ceRNA.

Next, we examined whether Punisher can interact with
miRNAs. We used the bioinformatics program RNAhybrid
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid) to predict
which miRNAs can bind to Punisher and noticed that Pun-
isher contains binding sites for various miRNAs, including
miR-134-3p, miR-194-3p, miR-378a-5p, miR-615-5p, miR-
26b-3p, miR-365a-5p, and miR-664a-5p (Figure S6). Among
of them, we noticed that Punisher contains a potential
binding site of miR-664a-5p (Figures 3(d) and 3(e)), while it
was subsequently approved to be negatively regulated by
knockdown or overexpression of Punisher (Figures 3(f) and
3(g), Supplementary Fig 5c-d), the knockdown and
overexpression efficiency was firstly detected by qPCR
(Figure S6a-b). Therefore, we generated luciferase constructs
with the wild type (Luc-Punisher-wt) and mutated (Luc-
Punisher-mut) Punisher sequence upstream the luciferase
coding sequence (Figure 3(h)) and performed luciferase
assays. We found that miR-664a-5p decreased the luciferase
activity of Punisher wild type (Figure 3(i)). The luciferase-
mutant Punisher construct also leads to a small, yet
significant reduction of luciferase activity, but much lower
than wild type. These evidences suggested that Punisher can
directly interact with miR-664a-5p.

To further demonstrate that miR-664a-5p binds to
Punisher, we performed biotin-avidin pulldown assays as pre-
viously described [40]. VSMCs were transfected with biotinyl-
ated miR-664a-5p (WT or mutant) for 24 hours and then
harvested for biotin-based pulldown assay [41]. Punisher
was pulled down and evaluated by qPCR. We observed that
Punisher was pulled down by wide-type miR-664a-5p,
whereas the mutated miR-664a-5p that disrupts basepairing
of the putative Punisher binding site did not display the bind-
ing activity with Punisher (Figures 3(j) and 3(k)), implying
that miR-664a-5p could recognize Punisher in a sequence-
specific manner.

2.4. miR-664a-5p Regulates Apoptosis and H,0, Mediated
Mitochondrial Fission in VSMCs. Given the direct interac-
tion between Punisher and miR-664a-5p, we hypothesized
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FIGURE 2: Punisher is involved in the signaling pathway of cell apoptosis and mitochondrial fission. (a) Hierarchical clustering analyses of
331 upregulated and downregulated 274 genes in si-Punisher samples relative to control-siRNA (Cntl-siRNA). (b) GO analysis in biological
process after si-Punisher transfection for 24 hours in VSMCs. (c) Heat map of main downstream genes that are regulated in Punisher
knockdown samples. (d, e) Mitochondrial proteins and apoptosis proteins were determined by western blotting. All values are the
average of at least 3 biological replicates, and data shown are mean + SD.

that miR-664a-5p might play a vital role in AS. To this end,
we detected the expression of miR-664a-5p in the aortic
plaques of atherosclerotic patients. The results revealed that
miR-664a-5p expression was upregulated in patients com-
pared with the healthy people (Figure 4(a)), indicating that
miR-664a-5p might be a significant regulator in AS. There-
fore, we investigated the functional role of miR-664a-5p in
VSMCs. Firstly, we explored the effect of miR-664a-5p on
apoptosis by Annexin V-FITC/PI staining. We observed that
miR-664a-5p overexpression significantly induced apoptosis
in VSMCs and decreased after transfection of miR-664a-5p
inhibitors (Figure 4(b)). Most importantly, upregulation of
miR-664a-5p clearly promoted mitochondrial fission while
cotransfection ~with  Punisher rescued this result
(Figures 4(c) and 4(d)). The evidence was also observed in
H,0, treatment, and knockdown of miR-664 attenuated
mitochondrial fission induced by H,O, (Figures 4(e) and
4(f)). In mitochondrial function analysis, upregulation of
miR-664 increased ROS production (Figures 4(g) and
4(h)). Meanwhile, the mitochondrial membrane potential
(Figure 4(i)) and the production of ATP (Figure 4(j)) were
also abated by miR-664 overexpression, as well as increase
by miR-664 inhibitor transfection, whereas cotransfection
of si-Punisher recovered this effect. These results indicated
that miR-664a-5p is critically involved in the regulation of
apoptosis and mitochondrial dynamics in VSMCs, which
could be mediated by Punisher.

2.5. miR-664a-5p Participates in the Regulation of OPAI
Expression in VSMCs. miRNAs negatively regulate gene expres-
sion by promoting mRNA degradation or suppressing mRNA
translation. To explore the underlying mechanism of miR-
664a-5p, we screened the target genes of miR-664a-5p and

identified those involved in cell apoptosis and mitochondrial
function using the miRBase (http://www.mirbase.org) and Tar-
getScanHuman databases (http://www.targetscan.org). By ana-
lyzing the 3'UTR sequence of the putative targets, we found
that OPAL1 exhibited the best predicted alignment; notably,
the alignment was conserved in several species (Figure 5(a)).
Therefore, we detected whether dysregulation of miR-664a-5p
could affect the expression of OPA1. Overexpression of miR-
664a-5p resulted in a strong reduction of OPAl levels
(Figure 5(b)), while inhibition of miR-664a-5p led to the obvi-
ous increase of OPA1 levels with or without H,O, stimulation
(Figures 5(c) and 5(d)).

To further verify the interaction between miR-664-5p
and OPA1 3'UTR, we performed luciferase gene reporter
assays and investigated whether miR-664a-5p can regulate
the translation of OPA1. We constructed luciferase reporter
plasmids in which the WT (Luc-OPA1-3'UTR) or the
mutant (Luc-OPA1-3'UTR-mut) 3'UTR of OPAl was
upstream of the luciferase coding sequence (Figure 5(e)).
We found that miR-664a-5p suppressed the expression of
OPAL, but not that of the mutant (Figure 5(f)). Collectively,
these data indicated that OPA1 is the direct target of miR-
664a-5p.

2.6. OPAI Regulates Cell Apoptosis and Mitochondrial Fusion.
OPA1 is mainly localized in the mitochondrial intermem-
brane space and serves as a significant regulator in mitochon-
drial fusion. Recent studies suggested that OPA1 participates
in the development of cardiovascular diseases [42, 43]. How-
ever, the functional role of OPA1 in AS and underlying molec-
ular mechanisms are still largely unknown. To investigate
OPA1 function, we first detected the expression level of
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FIGURE 3: Punisher serves as a miRNA sponge for miR-664a-5p. (a, b) Cellular localization of Punisher in VSMCs by using FISH and
western blotting. (c) Assessment of binding potential between Punisher and AGO2 through RIP assay. (d, e) Schematic of the predicted
miR-664a-5p binding sites with Punisher. (f, g) qRT-PCR analysis of transcript level of miR-664a-5p after Punisher knockdown or
overexpression. (h) The prediction of coding sequence in luciferase constructs with the wild type (Luc-Punisher-wt) and mutated (Luc-
Punisher-mut). (i) Luciferase assay of HEK 293 cells cotransfected with a scrambled control, miR-664a-5p mimics, and a luciferase
reporter containing Punisher-wt or mutant constructs. (j, k) Pulldown assay with biotinylated miRNA to test the association between
Punisher and miR-664a-5p. VSMCs were transfected with biotinylated WT miR-664a-5p (Bio-664-wt) or biotinylated mutant miR-664a-
5p with disruption of basepairing between Punisher and miR-664a-5p (Bio-664-mut). A biotinylated miRNA that is not complementary
to Punisher was used as a NC (Bio-NC). 24 h after transfection, cells were harvested for biotin-based pulldown assay using streptavidin
magnetic beads (Sigma). The bound RNAs were purified using TRIzol for the analysis, and Punisher expression levels were analyzed by

gqRT-PCR. Data are shown as mean + s.e.m. of three independent experiments. Scale bars: 20 yum. *p < 0.05; **p < 0.01; ***p < 0.001.

OPALI in patient arteries and observed that the quantity of
OPAL1 was clearly downregulated compared with healthy peo-
ple (Figure 6(a)). Then, we knocked down OPAI expression
by RNA interference. Of the siRNA tested, si-OPA1 #2 was
the most effective and therefore used for the subsequent exper-
iments (Figure 6(b)). We next detected knockdown of OPA1
expression resulted in increase of apoptosis (Figure 6(c)) and
mitochondrial fission (Figures 6(d) and 6(e)), whereas
cotransfection of si-OPA1 and anti-miR-664a rescued these
effect. Additionally, downregulation of OPA1 increased active
caspase-3 levels (Figure 6(f)). The evidences supported that
OPAL inhibits apoptosis and mitochondrial fission in VSMCs
which could be negatively regulated by miR-664a-5p.

2.7. GapmeR-Punisher Regulates Apoptosis and Mitochondrial
Fusion by Targeting miR-664a-5p and OPA1 in VSMCs. To fur-
ther verify the functional role of Punisher, we used LNA-
GapmeR ASOs, which can trigger RNAse-H-dependent degra-
dation of target genes, to efliciently knock down Punisher
expression (Figure 7(a)). Two GapmeR DNA antisense oligos
targeting Punisher were designed and constructed by Exiqon
(Denmark) and used to perform loss-of-function studies in
VSMCs. qRT-PCR analysis showed that transfection of two dif-
ferent LNA-GapmeRs targeting Punisher (LNA#1 and LNA#2)
obviously attenuated Punisher expression (Figure 7(b)). LNA#1
was selected for the further experiments due its more effective
inhibition. Meanwhile, we also observed the increase of apopto-
sis (Figure 7(c)), mitochondrial fission (Figures 7(d) and 7(e)),
and ROS production (Figures 7(f) and 7(g)) as well as downreg-
ulation of mitochondrial function, including ATP production
(Figure 7(h)) and mitochondrial membrane potential
(Figure 7(i)). Transfection of LNA-Punisher also enhanced
miR-664a-5p expression (Figure 7(j)). Furthermore, downregu-
lation of Punisher suppressed OPA1 expression and promoted
cleaved caspase-3 activity, which resulted in cell apoptosis

(Figure 7(k)). Taken together, these results provided that Pun-
isher negatively regulates cell death and mitochondrial fission
in VSMCs.

2.8. Overexpression of Punisher Attenuated Neointima
Formation Induced in a Balloon-Injured Carotid Artery
Model. To determine the therapeutic effects of Punisher in
in vivo, we used the carotid balloon injury model in rat,
and enforced Punisher expression using a plasmid/polyeth-
ylenimine (PEI)/polyethylene glycol (PEG) method to regu-
late Punisher level. We injected these pcDNA3.0-Punisher
or pcDNA 3.0 cocktails via the tail vein after the balloon
injury following the schematic diagram in Figure 8(a).
Firstly, we confirmed the enrichment of Punisher-Cy5.5 in
injured lesion after 6 hours injection via the IVIS spectrum
in vivo imaging system, and we observed a remarkable accu-
mulation of Punisher in neointima and media of injury ves-
sels compared with control (Figure 8(b)). Encouragingly, the
symptoms were significantly alleviated after Punisher upreg-
ulation (Figure 8(c)), and the analysis of intima/media ratio
showed a 70% reduction from the vehicle-treated group to
the Punisher-treated group (p < 0.05, Figure 8(d)), indicat-
ing a protective role for Punisher in alleviating intimal
hyperplasia. Concomitantly, we found that there was distinct
apoptosis in vessel lesion, while Punisher treatment signifi-
cantly suppressed this effect (Figure 8(e)). Besides, western
blotting result showed that active caspase-3 expression was
suppressed in Punisher-infected balloon-injured arteries
compared with the control group (Figure 8(f)), and this
increase was accompanied by a marked decrease of miR-
664a-5p expression and upregulation of Punisher
(Figure 8(g)). These data supported that Punisher serves as
a significant regulator in mitochondrial fusion and neointi-
mal hyperplasia in vivo.
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FIGURE 4: miR-664a-5p regulates biological function in VSMCs through targeting OPAL1. (a) qRT-PCR analysis of miR-664a-5p mRNA
expression in atherosclerotic plaques of patients and healthy people. (b) Annexin V-FITC/propidium iodide staining and FACS
quantification of the number of apoptotic cells in HA-VSMC after transfection of miR-664a-5p mimic. (¢, d) MitoTracker staining of
mitochondrial fission in VSMC after transfection of miR-664a mimic or Punisher. (e, f) MitoTracker staining of mitochondrial fission in
VSMCs after transfection of miR-664a inhibitor with or without H,O, stimulation. (g, h) Evaluation of ROS production after
transfection of miR-664a-5p mimic or inhibitor. (i) Measurement of mitochondrial membrane potential after transfection of miR-664a-
5p inhibitor or Punisher. (j) Evaluation of ATP production after transfection of miR-664a-5p inhibitor or Punisher. All values are the
average of at least three biological replicates, and data shown are the mean + SD. Scale bars: 20 um. *p < 0.05; **p < 0.01.

3. Discussion

Abnormal apoptosis and proliferation of VSMCs are criti-
cally involved in AS. Several studies have shown that in the
early stages of AS, a series of pathological phenomena take
place, including the increase in the number of vascular cells,
the thickening of the intima, and the narrowing of the
lumen. While in the late stages of atherosclerosis, excessive
VSMC apoptosis contributed to the instability of the plaque
and increase of thrombosis, as well as promotion of calcifica-
tion and atherosclerotic stenosis [44, 45]. Therefore, the tar-
geting of dysregulated VSMCs may be important in the
treatment of AS.

In this study, we identified Punisher as a key regulator of
cell apoptosis and mitochondrial dynamics which finally con-
tributes to the progression of atherosclerosis. We found that
Punisher could only regulate proliferation and migration
slightly in VSMCs, whereas it strongly suppressed cell apopto-
sis as well as mitochondrial dynamics. Mechanistically, we
found that Punisher directly binds to miR-664a-5p, leading
to degradation of the mitochondrial fusion protein OPAL,
which results in dysfunction of mitochondria. Taken these
interactive pathways into consideration, we proposed a puta-
tive mode for the actions of Punisher (Figure 8(h)). These

results are of great interest because they provide novel evi-
dence for the biological and clinical significance of Punisher
expression as a potential biomarker for patients with AS and
as a potential therapeutic target to treat human cardiovascular
diseases.

Oxidative stress and apoptosis are important mechanisms
that promote the development of AS [46-48]. Reactive oxygen
species (ROS) are major regulators of various signal transduc-
tion systems in atherosclerotic vasculitis, which is associated
with the formation of lipid stripes, progression of lesions, and
final plaque rupture [49]. The mitochondrial respiratory chain
is the main source of ROS. Mitochondrial dysfunction can
affect AS progression through oxidative stress, inflammation,
apoptosis, and cholesterol accumulation. OPAL1 is a nuclear-
encoded mitochondrial protein. OPA1 can be alternatively
spliced, forming multiple subtypes, which play an important
role in mitochondrial morphology and structure. Recent stud-
ies have shown that OPA1 participates in mitochondria-
dependent apoptosis in cardiomyocytes and neuronal cells
[50, 51]. However, to date, it has not been reported whether
OPAL1 can regulate apoptosis in VSMCs. Therefore, we investi-
gated the functional role of OPA1 in VSMCs and found that
knockdown of OPA1 promotes cell apoptosis and mitochon-
drial fission in VSMC. Importantly, we found OPAl was
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three independent experiments. Scale bars: 20 ym. *p < 0.05.

downregulated in atherosclerotic arteries which finally results
in regulating ATP production, ROS release, and mitochondrial
membrane potential. Moreover, these evidences could be obvi-
ously regulated by Punisher and miR-664a-5p.

IncRNAs are a class of RNA with transcripts longer than
200 nucleotides and are generally considered not to encode
proteins. At first, they were considered as the by-products
of RNA polymerase 2 transcription and therefore a “noise”
in genomic transcription and with no biological functions.
Recently, however, many studies have shown that IncRNAs
are crucially involved in various processes, such as chroma-
tin modification, transcriptional activation, transcriptional
interference, nuclear transport, and genomic imprinting.
Additionally, functional studies have revealed that IncRNAs
are important regulatory molecules involved in the develop-
ment of cardiovascular diseases by regulating the prolifera-
tion, apoptosis, injury, autophagy, and differentiation of a
variety of cells [52-56]. However, the functional role and

underlying molecular mechanisms of IncRNA in the mito-
chondrial dynamics of VSMC are largely unknown. This
study shows that the IncRNA Punisher acts as an endoge-
nous “sponge” of miR-664a-5p, thereby regulates the trans-
lational repression on OPAI1 which is vitally involved in
mitochondrial homeostasis and cell apoptosis in VSMCs.
Furthermore, to efliciently knock down Punisher, we
used LNA-GapmeR ASOs, single-stranded gene silencing
oligonucleotides that seem to be more efficient than siRNA
in decreasing the activity of IncRNA [57, 58] (Li, 2022
#3335). LNA-GapmeR ASOs contain mainly two parts: the
central phosphorothioate DNA gap that binds the RNA tar-
get and elicits RNase H-dependent degradation and the
“wings,” on both sides, which consist of sugar-modified
nucleotides such as 2'-O-methoxyethyl-RNA (2'-O-MOE-
RNA) or LNA, which enhance binding affinity and nuclease
stability [58]. LNA-ASOs are becoming a potential and
attractive therapeutic modality to target undruggable
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siRNA or miR-664 inhibitor. (f) The protein levels of apoptotis markers were determined by western blotting. All values are the average
of at least 3 biological replicates, and data shown are mean + SD. Scale bars: 20 yum. *p < 0.05.

pathways ENREF_32 [59, 60]. In this light, we designed and
synthesized two LNA-GapmeRs targeting Punisher and showed
their striking knockdown effect. The delivery of Punisher-
targeting LNA-GapmeRs triggered apoptosis and mitochon-
drial fission in VSMCs, confirming that ASO-based gene silenc-
ing of Punisher could be a useful tool for AS research and
therapy. In addition, there are a variety of nucleic acid delivery
methods, such as nanomedicines and exosomes [61-63].

In summary, our data provided evidence that Punisher
exerts an antiapoptotic and antimitochondrial fission function
in VSMCs by targeting miR-664a-5p and its downstream tar-
get OPA1 and therefore alleviating the development of athero-
sclerosis. This discovery may shed new light to understand the
complex molecular mechanisms regulating the mitochondrial
network and suggest the possible targeting of Punisher in AS
therapy.
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were determined by western blotting after transfection of GapmeR-Punisher. All values are the average of at least 3 biological replicates,
and data shown are mean + SD. Scale bars: 20 ym. *p < 0.05; **p < 0.01.

4. Materials and Methods

4.1. Patient Samples. Tissue samples from patients with AS
and healthy subjects were collected at the Affiliated Cardiovas-
cular Hospital of Qingdao University in Qingdao (China)
from March 2017 to July 2019. The study group consisted of
12 patients scheduled for Coronary Artery Bypass Graft
(CABG) surgery at the Hospital of Qingdao University.
Inclusion criteria were patients with severe 3-vessel disease
confirmed by coronary angiography and requiring CABG
surgery. Exclusion criteria were cardiomyopathy, liver or kid-
ney dysfunction, infection, cancer, autoimmune disease, and
sepsis. The control group consisted of 10 healthy people who
showed no clinically obvious blocking of the coronary arteries.
Tissue specimens were rapidly frozen in liquid nitrogen prior
to analysis. The research was approved by the Institutional
Review Boards of Qingdao University Health Science Center.
Informed consent was obtained from all participants prior to
study participation. The details of all samples are in Table S1.

4.2. Cell Culture and Treatment. The human aorta VSMC line
HA-VSMC was obtained from the Chinese Type Culture Col-
lection (Chinese Academy of Sciences, Shanghai, China) and
cultured in Dulbecco’s modified Eagle’s medium (GIBCO,
Grand Island, NY, USA) containing 10% fetal bovine serum
(ExCell Bio., Shanghai, China) in a 5% CO, humidified incu-

bator at 37°C. Cells were transfected with Lipofectamine
2000 (Life Technologies, Carlsbad, USA) following the manu-
facturer’s recommendations. The HA-VSMC line was pas-
saged in our laboratory for less than two months and
maintained according to the supplier’s instructions.

4.3. RNA Isolation and Quantitative PCR (qPCR). Total RNA
was isolated using TRIzol reagent (Sigma, St. Louis, MO,
USA). The nuclear and cytoplasmic fractions were isolated as
previously described [64]. Complementary DNA was synthe-
sized using the SPARKscript II RT kit (With gDNA Eraser)
(Sparkjade Science Co., Ltd, Shandong, China), and qPCR
assays were carried out using the SYBR Premix Ex Taq (Takara
Bio Inc., Dalian, China) and the Mir-X miRNA First-Strand
Synthesis Kit (Takara Bio Inc., Dalian, China). Gene expression
was measured by qPCR system (Roche, Basel, Switzerland)
using SYBR-green (Roche, Basel, Switzerland). Gene expres-
sion was normalized to GAPDH or U6 snRNA, respectively.
The primers used in the qPCR assays are listed in table S2.

4.4. Small Interfering RNA (siRNA) Knockdown. Human si-
Punisher and control were designed and constructed by Gen-
epharma (Shanghai, China). Human OPA1 (SR303287) and
scrambled (SR30004) siRNAs were purchased from OriGene
(Origene Technologies Inc., Rockville, USA). Confluent cul-
tures of HA-VSMC were transfected with siRNAs using
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Lipofectamine 2000. qRT-PCR measurements of OPAI and
Punisher expression were performed to assess the knockdown
efficiency.

4.5. Cell Counting Kit-8 (CCK-8) Assay. The CCK-8 assay
(7Sea-Cell Counting Kit, Shanghai, China) was performed
to evaluate cell proliferation. The cells (5 x 10°) were seeded
into 96-well plates and incubated for 12, 24, and 36 hours
after transfection. The CCK-8 solution (10uL) was then
added to each well. The cells were incubated at 37°C for
three more hours, and the absorbance was measured at
450 nm (Cui, 2021 #3336) in a microtiter plate reader (Bio-
Tek, Vermont, USA).

4.6. Wound Healing Assay. VSMCs were grown up to 70-
80% confluency in 6-well plates and transfected, as indi-
cated. Twelve hours after transfection, when the cells had
reached almost 100% confluency, wounds were made using
a 1,000 pl disposable pipette tip. The width of the scratch
was visualized and photographed immediately and at differ-
ent time points after wounding using the LSM510 META
microscope. The Image ] software, version 1.8.0 (NIH,
Bethesda, MD, USA), was used for the analysis of the data.

4.7. Apoptosis Assay. Cell apoptosis was determined using an
Annexin V-FITC/propidium iodide (PI) apoptosis kit (BD,
San Jose, CA, USA) by flow cytometry. Treated cells were

pelleted by centrifugation at 800 x g for 5 min, washed twice
with cold PBS, and resuspended into 400 ul binding buffer.
Ten microliters of Annexin V-fluorescein isothiocyanate
(FITC) solution and subsequently 5uL of PI per 100 uL of
cell suspension were then added, and the mixture was incu-
bated for 15min in the dark at room temperature (20-25°C).
Finally, the fluorescence of the cells was recorded using the
Accuri C6 flow cytometer (BD, USA).

4.8. Mitochondrial ROS Assessment. The levels of mitochon-
drial ROS were detected using the fluorescent probes Mito-
SOX™ Red (Molecular Probes, Life Technologies, Carlsbad,
CA, USA), and images were obtained using a camera con-
nected to a confocal microscope (LSM510 META, Zeiss).

4.9. Measurement of Mitochondrial Membrane Potential
(MMP) by JC-1. MMP was evaluated using the lipophilic
cationic probe 5,5,6',6'-tetrachloro-1,1',3,3' -tetraethylben-
zimidazolcarbo-cyanine iodide (JC-1) according to a previ-
ously described instructions [65]. In brief, VSMC cells
were cultured in 24-well plates (5% 10° cells/mL). After
transfection of target genes for 24 hours, detached and
mixed 0.5ml cell suspension with 0.5ml JC-1(1 pug/ml),
incubated for 20 min at 37°C, transferred 100 ul per well into
opaque black plate, and immediately analyzed in the micro-
titer plate reader (Bio-Tek, Vermont, USA).



Oxidative Medicine and Cellular Longevity

4.10. ATP Concentration. ATP measurement was performed
according to the manufacture’s guidelines [66]. Briefly, 20 ul
of cell lysis solution was mixed with 5 ul of ATP solution for
OD reading at 570 nm using the microtiter plate reader (Bio-
Tek, Vermont, USA). The amount of ATP production was
calculated from the standard curve constructed with 0-
100nmol ATP. Protein concentration was determined by
using BCA protein assay kit (Beyotime, Shanghai, China).

4.11. Immunoblotting. Immunoblot was performed as previ-
ously described [67] with slight modifications. In brief, the
treated cells were lysed for 30 min on ice with RIPA buffer
(0.5mM EDTA, 50mM Tris (pH7.4), 1% NP-40, 150 mM
NaCl, 0.1% SDS, and 0.5% sodium deoxycholate) containing
a protease inhibitor cocktail (Roche, Germany). Equal protein
loading was achieved by measuring the protein concentration
of each sample with a BCA protein assay kit (Solarbio, Beijing,
China). The samples were separated by 10-12% SDS polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. Membranes were
blocked in 5% nonfat milk for 1 hour at room temperature and
probed using the following primary antibodies: anti-OPAl
(abcam157457, Cambridge, MA, USA) purchased from
Abcam, and antibodies against p53 (CST9282, Danvers, MA,
USA), caspase-3 (CST9662, Danvers, MA, USA), Bdl-2
(CST15071, Danvers, MA, USA), and f-actin (CST4967, Dan-
vers, MA, USA) obtained from Cell signaling Technology.
After three washing, the membranes were incubated with
horseradish  peroxidase-conjugated secondary antibodies
(CST7074, Boston, MA, USA) for 1h. Signals were visualized
using the enhanced chemiluminescence imaging system (Milli-
pore, USA). The protein levels were analyzed using the Image J
software and normalized to the corresponding f-actin levels.

4.12. Subcellular Fractionation. Subcellular fractions were
extracted as described before [33]. The cells were collected
and washed twice with cold PBS and briefly centrifuged at
12,000 x g at 4°C. The pellets were resuspended in 0.2 mL of
isolation buffer A (1 mM EDTA, 1 mM EGTA, 20 mM HEPES
(pH7.5), 1.5mM MgClL,, 10mM KCl, 1mM DTT, 0.1 mM
phenylmethanesulfonyl fluoride (PMSF), and 250mM
sucrose) containing a protease inhibitor cocktail, then homog-
enized, and centrifuged at 12,000 rpm for 5 min at 4°C to iso-
late nuclei and debris. Meanwhile, the mitochondria- enriched
heavy membrane pellets were obtained from the supernatants
by centrifugation at 12,000 rpm for 10 min at 4°C.

4.13. Pulldown Assay with Biotinylated MicroRNA (miRNA).
Pulldown assays were performed as described earlier [33]
with a few modifications. HA-VSMC (5’ 10°cells/well) were
transfected with biotinylated miR-664a-5p wild type (WT)
and mutant (50 nM) for 24 h. The treated cells were washed
with cold PBS and resuspended in lysis buffer with 0.05%
Igepal and 60UmL/L Superase-In (Ambion, Waltham,
MA, USA) for 10 min on ice. The lysates were subsequently
incubated with M-280 streptavidin magnetic beads (Sigma,
St. Louis, MO, USA) preincubated with bovine serum albu-
min (BSA; Millipore) and yeast tRNA (Sigma) to block non-
specific binding sites. The beads were then incubated for 4h
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at 4°C rocking gently and washed five times with a low salt
buffer (20mM Tris-HCl (pH 8.0), 2mM EDTA, 0.1% SDS,
150 mM NaCl, and 1% Triton X-100) and once with a high
salt buffer (20mM Tris-HCI (pH8.0), 0.1% SDS, 2mM
EDTA, 500mM NaCl, and 1% Triton X-100). The bound
RNAs were purified using TRIzol.

4.14. Microarray Analysis. The Human Transcriptome Array
2.0 (HTA 2.0; Affymetrix, Santa Clara, CA) was performed
in this study [68]. HTA 2.0 covers global profiling of full-
length transcripts, containing more than 40,000 noncoding
and 245,000 coding transcripts in human genome. Each tran-
script is accurately identified by probes target specific exons or
splice junctions. Total RNAs were prepared from VSMC cells,
with three biological replicates for each group. The differen-
tially expressed IncRNAs with statistical significance were
identified through volcano plot filtering, with a predefined
threshold (fold change > 1.5 and p value < 0.05). The cDNA
labeling, microarray hybridization and bioinformatics analysis
were performed by the National Engineering Center for Bio-
chip (Shanghai, China).

4.15. Luciferase Assays with OPA1 3' Untranslated Region
(3'UTR), miR-664a-5p, and Punisher. The (3'UTR) of
OPAI was amplified by PCR using the primers 5 -ATCA
ATTT CAACCCTTCATAGCCAGCA-3" and 5'-CTAGTG
CTGGCTATGAAGGGTTG AAATTGAT-3'. The Quik-
Change II XL Site-Directed Mutagenesis Kit (Stratagene,
Agilent Technology, Palo Alto, USA) was used to generate
a mutated OPA1 3' UTR. WT and mutated 3' UTR were sub-
cloned into the pGL3 vector (Promega, Madison, Wisconsin,
USA), immediately downstream the coding region of the
luciferase gene. Similarly, the Punisher WT and the mutant
sequences were subcloned in the luciferase reporter vector.
The primers used to amplify Punisher were 5 -ATCCAGC
ACCAGGGTCAGCTCCCGTGGCCAGTCA-3" and 5'-
CTAGTAGGTCGTGGTC CCAGTCGAGGGCACCGGTC
AGT-3'. The miR-664a-5p reporter was constructed accord-
ing to the method previously described [24, 69]. Transfec-
tion of the construct, as indicated, was performed using
Lipofectamine 2000 (Thermo Fisher Scientific, USA).

4.16. RNA Immunoprecipitation (RIP). RIP assays were car-
ried out to identify regions of the genome with RNA-binding
proteins. VSMCs were lysed in RIPA buffer containing
0.1 mM PMSF and 1% protease inhibitor cocktail on ice.
After 10min incubation, the cells were centrifuged at
12,000 rpm for 20 min at 4°C. Five hundred micrograms of
cell lysates was then incubated with the indicated primary
antibody at 4°C overnight with gentle rocking. Protein A/
G-agarose beads (Thermo Fisher Scientific, USA) were
added, and the mixtures were incubated for 4 hours at 4°C
with shaking. After washing, immunoprecipitated RNA-
binding proteins and their bound RNA were isolated. qRT-
PCR assays were then performed.

4.17. Fluorescence In Situ Hybridization (FISH). FISH assays
were performed according to a previously described method
[70]. The Punisher detection probe (Takara, Bio Inc., China)
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was used. The sequence of the Punisher probe for FISH was
Digoxin-5 '_CATCGAGTGTTCTGGCATCCACCGCA

ACCT—3'—Dig0xin. The Cy5-labeled Punisher and FISH Kit
(RiboBio, Guangzhou, China) were used according to the

manufacturer’s guidelines. Images were taken using a confo-
cal microscope (LSM510 META, Zeiss).

4.18. Confocal Imaging. VSMCs were stained with Mito-
Tracker Red CMXRos (Molecular Probes) to visualize mito-
chondrial fission according to manufactures instructions
[71]. In short, cells were plated onto coverslips coated with
0.01% poly-L-lysine. After treatment, the cells were stained
for 20 min at 37°C with 0.02mM MitoTracker Red probe
and second antibody and then with DAPI for 10 min. Mito-
chondria were imaged using the confocal microscope. Six
distinct fields for each 50 cells were counted. The percentage
of cells with fragmented mitochondria relative to the total
number of cells is presented as the mean + s.e.m. of at least
three independent experiments.

4.19. Histology. Aortic tissues were fixed in 4% paraformal-
dehyde for 24h and embedded in paraffin. Serial cryosec-
tions of the ascending aorta (on the short axis), 4 ym thick,
were selected and stained with hematoxylin and eosin
(H&E). Images were captured at 40 magnification. The
results are expressed as the mean +s.e.m. of at least three
independent experiments.

4.20. Immunohistochemistry. Inmunohistochemistry was per-
formed as previously described [72, 73]. In brief, frozen sec-
tions were fixed in a methanol/acetone mixture (1:1) for
10min and blocked with 10% (v/v) donkey serum in PBS at
room temperature. The slides were then hybridized overnight
with primary antibody or normal IgG antibody in 10% horse
serum at 4°C, washed gently with PBS, and hybridized with
secondary antibody conjugated to horseradish peroxidase
(SC2357, Santa Cruz Biotechnology, USA) for 2h at room
temperature. The immunocomplexes were visualized using a
DAB solution (Vector Laboratories, Burlingame, CA, USA).
The sections were then dehydrated in a series of graded etha-
nol and xylene, and slides were mounted with the Cytoseal
XYL mounting media (Richard-Allan Scientific, Kalamazoo,
MI, USA). Finally, the sections were observed and micro-
graphs taken with an optical microscope (Zeiss Axio Imager
A2) at 10x or 40x magnification.

4.21. Rat Carotid Artery Injury Mode. Male Sprague-Dawley
rats weighing 300~350g were obtained from Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China),
and animal protocols were approved by the Animal Care
and Use Committee of Qingdao University. Balloon injury
of the carotid artery model was conducted as previously
described [52, 74]. In brief, rats were anesthetized by intra-
peritoneal administration of pentobarbital (50 mg/kg), and
a 2F Fogarty catheter (Edwards Life Sciences LLC Co.) was
introduced into the common carotid artery to cause vascular
injury. The balloon was inflated to 4atm of pressure and
withdrawn three times to create a 10 mm neointima injury.
Following balloon injury, the solution of pcDNA3.0-Pun-
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isher/PEI/PEG cocktail (5mg/kg) was injected into the tail
vein after the balloon injury every 7 days for a total of 21 days
following the protocol reported before [52], saline or
PcDNA3.0 vector cocktail was introduced as control. After 21
days, the rats were euthanized, and the injured and left unin-
jured common carotid artery were, respectively, removed,
fixed, and embedded or stored for RNA and protein extraction.

4.22. Statistical Analysis. Data are expressed as the mean +
s.e.m. of at least three independent experiments and evalu-
ated with the Student’s ¢-test. Additionally, we used a one-
way analysis of variance for multiple comparisons. A value
of p <0.05 was considered significant.

5. Limitations of the Study

Atherosclerosis is a multifactorial disease involving various
cells. The study design did not explore the regulatory roles
of Punisher on other vessel cells, such as endothelia cells
and macrophages which also contain certain quantity of
Punisher. Furthermore, our investigations focused on the
significant effect of Punisher on VSMC apoptosis, yet owing
to the complex nature of atherosclerosis, other factors are
also likely to contribute.

Data Availability

The data of this study are available from the corresponding
author upon reasonable request.

Disclosure

This manuscript has been posted on a preprint server [75]
and was previously uploaded as a preprint to The Lancet
of SSRN (doi:10.2139/ssrn.3522561).

Conflicts of Interest

The authors have declared that no competing interest exists.

Authors’ Contributions

Y.Y. and M.L. carried out the cell and protein experiments.
ZW., X.F, X.H., QW., and X.L. conducted clinical analysis.
Y.Y., Y.L, HM,, and K.W. carried out plasmid construct and
molecular experiments. T.Y. and Y.Y. participated in the
data analysis, performed the statistical analysis, and drafted
the manuscript. T.Y. and J.W. conceived and designed the
study, participated in the data analysis and coordination,
and helped to draft the manuscript. All authors read and
approved the final manuscript.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81870331), China Postdoctoral Sci-
ence Foundation (Nos. 2017M612189 and 2016M590616),
and Qingdao Municipal Bureau of Science and Technology
(No. 21-1-4-rkjk-12-nsh).


https://doi.org/10.2139/ssrn.3522561

Oxidative Medicine and Cellular Longevity

Supplementary Materials

Figure S1: evaluation of Punisher expression in situ in the
vessels of patients. Figure S2: Punisher partially regulates cell
proliferation and migration of VSMCs. Figure S3: VSMC
cells can be induced apoptosis and mitochondrial fission
upon H,0, treatment. Figure S4: Punisher can regulate anti-
oxidant enzymes. Figure S5: Punisher expression has no
relationship with its nearby coding genes. Figure S6: the reg-
ulatory effect of Punisher to predicted downstream miRNAs.
Table S1: baseline characteristics of the CAD patients receiv-
ing CABG surgery and healthy subjects. Table S1: PCR
primers used in this study. (Supplementary Materials)

References

(1]

(5]

(6]

(10]

(11]

(12]

(13]

C. Weber and H. Noels, “Atherosclerosis: current pathogenesis
and therapeutic options,” Nature Medicine, vol. 17, no. 11,
pp. 1410-1422, 2011.

B.J. Skaggs, B. H. Hahn, and M. McMahon, “Accelerated ath-
erosclerosis in patients with SLE-mechanisms and manage-
ment,” Nature Reviews Rheumatology, vol. 8, no. 4, pp. 214-
223, 2012.

X. Fu, T. Zong, P. Yang et al., “Nicotine: regulatory roles and
mechanisms in atherosclerosis progression,” Food and Chem-
ical Toxicology, vol. 151, article 112154, 2021.

X.Li, Y. Yang, Z. Wang et al., “Targeting non-coding RNAs in
unstable atherosclerotic plaques: mechanism, regulation, pos-
sibilities, and limitations,” International Journal of Biological
Sciences, vol. 17, no. 13, pp. 3413-3427, 2021.

M. C. Clarke, N. Figg, J. ]. Maguire et al., “Apoptosis of vascu-
lar smooth muscle cells induces features of plaque vulnerabil-
ity in atherosclerosis,” Nature Medicine, vol. 12, no. 9,
pp. 1075-1080, 2006.

C. Maneechote, S. Palee, S. C. Chattipakorn, and
N. Chattipakorn, “Roles of mitochondrial dynamics modula-
tors in cardiac ischaemia/reperfusion injury,” Journal of Cellu-
lar and Molecular Medicine, vol. 21, no. 11, pp. 2643-2653,
2017.

X. Chen, S. Wei, Y. Ma et al,, “Quantitative proteomics analysis
identifies mitochondria as therapeutic targets of multidrug-
resistance in ovarian cancer,” Theranostics, vol. 4, no. 12,
pp. 1164-1175, 2014.

B. Bai, Y. Yang, Q. Wang et al., “NLRP3 inflammasome in
endothelial dysfunction,” Cell Death & Disease, vol. 11, no. 9,
p. 776, 2020.

Y. Liu, Y. Yang, Z. Wang et al., “Insights into the regulatory
role of circ RNA in angiogenesis and clinical implications,”
Atherosclerosis, vol. 298, pp. 14-26, 2020.

T.Yu, Z. Wang, W. Jie et al., “The kinase inhibitor BX795 sup-
presses the inflammatory response via multiple kinases,” Bio-
chemical Pharmacology, vol. 174, p. 113797, 2020.

S.Liu, Y. Yang, S. Jiang et al., “Understanding the role of non-
coding RNA (ncRNA) in stent restenosis,” Atherosclerosis,
vol. 272, pp. 153-161, 2018.

K. Wang, C. Y. Liu, X. J. Zhang et al., “miR-361-regulated pro-
hibitin inhibits mitochondrial fission and apoptosis and pro-
tects heart from ischemia injury,” Cell Death &
Differentiation, vol. 22, no. 6, pp. 1058-1068, 2015.

M. Li, Y. Yang, Z. Wang et al., “Piwi-interacting RNAs (piR-
NAs) as potential biomarkers and therapeutic targets for car-

(14]

(15]

(16]

(17]

(18]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

19

diovascular diseases,” Angiogenesis, vol. 24, no. 1, pp. 19-34,
2021.

Y. Zhang, Y. Yang, H. Ju et al., “Comprehensive profile of cir-
cRNAs in formaldehyde induced heart development,” Food
and Chemical Toxicology, vol. 162, p. 112899, 2022.

P.Yang, Y. Yang, X. He et al., “miR-153-3p targets Il spectrin
to regulate formaldehyde-induced cardiomyocyte apoptosis,”
Front Cardiovasc Med, vol. 8, p. 764831, 2021.

Y. Zou, Y. Yang, X. Fu et al, “The regulatory roles of
aminoacyl-tRNA synthetase in cardiovascular disease,” Mol
Ther Nucleic Acids, vol. 25, pp. 372-387, 2021.

D. Li, Y. Yang, S. Wang et al, “Role of acetylation in
doxorubicin-induced cardiotoxicity,” Redox Biology, vol. 46,
p. 102089, 2021.

T. Zong, Y. Yang, H. Zhao et al., “tsRNAs: Novel small mole-
cules from cell function and regulatory mechanism to thera-
peutic targets,” Cell Proliferation, vol. 54, no. 3, article
€12977, 2021.

K. C. Wang and H. Y. Chang, “Molecular mechanisms of long
noncoding RNAs,” Molecular Cell, vol. 43, no. 6, pp. 904-914,
2011.

J. Li, Z. Xuan, and C. Liu, “Long non-coding RNAs and com-
plex human diseases,” International Journal of Molecular Sci-
ences, vol. 14, no. 9, pp. 18790-18808, 2013.

T. Zong, Y. Yang, X. Lin et al., “5'-tiRNA-Cys-GCA regulates
VSMC proliferation and phenotypic transition by targeting
STAT4 in aortic dissection,” Molecular therapy. Nucleic acids,
vol. 26, pp. 295-306, 2021.

X. Fu, X. He, Y. Yang et al., “Identification of transfer RNA-
derived fragments and their potential roles in aortic dissec-
tion,” Genomics, vol. 113, no. 5, pp. 3039-3049, 2021.

C. Tian, Y. Yang, B. Bai et al,, “Potential of exosomes as diag-
nostic biomarkers and therapeutic carriers for doxorubicin-
induced cardiotoxicity,” International Journal of Biological Sci-
ences, vol. 17, no. 5, pp. 1328-1338, 2021.

K. Wang, C. Y. Liu, L. Y. Zhou et al.,, “APF IncRNA regulates
autophagy and myocardial infarction by targeting miR-188-
3p,” Nature Communications, vol. 6, no. 1, p. 6779, 2015.

A. Leung, C. Trac, W. Jin et al., “Novel long noncoding RNAs
are regulated by angiotensin II in vascular smooth muscle
cells,” Circulation Research, vol. 113, no. 3, pp. 266-278, 2013.
C. Indolfi, C. Taconetti, C. Gareri, A. Polimeni, and S. de Rosa,
“Non-coding RNAs in vascular remodeling and restenosis,”
Vascular Pharmacology, vol. 114, pp. 49-63, 2019.

J. Hung, V. Miscianinov, J. C. Sluimer, D. E. Newby, and A. H.
Baker, “Targeting non-coding RNA in vascular biology and
disease,” Frontiers in Physiology, vol. 9, p. 1655, 2018.

Y. K. Kim and H. Kook, “Diverse roles of noncoding RNAs in
vascular calcification,” Archives of Pharmacal Research, vol. 42,
no. 3, pp. 244-251, 2019.

X. Yang, Y. Yang, J. Guo et al., “Targeting the epigenome in in-
stent restenosis: from mechanisms to therapy,” Molecular ther-
apy. Nucleic acids, vol. 23, pp. 1136-1160, 2021.

L. Kurian, A. Aguirre, I. Sancho-Martinez et al., “Identification
of novel long noncoding RNAs underlying vertebrate cardio-
vascular development,” Circulation, vol. 131, no. 14,
pp. 1278-1290, 2015.

M. R. Hosen, Q. Li, Y. Liu et al., “CAD increases the long non-
coding RNA PUNISHER in small extracellular vesicles and
regulates endothelial cell function via vesicular shuttling,”
Mol Ther Nucleic Acids, vol. 25, pp. 388-405, 2021.


https://downloads.hindawi.com/journals/omcl/2022/5477024.f1.pdf

20

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

[45]

(46]

(47]

B. Bjorkerud and S. Bjorkerud, “Contrary effects of lightly and
strongly oxidized LDL with potent promotion of growth ver-
sus apoptosis on arterial smooth muscle cells, macrophages,
and fibroblasts,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 16, no. 3, pp. 416-424, 1996.

Q.Ji, L. Zhang, X. Liu et al., “Long non-coding RNA MALAT1
promotes tumour growth and metastasis in colorectal cancer
through binding to SFPQ and releasing oncogene PTBP2 from
SEPQ/PTBP2 complex,” British Journal of Cancer, vol. 111,
no. 4, pp. 736-748, 2014.

X. Guo, K. H. Chen, Y. Guo, H. Liao, J. Tang, and R. P. Xiao,
“Mitofusin 2 triggers vascular smooth muscle cell apoptosis
via mitochondrial death pathway,” Circulation Research,
vol. 101, no. 11, pp. 1113-1122, 2007.

K. Takeuchi, K. Yamamoto, M. Ohishi et al., “Telmisartan
modulates mitochondrial function in vascular smooth muscle
cells,” Hypertension Research, vol. 36, no. 5, pp. 433-439, 2013.

Y.J. Cao, Y. M. Zhang, J. P. Qi, R. Liu, H. Zhang, and L. C. He,
“Ferulic acid inhibits H,O,-induced oxidative stress and
inflammation in rat vascular smooth muscle cells via inhibi-
tion of the NADPH oxidase and NF-«B pathway,” Interna-
tional Immunopharmacology, vol. 28, no. 2, pp. 1018-1025,
2015.

E. Hossain, Y. Li, and M. B. Anand-Srivastava, “Role of the
JAK2/STAT3 pathway in angiotensin II-induced enhanced
expression of Gia proteins and hyperproliferation of aortic
vascular smooth muscle cells,” Canadian Journal of Physiology
and Pharmacology, vol. 99, no. 2, pp. 237-246, 2021.

C. Gong and L. E. Maquat, “IncRNAs transactivate STAU1-
mediated mRNA decay by duplexing with 3' UTRs via Alu ele-
ments,” Nature, vol. 470, no. 7333, pp. 284-288, 2011.
P.Wang, Y. Xue, Y. Han et al., “The STAT3-binding long non-
coding RNA Inc-DC controls human dendritic cell differentia-
tion,” Science, vol. 344, no. 6181, pp. 310-313, 2014.

K. Wang, B. Long, L. Y. Zhou et al., “CARL IncRNA inhibits
anoxia-induced mitochondrial fission and apoptosis in cardio-
myocytes by impairing miR-539-dependent PHB2 downregu-
lation,” Nature Communications, vol. 5, no. 1, p. 3596, 2014.
Z.Wang, X. J. Zhang, Y. X. Ji et al., “The long noncoding RNA
Chaer defines an epigenetic checkpoint in cardiac hypertro-
phy,” Nature Medicine, vol. 22, no. 10, pp. 1131-1139, 2016.
K. Tsushima, H. Bugger, A. R. Wende et al., “Mitochondrial
reactive oxygen species in lipotoxic hearts induce post-
translational modifications of AKAP121, DRP1, and OPAl
that promote mitochondrial fission,” Circulation Research,
vol. 122, no. 1, pp. 58-73, 2018.

J. Marin-Garcia and A. T. Akhmedov, “Mitochondrial dynam-
ics and cell death in heart failure,” Heart Failure Reviews,
vol. 21, no. 2, pp. 123-136, 2016.

D. K. Han, C. C. Haudenschild, M. K. Hong, B. T. Tinkle, M. B.
Leon, and G. Liau, “Evidence for apoptosis in human athero-
genesis and in a rat vascular injury model,” The American
Journal of Pathology, vol. 147, no. 2, pp. 267-277, 1995.

M. M. Kockx and M. W. Knaapen, “The role of apoptosis in
vascular disease,” The Journal of Pathology, vol. 190, no. 3,
pp. 267-280, 2000.

J. D. Allen, T. Giordano, and C. G. Kevil, “Nitrite and nitric
oxide metabolism in peripheral artery disease,” Nitric Oxide,
vol. 26, no. 4, pp. 217-222, 2012.

S. Rajendran, X. Shen, J. Glawe, G. K. Kolluru, and C. G. Kevil,
“Nitric oxide and hydrogen sulfide regulation of ischemic vas-

(48]

(49]

(53]

(55]

[56]

(57]

(58]

(59]

[60]

[61]

[62]

Oxidative Medicine and Cellular Longevity

cular growth and remodeling,” Comprehensive Physiology,
vol. 9, no. 3, pp. 1213-1247, 2019.

H. Qi, Y. Wang, S. Fa, C. Yuan, and L. Yang, “Extracellular ves-
icles as natural delivery carriers regulate oxidative stress under
pathological conditions,” Frontiers in Bioengineering and Bio-
technology, vol. 9, p. 9(810), 2021.

W. N. Nowak, J. Deng, X. Z. Ruan, and Q. Xu, “Reactive oxy-
gen species generation and atherosclerosis,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 37, no. 5, pp. e4l-
e52, 2017.

A. Kasahara and L. Scorrano, “Mitochondria: from cell death
executioners to regulators of cell differentiation,” Trends in
Cell Biology, vol. 24, no. 12, pp. 761-770, 2014.

A. Makino, J. Suarez, T. Gawlowski et al., “Regulation of mito-
chondrial morphology and function by O-GlcNAcylation in
neonatal cardiac myocytes,” American Journal of Physiology.
Regulatory, Integrative and Comparative Physiology, vol. 300,
no. 6, pp. R1296-R1302, 2011.

X. He, Z. Lian, Y. Yang et al, “Long non-coding RNA
PEBP1P2 suppresses proliferative VSMCs phenotypic switch-
ing and proliferation in atherosclerosis,” Mol Ther Nucleic
Acids, vol. 22, pp. 84-98, 2020.

M. Cheng, Y. Yang, H. Xin et al., “Non-coding RNAs in aortic
dissection: from biomarkers to therapeutic targets,” Journal of
Cellular and Molecular Medicine, vol. 24, no. 20, pp. 11622
11637, 2020.

Q. Wang, Y. Yang, X. Fu et al, “Long noncoding RNA
XXYLT1-AS2 regulates proliferation and adhesion by target-
ing the RNA binding protein FUS in HUVEC,” Atherosclerosis,
vol. 298, pp. 58-69, 2020.

P.J. Batista and H. Y. Chang, “Long noncoding RNAs: cellular
address codes in development and disease,” Cell, vol. 152,
no. 6, pp. 1298-1307, 2013.

F. Kopp and J. T. Mendell, “Functional classification and
experimental dissection of Long noncoding RNAs,” Cell,
vol. 172, no. 3, pp- 393-407, 2018.

K. A. Lennox and M. A. Behlke, “Cellular localization of long
non-coding RNAs affects silencing by RNAi more than by
antisense oligonucleotides,” Nucleic Acids Research, vol. 44,
no. 2, pp. 863-877, 2016.

H. M. Pendergraff, P. M. Krishnamurthy, A. J. Debacker et al.,
“Locked nucleic acid Gapmers and conjugates potently silence
ADAM33, an asthma-associated metalloprotease with
nuclear-localized mRNA,” Mol Ther Nucleic Acids, vol. 8,
pp. 158-168, 2017.

R. Kole, A. R. Krainer, and S. Altman, “RNA therapeutics: beyond
RNA interference and antisense oligonucleotides,” Nature
Reviews. Drug Discovery, vol. 11, no. 2, pp. 125-140, 2012.

H. Qi, P. Shan, Y. Wang, P. Li, K. Wang, and L. Yang, “Nano-
medicines for the efficient treatment of intracellular bacteria:
the "ART" principle,” Frontiers in Chemistry, vol. 9,
p. 775682, 2021.

L. Yang, S. Pijuan-Galito, H. S. Rho et al., “High-throughput
methods in the discovery and study of biomaterials and mate-
riobiology,” Chemical Reviews, vol. 121, no. 8, pp. 4561-4677,
2021.

H. Qi, Y. Wang, X. Yuan, P. Li, and L. Yang, “Selective extra-
cellular arginine deprivation by a single injection of cellular
non-uptake arginine deiminase nanocapsules for sustained
tumor inhibition,” Nanoscale, vol. 12, no. 47, pp. 24030-
24043, 2020.



Oxidative Medicine and Cellular Longevity

(63]

[64]

[65]

[66]

[67]

(68]

(69]

(70]

(71]

(72]

L. Yang, D. Han, Q. Zhan et al,, “Blood TfR+ exosomes sepa-
rated by a pH-responsive method deliver chemotherapeutics
for tumor therapy,” Theranostics, vol. 9, no. 25, pp. 7680-
7696, 2019.

H. W. Hwang, E. A. Wentzel, and J. T. Mendell, “A hexanu-
cleotide element directs microRNA nuclear import,” Science,
vol. 315, no. 5808, pp. 97-100, 2007.

E. Martin-Montafiez, J. Pavia, N. Valverde et al., “The S1P
mimetic fingolimod phosphate regulates mitochondrial oxida-
tive stress in neuronal cells,” Free Radical Biology & Medicine,
vol. 137, pp. 116-130, 2019.

S. T. Huang, K. W. Bi, H. M. Kuo et al., “Phyllanthus urinaria
induces mitochondrial dysfunction in human osteosarcoma
143B cells associated with modulation of mitochondrial fis-
sion/fusion proteins,” Mitochondrion, vol. 17, pp. 22-33, 2014.

M. Zhang, C. Qian, Z. G. Zheng et al., “Jujuboside a promotes
AP clearance and ameliorates cognitive deficiency in Alzhei-
mer's disease through activating Axl/HSP90/PPARy pathway,”
Theranostics, vol. 8, no. 15, pp. 4262-4278, 2018.

M. F. Kabir, J. Mohd Ali, and O. Haji Hashim, “Microarray
gene expression profiling in colorectal (HCT116) and hepato-
cellular (HepG2) carcinoma cell lines treated with Melicope
ptelefolia leaf extract reveals transcriptome profiles exhibiting
anticancer activity,” Peer], vol. 6, article 5203, 2018.

J. Wang, X. Liu, H. Wu et al., “CREB up-regulates long non-
coding RNA, HULC expression through interaction with
microRNA-372 in liver cancer,” Nucleic Acids Research,
vol. 38, no. 16, pp. 5366-5383, 2010.

J. Ren, L. Ding, D. Zhang et al., “Carcinoma-associated fibro-
blasts promote the stemness and chemoresistance of colorectal
cancer by transferring exosomal IncRNA H19,” Theranostics,
vol. 8, no. 14, pp. 3932-39438, 2018.

J. X. Wang, Q. Li, and P. F. Li, “Apoptosis repressor with cas-
pase recruitment domain contributes to chemotherapy resis-
tance by abolishing mitochondrial fission mediated by
dynamin-related protein-1,” Cancer Research, vol. 69, no. 2,
Pp. 492-500, 2009.

B. Lei, L. Yu, T. A. Jung et al., “Prospective series of nine long
noncoding RNAs associated with survival of patients with glio-
blastoma,” ] Neurol Surg A Cent Eur Neurosurg, vol. 79, no. 6,
pp. 471-478, 2018.

Y. Y. Jung, K. C. Kim, M. H. Park et al,, “Atherosclerosis is
exacerbated by chitinase-3-like-1 in amyloid precursor protein
transgenic mice,” Theranostics, vol. 8, no. 3, pp. 749-766, 2018.
R. Shibata, H. Kai, Y. Seki et al., “Role of Rho-associated kinase
in neointima formation after vascular injury,” Circulation,
vol. 103, no. 2, pp. 284-289, 2001.

T. Yu, Z. Wang, X. Fu et al., “The IncRNA Punisher inhibits
apoptosis of vascular smooth muscle cells through regulating
mitochondrial homeostasis via targeting miR-664a-5p and
OPAL,” 2020. https://ssrn.com/abstract=3522561.

21


https://ssrn.com/abstract=3522561

	The lncRNA Punisher Regulates Apoptosis and Mitochondrial Homeostasis of Vascular Smooth Muscle Cells via Targeting miR-664a-5p and OPA1
	1. Introduction
	2. Results
	2.1. Punisher Regulates Apoptosis and Mitochondrial Fission Induced by H2O2 in VSMCs
	2.2. Punisher Regulates the Expression of OPA1
	2.3. Punisher Regulates miR-664a-5p Expression and Activity
	2.4. miR-664a-5p Regulates Apoptosis and H2O2 Mediated Mitochondrial Fission in VSMCs
	2.5. miR-664a-5p Participates in the Regulation of OPA1 Expression in VSMCs
	2.6. OPA1 Regulates Cell Apoptosis and Mitochondrial Fusion
	2.7. GapmeR-Punisher Regulates Apoptosis and Mitochondrial Fusion by Targeting miR-664a-5p and OPA1 in VSMCs
	2.8. Overexpression of Punisher Attenuated Neointima Formation Induced in a Balloon-Injured Carotid Artery Model

	3. Discussion
	4. Materials and Methods
	4.1. Patient Samples
	4.2. Cell Culture and Treatment
	4.3. RNA Isolation and Quantitative PCR (qPCR)
	4.4. Small Interfering RNA (siRNA) Knockdown
	4.5. Cell Counting Kit-8 (CCK-8) Assay
	4.6. Wound Healing Assay
	4.7. Apoptosis Assay
	4.8. Mitochondrial ROS Assessment
	4.9. Measurement of Mitochondrial Membrane Potential (MMP) by JC-1
	4.10. ATP Concentration
	4.11. Immunoblotting
	4.12. Subcellular Fractionation
	4.13. Pulldown Assay with Biotinylated MicroRNA (miRNA)
	4.14. Microarray Analysis
	4.15. Luciferase Assays with OPA1 3′ Untranslated Region (3′UTR), miR-664a-5p, and Punisher
	4.16. RNA Immunoprecipitation (RIP)
	4.17. Fluorescence In Situ Hybridization (FISH)
	4.18. Confocal Imaging
	4.19. Histology
	4.20. Immunohistochemistry
	4.21. Rat Carotid Artery Injury Mode
	4.22. Statistical Analysis

	5. Limitations of the Study
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

