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LncRNA-6395 promotes myocardial ischemia-reperfusion
injury in mice through increasing p53 pathway
Lin-feng Zhan1, Qi Zhang1, Lu Zhao1, Xue Dong1, Xin-yu Pei1, Li-li Peng1, Xiao-wen Zhang1, Bo Meng1, Wen-di Shang1, Zhen-wei Pan1,
Chao-qian Xu1, Yan-jie Lu1,2 and Ming-yu Zhang1

Myocardial ischemia-reperfusion (I/R) injury is a pathological process characterized by cardiomyocyte apoptosis, which leads to
cardiac dysfunction. Increasing evidence shows that abnormal expression of long noncoding RNAs (lncRNAs) plays a crucial role in
cardiovascular diseases. In this study we investigated the role of lncRNAs in myocardial I/R injury. Myocardial I/R injury was induced
in mice by ligating left anterior descending coronary artery for 45 min followed by reperfusion for 24 h. We showed that lncRNA
KnowTID_00006395, termed lncRNA-6395 was significantly upregulated in the infarct area of mouse hearts following I/R injury as
well as in H2O2-treated neonatal mouse ventricular cardiomyocytes (NMVCs). Overexpression of lncRNA-6395 led to cell apoptosis
and the expression change of apoptosis-related proteins in NMVCs, whereas knockdown of lncRNA-6395 attenuated H2O2-induced
cell apoptosis. LncRNA-6395 knockout mice (lncRNA-6395+/−) displayed improved cardiac function, decreased plasma LDH activity
and infarct size following I/R injury. We demonstrated that lncRNA-6395 directly bound to p53, and increased the abundance of p53
protein through inhibiting ubiquitination-mediated p53 degradation and thereby facilitated p53 translocation to the nucleus. More
importantly, overexpression of p53 canceled the inhibitory effects of lncRNA-6395 knockdown on cardiomyocyte apoptosis,
whereas knockdown of p53 counteracted the apoptotic effects of lncRNA-6395 in cardiomyocytes. Taken together, lncRNA-6395 as
an endogenous pro-apoptotic factor, regulates cardiomyocyte apoptosis and myocardial I/R injury by inhibiting degradation and
promoting sub-cellular translocation of p53.
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INTRODUCTION
Myocardial infarction (MI) is a leading cause of death worldwide.
Effective therapy for acute MI is reperfusion of the occluded
coronary artery. However, ischemic reperfusion (I/R) can cause a
number of pathological changes including oxidative stress, cell
apoptosis, etc, which eventually impair cardiac function. Therefore,
inhibition of cell apoptosis is an attractive therapeutic strategy to
reduce I/R injury and prevent heart failure after MI.
Long noncoding RNAs (lncRNAs) are a class of transcripts longer

than 200 nucleotides with limited or no protein-coding potential.
They participate in a wide range of biological processes such as
cell proliferation, differentiation, and apoptosis [1–3]. Studies
demonstrated that dysregulated lncRNA expression is observed in
a number of diseased tissues, such as heart, kidney, liver, and so
on [4–6]. Recently, the regulatory role of lncRNA in various
physiological and pathological process has become a research
hotspot. It has been reported that lncRNA OCC-1 promotes HuR
protein ubiquitination degradation in colorectal cancer [7].
LncRNA ANCR attenuates the invasion and metastasis of breast
cancer by promoting EZH2 phosphorylation that facilitates EZH2
degradation [8]. LncRNA ZFAS1 binds to SERCA2a protein to limit

its intracellular level and inhibit its activity, and its knockdown is
able to mitigate the ischemic contractile dysfunction [9].
Apoptosis-associated transcription factor p53 plays an essential

role in response to diverse cellular stress stimuli [10]. It has been
shown that p53 participates in the cell apoptosis process by
regulating both the intrinsic mitochondrial and extrinsic death
receptor pathways. The abundance, stability, and location of p53
are critical in controlling its function in cell apoptosis. LncRNAs
have been demonstrated to modulate the p53 signaling network.
Tripathi et al. found that lncRNA MALAT1 depletion leads to the
activation of p53 and expression of its downstream target genes
[11]. LncRNA Wrap53 is able to upregulate p53 expression in
cancer cell [12].
In previous work, we demonstrated that lncRNA Know-

TID_00006395 named PCFL (pro-cardiac fibrotic lncRNA) partici-
pated in the process of ischemic myocardial fibrosis by regulating
miR-378/GRB2 pathway [13]. However, in this study, we found that
KnowTID_00006395 termed lncRNA-6395 was highly expressed in
I/R injured heart and significantly regulated cardiomyocyte
apoptosis by inhibiting ubiquitination and degradation of p53.
These results provide new functional insights into p53 regulatory
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network in the heart and suggest that lncRNA-6395 may serve as a
potential therapeutic target in the intervention of I/R injury.

MATERIALS AND METHODS
Mouse model of myocardial I/R injury
Male C57BL/6 mice (12 weeks old, weighing 21–25 g) were
provided by the Animal Center of the Second Affiliated Hospital of
Harbin Medical University. Animal care and experimental proto-
cols were in accordance with the Institutional Animal Care and
approved by the Ethics Committee of Harbin Medical University.
The procedure for establishing mouse model of myocardial I/R
injury was previously described [14]. In brief, C57BL/6 mice
(8 weeks old, 20–30 g) were fixed on the operation board. They
were then intubated and connected to a rodent ventilator (Ugo
Basile, Comerio, Italy). The chest was opened and the heart
was exposed. Myocardial ischemia was achieved by ligating left
anterior descending coronary artery with a 7-0 silk suture for 45
min and reperfusion was conducted by releasing the ligation for
24 h. The sham-operated mice underwent the same procedures
without the artery ligation. Cardiac tissues dissected from border
zone (BZ) of I/R hearts were used for mRNA and protein detection.

Isolation and culture of mouse cardiomyocytes
Neonatal mouse ventricular cardiomyocytes (NMVCs) were pre-
pared as previously described [14]. Briefly, the mouse hearts were
surgically removed from 1- to 3-day-old neonatal C57BL/6 mice,
cut into 1.0 mm3 pieces, washed twice in Dulbecco’s modified
Eagle’s medium (DMEM). The heart tissues were digested by
0.25% trypsin, the supernatant was collected and centrifuged at
1500 r/min for 5 min at room temperature. Cell pellets were
resuspended and incubated in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL
streptomycin for 2 h at 37 °C with 5% CO2 and 95% air. After
fibroblasts adherence, the no-adherent and weakly attached cells,
mainly cardiomyocytes, were removed to cell culture dishes and
incubated at 37 °C in a humidified atmosphere of 5% CO2 and 95%
air. After 48 h culture, cardiomyocytes that reached 70%–80%
confluence were treated with H2O2 for 12 h to induce cardiomyo-
cyte injury for the subsequent experiments.

Synthesis of siRNA and transfection
LncRNA-6395-specific siRNA (si-lncRNA-6395), p53-specific siRNA
(si-p53), and the negative control (NC) were commercially
synthesized by GenePharma (Shanghai, China). The target
sequences of siRNA and NC were shown in Supplementary
Table S1. These siRNAs were transfected into cells for lncRNA-6395
and p53 knockdown. The siRNA transfection was performed using
X-treme GENE Transfection Reagent (Roche, Basle, Switzerland)
according to the manufacturer’s instructions. In briefly, 80 nM of
si-lncRNA-6395 or si-p53 was added to X-treme GENE Transfection
Reagent medium at room temperature to form transfection
complexes. The cells were incubated in serum-free DMEM
containing the transfection complexes for 6 h, then the medium
was replaced with 10% FBS-DMEM. At 48 h after transfection, the
cardiomyocytes were collected for isolation and purification of
total RNA or protein.

Construction and transfection of plasmids
Plasmids pCDNA 3.1 carrying lncRNA-6395 cDNA or p53 cDNA
were constructed by Genechem (Shanghai, China). These
plasmids were transfected into cells for lncRNA-6395 or p53
overexpression at a final concentration of 1 μg/mL. The plasmid
DNA transfection and co-transfection (plasmid DNA and si-RNA)
were performed using Lipofectamine™ 2000 Transfection Reagent
(Thermo Scientific, Carlsbad, USA) according to the manufacturer’s
instructions.

MTT assay
NMVCs were seeded onto 96-well plates and incubated with H2O2

at designed concentrations for 12 h. After treatment, 20 μL MTT (5
mg/mL) was added to each well of the plate. The cells were
incubated for 4 h at 37 °C, MTT solution was removed, and then
150 μL dimethyl sulfoxide was added into each well and shacked
for 10min. The absorbance value of each well was measured with
Eliza Reader at 490 nm.

Lactate dehydrogenase release
NMVCs were seeded onto each well of 12-well plates and
incubated with H2O2 at a final concentration of 200 µM for 12 h.
Lactate dehydrogenase (LDH) was measured in the cell culture
supernatant. The assay was performed using the lactate dehy-
drogenase assay kit (Nanjing Jiancheng, Nanjing, China) according
to manufacturer’s instructions. The LDH activity was measured by
an enzyme-labeled instrument at 450 nm.

Western blotting
The total protein was extracted from NMVCs or heart tissues of
mice with RIPA buffer containing 1% protease inhibitors, and the
concentration of protein was determined by BCA assay. Protein
samples (80–100 μg) were fractionated by SDS-PAGE (12%
polyacrylamide gels), subsequently transferred to a Nitrocellulose
Blotting Membrane (PALL, New York, USA) and blocked with 5%
non-fat milk at room temperature for 2 h. The membranes were
then incubated with the primary antibody overnight at 4 °C and
conjugated with secondary anti-rabbit or anti-mouse (LI-COR,
Lincoln, USA) polyclonal antibody at room temperature for 1 h in
the dark. The relative level of protein was detected by Odyssey
Infrared Imaging System (LI-COR, Lincoln, USA) and analyzed with
Odyssey 3.0 software. The primary antibodies were used as
follows: anti-Bcl-2 antibody (Cell Signaling Technology, MA, USA),
anti-Bax antibody (Cell Signaling Technology), anti-p53 antibody
(Cell Signaling Technology), mouse anti-β-actin mAb (Proteintech,
Wuhan, China).

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cardiomyocytes or myocardial
tissues using Trizol reagent (Invitrogen, Carlsbad, USA) according
to the manufacturer’s protocol. Quality of the RNA samples was
measured by NanoDrop ND-8000 (Thermo Fisher Scientific, MA,
USA) to ensure the RNA/DNA ratio of 1.8–2.0. RNA was reverse
transcribed to cDNA using Reverse Transcription Kit (Transgene,
Beijing, China). The SYBR Green qRT-PCR assay (Roche, Basel,
Switzerland) was used for relative quantification of lncRNA-6395
and p53. β-Actin was used as an internal control. The specific
sequences of primers were synthesized by Invitrogen and listed in
Supplementary Table S2.

Echocardiographic assessment of cardiac function
After I/R injury, transthoracic echocardiography was performed to
monitor changes of the left ventricular function of mice using
ultrasound machine Vevo2100 high-resolution imaging system
equipped with a 10-MH2 phased-array transducer with the
M-mode recordings (Visual Sonics, Toronto, Canada). Ejection
fraction (EF) and left ventricular fractional shortening (FS) were
measured to assess cardiac function.

TTC staining
After 24 h reperfusion, the mice were anesthetized by injection of
sodium pentobarbital (40 mg/kg). The hearts were isolated and
frozen at −80 °C. The frozen hearts were cut into 1–2mm thick
sections perpendicular to the long axis, and then slices
were incubated with 2% TTC for 15min at 37 °C. The images of
infarct area (pale white) and non-infarct area (brick red) were
taken by stereo-microscope (Zeiss, Jena, Germany), and the
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percentage of infarct area was calculated with Image-Pro Plus
6.0 software.

TUNEL staining
The terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) staining for cultured NMVCs was performed
with In Situ Cell Death Detection Kit (Roche, Mannheim, Germany)
according to the manufacturer’s protocol. Cells were fixed with 4%
paraformaldehyde in PBS, permeabilized with 1% Triton X-100.
Nuclei were stained with DAPI. Five visual fields in each slice were
randomly chosen, cells were counted by Image-Pro Plus 6.0 soft-
ware. The apoptosis rate (AR) was determined as follows: AR=
(the number of positive cells/the total number of counted cells) ×
100%.

Annexin V-FITC/PI apoptosis assay
Annexin V-FITC/PI apoptosis assay was performed using the
Annexin V-FITC apoptosis assay kit (Absin, Shanghai, China).
Briefly, NMVCs were treated with 0.25% Trypsin-EDTA solution,
cells were harvested and washed twice with PBS. The cells then
were resuspended in 300 μL of binding buffer, and 5 μL of FITC-
labeled Annexin-V and 5 μL of PI solution were added to the cell
suspension. The tubes were incubated at room temperature for
15min and subjected to flow cytometry (Beckman Coulter, Brea,
USA) to assess the percentage of apoptotic cells.

FISH and immunofluorescence
Fluorescence in situ hybridization (FISH) assay for lncRNA-6395
was performed according to RiboTM fluorescent in situ hybridiza-
tion kit (RiboBio, Guangzhou, China). Briefly, the cultured
cardiomyocytes were fixed in 4% polyoxymethylene in PBS at
room temperature for 20min, permeated with 0.5% Triton X-100
for 10 min at 4 °C. After washing with PBS solution, the cells were
prehybridized at 37 °C for 1 h and then incubated with lncRNA-
6395 specific probe (RiboBio, Guangzhou, China) at 37 °C over-
night. Then cells were washed and blocked by 3% BSA,
subsequently incubated with p53 antibody (Cell Signaling
Technology, MA, USA) overnight, then cells were washed and
conjugated with secondary antibody. The nuclei were stained by
DAPI. Cells were observed with a fluorescence microscope (Nikon
80i, Tokyo, Japan).

LncRNA-pull down assay
LncRNA-6395 and its antisense RNAs were labeled with biotin RNA
labeling mix (Roche, Basel, Switzerland) and transcribed with T7
RNA polymerase (Roche, Basel, Switzerland). The RNA was purified
with G50 Sephadex Quick Spin columns (Roche, Mannheim,
Germany). The protein samples from the whole heart (200–250
μg/sample) were incubated with purified biotinylated RNA (15–20
μg/sample) at 4 °C overnight, RNA-protein complexes were
isolated by streptavidin agarose beads, the beads were then
washed 5 times. The proteins pulled down was analyzed by
Western blot.

Statistical analysis
Data are presented as the mean ± SEM. One-way ANOVA followed
by Tukey post hoc analysis was used for multiple comparisons by
GraphPad Prism software 8.0, and unpaired Student’s t-test was
performed for comparison of two groups. A value of P < 0.05 was
considered statistically significant difference.

RESULTS
LncRNA-6395 is upregulated in I/R injured hearts and H2O2-treated
NMVCs
The I/R injury model was successfully established in mice with 45
min ischemia and 24 h reperfusion. Left ventricular EF and FS were
significantly decreased in the I/R mice (Fig. 1a–c). Myocardial

infarct size was measured by TTC staining assay in sham and I/R
group (Fig. 1d, e). Quantitative real-time RT-PCR (qRT-PCR) was
performed to detect the expression of lncRNA-6395. The expres-
sion of lncRNA-6395 was markedly increased in the infarct and
border region compared to the remote region of the I/R hearts
(Fig. 1f). In addition, H2O2, a commonly used inducer of apoptosis
[15] also induced lncRNA-6395 expression in a dose-dependent
manner in cultured NMVCs after treatment with 100, 200, and 300
μM H2O2 (Fig. 1g). H2O2 200 µM induced a significant moderate
increase in lncRNA-6395 expression and was applied in the
subsequent experiments. These data suggested that lncRNA-6395
is likely involved in I/R injury.

Overexpression of lncRNA-6395 decreases cell viability and
aggravates cell apoptosis
We then investigated whether the upregulation of lncRNA-6395 is
a contributor to cardiac apoptosis or is merely a consequence. As
depicted in Fig. 2a, lncRNA-6395 overexpressing plasmid was
transiently transfected into the cultured NMVCs, which resulted in
threefold increase in lncRNA-6395 level compared to empty vector
transfection. Forced expression of lncRNA-6395 prominently
reduced cell viability (Fig. 2b) and further aggravated 200 µM
H2O2-induced cell viability (Supplementary Fig. S1a), and elevated
LDH activities of NMVCs with or without H2O2 stimulation (Fig. 2c
and Supplementary Fig. S1b). In addition, forced overexpression of
lncRNA-6395 reduced the protein level of Bcl-2 (Fig. 2d) and
enhanced Bax expression (Fig. 2e). Flow cytometry (Fig. 2f) and
TUNEL (Fig. 2g) assay showed that lncRNA-6395 overexpression
resulted in a significant increase in cell apoptosis rates compared
with Vector group.

Knockdown of lncRNA-6395 promotes cell viability and reduces
cell apoptosis
Upregulation of lncRNA-6395 induced by H2O2 was significantly
inhibited by transfection of lncRNA-6395 siRNA (si-6395) (Fig. 3a).
In 200 µM H2O2-treated cardiomyocytes, lncRNA-6395 knockdown
resulted in increase of cell viability (Fig. 3b) and Bcl-2 expression
(Fig. 3c), and decrease of LDH activities (Fig. 3d) and Bax
expression (Fig. 3e). Consistently, flow cytometry and TUNEL
staining assays showed that knockdown of lncRNA-6395 sup-
pressed cell apoptosis induced by H2O2 (Fig. 3f, g). However,
silencing of lncRNA-6395 produced no effects on cell viability
(Supplementary Fig. S2a) and LDH activities (Supplementary
Fig. S2b) in NMVCs without H2O2 treatment. These data indicated
that lncRNA-6395 knockdown promotes NMVC viability and
reduces cell apoptosis induced by H2O2.

P53 is a downstream target of lncRNA-6395
To understand the molecular mechanism by which lncRNA-6395
promotes NMVC apoptosis, prediction of lncRNA-6395 targets was
performed by RNA-protein interaction prediction (http://pridb.
gdcb.iastate.edu/RPISeq/). The prediction score obtained by RF
algorithm was 0.85, and the score obtained by SMV algorithm was
0.97 suggested that p53 was a potential interacting protein with
lncRNA-6395. Fluorescent in situ hybridization with a specific
probe for lncRNA-6395 and p53 respectively showed that both
lncRNA-6395 and p53 were mainly expressed in the cytoplasm of
NMVCs (Fig. 4a). Furthermore, RNA pull-down assay showed that
lncRNA-6395 successfully pulled down p53, while the antisense
sequence of it failed to do so (Fig. 4b), which confirmed the
interaction between lncRNA-6395 and p53. We next examined the
influence of lncRNA-6395 on p53 expression in NMVCs. Transfec-
tion of lncRNA-6395 plasmids dramatically promoted p53 protein
level (Fig. 4c), while p53 mRNA level was not changed obviously
(Fig. 4d). However, knockdown of lncRNA-6395 resulted in the
reduction of p53 protein in NMVCs treated with H2O2 (Fig. 4e), but
not mRNA level of p53 (Fig. 4f). We further investigated the
mechanism by which lncRNA-6395 regulates the protein level of
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p53. Ubiquitin-proteasome degradation is the main metabolic
pathway of endogenous protein. Knockdown of lncRNA-6395
resulted in a decrease in p53 protein, while ubiquitin-proteasome
inhibitor MG132 (5 μmol/L) counteracted the downregulation of
p53 (Fig. 4g). In addition, overexpression of lncRNA-6395 reduced,
whereas knockdown of lncRNA-6395 increased the ubiquitination
of p53 (Supplementary Fig. S3). Therefore, we speculated that
lncRNA-6395 participated in the ubiquitination-mediated degra-
dation of p53.
In addition, we found that lncRNA-6395 overexpression led to

the nuclear translocation of p53, while knockdown of lncRNA-6395
inhibited the nuclear accumulation of p53 induced by H2O2, which
may partly explain the detrimental effects of lncRNA-6395 on

NMVCs (Fig. 4h, i). We then evaluated whether p53 can influence
the expression of lncRNA-6395. P53 overexpression plasmids
transfection significantly increased the protein and mRNA level of
p53 (Fig. 4j and Supplementary Fig. S4a). Overexpression of p53 in
NMVCs did not alter the expression of lncRNA-6395 (Fig. 4k). As
expected, knockdown of p53 failed to change the expression of
lncRNA-6395 (Fig. 4l, m and Supplementary Fig. S4b).

LncRNA-6395 regulates NMVC apoptosis through p53
Given the effects of lncRNA-6395 on p53 protein stability and
localization as shown above, we next evaluated whether lncRNA-
6395 regulates cell viability and apoptosis via acting on p53.
Knockdown of lncRNA-6395 effectively abolished H2O2-induced

Fig. 1 Increased expression of lncRNA-6395 in I/R injured mouse hearts and H2O2-treated NMVCs. a Representative echocardiography
images of mouse hearts in Sham and I/R groups. b, c Quantitative analysis of left ventricular ejection fraction (EF) and fractional shortening
(FS) in Sham and I/R groups. n= 6, **P < 0.01 vs Sham. d Representative images of TTC staining in Sham and I/R groups. Red indicates the non-
infarct area and border area, white indicates the infarct area. e Infarct size measurement by TTC staining in sham and I/R groups. n= 8, **P <
0.01 vs Sham. f Expression of lncRNA-6395 detected by qRT-PCR in different regions of I/R hearts. n= 5, **P < 0.01 vs Remote. g LncRNA-6395
expression in NMVCs treated with H2O2 100, 200, and 300 µM. n= 5, **P < 0.01 vs Control. Data are expressed by mean ± SEM.
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Fig. 2 Effects of lncRNA-6395 overexpression on NMVC apoptosis. a Level of lncRNA-6395 detected by qRT-PCR assay in NMVCs transfected
with lncRNA-6395 plasmid and empty vector served as a negative control. n= 3, **P < 0.01 vs Vector. b, c Cell viability detected by MTT assay
and LDH activities in NMVCs transfected with lncRNA-6395 plasmid. n= 4, *P < 0.05 vs Vector. d, e Bcl-2 and Bax expression detected by
Western blot assay in NMVCs with lncRNA-6395 overexpression. β-Actin served as a loading control. n= 5, **P < 0.01 vs Vector. f, g Flow
cytometry and TUNEL assay for apoptosis detection in NMVCs with different treatments. n= 4, **P < 0.01 vs Vector. Scale bar, 20 μm. Data are
expressed by mean ± SEM.
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Fig. 3 Knockdown of lncRNA-6395 rescued cell apoptosis induced by H2O2. a Level of lncRNA-6395 in NMVCs with H2O2 treatment and
lncRNA-6395 siRNA transfection. n= 3, **P < 0.01 vs Control, ##P < 0.01 vs H2O2. b Cell viability detected by MTT assay. c Expression of Bcl-2 in
NMVCs by Western blot analysis. β-Actin served as a loading control. d Activities of LDH in different groups of NMVCs. e Expression of Bax in
NMVCs by Western blot analysis. β-Actin served as a loading control. f, g Flow cytometry and TUNEL staining assay in NMVCs with different
treatments. n= 4, **P < 0.01 vs Control, ##P < 0.01 vs H2O2. Scale bar, 20 μm. Data are expressed by mean ± SEM.
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reduction of cell viability and LDH activities. However, the effects
of lncRNA-6395 were significantly restored by overexpression of
p53 (Fig. 5a, b). Similar results were obtained for apoptosis-
related protein expression. LncRNA-6395 knockdown reduced the
protein level of p53 and Bax, and increased Bcl-2 expression.

However, these effects were significantly reversed by p53 over-
expression (Fig. 5c, d, e). Furthermore, flow cytometry and TUNEL
assay revealed that enforced expression of p53 canceled the
inhibitory effects of lncRNA-6395 knockdown on cell apoptosis
(Fig. 5f, g).

Fig. 4 P53 is a downstream target of lncRNA-6395. a Representative images for the localization of lncRNA-6395 and p53 in NMVCs, lncRNA-
6395 stained in red, p53 stained in green. Scale bar, 200 μm. b Blotting of p53 pulled down by lncRNA-6395 sense, antisense, n= 3. c, d
Expression of p53 in NMVCs transfected with lncRNA-6395 plasmids by Western blot and qRT-PCR assay. n= 3-5, **P < 0.01 vs Vector. e, f
Expression of p53 in NMVCs transfected with lncRNA-6395 siRNA by Western blot and qRT-PCR assay. n= 4, **P < 0.01 vs Control, ##P < 0.01 vs
H2O2. g Expression of p53 by Western blot assay in NMVCs treated with ubiquitin-proteasome inhibitors MG132. n= 5, **P < 0.01 vs si-6395+
H2O2. h, i Representative images of lncRNA-6395 and p53 immunofluorescence staining. n= 5, Scale bar, 50 μm. j Expression of p53 by
Western blot assay in NMVCs transfected with p53 overexpressing plasmid. β-Actin served as a loading control. k Expression of lncRNA-6395
by qRT-PCR assay in NMVCs transfected with p53 overexpressing plasmid. n= 4, **P < 0.01 vs Vector. l Expression of p53 by Western blot assay
in NMVCs transfected with p53 siRNA. β-Actin served as a loading control. m Expression of lncRNA-6395 by qRT-PCR assay in NMVCs
transfected with p53 siRNA. n= 4, **P < 0.01 vs NC. Data are expressed by mean ± SEM.
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Knockdown of p53 attenuates the pro-apoptotic effects of lncRNA-
6395
We employed siRNA for p53 to investigate lncRNA-6395 effects on
cell viability and apoptosis, LDH activities, and apoptosis-related
proteins. As expected, knockdown of p53 attenuated the effects of
lncRNA-6395 overexpression on NMVCs. Knockdown of p53
recovered the reduced cell viability and enhanced LDH activities
by lncRNA-6395 overexpression (Fig. 6a, b). Silencing p53 canceled
inhibitory effect of lncRNA-6395 on Bcl-2, abolished increased p53
and Bax expressions (Fig. 6c–e), and blocked cell apoptosis
induced by lncRNA-6395 by flow cytometry or TUNEL assay
(Fig. 6f, g).

Knockdown of lncRNA-6395 rescues cardiac I/R injury in mice
To further understand the role of lncRNA-6395 in vivo, we
evaluated the effects of lncRNA-6395 on myocardial I/R injury in
lncRNA-6395 heterozygous knockout mice (lncRNA-6395+/−). As
shown in Fig. 7a, the level of lncRNA-6395 in lncRNA-6395+/− was
decreased than that of WT controls. Compared to WT mice,
lncRNA-6395+/− mice demonstrated improved heart function
after I/R injury, as reflected by increased EF and FS (Fig. 7b–d),
minimized infarct size (Fig. 7e, f), increased apoptosis-related
protein Bcl-2 (Fig. 7g), and decreased plasma LDH activities

(Fig. 7h), Bax (Fig. 7i) and p53 protein (Fig. 7j). Consistent with the
in vitro experiment, there was no difference in p53 mRNA level
between WT and lncRNA-6395+/− mice after I/R injury (Fig. 7k).
These data indicated that knockdown of lncRNA-6395 in vivo has a
protective effect against I/R injury.

DISCUSSION
In the present study, we functionally characterized that lncRNA-
6395 promoted cardiomyocytes apoptosis and deteriorated
I/R injury through interacting with p53. LncRNA-6395 was
increased in I/R injured hearts and H2O2-treated NMVCs. Over-
expression of lncRNA-6395 had deleterious effects in NMVCs,
while knockdown of lncRNA-6395 did the opposite. LncRNA-6395
promoted apoptosis and deteriorated I/R injury through enhan-
cing p53 nuclear transportation by preventing ubiquitination-
mediated p53 degradation. Knockdown of lncRNA-6395
decreased cardiac infarct size and improved heart function in
mice with I/R injury.
Cardiomyocyte loss induced by I/R injury is the major challenge

in the treatment of MI, and inhibition of cardiomyocyte apoptosis
is considered to be a critical therapeutic strategy [16]. LncRNAs
have been proved to possess critical functions in regulating

Fig. 5 Overexpression of p53 abolished the inhibitory effects of lncRNA-6395 knockdown on cell apoptosis. a, b Cell viability detected by
MTT assay and activities of LDH in different groups of NMVCs. n= 3, *P < 0.05, **P < 0.01 vs Control, #P < 0.05 vs H2O2,

&P < 0.05 vs si-6395+
H2O2. c–e Expression of p53, Bcl2, Bax in NMVCs by Western blot analysis. β-Actin served as a loading control. n= 3-4, **P < 0.01 vs Control, ##P
< 0.01 vs H2O2,

&P < 0.05, &&P < 0.01 vs si-6395+H2O2. f, g Flow cytometry and TUNEL staining assay in NMVCs with different treatments. n= 4,
**P < 0.01 vs Control, ##P < 0.01 vs H2O2,

&&P < 0.01 vs si-6395+ H2O2. Scale bar, 20 μm. Data are expressed by mean ± SEM.
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Fig. 6 Knockdown of p53 decreased the pro-apoptotic effects of lncRNA-6395. a, b Cell viability detected by MTT assay and activities of
LDH in different groups of NMVCs. n= 3, **P < 0.01 vs Control, #P < 0.05, ##P < 0.01 vs lncRNA-6395. c–e Expression of Bcl-2, p53, Bax in NMVCs
by Western blot analysis. β-Actin served as a loading control. n= 4, **P < 0.01 vs Control, #P < 0.05, ##P < 0.01 vs lncRNA-6395. f, g Flow
cytometry and TUNEL staining assay in NMVCs with different treatments. n= 4, **P < 0.01 vs Control, ##P < 0.01 vs lncRNA-6395. Scale bar, 20
μm. Data are expressed by mean ± SEM.
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Fig. 7 Knockdown of lncRNA-6395 relieved myocardial I/R injury in mouse model. a Expression of lncRNA-6395 detected by qRT-PCR in WT
and lncRNA-6395+/− mice. n= 4, **P < 0.01 vs WT. b Representative images of echocardiography in different groups of mice. c, d Left
ventricular ejection fraction (EF) and fractional shortening (FS) in lncRNA-6395+/− mice subjected to I/R injury. n= 8, **P < 0.01 vs WT, ##P <
0.01 vs I/R. e Representative images of myocardial tissues stained by TTC in different groups. The infarct area was stained pale white and non-
infarct area was stained brick red. f Quantification of infarct size by TTC staining in different groups, lncRNA-6395-knockout decreased the
infarct size after MI. n= 8, **P < 0.01 vs WT, ##P < 0.01 vs I/R. g Expression of Bcl-2 by Western blot analysis in different groups. β-Actin served as
a loading control. n= 5, **P < 0.01 vs WT, ##P < 0.01 vs I/R. h Activities of LDH in different groups of mice. n= 5, **P < 0.01 vs WT, ##P < 0.01 vs I/
R. i, j Expression of Bax and p53 by Western blot analysis in different groups. β-Actin served as a loading control. n= 5, **P < 0.01 vs WT, ##P <
0.01 vs I/R. k P53 expression at mRNA level in lncRNA-6395+/− mice subjected to I/R injury by qRT-PCR. n= 4, *P < 0.05 vs WT. Data are
expressed by mean ± SEM.

lncRNA-6395 regulates cell apoptosis and I/R injury via p53
LF Zhan et al.

1392

Acta Pharmacologica Sinica (2022) 43:1383 – 1394



biological and pathological processes. Recently, several lncRNAs
have been reported to be involved in I/R injury. Liu et al. found
that lncRNA CAIF alleviates I/R injury by inhibiting cardiac
autophagy [17]. Knockdown of lncRNA NRF attenuates I/R injury
by targeting miR-873 [18]. LncRNA Neat1 aggravates myocardial I/
R injury via promoting apoptosis and autophagy in diabetic rats
[19]. Our previous study demonstrated that LncRNA-ACART
alleviated cardiomyocyte apoptosis via the PPARγ/Bcl-2 pathway
[20]. In this study, we found that lncRNA-6395 was notably
upregulated in I/R injured hearts and H2O2-treated NMVCs. Forced
expression of lncRNA-6395 promoted NMVC apoptosis and
reduced cell viability; knockdown of lncRNA-6395 attenuated the
detrimental effects induced by H2O2, alleviated myocardial I/R
injury and improved heart function in mice.
LncRNAs regulate gene expression at the epigenetic, transcrip-

tional and posttranscriptional levels by binding or interacting with
DNAs, RNAs or proteins. LncRNA CCRR improves cardiac conduc-
tion by directly binding with Cx43-interacting protein CIP85 and
preventing CIP85-mediated Cx43 endocytic trafficking and degra-
dation [4]. LncRNA ZFAS1 directly binds to a critical Ca2+ handling
protein SERCA2a and represses its expression, and therefore
impairs cardiac contractile function during MI [9]. In this study, we
found that lncRNA-6395 exerts its effects by directly binding to
p53 and therefore preventing its ubiquitination-mediated degra-
dation and promoting its nuclear translocation. Song et al. found
that p53 expression is upregulated in the myocardium of patients
with congestive heart failure, and overexpression of p53 promotes
cardiomyocyte apoptosis [21]. It has been reported that lysine
methyltransferase Smyd2 can methylate p53, which leads to p53-
mediated cardiomyocytes apoptosis decrease [22]. Accumulation
of p53 leads to myocardial apoptosis, promoting p53 degradation
can protect the heart from ischemia injury [23]. Our experimental
results showed that overexpression of lncRNA-6395 increased the
protein level of p53, while knockdown of lncRNA-6395 resulted in
the downregulation of p53 and protected the hearts against the I/
R injury.
Ubiquitin-proteasome degradation pathway is the main meta-

bolic pathway of endogenous protein. Several lines of evidence
indicated that lncRNAs are involved in this process. LncRNA
TROJAN directly binds to ZMYND8 and promotes ZMYND8
ubiquitin-proteasome degradation in triple-negative breast cancer
[24]. UPAT binds to the ubiquitination site of protein uhrf1, and
thus protects uhrf1 from being degraded by ubiquitination [25].
Our data showed that the ubiquitin-proteasome inhibitor MG132
counteracted the downregulation of p53 by lncRNA-6395 knock-
down, indicating that regulation of lncRNA-6395 on p53 expres-
sion involves ubiquitin-proteasome system and lncRNA-6395
might serve as a protein stabilizer for p53.
Generally, protein exerts its function in certain sub-cellular

compartments of cells. P53 is normally held in the cytoplasm,
under stress condition p53 will be transported into the nucleus by
a microtubule-dependent dynein [26]. Studies demonstrated that
lncRNAs could regulate the sub-cellular localization of proteins.
Imamura et al. demonstrated that lncRNA NEAT1 binds to protein
SFPQ which leads SFPQ to separate from IL-8 promoter, and
relocate to paraspeckles [27]. Cytosolic lncRNA P53RRA interacts
with G3BP1 and causes p53 to separate from a G3BP1 complex,
resulting in p53 retention in the nucleus and further leading to cell
cycle arrest, apoptosis, and ferroptosis [28]. Our results showed
that enforced expression of lncRNA-6395 led to the upregulation
and translocation of p53 into the nucleus, while knockdown of
lncRNA-6395 attenuated p53 level and nuclear translocation
induced by H2O2.
In normal circumstances, p53 is maintained at low levels by its

negative regulator murine double minute-2 (MDM2) a ubiquitin
ligase. MDM2 and p53 form a negative-feedback loop, in which
p53 induces the expression of MDM2, which in turn promotes the
ubiquitination-mediated degradation of p53 and decreases

cellular p53 level [29]. In response to cellular stresses including
DNA damage, hypoxia, oncogene activation, etc., the protein
stability and abundance of p53 are increased and the p53
transcriptional response is augmented [10]. Wang et al. reported
that lncRNA-UCA1 knockdown inhibited MDM2 level by interact-
ing with its direct target miR-143 thereby inducing the activation
of p53 in H/R-induced cardiomyocyte apoptosis [30]. Our results
showed that lncRNA-6395 did not yield significant effects on
MDM2 expression (Supplementary Fig. S5), indicating that MDM2
pathway may not be involved in p53 regulation by lncRNA-6395.
In summary, we demonstrated that lncRNA-6395 promotes

apoptosis and deteriorates I/R injury through preventing
ubiquitination-mediated p53 degradation and enhancing p53
nuclear transportation; knockdown of lncRNA-6395 decreased
cardiac infarct size and improved heart function in mice with I/R
injury. Our study provides a novel insight into the understanding
of the role of lncRNA in I/R injury.
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