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Background: Long non-coding RNAs (LncRNAs) play important roles in doxorubicin 
(DOX)-induced apoptosis of cardiomyocytes. However, the function of lncRNA SOX2-OT 
is unclear. This study was carried out to investigate the function of SOX2-OT in doxorubicin- 
induced cardiomyocyte apoptosis.
Methods: qRT-PCR and immunoblotting were used to detect the expression levels of 
SOX2-OT, miR-942-5p and death protein-5 (DP5) in DOX-treated primary cardiomyocytes 
and rat models. The relationship among miR-942-5p, SOX2-OT, and DP5 was explored by 
luciferase reporter assay. The effects of SOX2-OT, miR-942-5p and DP5 on doxorubicin- 
induced cardiomyocyte apoptosis were evaluated by Annexin V-FITC/PI method and cas-
pase-3 activity assay. The effect of SOX2-OT on cardiomyocyte apoptosis was analyzed by 
TUNEL staining and echocardiography.
Results: SOX2-OT and DP5 were highly expressed, while miR-942-5p was down-regulated 
in DOX-treated primary cardiomyocytes and rat model. SOX2-OT can upregulate DP5 as 
a sponge of miR-942-5p, which was a direct target of miR-942-5p. In addition, miR-942-5p 
reversed the protective effect of knockdown of SOX2-OT on cardiomyocytes by inhibiting 
the expression of DP5 in vitro and in vivo.
Conclusion: Knockdown of SOX2-OT down-regulated DP5 via sponging miR-942-5p and 
inhibiting DOX-induced apoptosis of primary cardiomyocytes.
Keywords: lncRNA SOX2-OT, miR-942-5p, DP5, cardiomyocyte, apoptosis

Introduction
Doxorubicin (DOX) is an anthracycline anticancer antibiotic.1,2 It is widely used as 
a chemotherapeutic agent in the treatment of various human tumors including breast 
cancer, lymphoma, lung cancer and leukemia.3,4 However, the clinical use of DOX 
is highly limited by cumulative and irreversible cardiomyopathy that occurs follow-
ing DOX treatment. The pathogenesis of DOX-induced cardiac muscle dysfunction 
is complex.5 Previous studies have found that cardiomyocyte apoptosis has some 
common features with cardiomyocyte differentiation, and low concentration of 
DOX can induce stem cell to differentiate into cardiomyocytes, while high con-
centration of DOX can induce cardiomyocyte apoptosis.6–8 To date, there is no 
effective treatment for DOX-induced cardiotoxicity and heart failure.9 

Understanding the mechanism of DOX-induced cardiomyocyte death will provide 
insights into the reduction of reducing cardiotoxicity and protection of heart 
function.
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Long non-coding RNAs (LncRNAs) are greater than 
200 nucleotides in length.10 Studies have reported altered 
expression of lncRNAs under conditions of cardiac devel-
opment and function maintenance as well as normal phy-
siological conditions of the vascular system.11 An 
increasing number of evidence has shown that lncRNAs 
play critical roles in coronary heart disease, congenital 
heart disease, myocardial disease, cardiac hypertrophy, 
myocardial fibrosis and heart failure.12,13 LncRNA SOX2- 
OT is located on human chromosome 3q26.3 (chr3q6.3) 
and is essential for maintaining the pluripotency of self- 
renewing and undifferentiated embryonic stem cells.14 

Studies have shown that SOX2-OT is closely related 
with the occurrence of various tumors.15 For example, 
high expression levels of SOX2-OT are associated with 
malignancy and poor prognosis.16 However, the biological 
function of SOX2OT in doxorubicin-induced apoptosis of 
cardiomyocytes is unclear.

MicroRNAs (miRNAs) are a class of endogenous non- 
coding small RNAs.17,18 Extensive studies have shown 
that miRNAs are closely related to cardiovascular physiol-
ogy and pathology.19,20 Non-coding RNAs including 
miRNAs involve pathways such as myocardial apoptosis, 
myocardial hypertrophy, myocardial fibrosis, and inhibi-
tion of neovascularization after acute myocardial infarc-
tion to accelerate pathological processes.21,22 MiR-942-5p 
was reported to be downregulated in a variety of diseases, 
however, its function in the doxorubicin-induced cardio-
myocyte apoptosis and the regulatory mechanisms are not 
clear.23 The expression of death protein 5 (DP5) is inhib-
ited or downregulated in tissues, which promotes the inva-
sion and spread of cells.24 It has been shown that DP5 is 
closely related to cell transformation, inflammation, apop-
tosis, proliferation and autophagy.25 Therefore, it was 
speculated that SOX2OT may regulate the progression of 
doxorubicin-induced cardiomyocyte apoptosis through the 
miR-942-5p/DP5 axis. The main goal of this study was to 
investigate the regulation of SOX2OT in doxorubicin- 
induced cardiomyocyte apoptosis, which provides 
a theoretical basis for finding new drug targets.

Materials and Methods
Cell Isolation and Culture
Primary cultured cardiomyocytes (PC) were prepared as 
described in the literature.26 The SD rats of 1–3 d were taken 
out and hearts were aseptically removed. Cells were digested 
with 1 g/L of sterile collagenase II to prepare cell suspension. 

Cells were suspended in Dulbecco’s Modified Eagle Medium/ 
F-12 (GIBCO, USA) containing 10% FBS, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Cells were then incu-
bated in 95% air and 5% CO2 at 37°C for 24 or 48 h, and the 
adherent cells were washed twice in phosphate-buffered saline 
(PBS). The cultures were depleted of erythroid progenitor 
cells through the removal of cells that did not adhere to the 
culture dish at medium change. Cells were harvested at 80% 
confluence with 0.25% trypsin and passaged at a ratio of 1:3. 
The medium was changed twice a week. The primary cardio-
myocytes were harvested after cultured for 21–28 d. This 
study was approved by the Animal Care and Use Committee 
of the First Affiliated Hospital of Shantou University Medical 
College. All experimental procedures were performed follow-
ing the guidelines for the use of laboratory animals in China.

Cell Transfection
PcDNA3.1-SOX2-OT (SOX2-OT; catalog: #39453), siRNA 
for SOX2-OT (si-SOX2-OT; 5′-GGAGAUUGUGACC 
UGGCUU-3′), miR-942-5p mimic (catalog: #4263066), 
miR-942-5p agomir (catalog: #245813), siRNA against DP5 
(si-DP5; 5′-GATGTGAACTCTGAGACTTTGTGAT-3′), 
miRNA negative control (miR-NC; 5′-GGUAUUCCUC 
UCGUUUACA-3′) or negative control were obtained from 
Shanghai GenePharma Co., Ltd. (Shanghai, China). For cell 
transfection, primary cardiomyocytes were plated in 24-well 
plates and transfected with 100 ng target vector using 
Lipofectamine 2000 (Invitrogen). The medium was replaced 
with fresh medium after 6 h. Subsequent experiments were 
performed at 24 h after transfection.

In vivo Studies
Male Wister rats (10–11 weeks old) were purchased from 
Shantou University Medical College Animal Research 
Center. This study was performed in strict accordance 
with the NIH guidelines for the care and use of laboratory 
animals (NIH Publication No. 85–23 Rev. 1985). All ani-
mal procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of 
“the First Affiliated Hospital of Shantou University 
Medical College” and approved by the Animal Ethics 
Committee of “Animal Ethical and Welfare Committee 
(AEWC)”.

To obtain an optimal efficacy of cardiac knockdown of 
SOX2-OT and overexpression of miR-942-5p, the rAAV9 
(Biowit Technologies Co., Ltd, China; catalog: #7863)- 
mediated gene delivery was achieved through intramyo-
cardial injection. Twenty microliters containing 5 × 1012 
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GC (genome copies) of rAAV9 vectors were injected in 
five randomly chosen sites within left ventricles. After 
injection for 1 week, the rats were injected intraperitone-
ally with 2.5 mg/kg DOX, and a cardiomyopathy model 
was induced in six equal doses over a period of 2 weeks. 
Two weeks after the last injection of DOX, cardiac func-
tion was evaluated by echocardiography and hemody-
namics, and myocardial specimens were subjected to 
molecular biological analyses. Rats in the control group 
(Control, n = 10) were intraperitoneally injected with 
saline solution. Four weeks after the first injection of 
DOX, animals were anesthetized with pentobarbital 
(40 mg/kg) intraperitoneally and echocardiographic para-
meters were analyzed using a MicroUltrasound system 
(Vevo 770, VisualSonics Inc.). Linear sensors were used 
to analyze LVFS and LVEF. The rats were euthanized 
through intraperitoneal administration of a 120 mg/kg 
pentobarbital solution. Rat death was verified with no 
heartbeat, no spontaneous breathing for 2 min and no 
blink reflex. Then, the hearts were collected for qRT- 
PCR, Western blotting, and terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling (TUNEL).

CCK-8 Assay
Cell counting Kit-8 kit (CCK-8, MyBioSource) was used 
to detect the viability of primary cardiomyocytes. In brief, 
104 cells were seeded into a 96-well plate at 37°C. At 0, 
12, 24, 48, and 72 h after experimental treatment, the cells 
were incubated with 100 µL CCK-8 solution for 2 
h. Finally, the OD values at 450 nm were recorded using 
a microplate reader.

Dual-Luciferase Reporter Gene Assay
StarBase web server v2.0 and Target scan v7.2 were used 
to predict the interaction among SOX2-OT, miR-942-5p 
and DP5. Sequence of the putative miR-942-5p target 
binding sequence of the wild type and mutant (Mut) 3ʹ- 
UTR of DP5 (Wt), and the wild type (Wt) and mutant 
(Mut) of SOX2-OT containing the putative binding site of 
miR-942-5p were synthesized and cloned into pmirGLO 
dual-luciferase reporter vector (Promega, Madison, WI, 
USA), and fused downstream of firefly luciferase gene. 
A total of 1 x 105 cells were seeded into a 12-well plate. 
MiR-942-5p mimics or mock NC (100 ng) were co- 
transfected into HEK293 cells (Mingjin, Shanghai, 
China) for 6 h using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA). Luciferase activity was measured 48 
h after transfection using the Dual-Luciferase Reporter 

Assay Kit (Promega). The activity of firefly luciferase 
gene was normalized to the activity of Renilla luciferase 
gene.

RNA Extraction and Quantification 
Real-Time PCR
Total RNAs in cells were extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA). After reverse transcription 
reaction, qRT-PCR was performed using a ViiATM 7 real- 
time PCR system (Life Technologies, Grand Island, NY). 
GAPDH and U6 were used as internal references. The 
relative expression levels of each gene were calculated 
and normalized using the 2-ΔΔCt method. Quantitative real- 
time PCR (qRT-PCR) was performed as described in 
literature.27 Primers used for qRT-PCR analysis are listed 
in Table 1.

Western Blot
Total proteins were extracted from transfected cells, and 
protein concentrations were quantified using the BCA 
Protein Assay Kit. Protein samples were denatured in 
boiling water for 10 min and separated using SDS-PAGE 
gel (10%). After transferring to PVDF membrane, blotting 
was performed by incubating with anti-GAPDH (1:1,000; 
Cell Signaling Technology, Boston, MA), DP5 (1:1,000; 
Cell Signaling Technology Boston, MA) at 4°C overnight. 
The anti-rabbit secondary antibody (1:5,000; Cell 
Signaling Technology Boston, MA) was then added and 
incubated for 1 h. Western blot was carried out as 
described in literature.28

Table 1 Primers Used in This Study

Name Sequence (5′-3′)

SOX2-OT Forward: GTAGCCTTCTGGAACGCCAATTG

Reverse: AGTGCAAGTGTAGGAGAATCATC

DP5 Forward: ACGCATCGAGGACTTAGAGA

Reverse: CTGAAGATTGGCTATCGTGCC

miR-942-5p Forward: GCAATGGCCTTAGCGGACAC

Reverse: CAGAGTCTTAGAACGAGGAC

U6 Forward: AGAGAAGATTAGCATGGCCCCTG

Reverse: AGTGCAGGGTCCGAGGTATT

GAPDH Forward: CCAAGGTCATCCATGACAAC

Reverse: GCTTCACCACCTTCTTGATG
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Caspase-3 Activity Analysis
Caspase-3 activity was measured by a colorimetric assay 
kit (KeyGen, China). The cell protein concentration was 
determined by the BCA method. Samples containing equal 
amount of protein were incubated with 2x reaction buffer 
and specific substrate for 4 h. The absorbance at 405 nm 
was measured on a microplate reader (HynergyTM HT, 
BIOTEK, Winooski, VT, USA).

Annexin V-FITC/PI Double-Labeled Flow 
Cytometry
Apoptosis was measured by FITC Annexin V Apoptosis 
Detection Kit (Vazyme, Nanjing, China). The transfected 
cells were collected for washing, followed by incubation 
with 500 μL of binding buffer, 5 μL of FITC Annexin 
V and 10 μL of propidium iodide (PI). The apoptotic rate 
was determined using flow cytometry (FACS Calibur, 
USA). Specific experimental methods were carried out in 
reference to the literature.29

TUNEL Analysis
The myocardial tissues embedded in paraffin were incu-
bated with recombinant terminal deoxynucleotidyl trans-
ferase (rTdT) solution for 1 h. Then, it was stained using 
DAPI. TUNEL-stained cells were observed under 
a fluorescence microscope (Olympus, Fluoview 1000, 
Tokyo, Japan).

Statistical Analyses
Data were presented as mean ± standard deviation (mean ± 
SD). Statistical analyses were performed using the 
SPSS19.0 statistical software. Differences were compared 
with one-way ANOVA and subsequent LSD test. P < 0.05 
indicated that the difference was significant.

Results
SOX2-OT Was Highly Expressed in 
Doxorubicin Stimulated Primary 
Cardiomyocyte
First, whether SOX2-OT changed in heart disease and 
established a DOX-induced cardiomyocyte injury model 
was analyzed. As shown in Figure 1A and B, DOX was 
able to gradually decrease the cell viability of PC cells with 
the increasing of dose and duration of action (P < 0.01). As 
shown in Figure 1C and D, DOX treatment obviously 
promoted cell apoptosis in a dose and time-dependent 

manner. In addition, the expression levels of SOX2-OT 
were significantly increased in DOX-stimulated PC cells, 
and DOX treatment increased the expression levels of 
SOX2-OT in a dose and time-dependent manner (Figure 
1E and F). Considering that PC cells treated with 5 μM 
DOX for 24 h had the most significant changes in cell 
viability, apoptotic rate, and the expression levels of SOX2- 
OT, this experimental condition was chosen for subsequent 
experiments. These results indicated that SOX2-OT played 
a critical role in DOX-induced cardiomyocyte apoptosis.

SOX2-OT Functioned as a Sponge of 
miR-942-5p in Primary Cardiomyocytes
Starbase revealed that SOX2-OT may have a putative 
binding site for miR-942-5p (Figure 2A). The lucifer-
ase reporter gene assay was performed to test this 
hypothesis. The reported plasmid was co-transfected 
into HEK293 cells with miR-942-5p mimic or negative 
control. As shown in Fig 0.2B, overexpression of miR- 
942-5p significantly reduced the luciferase activity of 
the SOX2-OT wild type vector, but it did not change 
the mutated vector. Furthermore, as shown in 
Figure 2C, the expression levels of SOX2-OT in si- 
SOX2-OT group were significantly decreased com-
pared with that in si-NC group (P < 0.01), and its 
expression levels in SOX2-OT group were obviously 
increased compared with that in NC group (P < 0.01). 
In addition, the expression levels of miR-942-5p were 
remarkably up-regulated in si-SOX2-OT group com-
pared with that in si-NC group (P < 0.01), and its 
expression levels in SOX2-OT group were obviously 
down-regulated compared with that in NC group (P < 
0.01). Moreover, the expression levels of miR-942-5p 
were significantly decreased in the DOX-treated group 
in a dose and time-dependent manner (Figure 2D and 
E). Taken together, these results demonstrated that 
SOX2-OT exerted its biological function by sponging 
miR-942-5p.

SOX2-OT Sponged and Sequestered 
miR-942-5p to Upregulate the Expression 
of DP5
TargetScan revealed that DP5 was a potential target for miR- 
942-5p (Figure 3A). To confirm this, the luciferase reporter 
gene assay was performed and found that overexpression of 
miR-942-5p reduced the luciferase activity of the DP5 wild 
type vector, but did not reduce the luciferase activity of the 
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Figure 1 DOX treatment inhibited cell viability, promoted apoptosis, and up-regulated the expression of SOX2-OT in cardiomyocytes. (A and C and E) Cardiomyocytes 
were stimulated with different concentrations of DOX (0.1, 1, 5, 10 μM) for 24 h. (A) Cell viability were detected by CCK-8 assay. (C) Apoptotic cells were detected using 
a flow cytometry. (E) The expression of SOX2-OT was detected by RT-qPCR. (B and D and F) Cardiomyocytes were stimulated with 5 μM DOX for 12, 24, 48, and 72 
h. (B) Cell viability was detected by CCK-8 assay. (D) Apoptotic cells were detected using a flow cytometry. (F) The expression of SOX2-OT was detected by RT-qPCR. *p < 
0.05, **p < 0.01, ***p < 0.001 vs the control group.

Drug Design, Development and Therapy 2021:15                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
485

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 2 SOX2-OT acted as a sponge for miR-942-5p to exert biological effects. (A) Putative targeting sites for SOX2-OT and miR-942-5p. (B) Analysis of luciferase activity 
in HEK293 cells co-transfected with miR-942-5p mimics and SOX2-OT-WT or SOX2-OT-Mut vectors. **p < 0.01 vs SOX2-OT-MUT. (C) mRNA expression level of miR-942- 
5p in primary cardiomyocytes knocked down or overexpressed by SOX2-OT. **p < 0.01 vs siNC or NC. (D) Cardiomyocytes were stimulated with different concentrations 
of DOX (0.1, 1, 5, 10 μM) for 24 h. The expression of miR-942-5p was detected by RT-qPCR. (E) Cardiomyocytes were stimulated with 5 μM DOX for 12, 24, 48, and 72 
h. *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group.

Figure 3 SOX2-OT upregulated the expression of DP5 by sponging miR-942-5p. (A) Putative binding sites for miR-942-5p and DP5 3ʹ-UTR. (B) Analysis of luciferase activity 
in HEK293 cells co-transfected with miR-942-5p mimic and DP5 3ʹ-UTR-WT or DP5 3ʹ-UTR-Mut vector. **p < 0.01 vs DP5-WT. (C) DP5 mRNA expression levels in 
primary cardiomyocytes co-transfected with miR-942-5p mimic and SOX2-OT. **p < 0.01 vs miR-NC; ##p < 0.01 vs miR-NC+SOX2-OT. (D) Cardiomyocytes were 
stimulated with different concentrations of DOX (0.1, 1, 5, 10 μM) for 24 h. The expression levels of DP5 were detected by RT-qPCR. (E) Cardiomyocytes were stimulated 
with 5 μM DOX for 12, 24, 48, and 72 h. *p < 0.05, **p < 0.01, ***p < 0.001 vs the control group.
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mutated vector (Figure 3B). Furthermore, as shown in 
Figure 3C, the expression levels of miR-942-5p were sig-
nificantly increased in the miR-942-5p overexpression group 
compared with that in the NC group (P < 0.01), indicating 
successful transfection. The expression levels of DP5 in 
miR-942-5p overexpression group were obviously reduced, 
while remarkably increased in SOX2-OT overexpression 
group (Figure 3C). In addition, overexpression of miR- 
942-5p reversed the effect of overexpression of SOX2-OT 
on the expression of DP5 (Figure 3C). As shown in 
Figure 3D and E, DOX treatment significantly promoted 
the expression levels of DP5 in a dose and time-dependent 
manner. Taken together, these results demonstrated that 
SOX2-OT increased the expression levels of DP5 by acting 
as a sponge for miR-942-5p.

Knockdown of SOX2-OT Inhibited 
Myocardial Apoptosis via the miR-942-5p/ 
DP5 Axis in vitro
Next, whether SOX2-OT was involved in doxorubicin- 
induced cardiomyocyte apoptosis was further explored. 
The effects of si-NC, si-SOX2-OT, miR-942-5p, 
or si-DP5 treatment on the apoptosis of primary cardi-
omyocytes were assessed. Results showed that si-NC, 
si-SOX2-OT, miR-942-5p, si-DP5, si-SOX2-OT + 
miR-942-5p, and si-SOX2-OT + si-DP5 treatment had 
no significant effect on cardiomyocyte apoptosis 
(Figure S1). As shown in Figure 4A and C, DOX 
significantly promoted apoptosis of primary cardiomyo-
cytes compared with that in the control group (P < 
0.01). Apoptosis of primary cardiomyocytes was sig-
nificantly inhibited in si-SOX2-OT group, miR-942-5p 
overexpression group and si-DP5 group (P < 0.01). Co- 
transfection of si-SOX2-OT with miR-942-5p reversed 
the effect of si-SOX2-OT on apoptosis of primary 
cardiomyocytes (P < 0.01). As shown in Figure 4B 
and D, DOX significantly promoted Caspase-3 activity 
compared with that in the control group (P < 0.01). 
The activity of Caspase-3 was significantly inhibited in 
the si-SOX2-OT group, the miR-942-5p overexpression 
group, and the si-DP5 group (P < 0.01). Co- 
transfection of si-SOX2-OT with miR-942-5p reversed 
the effect of si-SOX2-OT on Caspase-3 activity 
(P < 0.01). These results indicated that si-SOX2-OT 
inhibited apoptosis of primary cardiomyocytes by 
down-regulating DP5 to up-regulate miR-942-5p.

Knockdown of SOX2-OT Improved 
Myocardial Function Through Regulating 
miR-942-5p in vivo
Four weeks after the first injection of DOX, organ samples 
were collected, and cardiac function was measured by 
echocardiography. As shown in Figure 5A and B, knock-
down of SOX2-OT significantly inhibited the expression 
of SOX2-OT and DP5 (P < 0.01), while knockdown of 
SOX2-OT significantly increased the expression levels of 
miR-942-5p in cardiac tissues (P < 0.01). Co-transfection 
of si-SOX2-OT and miR-942-5p reversed the effect of si- 
SOX2-OT on the expression of SOX2-OT, DP5 and miR- 
942-5p in cardiac tissues (P < 0.01). As shown in 
Figure 5C and D, LVEF and LVFS scores were signifi-
cantly lower after DOX treatment than that in the control 
group (P < 0.01), while LVEF and LVFS scores were 
significantly elevated in si-SOX2-OT group and miR- 
942-5p overexpression group (P < 0.01). Co-transfection 
of si-SOX2-OT with miR-942-5p reversed the effect of si- 
SOX2-OT on LVEF and LVFS scores (P < 0.01). TUNEL 
staining showed that the apoptosis rate of DOX was sig-
nificantly increased compared with that in the control 
group (P < 0.01), and the apoptosis rate of miR-942-5p 
overexpression group was significantly decreased in si- 
SOX2-OT group (P < 0.01). Co-transfection of si-SOX2- 
OT with miR-942-5p reversed the effect of si-SOX2-OT 
on apoptosis rate (P < 0.01) (Figure 5E). Taken together, 
these results indicated that knockdown of SOX2-OT effec-
tively restored cardiomyocyte apoptosis via the miR-942- 
5p/DP5 axis.

Discussion
Doxorubicin is one of the most widely used and most 
effective anti-tumor drugs in clinical practice, and is 
often used to treat various malignant tumors and 
leukemias.30,31 However, the cardiotoxicity produced by 
the application of doxorubicin greatly limits the anti-tumor 
effect to a certain extent.32 With the increase of dosage, 
the clinical symptoms of myocardial injury gradually 
appear, and there is no effective prevention and treatment. 
Cardiotoxicity caused by doxorubicin can be divided into 
acute injury and chronic injury, both of which can lead to 
abnormal heart function, cardiomyopathy, and finally lead 
to severe heart failure and even death.33,34 Cardiomyocyte 
death caused by the accumulation of doxorubicin even-
tually exceeds the maximum limit that can be tolerated by 
normal cardiac compensation, resulting in a series of 
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Figure 4 Biological role of SOX2-OT in DOX-induced cardiomyocyte apoptosis. Cells transfected with si-NC, si-SOX2-OT, miR-NC, miR-942-5p mimic or si-DP5 were 
treated with DOX for 24 h. Apoptosis rate of primary cardiomyocytes transfected with (A and C) si-NC, si-SOX2-OT and miR-NC, miR-942-5p mimic or si-DP5. (B and D) 
Determination of caspase-3 activity in si-NC, si-SOX2-OT and miR-NC, miR-942-5p mimic or si-DP5 transfected primary cardiomyocytes. ***p<0.001 vs control; ##p<0.01 
vs si-NC; &p<0.05 vs si-SOX2-OT.
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Figure 5 Effect of overexpression of SOX2-OT on myocardial function and apoptosis. (A) The expression levels of SOX2-OT, miR-942-5p and DP5. (B) Protein expression 
levels of DP5 in rats. Quantitative analysis of LVEF (C), and LVFS (D) in rats. (E) Apoptosis of cardiomyocytes was measured by the TUNEL method. **p < 0.01 and ***p < 
0.001 vs Control; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs si-NC; &p < 0.05 vs si-SOX2-OT.
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ventricular remodeling processes similar to other myocar-
dial damage.35 Therefore, it is of great theoretical and 
practical value to explore new strategies for antagonizing 
doxorubicin-induced cardiomyocyte apoptosis at the cellu-
lar level.

Long non-coding RNAs (LncRNAs) are a class of 
RNA molecules.36 Studies have shown that lncRNAs can 
regulate gene expression and influence signaling pathways 
at transcriptional and post-transcriptional levels.37 Recent 
studies on the role of lncRNAs in the heart have been 
mainly focused on heart damage and remodeling, endothe-
lial cell biology and angiogenesis.38 Studies on the role of 
lncRNA in cardiomyocytes found that lncRNA Bvht plays 
a part in the maintenance of cardiovascular developmental 
lineage.39 LncRNA CHRF is a newly discovered lncRNA 
that could serve as a target for the treatment of heart 
failure.40 It has been demonstrated that lncRNA 
SOX2OT plays a critical role in the regulation of biologi-
cal behavior of many diseases and is closely related to the 
prognosis of patients.41 In this study, it was found that 
DOX was able to inhibit the cell viability of PC cells and 
SOX2-OT was up-regulated after stimulation with DOX.

Studies have found that miRNAs are not only regulatory 
molecules for transcription and expression of genes in cells, 
but also signal molecules for information transmission 
between cells.42 In cardiovascular disease, miRNAs regulate 
angiogenesis, cardiomyocyte apoptosis and differentiation. 
MiRNAs also play a part in pathological conditions such as 
cardiac hypertrophy, arrhythmia, cardiac fibrosis, myocardial 
infarction, heart failure and cardiomyocyte apoptosis.20,43 

MiR-873 was reported to suppress the translation of 
RIPK1/RIPK3 and inhibit RIPK1/RIPK3-mediated necrotic 
cell death in cardiomyocytes. MiR-873 reduces myocardial 
infarct size upon ischemia/reperfusion (I/R) injury in the 
animal model. LncRNA NRF functions as an endogenous 
sponge RNA and represses the expression of miR-873. 
lncRNA NRF directly binds to miR-873 and regulates the 
expression of RIPK1/RIPK3 and necrosis. Knockdown of 
NRF antagonizes necrosis in cardiomyocytes and reduces 
necrosis and myocardial infarction upon I/R injury. These 
findings identify a novel mechanism involving NRF and 
miR-873 in regulating programmed necrosis in the heart 
and suggest a potential therapeutic avenue for cardiovascular 
diseases.44 MiR-942-5p has been reported to be differentially 
expressed in various diseases, for example, the expression 
levels of miR-942-5p in the serum of breast cancer patients 
were raised compared with that of healthy controls.45 In this 
study, it was found that miR-942-5p was a target gene of 

SOX2OT, and knockdown of SOX2-OT increased the 
expression levels of miR-942-5p. But the effect of overex-
pression of SOX2-OT was opposite. The expression of miR- 
942-5p was down-regulated in cells after DOX. These results 
indicated that SOX2-OT can exert its biological function in 
DOX-suppressed PC cells via spongiform miR-942-5p.

MiR-942-5p can regulate multiple apoptosis-related 
genes, such as ISG12a, Akt, and the NF-κB Signaling, 
thereby inhibiting cell proliferation and leading to 
apoptosis.46,47 DP5 is a newly discovered apoptosis- 
related suppressor gene. The expression of DP5 is inhib-
ited or downregulated in a variety of diseases.48 DP5 
regulates the transcriptional protein AP-1, inhibits its tran-
scriptional activity, blocks its cell-mediated signal trans-
duction pathway, and exerts its role in inhibiting cell 
growth.49 This study found that DP5 was a target gene 
of miR-942-5p. The expression levels of DP5 were 
reduced with the overexpression of miR-942-5p. Co- 
transfection of SOX2-OT with miR-942-5p reversed the 
effect of overexpression of SOX2-OT on the expression of 
DP5. Co-transfection of si-SOX2-OT with miR-942-5p 
reversed the effect of si-SOX2-OT on apoptosis and 
Caspase-3 activity in primary cardiomyocytes. In vivo 
experiments showed that knockdown of SOX2-OT can 
inhibit the expression of SOX2-OT and DP5, while knock-
down of SOX2-OT increased the expression levels of 
miR-942-5p in cardiac tissues. Co-transfection of si- 
SOX2-OT with miR-942-5p reversed the effect of si- 
SOX2-OT on the expression of SOX2-OT, DP5 and 
miR-942-5p in cardiac tissues. These results proved that 
knockdown of SOX2-OT effectively restored cardiomyo-
cyte apoptosis via the miR-942-5p/DP5 axis.

Conclusion
Knockdown of lncRNA SOX2-OT effectively restored 
cardiomyocyte apoptosis through the miR-942-5p/DP5 
axis. By exploring the protective effect of doxorubicin on 
myocardial injury, we may be able to better understand the 
mechanism of doxorubicin-induced cardioprotective 
effect. It will provide a more comprehensive theoretical 
basis and evidence support for clinical application as 
a new drug for preventing myocardial injury caused by 
doxorubicin.

Data Sharing Statement
The analyzed data sets generated during the study are 
available from the corresponding author on reasonable 
request.
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