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Long Non-Coding RNA SOX2 Overlapping Transcript Aggravates 
H9c2 Cell Injury via the miR-215-5p/ZEB2 Axis and Promotes 
Ischemic Heart Failure in a Rat Model
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Heart failure is a common cardiovascular disease, which has been regarded as one of the highest health 
care costs with high morbidity and mortality in the western countries.  Long noncoding RNAs have been 
widely reported to regulate the initiation or progression of cardiovascular diseases.  However, the specific 
role of SOX2 overlapping transcript (SOX2-OT) in ischemic heart failure remains uncharacterized.  The 
present study aimed to explore the function and mechanism of SOX2-OT in ischemic heart failure.  The 
starBase website was used to predict potential miRNAs or target mRNAs.  Western blot assay was 
implemented to test collagen protein levels.  Functional assays were conducted to evaluate the effects of 
SOX2-OT on H9c2 cell viability and apoptosis.  RNA pull down and luciferase reporter assays were used to 
confirm the combination between miR-215-5p and SOX2-OT.  We found out that SOX2-OT level was 
increased by oxygen glucose deprivation/reoxygenation treatment in H9c2 cells.  Silencing of SOX2-OT 
ameliorated cell injury by promoting cell viability, inhibiting cell apoptosis and reducing productions of 
collagens.  Mechanistically, miR-215-5p was confirmed to bind with SOX2-OT after prediction and 
screening.  In addition, we discovered that miR-215-5p negatively regulated zinc finger E-box binding 
homeobox 2 (ZEB2) protein level by directly binding with ZEB2 3′ untranslated region.  Finally, we verified 
that SOX2-OT aggravated cell injury by targeting ZEB2 in H9c2 cells.  In conclusion, SOX2-OT aggravated 
heart failure in vivo and promoted H9c2 cell injury via the miR-215-5p/ZEB2 axis in vitro, implying a novel 
insight into heart failure treatment.
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Introduction
Heart failure, a common cardiovascular disease, is 

characterized by cardiomyocyte injury and contributes to 
insufficient supply of blood for activities and metabolism of 
organs (Huynh 2016; Rossello et al. 2016).  As a result, the 
heart becomes enlarged and loses function (Henry and 
Armstrong 2016).  Heart failure has been regarded as one 
of the highest health care costs with high morbidity and 
mortality in the western countries (Boully and Hanon 
2015).  Medical and surgical reperfusion has been consid-
ered to be effective therapeutic strategies for ischemic heart 
disease treatment (Heusch and Gersh 2017).  However, 
accumulating evidence indicated that ischemia-reperfusion 
injury was easily induced when the blood reflows to isch-

emic myocardium (Curran et al. 2019).
According to the encyclopedia of DNA elements proj-

ect, at least 80% of the genome is transcribed into protein 
coding RNAs (1%-1.5%) and a much larger number of non-
coding RNAs (ENCODE Project Consortium 2012) that are 
arbitrarily divided into short (< 200 nt) and long (lncRNAs, 
> 200 nt) RNAs (ENCODE Project Consortium 2004).  
Long noncoding RNAs have been widely reported to regu-
late the initiation or progression of cardiovascular diseases 
(Uchida and Dimmeler 2015; Huang 2018).  For instance, 
metastasis associated lung adenocarcinoma transcript 1 
modulated cardiac inflammation and dysfunction induced 
by sepsis through the miR-125b/p38 axis (Chen et al. 
2018).  HOX Transcript Antisense RNA facilitated inflam-
matory response by upregulating receptor for advanced gly-
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cation end-products after acute myocardium infarction (Lu 
et al. 2018).  Recently, SOX2 overlapping transcript 
(SOX2-OT) was reported to act as an oncogene in various 
tumors (Wang et al. 2017; Wei et al. 2018; Tai et al. 2019).  
Furthermore, SOX2-OT was indicated to be significantly 
upregulated in patients with non-end-stage heart failure 
based on RNA profiling results (Greco et al. 2016).  

MicroRNAs (miRNAs), a subgroup of short noncod-
ing RNAs with approximately 22 nucleotides in size, are 
single stranded (Lu and Rothenberg 2018).  Although miR-
NAs are unable to encode proteins, they can bind with the 
3′ untranslated region of mRNAs to inhibit translation, 
thereby exert effects on diverse biological processes (Cai et 
al. 2009).  As example, miR-21-5p modulated acute drug-
induced cardiac injury by affecting inflammatory infiltration 
in rats (Gryshkova et al. 2018).  In addition, miR-150 ame-
liorated ischemic injury by modulating cell death in mice 
(Tang et al. 2015).  Importantly, miR-215-5p was confirmed 
to be associated with the progression of doxorubicin-
induced cardiotoxicity in vivo (Ruggeri et al. 2018).

The current exploration was aimed to figure out the 
biological function and potential mechanism of SOX2-OT 
in oxygen glucose deprivation/reoxygenation-induced H9c2 
cellular injury model.  At first, we established ischemic cell 
model and rat model.  Second, we evaluated the effects of 
SOX2-OT on ischemic heart failure in vitro and in vivo.  At 
last, we further investigated the regulatory mechanism of 
SOX2-OT in in vitro model.  We found out that SOX2-OT 
aggravated ischemic heart failure in rats and promoted 
H9c2 cell injury via the miR-215-5p/ZEB2 axis in H9c2 
cells, implying a novel insight into heart failure treatment.

Materials and Methods
Animals

Sprague-Dawley rats weighing 250-320 g (Beijing 
Vital River Laboratory Animal Technology Co., Ltd., 
Beijing, China) were housed in a specific pathogen-free 
room at 24°C ± 2°C and humidity (55 ± 10%) and had free 
access to standard rat chow and water.  The research proto-
col was approved by the Institutional Animal Care and Use 
Committee of Dongzhimen Hospital Beijing University of 
Chinese Medicine and conformed to the Guide for Use of 
Laboratory Animals.

Adeno associated virus (AAVs) and animal grouping
Empty AAV vector (serotype: AAV9) and AAV-sh-

SOX2-OT were provided by GenePharma (Shanghai, 
China).  Rats were randomly assigned to 4 different groups: 
sham group, ischemic heart failure group, ischemic heart 
failure + AAV-NC group and ischemic heart failure + AAV-
sh-SOX2-OT group.  AAVs (5×1012 genome containing 
particles) were injected into the heart of rats using a 
30-gauge needle.

Establishment of the ischemic heart failure rat model
All experimental rats were anesthetized by intraperito-

neal injection of 7% chloral hydrate.  After left thoracotomy 
and pericardiotomy, left coronary artery was dissected 
above the first diagonal branch.  The left circumflex arterial 
origin was immediately ligated with silk thread.  Slipknot-
induced occlusion lasted for 30 min, and then myocardium 
distal was observed darkened.

Hematoxylin and eosin staining
Cardiac tissues were taken from the central part of the 

left ventricle and was fixed in polyoxymethylene for 24 h, 
dehydrated in ethanol, permeabilized in PBST, embedded 
in paraffin.  Next, paraffin sections (5 μm) were dewaxed by 
xylene for 10 min, and hydrated by gradient ethanol for 1 
min followed by washing with water for 2 min.  
Subsequently, sections were stained with hematoxylin for 4 
min and then stained with eosin for 2 min following dehy-
dration using gradient ethanol.  The myocardial tissue mor-
phology changes were observed under the microscope.

Enzyme-linked Immunosorbent Assay (ELISA)
Four weeks after the operation, 10 mL fasting venous 

blood of rats were taken from the right carotid artery under 
the aseptic condition.  The serum level of B-type natriuretic 
peptide (BNP) was measured using a BNP ELISA Kit 
(ab108815; Abcam, Cambridge, UK) and that of endothelin 
1 was measured using an endothelin 1 ELISA Kit 
(ab133030; Abcam) based on the manufacturer’s instruc-
tions.

Cells and cell treatment
H9c2 cells (Chinese Academy of Sciences, Shanghai, 

China) were cultured in high-glucose Dulbecco’s Modified 
Eagle Medium (HyClone, Beijing, China) containing 10% 
fetal bovine serum (FBS; Thermo Fisher Scientific, 
Waltham, MA, USA) and 1% Penicillin/Streptomycin (100 
U/ml:100 mg/ml) (Thermo Fisher Scientific).  H9c2 cells 
were incubated at 37℃ in a humidified atmosphere contain-
ing 5% CO2.  For oxygen glucose deprivation treatment, 
H9c2 cells was maintained at 37°C for 4 h in glucose-free 
Dulbecco’s Modified Eagle Medium (Thermo Fisher 
Scientific) with 1% O2 and 5% CO2 to imitate ischemic 
injury in vitro.  H9c2 cells were then cultivated at 37°C in 
normal culture medium under normoxic conditions (95% 
air, 5% CO2) for 24 h.  H9c2 cells the control group were 
treated identically but without oxygen glucose deprivation/ 
reoxygenation.

Cell transfection
The SOX2-OT short hairpin RNA (shRNA) with nega-

tive control (sh-NC) was used to knocked down SOX2-OT.  
MiR-215-5p mimics with negative control (NC mimics) 
were used to overexpress miR-215-5p.  The full length of 
ZEB2 was cloned into pcDNA3.1 vector to overexpress 
ZEB2 with empty pcDNA3.1 as control.  The above-men-
tioned vectors (GenePharma, Shanghai, China) were trans-
fected into H9c2 cells using Lipofectamine 2000 (Thermo 
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Fisher Scientifi c) 48 h before oxygen glucose deprivation 
reoxygenation.

Cell counting kit-8 (CCK-8) assay
The cell counting kit-8 (CCK-8; FUJIFILM Wako 

Chemicals, Tokyo, Japan) was used to measure cell viabil-
ity.  The transfected cells (5 × 104 cells/well) were grown in 
96-well plate.  After 48 h for cultivation, the supernatant 
fl uid was removed.  Then, cells were incubated with a 
medium containing 10% CCK-8 reagent for 2 h at 37°C.  At 
last, the absorbance was measured by an AMR-100 auto-
matic enzyme analyzer (Allsheng, Hangzhou, China) at 450 
nm.

Flow cytometry assay
Cell apoptosis was evaluated by FITC Annexin V 

Apoptosis Detection Kit (BD PharmingenTM, Franklin 
Lakes, NJ, USA).  Briefl y, H9c2 cells were resuspended in 
a 1X Binding Buff er (5 × 105 cells/mL) after being washed 
with cold phosphate buff er saline (Sigma-Aldrich Co., St.  
Louis, MO, USA).  Then, total 100 μL of cell solution (5 × 
104 cells) was moved into a 5 mL culture tube.  After addi-
tion of 5 μL of fl uorescein isothiocyanate Annexin V and 5 
μL of propidium iodide, H9c2 cells were gently vortexed 
and cultured in the dark for 15 min at room temperature.  
Subsequently, total 400 μL of 1X Binding Buffer was 

added.  At last, apoptosis of H9c2 cells were analyzed via 
fl ow cytometry.  The apoptotic cells were calculated by 
FlowJo software.

Determination of mitochondrial function
The ATP levels in the H9c2 cells were measured with 

an ATP Assay Kit (Jiancheng, Nanjing, China) following 
the manufacturer’s instruction.  Mitochondria were isolated 
from the H9c2 cells using a Tissue/Cell Mitochondria 
Isolation Kit (Beyotime Inc., Nantong, Jiangsu, China).  
Activities of mitochondrial complex I, complex II and com-
plex IV were detected using corresponding assay kits 
(Jiancheng) based on the manufacturer’s guidelines.  The 
relative enzymatic activities of mitochondrial complexes 
are expressed as the diff erence in the absorbance at the cor-
responding wavelength over a 3-min reaction.

Intracellular reactive oxygen species detection
Cells were preloaded with 10 μΜ of 2, 7-dichlorofl uo-

rescin diacetate (DCFH-DA; Beyotime) for 20 min at 37°C.  
Afterward, the cells were washed using a culture medium 
without serum.  A fl uorescence microplate reader with an 
excitation wavelength of 488 nm and an emission wave-
length of 525 nm was used to determine fl uorescence inten-
sity.

Fig. 1.  SOX2-OT level was increased by oxygen glucose deprivation/reoxygenation treatment in H9c2 cells.
 (A) Cell viability was detected by CCK-8 assay in H9c2 cells after oxygen glucose deprivation for 4 h and reoxygen-

ation for 24 h.  (B) Cell apoptosis was examined by fl ow cytometry in H9c2 cells after oxygen glucose deprivation for 4 
h and reoxygenation for 24 h.  (C-D) The protein levels of collagens were determined by western blot in H9c2 cells after 
oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  (E) SOX2-OT level was tested by RT-qPCR in H9c2 
cells after oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  *P < 0.05, **P < 0.01.  SOX2-OT, SOX2 over-
lapping transcript; OGD/R, oxygen glucose deprivation/reoxygenation; CCK-8, cell counting kit-8; RT-qPCR, reverse-
transcription quantitative polymerase chain reaction.
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Reverse-transcription quantitative polymerase chain 
reaction (RT-qPCR)

The extraction of total RNA from cardiac tissues or 
H9c2 cells was performed as described previously (Chen et 
al. 2018).  The total RNA was reverse transcribed into 
cDNA using a Quantscript RT Kit (Tiangen-Biotech, 
Beijing, China).  The iQ SYBR Green Supermix (Bio-Rad 
Laboratories, Hercules, CA, USA) was used for RNA anal-
ysis.  The TanMan® microRNA Assay Kit (Thermo Fisher 

Scientifi c) was used for miRNA analysis.  The relative level 
of RNAs were analyzed using the 2−ΔΔCt method normalized 
to glyceraldehyde-3-phosphate dehydrogenase (for 
SOX2-OT and mRNA quantifi cation) or U6 (for miRNA 
quantifi cation).

Western blot
Western blot analysis was performed as previously 

described (Lu et al. 2018).  In brief, protein was extracted 

Fig. 2.  Silencing of SOX2-OT ameliorated H9c2 cell injury.
 (A) Images of H9c2 cells in diff erent groups.  (B) The knockdown effi  cacy of SOX2-OT sh-RNA in H9c2 cells was 

evaluated by RT-qPCR.  (C) The eff ect of SOX2-OT sh-RNA on cell viability.  (D) The eff ect of SOX2-OT sh-RNA on 
cell apoptosis.  (E) The eff ect of SOX2-OT sh-RNA on collagen levels.  (F) The overexpression effi  cacy of SOX2-OT in 
H9c2 cells was evaluated by RT-qPCR.  (G-H) The eff ect of pcDNA3.1 vector containing SOX2-OT on cell viability 
and apoptosis.  (I) The eff ect of SOX2-OT overexpression on collagen levels.  H9c2 cells were transfected with sh-NC 
or SOX2-OT sh-RNA for 48 h followed by oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  *P < 0.05, 
**P < 0.01.  SOX2-OT, SOX2 overlapping transcript; sh-RNA, short hairpin RNA; OGD/R, oxygen glucose deprivation/
reoxygenation; RT-qPCR, reverse-transcription quantitative polymerase chain reaction.
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from H9c2 cells and subjected to sodium dodecyl sulfate 
polyacrylamide gel electrophoresis.  Then, proteins were 
moved onto polyvinylidene difl uoride membrane, which 
was then coated with defatted milk and blotted.  Hereafter, 
the membranes were incubated with the primary antibodies 
including Collagen I antibody (ab270993; Abcam), 
Collagen II antibody (ab188570; Abcam) Collagen IV anti-
body (ab236640; Abcam), ZEB2 antibody (ab191364; 
Abcam) and GAPDH antibody (ab9484; Abcam) at 4°C 

overnight.  A goat anti-mouse peroxidase-conjugated sec-
ondary antibody was added for incubation for another 4 
hours at room temperature.  The immunoreactive bands 
were visualized by enhanced chemiluminescence 
(SuperSignal West Femto Kit; Thermo Fisher Scientifi c) 
and quantified using Quantity One software (Alpha 
Innotech, San Leandro, CA, USA).  GAPDH functioned as 
an internal control.

Fig. 3.  Silencing of SOX2-OT had no eff ects on mitochondrial dysfunction.
 (A) Relative activity of mitochondrial complex I, II and IV in H9c2 cells.  (B) Relative ATP activity in H9c2 cells.  (C) 

Relative ROS levels in H9c2 cells.  H9c2 cells were transfected with sh-NC or SOX2-OT sh-RNA for 48 h followed by 
oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  *P < 0.05, **P < 0.01.  SOX2-OT, SOX2 overlapping 
transcript; ATP, adenosine triphosphate; ROS, reactive oxygen species.

Fig. 4.  SOX2-OT downregulation alleviated heart failure in rats.
 (A) Relative SOX2-OT expression in cardiac tissues of rats in sham group, HF group, HF + AAV-NC group, and HF + 

AAV-SOX2-OT group.  (B) Relative images of hematoxylin and eosin staining of cardiac tissues.  (C) Relative BNP 
levels in serum of rats in sham group, HF group, HF + AAV-NC group, and HF + AAV-SOX2-OT group.  (D) Relative 
endothelin 1 levels in serum of rats in sham group, HF group, HF + AAV-NC group, and HF + AAV-SOX2-OT group.  
*P < 0.05, **P < 0.01.  SOX2-OT, SOX2 overlapping transcript; HF, heart failure; AAV, adeno-associated virus; NC, 
negative control; BNP, brain natriuretic peptide.
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Luciferase reporter assay
Luciferase reporter assay was used to evaluate the 

combination between miR-215-5p and SOX2-OT (or ZEB2 
3′ untranslated region).  In brief, firefly luciferase reporter 
vectors containing wild-type or mutated SOX2-OT (or 
ZEB2 3′ untranslated region) were purchased from 
GeneChem (Shanghai, China).  The H9c2 cells were co-
transfected with vectors containing wild-type or mutated 
SOX2-OT (or ZEB2 3′ untranslated region) and miR-
215-5p mimics (or NC mimics) using Lipofectamine 2000 
(Invitrogen).  At last, the luciferase activities were evalu-
ated by dual-luciferase reporter assay system (Promega, 
Madison, WI, USA).

RNA pull-down assay
Pull-down assay was used to evaluate the binding abil-

ity between SOX2-OT and potential miRNAs.  First, the 
full-length of SOX2-OT was biotin-labeled and transcribed 
into H9c2 cells with the Biotin RNA Labeling Mix (Roche 
Diagnostics, Mannheim, Germany).  After incubation for 48 
h, H9c2 cells were lysed.  Then, the cell lysates were mixed 
with biotin-labeled RNAs and cultivated with Streptavidin 
Dynabeads (Dyna beads M-280 Streptavidin, #11205D; 
Thermo Fisher Scientific).  Finally, the RNAs pulled down 
by bio-SOX2-OT were purified and examined by RT-qPCR.

Statistical analysis
The data were presented as the mean ± standard devia-

tion.  Statistical analysis was performed using the SPSS 
software (Chicago, IL, USA).  Comparisons between 2 
groups (or more than 2 groups) were performed using 
Student’s t tests or one-way analysis of variance followed 
by Tukey’s post hoc analysis.  Values of P < 0.05 were con-
sidered statistically significant.

Results
SOX2-OT level was increased by oxygen glucose depriva-
tion/reoxygenation treatment in H9c2 cells

According to Fig. 1A, results of CCK-8 assay demon-
strated that cell viability was decreased by oxygen glucose 
deprivation/reoxygenation treatment.  Inversely, cell apop-
tosis was promoted by oxygen glucose deprivation/reoxy-
genation treatment (Fig. 1B).  In addition, the collagen lev-
els (collagen I, collagen III and collagen IV) were increased 
by oxygen glucose deprivation/reoxygenation treatment 
(Fig. 1C, D).  All the data suggested that ischemic model 
was successfully established.  Then, we detected SOX2-OT 
level in H9c2 cells.  The result of RT-qPCR revealed that 
SOX2-OT level in oxygen glucose deprivation/reoxygen-
ation group is higher than that in control group (Fig. 1E).

Silencing of SOX2-OT ameliorated H9c2 cell injury
We then explored the biological function of SOX2-OT 

in oxygen glucose deprivation/reoxygenation-treated H9c2 
cells.  Fig. 2A revealed that cell size was not significantly 
affected by oxygen glucose deprivation/reoxygenation, and 

Table 1.  Potential miRNAs containing the binding site on SOX2-OT.

Name merClass Sequence

miR-6088 8mer gcGGGGGGGCG---AAGUAGAGa
miR-143-3p 8mer cucgaugucacgaAGUAGAGu
miR-4770 8mer ucGA-UGUCACAGUAGAGu
miR-452-5p 7mer-m8 agUCAAAGGAGACG-UUUGUCAa
miR-4676-3p 7mer-m8 uucucggucaccacUUUGUCAc
miR-892c-3p 7mer-m8 aggugagucuuuccUUUGUCAc
miR-192-5p 7mer-m8 ccGACAGUUAAGUAUCCAGUc
miR-215-5p 7mer-m8 caGACAGUUAAGUAUCCAGUa
miR-552-5p 8mer ggUUGUCCGUUU---UCCAAUUUg
miR-186-5p 7mer-m8 ucGGGUUUUCCUCUUAAGAAAc
miR-654-3p 8mer uuccacuaccaGUCGUCUGUAu
miR-3200-5p 8mer uggAACACGCGGAAGAGUCUAa
miR-369-3p 7mer-m8 uuucuagUUGGUACAUAAUAa
miR-374a-5p 7mer-m8 gugAAUAGUCCAACAUAAUAUu
miR-374b-5p 7mer-m8 gugAAUCGUCCAACAUAAUAUa
miR-580-3p 7mer-m8 ggaUUACUAAGUAGUAAGAGUu
miR-676-3p 8mer uugaguugUUGGAAUCCUGUc
miR-2355-3p 7mer-m8 uagaggUUUGUCGUUCCUGUUa
miR-409-3p 7mer-m8 uccccaagugGCUC-GUUGUAAg
miR-2681-5p 7mer-m8 ucagaggaccucCACCAUUUUg
miR-7151-5p 7mer-m8 cgguuaUGUCCGUCUCUACCUAg
miR-942-5p 8mer guguACCGGUUUUGUCUCUUCu
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downregulation of SOX2-OT had no signifi cant eff ects on 
H9c2 cell size.  At fi rst, SOX2-OT level was eff ectively 
knocked down by transfection of SOX2-OT sh-RNA (Fig. 
2B).  Then, cell viability was promoted by SOX2-OT 
knockdown in oxygen glucose deprivation/reoxygenation-
treated H9c2 cells (Fig. 2C).  On the contrary, cell apoptosis 
was remarkedly inhibited by silencing of SOX2-OT in oxy-
gen glucose deprivation/reoxygenation-treated H9c2 cells 
(Fig. 2D).  Transfection of SOX2-OT sh-RNA lowered col-
lagen levels including collagen I, collagen III and collagen 
IV in oxygen glucose deprivation/reoxygenation-treated 
H9c2 cells (Fig. 2E).  Moreover, overexpression of 
SOX2-OT aggravates oxygen glucose deprivation/reoxy-
genation injury to H9c2 cells by decreasing cell viability, 
promoting apoptosis and increasing collagen protein levels 
(Fig. 2F-I).

Silencing of SOX2-OT had no eff ects on mitochondrial 
dysfunction

Relative mitochondrial complex I, complex II, com-
plex IV activity was inhibited by oxygen glucose depriva-
tion/reoxygenation, while silencing of SOX2-OT had no 
signifi cant eff ects on mitochondrial complex I, complex II, 
complex IV activity (Fig. 3A).  Similarly, ATP activity was 
suppressed by oxygen glucose deprivation/reoxygenation 
and was not signifi cantly aff ected by silencing of SOX2-OT 

(Fig. 3B).  Reactive oxygen species productions were 
higher in H9c2 cells after ischemic/reperfusion injury, and 
SOX2-OT downregulation had no signifi cant eff ects on 
reactive oxygen species levels (Fig. 3C).

SOX2-OT downregulation alleviated heart failure in rats
SOX2-OT expression was higher in cardiac tissues of 

rats with heart failure than sham rats, and injection of AAV-
sh-SOX2-OT decreased SOX2-OT expression (Fig. 4A).  
The results of hematoxylin and eosin staining assay showed 
that the myocardial fi ber structure was clear and orderly 
arranged in the sham rats.  Silencing of SOX2-OT attenu-
ated myocardial structure disorders of muscle fi bers and 
infi ltration of infl ammatory cells in cardiac tissues of model 
rats (Fig. 4B).  Fig. 4C and D revealed that relative BNP 
and endothelin 1 levels were higher in model group than 
sham group, and SOX2-OT downregulation reduced BNP 
and endothelin 1 levels.

SOX2-OT worked as a sponge for miR-215-5p
Long noncoding RNA can act as a molecular sponge 

for miRNA to release the downstream target mRNA (Zhou 
et al. 2018; Zhang et al. 2020; Zou et al. 2020).  We antici-
pated that SOX2-OT regulated H9c2 cell injury by this pat-
tern.  The bioinformatics tool (starBase: http://starbase.
sysu.edu.cn/) was utilized to explore the potential miRNAs 

Fig. 5.  SOX2-OT worked as a sponge for miR-215-5p.
 (A) RNA pull down assay was used to assess the combination between SOX2-OT and potential miRNAs.  (B) The miR-

215-5p level in H9c2 cells after oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  (C) Overexpression ef-
fi cacy of miR-215-5p in H9c2 cells transfected with miR-215-5p mimics for 48 h followed by oxygen glucose depriva-
tion for 4 h and reoxygenation for 24 h were determined by RT-qPCR.  (D) The binding sequences of miR-215-5p and 
SOX2-OT were predicted by starBase.  (E) The luciferase reporter assay was used to evaluate the combination between 
miR-215-5p and SOX2-OT after transfection for 48 h.  *P < 0.05, **P < 0.01, ***P < 0.001.  SOX2-OT, SOX2 overlap-
ping transcript; OGD/R, oxygen glucose deprivation/reoxygenation; RT-qPCR, reverse-transcription quantitative poly-
merase chain reaction.
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that contain the binding site on SOX2-OT.  According to 
Table 1, total 22 miRNAs harboring binding site on 
SOX2-OT were predicted.  According to RNA pull down 
assay, only fi ve miRNAs were signifi cantly enriched in bio-
SOX2-OT sense group, and miR-215-5p displayed the 
highest enrichment (Fig. 5A).  Additionally, miR-215-5p 
level was reduced by oxygen glucose deprivation reoxygen-
ation treatment (Fig. 5B).  Then, we overexpressed miR-
215-5p level by transfecting miR-215-5p mimics into H9c2 
cells (Fig. 5C).  The binding site between SOX2-OT and 
miR-215-3p was predicted by starBase (Fig. 5D).  Finally, 
luciferase reporter assay revealed that miR-215-5p mimics 
lessened luciferase activity of wild type pmirGLO-SOX2-
OT plasmid, and no alteration was observed in luciferase 
activity of mutated pmirGLO-SOX2-OT plasmid (Fig. 5E).

MiR-215-5p directly targeted and negatively regulated 
ZEB2

Hereafter, we aimed to fi gure out the target mRNAs of 

miR-215-5p.  As shown in Venn diagram, total 9 mRNAs 
were screened out (Fig. 6A).  Subsequently, we examined 
the expression of these mRNAs in H9c2 cells.  Based on 
the results of RT-qPCR, we discovered that ZEB2 displayed 
low expression in response to miR-215-3p overexpression 
(Fig. 6B).  Moreover, the luciferase activity of pmirGLO 
containing wild type ZEB2 3´ untranslated region was sig-
nifi cantly lessened by miR-215-5p overexpression while 
luciferase activity of that containing mutated ZEB2 3´ 
untranslated region displayed no signifi cant diff erence (Fig. 
6C).  Either miR-215-5p overexpression or SOX2-OT 
knockdown reduced ZEB2 protein levels in H9c2 cells (Fig. 
6D, E).

SOX2-OT aggravated cell injury by ZEB2
To validate whether SOX2-OT promotes H9c2 cell 

injury by regulating ZEB2, rescue assays were conducted.  
To begin with, western blot assays showed that ZEB2 pro-
tein level was effectively increased by transfection of 

Fig. 6.  MiR-215-5p directly targeted and negatively regulated ZEB2.
 (A) The Venn diagram showed the potential target mRNAs of miR-215-5p.  (B) The mRNA levels of PKP4, ZEB2, 

BLCAP, SRSF6, ZNF536, LRRFIP1, ADGRG6, PHFT2, RAB2A and CTNNBIP1 after transfection for 48 h were mea-
sured by RT-qPCR.  (C) The binding site of miR-215-5p on ZEB2 3´ untranslated region was predicted by starBase, and 
luciferase reporter assay was utilized to validate the combination between miR-215-5p and ZEB2 3´ untranslated region 
after transfection for 48 h.  (D-E) The protein level of ZEB2 in H9c2 cells after transfection of SOX2-OT shRNA and 
miR-215-5p mimics for 48 h was examined by western blot.  *P < 0.05, **P < 0.01.  SOX2-OT, SOX2 overlapping tran-
script; OGD/R, oxygen glucose deprivation/reoxygenation; ZEB2, zinc fi nger E-box binding homeobox 2; OGD/R, ox-
ygen glucose deprivation/reoxygenation; RT-qPCR, reverse-transcription quantitative polymerase chain reaction.
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pcDNA3.1/ZEB2 (Fig. 7A).  Furthermore, overexpression 
of ZEB2 off set the promotive eff ect of SOX2-OT sh-RNA 
on cell viability (Fig. 7B).  Overexpression of ZEB2 neu-
tralized the suppressive impact of SOX2-OT silencing on 
cell apoptosis (Fig. 7C, D).  In addition, SOX2-OT sh-RNA 
mediated the reduction of collagen accumulation was coun-
teracted by ZEB2 overexpression (Fig. 7E).

Discussion
Heart failure aff ects human health all over the world.  

Interventional cardiovascular therapy is widely used to 
improve the clinical outcomes of patients with heart failure 
(Esposito et al. 2018; Peng and Abdel-Latif 2019).  
Recovery of blood fl ow is necessary for rescuing ischemic 
myocardium.  Nevertheless, myocardial revascularization 
may induce cardiomyocyte injury (Xiao et al. 2018).  To 
imitate ischemic cell injury in vivo, we established cell 
model by usage of oxygen glucose deprivation/reoxygen-
ation.  In our study, as expected, the treatment of oxygen 
glucose deprivation/reoxygenation signifi cantly decreased 
cell viability and promoted cell apoptosis and level of col-
lagens.

Emerging studies showed that lncRNA played a role in 
physiological or pathological processes (Jathar et al. 2017; 
Peng et al. 2017).  In ischemic heart failure, lncRNA PFL 

facilitated cardiac fi brosis by competitively binding with 
let-7d (Liang et al. 2018).  In addition, TTTY15 exacer-
bated hypoxia-induced cardiomyocyte injury through acting 
as a sponge of miR-455-5p (Huang et al. 2019).  Previously, 
SOX2-OT was identifi ed to be signifi cantly upregulated in 
non-end-stage heart failure patients (Greco et al. 2016).  In 
our study, the level of SOX2-OT was also promoted by 
oxygen glucose deprivation/reoxygenation treatment.  
Consistent with the previous study, knockdown of 
SOX2-OT improved cell viability and limited cell apoptosis 
and level of collagens, suggesting that cell injury was alle-
viated by SOX2-OT knock-down.  Mechanistically, 
SOX2-OT was reported to function as a competitive endog-
enous RNA and to regulate mRNA levels by sponging 
miRNA in several tumors (Wo et al. 2019; Zhang and Li 
2019).  Hence, we hypothesized that SOX2-OT also acted 
in this pattern in H9c2 cells.  After prediction and screen-
ing, miR-215-5p was confi rmed to bind with SOX2-OT.  
Thereafter, we further explored the target gene of miR-
215-5p with the assistance of bioinformatics analysis, ZEB2 
was screened out and confi rmed to be directly targeted by 
miR-215-5p.  Moreover, miR-215-5p negatively regulated 
ZEB2 protein levels.

Zinc finger E-box binding homeobox 2 (ZEB2), a 
member of the Zfh1 family of 2-handed zinc fi nger/home-

Fig. 7.  SOX2-OT aggravated cell injury by ZEB2.
 (A) The overexpression effi  cacy of ZEB2 was assessed by western blot.  (B) The eff ect of SOX2-OT sh-RNA and pcD-

NA3.1/ZEB2 on cell viability.  (C-D) The eff ect of SOX2-OT sh-RNA and pcDNA3.1/ZEB2 on cell apoptosis.  (E) The 
eff ect of SOX2-OT sh-RNA and pcDNA3.1/ZEB2 on collagen levels.  H9c2 cells were treated with OGD/R for 24 h 
and/or transfected with indicated plasmids for 48 h.  *P < 0.05, **P < 0.01 compared with sh-NC group.  &P < 0.05, &&P < 
0.01 compared with sh-RNA group.  H9c2 cells were transfected with sh-NC, SOX2-OT sh-RNA or cotransfection of 
SOX2-OT sh-RNA + ZEB2 for 48 h followed by oxygen glucose deprivation for 4 h and reoxygenation for 24 h.  
SOX2-OT, SOX2 overlapping transcript; ZEB2, zinc fi nger E-box binding homeobox 2; sh-RNA, short hairpin RNA.
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odomain proteins, has been reported to promote the activa-
tion of cardiac fibroblast to accelerate cardiac fibrosis 
(Jahan et al. 2018).  Additionally, ZEB2 also involved in 
collagen fibrogenesis in Mowat-Wilson syndrome and 
Ehlers-Danlos syndrome (Teraishi et al. 2017).  In the cur-
rent research, rescue assay delineated that ZEB2 overex-
pression reversed the effects of SOX2-OT on cell viability, 
apoptosis and the level of collagens.

For the first time, we explored the role of SOX2-OT in 
ischemic heart failure in vivo and in vitro.  All experimental 
results showed that SOX2-OT aggravated H9c2 cell injury 
via the miR-215-5p/ZEB2 axis in vitro and promoted heart 
failure in a rat model, suggesting that SOX2-OT may serve 
as a potential target for ischemic heart failure improvement.  
However, there may be other molecular mechanisms of 
SOX2-OT in H9c2 cells, which deserves further explora-
tion in the future.
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