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Abstract. Increasing evidence has suggested that long 
non-coding RNA nuclear paraspeckle assembly transcript 1 
(NEAT1) has critical roles in multiple biological processes; 
however, few studies have reported on its function in heart 
disease. The present study indicated that NEAT1 expression 
is markedly downregulated in cardiomyocytes following 
ischemia/reperfusion injury in vivo and hydrogen peroxide 
treatment in vitro. Further experiments suggested that ectopic 
overexpression of NEAT1 suppresses cardiomyocyte apop-
tosis induced by hydrogen peroxide, as assessed by TUNEL 
assay and flow cytometry. In addition, using a dual‑luciferase 
reporter assay, NEAT1 was demonstrated to directly interact 
with microRNA (miR)-125a-5p and overexpression of 
miR‑125a‑5p efficiently reversed the stimulatory effect of 
NEAT1 on B-cell lymphoma-2-like 12 (BCL2L12) expres-
sion. Furthermore, the results indicated that NEAT1 inhibits 
cardiomyocyte apoptosis via regulating the expression of 
BCL2L12, which appeared to be mediated via miR-125a-5p. 
In conclusion, the present study suggested that NEAT1 func-
tions as a miR sponge to inhibit cardiomyocyte apoptosis 
and may be a novel therapeutic target for cardiomyocyte 
apoptosis-associated heart diseases.

Introduction

Ischemic heart disease (IHD) is a major cause of death and 
disability worldwide (1,2). Increasing evidence indicates 
that cardiomyocyte apoptosis is closely associated with the 
pathogenesis of IHD (3). Although our understanding of the 

molecular components involved in cardiomyocyte apoptosis 
has rapidly improved, no treatment to inhibit this cellular 
process is currently available (4). Therefore, it is crucial 
to further elucidate the molecular mechanisms underlying 
cardiomyocyte apoptosis and identify effective therapeutic 
targets for the treatment of IHD.

Long non-coding RNAs (lncRNAs) have been reported 
to have important roles in the development of cardiovas-
cular diseases (5). LncRNAs are defined as a subgroup of 
RNAs lacking a protein-coding ability with a length of >200 
nucleotides (6). Through a variety of mechanisms, lncRNAs 
are involved in numerous cellular processes, including cell 
apoptosis (7,8). Furthermore, the dysregulation of certain 
lncRNAs is associated with the development of various 
diseases, including IHD (9). Mounting evidence has indicated 
that lncRNAs may interact with microRNAs (miRNAs/miRs) 
and function as competing endogenous RNAs (ceRNAs) to 
regulate gene expression (10).

Nuclear paraspeckle assembly transcript 1 (NEAT1), 
a structural component of paraspeckle, is a newly identi-
fied nuclear‑restricted lncRNA and acts as a transcriptional 
regulator for numerous genes (11). Aberrant expression of 
NEAT1 has been reported in multiple different types of 
tumour, including lung cancer and acute promyelocytic 
leukaemia (12,13). In addition, studies have indicated that 
NEAT1 is involved in the pathogenesis of diverse diseases by 
regulating the activity of miRNAs (14,15); however, whether 
NEAT1 is involved in the regulation of cardiomyocyte apop-
tosis has remained elusive.

The present study identified that NEAT1 is downregulated 
in murine heart tissues subjected to ischemia/reperfusion 
(I/R) injury and in H2O2-induced cardiomyocytes. Further 
in vitro study confirmed that ectopic overexpression of 
NEAT1 inhibits H2O2 treatment-induced cardiomyocyte 
apoptosis. Furthermore, a search of the starBase database 
v2.0 (http://starbase.sysu.edu.cn) indicated that miR-125a-5p 
binds to NEAT1. It was also revealed that NEAT1 serves 
as an miRNA sponge to sequester miR-125a-5p and 
increase the expression of apoptosis repressor gene B-cell 
lymphoma-2-like 12 (BCL2L12) in cardiomyocytes. The 
present study provides novel insight into the roles of NEAT1 
in cardiomyocyte apoptosis, which may be applied in the 
treatment of cardiomyocyte apoptosis-associated heart 
diseases.
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Materials and methods

Animal experiment. In total, 20 adult male C57BL/6 mice 
(age, 8 weeks; weight, 18-20 g) were purchased from Shanghai 
Biomodel Organism Science & Technology Development 
Co., Ltd. (Shanghai, China). Mice had access to food and 
water, maintained under constant temperature at 25±1˚C, 
55±5% humidity, under a 12-h light/dark cycle. All animal 
experiments in this study were approved by the Animal Ethics 
Committee of Guangdong Cardiovascular Research Institute 
(Guangzhou, China). I/R surgery was performed as previously 
described (16).

Cardiomyocyte culture and treatment. Cardiomyocytes 
were isolated from the ventricular myocardium of 2-day-old 
Sprague Dawley rats, as described previously (17). In brief, 
hearts were dissected and cells were subsequently dispersed 
through enzymatic digestion. Cultured neonatal rat cardio-
myocytes were incubated in culture medium (control group) 
or treated with H2O2 at 100 µM for 0, 6, 12 and 24 h. (H2O2 
group). Cell apoptosis was detected when cardiomyocytes 
were treated with 100 µM for 24 h. Cells were cultured in 
Dulbecco's Modified Eagle's Medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
FBS (HyClone; GE Healthcare Life Sciences, Logan, UT, 
USA) and antibiotics (100 U/ml penicillin and 100 mg/ml 
streptomycin). Cells were incubated at 37˚C with 5% CO2.

Cardiomyocyte apoptosis by terminal deoxynucleotidyl 
transferase‑mediated dUTP nick‑end labeling (TUNEL) 
staining and flow cytometry. Cell apoptosis was determined by 
a TUNEL assay using 1x105 cells (DeadEnd™ Colorimetric 
TUNEL System; Promega Corporation, Madison, WI, USA) 
according to the manufacturer's protocol. In addition, 1x105 
cardiomyocytes were stained with Annexin V-fluorescein 
isothiocyanate and propidium iodide (BD Pharmingen; 
Becton, Dickinson and Company, Franklin, Lakes, NJ, USA), 
and then subjected to flow cytometry (CellQuest Pro software 
(version 5.1; Becton, Dickinson and Company) to determine 
apoptosis.

Dual‑luciferase reporter assay. Luciferase reporter assay 
was performed according to a published protocol (18). In 
brief, the wild-type (wt) and mutant (mut) miR-125a-5p 
binding site sequences in the NEAT1 3'-untranslated 
region were used to generate Luc-NEAT1-wt vector and 
Luc-NEAT1-mut vector using pGL3 as backbone (Promega 
Corporation). For reporter assays, 1x103 293 cells (American 
Type Culture Collection, Manassas, VA, USA) were trans-
fected using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) with either NEAT1‑wt or NEAT1‑mut 
construct (500 ng) with and without miR-125a-5p mimic. 
The miR-125a-5p mimic and miR-negative control (NC) 
were transfected at a concentration of 0.2 nmol per well 
and were purchased from Guangzhou RiboBio Co., Ltd. 
(Guangzhou, China). Luciferase activity was measured 48 h 
after transfection using the Dual-Luciferase Reporter Assay 
System (pRL vector; Promega Corporation). The Renilla 
luciferase activity was normalized to the firefly luciferase 
activity in the corresponding well.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. RNA was reverse transcribed using 
the PrimeScript RT Reagent Kit (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C for 15 min and at 85˚C for 5 sec and 
qPCR was performed using SYBR Premix Ex Taq (Takara 
Biotechnology Co., Ltd., Dalian, China) with 35 cycles of 95˚C 
for 1 min; 55˚C for 1 min and 72˚C for 1 min). The relative 
mRNA expression level was calculated using the comparative 
cycle quantification (2-ΔΔCq) method (19) with GAPDH as the 
endogenous control to normalize the data. The primers used for 
qRT-PCR were as follows: NEAT1 forward, 5'-TGG CTA GCT 
CAG GGC TTC AG-3' and reverse, 5'-TCT CCT TGC CAA GCT 
TCC TT-3'; GAPDH forward, 5'-CGC TCT CTG CTC CTC CTG 
TTC-3' and reverse, 5'-ATC CGT TGA CTC CGA CCT TCA C-3'.

RNA immunoprecipitation (RIP) assays. RIP experiments 
were performed by using a Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (EMD Millipore, Billerica, MA, 
USA) according to the manufacturer's protocol. In brief, 
cells were lysed in RIP lysis buffer, following incubation 
with RIP buffer containing magnetic beads conjugated with 
anti-argonaute 2, RISC catalytic component (AGO2) antibody. 
Anti-small nuclear ribonucleoprotein U1 subunit 70 was used 
as a positive control for the RIP procedure. The co-precipi-
tated RNAs were detected by RT-qPCR analysis performed 
as above-mentioned. The primers used for miR-125a-5p was 
as follows: Forward: 5'-ACG GTG CTG GAT GTG GCC TTT-3', 
reverse: 5'-GGC CAA CCG CGA GAA GAT GTT TTT TTT T-3'.

Western blot analysis. Western blot analyses were performed 
using standard methods (20). The primary antibodies used 
were as follows: Anti-BCL2L12 (1:800 dilution; Abcam, 
Cambridge, MA, USA) and anti-tubulin (1:1,000 dilution; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The signals 
were detected by enhanced chemiluminescence (Pierce; 
Thermo Fisher Scientific, Inc.).

Statistical analysis. All data are expressed as the 
mean ± standard error. Differences between groups were 
analysed using a two-tailed Student's t-test and One-way 
analysis of variance. P<0.05 was considered to indicate a 
statistically significant difference.

Results

NEAT1 expression was downregulated in heart tissues during 
I/R injury and H2O2‑induced cardiomyocytes. To investigate 
the expression and role of NEAT1 in I/R-injured myocardium, 
a mouse model of I/R injury was established. The expres-
sion of NEAT1 in the heart tissues of mice with or without 
I/R injury was then assessed by RT-qPCR. As presented in 
Fig. 1A, the RT-qPCR analysis revealed that the expression of 
NEAT1 was significantly downregulated in ischemic myocar-
dium compared with sham-operated controls.

Additionally, the primary cultured cardiomyocytes were 
subjected to H2O2 treatment in vitro. Consistent with the result 
obtained in the I/R-injured hearts, the expression of NEAT1 
was also downregulated in cardiomyocytes following H2O2 
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treatment (Fig. 1B). These results indicated that the expression 
of NEAT1 was obviously decreased in I/R-injured hearts and 
H2O2-treated cardiomyocytes.

Enhanced expression of NEAT1 attenuated H2O2‑induced 
cardiomyocyte apoptosis. To explore the potential biological 
function of NEAT1 in cardiomyocyte apoptosis, the cultured 
cardiomyocytes were transfected with a plasmid encoding 

NEAT1. As presented in Fig. 2A, cells transfected with NEAT1 
expression plasmid exhibited obviously increased expression 
levels of NEAT1 compared with those in the control and vector 
groups. The TUNEL assay demonstrated that overexpression 
of NEAT1 inhibited cardiomyocyte apoptosis in response 
to H2O2 treatment compared with that in the control and 
vector groups (Fig. 2B and C). Consistent with these results, 
the flow cytometry data also indicated that overexpression 

Figure 1. NEAT1 expression in I/R injured hearts and H2O2-induced cardiomyocytes. (A) Expression levels of NEAT1 following I/R injury. Mice were 
subjected to I/R injury for the indicated durations and the expression of NEAT1 was assayed by RT-qPCR (n=6 mice for each time point). *P<0.05 vs. sham. 
(B) Cardiomyocytes were treated with 100 mM H2O2 for the indicated durations and NEAT1 levels were determined by RT-qPCR. Three independent experi-
ments were performed, and the data are presented as the mean ± standard deviation. *P<0.05 vs. 0 h. RT-qPCR, reverse transcription-quantitative polymerase 
chain reaction; NEAT1, nuclear paraspeckle assembly transcript 1; I/R, ischemia/reperfusion.

Figure 2. Overexpression of NEAT1 inhibits H2O2-induced cardiomyocyte apoptosis. (A) Following transfection with a NEAT1 overexpression plasmid, the 
cardiomyocytes were treated with 100 mM H2O2 for 24 h. Subsequently, the expression of NEAT1 was detected by reverse transcription-quantitative poly-
merase chain reaction. Three independent experiments were performed, and the data are presented as the mean ± standard deviation. *P<0.05 vs. control group. 
A TUNEL assay was used to (B) identify apoptotic cardiomyocytes, and (C) the percentage of TUNEL-positive apoptotic cardiomyocytes was quantitatively 
determined. Three independent experiments were performed, and the data are presented as the mean ± standard deviation. *P<0.05 vs. control group. Bar, 
50 µm. (D) Apoptosis analysis flow plots and (E) the percentage of the Annexin‑V‑positive cell population was calculated. Three independent experiments 
were performed, and the data are presented as the mean ± standard deviation. *P<0.05 vs. control group. NEAT1, nuclear paraspeckle assembly transcript 1; 
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; PI, propidium iodide.
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of NEAT1 reduced H2O2-induced cardiomyocyte apoptosis 
when compared with that in the control and vector groups 
(Fig. 2D and E).

NEAT1 is targeted by miR‑125a‑5p in an AGO2‑dependent 
manner. To investigate the molecular mechanisms of NEAT1 
in regulating cardiomyocyte apoptosis, the present study 
explored which miRNAs are able to bind to NEAT1. A bioin-
formatics prediction with Starbase v2.0 software revealed that 
miR-125a-5p has complementary base pairing with NEAT1. 
Subsequently, a luciferase vector containing the binding 
sequence of NEAT1, Luc-NEAT1-wt, and its mutated form, 
Luc‑NEAT1‑mut, were constructed (Fig. 3A). It was confirmed 
that the expression of miR-125a-5p was increased in 293 cells 
transfected with miR-125a-5p mimics (Fig. 3B). As presented 
in Fig. 3C, the luciferase activity was obviously inhibited in the 
presence of miR-125a-5p and was recovered when the binding 
site for miR‑125a‑5p was mutated. These results confirmed 
that NEAT1 directly interacts with miR-125a-5p.

Subsequently, to confirm the pivotal roles of miR‑125a‑5p 
in this effect, an RIP assay was performed on AGO2, which 
is the core component of the RNA-induced silencing complex. 
First, it was indicated that H2O2 treatment had no effect on the 
expression of AGO2 in cardiomyocytes (Fig. 3D). Furthermore, 

the RIP assay indicated that NEAT1 and miR-125a-5p were 
preferentially enriched in the AGO2-containing miRNA 
ribonucleoprotein complex when compared with the immu-
noglobulin G immunoprecipitates (Fig. 3E). In addition, the 
binding of NEAT1 to AGO2 in cardiomyocytes was enhanced 
under H2O2 treatment (Fig. 3F).

NEAT1 regulates cardiomyocyte apoptosis through 
targeting miR‑125a‑5p and BCL2L12. To investigate the 
role of miR-125a-5p in cardiomyocyte apoptosis, the expres-
sion of miR-125a-5p was examined in I/R-injured mouse 
hearts and in H2O2 treated cardiomyocytes. The results 
indicated that the expression levels of miR-125a-5p were 
significantly upregulated in I/R-injured myocardium and in 
H2O2-induced cardiomyocytes (Fig. 4A and B). The effects 
of miR-125a-5p on cardiomyocyte apoptosis following 
H2O2 treatment were then investigated. The expression level 
of miR-125a-5p was examined following transfection with 
miR-125a-5p inhibitor and mimic (Fig. 4C). As expected, 
the results demonstrated that knockdown of miR-125a-5p 
significantly suppressed cardiomyocyte apoptosis induced 
by H2O2 (Fig. 4D and E).

A previous study has demonstrated that miR-125a-5p 
induces apoptosis in colon cancer by targeting BCL2L12 (21). 

Figure 3. NEAT1 is targeted by miR-125a-5p in an AGO2-dependent manner. (A) Putative complementary sites between NEAT1 and miR-125a-5p. Mutation 
was generated in the NEAT1 sequence at the complementary sites of miR-125a-5p, as indicated. (B) The miR-125a-5p expression was increased in 293 cells 
transfected with miR-125a-5p mimics. (C) Luciferase activity in 293 cells co-transfected with miR-125a-5p mimics or NC, and luciferase reporters containing 
no insert (control), NEAT1 wt or NEAT1 mut. Three independent experiments were performed, and the data are presented as the mean ± standard deviation. 
*P<0.05 vs. miR-NC group. (D) The expression of AGO2 was detected in cardiomyocytes subjected to H2O2 treatment. (E) A RIP assay was performed to 
confirm whether NEAT1 and miR‑125a‑5p directly bind to AGO2 in cardiomyocytes. (F) The RIP experiments were performed under H2O2 treatment, and 
the expression of NEAT1 was then assessed by reverse transcription-quantitative polymerase chain reaction analysis. Three independent experiments were 
performed, and the data are shown as the mean ± standard deviation. *P<0.05 vs IgG. NEAT1, nuclear paraspeckle assembly transcript 1; wt, wild-type; 
miR, microRNA; mut, mutant; NC, negative control; AGO2, argonaute 2, RISC catalytic component; RIP, RNA immunoprecipitation.
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Figure 4. NEAT1 regulates cardiomyocyte apoptosis through miR-125a-5p and BCL2L12. (A) Mice were subjected to I/R injury and the expression of 
miR-125a-5p was determined after the indicated periods of time (n=6 mice for each time-point). *P<0.05 vs. sham. (B) Cardiomyocytes were treated with 
100 mM H2O2 and miR-125a-5p levels were detected by reverse transcription-quantitative polymerase chain reaction. Three independent experiments were 
performed, and the data are shown as the mean ± standard deviation. *P<0.05 vs. 0 h. (C) miR-125a-5p expression level was decreased in cardiomyocytes 
transfected with miR-125a-5p inhibitor. *P<0.05 vs. miR-NC. (D) TUNEL assay was used to identify apoptotic cardiomyocytes, and (E) the percentage of 
apoptotic cardiomyocytes was quantitatively determined. Three independent experiments were performed, and the data are shown as the mean ± standard 
deviation. *P<0.05 vs. control group. Bar, 50 µm. (F) miR-125a-5p mimics or NC were used to transfect cardiomyocytes. The expression of BCL2L12 was 
detected by immunoblot analysis. Three independent experiments were performed, and the data are shown as the mean ± standard deviation. *P<0.05 vs. 
control group. (G) BCL2L12 levels in different groups were detected by immunoblot analysis. Three independent experiments were performed, and the data 
are shown as the mean ± standard deviation. *P<0.05 vs. control group. (H and I) Cardiomyocytes were transfected with miR-125a-5p mimics, NEAT1, and 
BCL2L12 levels were determined by immunoblot analysis. Three independent experiments were performed, and the data are shown as the mean ± standard 
deviation. *P<0.05 vs. control group. (J and K) BCL2L12 expression was analysed by immunoblot in the different groups. Three independent experiments 
were performed, and the data are shown as the mean ± standard deviation. *P<0.05 vs. control group. (L) The percentage of apoptotic cardiomyocytes 
was quantitatively determined from (M) TUNEL analysis. Three independent experiments were performed, and the data are shown as the mean standard 
deviation. *P<0.05 vs. control group. Bar, 50 µm. miR, microRNA; I/R, ischemia/reperfusion; NC, negative control; TUNEL, terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling; BCL2L12, B-cell lymphoma-2-like 12; NEAT1, nuclear paraspeckle assembly transcript 1.
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To explore whether miR-125a-5p is responsible for the regula-
tion of BCL2L12 in cardiomyocyte apoptosis induced by H2O2, 
the expression levels of BCL2L12 following overexpression or 
silencing of miR-125a-5p in the cultured cardiomyocytes was 
examined. The results indicated that ectopic overexpression of 
miR-125a-5p in cardiomyocytes led to a reduction in BCL2L12 
levels (Fig. 4F). In addition, knockdown of miR-125a-5p 
abolished the decrease in BCL2L12 levels in cardiomyocytes 
following H2O2 treatment (Fig. 4G).

Subsequently, the association between NEAT1, 
miR-125a-5p and BCL2L12 in cardiomyocytes was explored. 
As presented in Fig. 4H and I, overexpression of NEAT1 
attenuated the inhibitory effect of miR-125a-5p on BCL2L12 
levels. Notably, overexpression of miR-125a-5p abolished the 
effect of NEAT1 on BCL2L12 expression and apoptosis under 
H2O2 treatment (Fig. 4J-M). Overall, these results suggest that 
NEAT1 impairs the miR-125a-5p/BCL2L12 interaction in 
cardiomyocytes to inhibit H2O2-induced apoptosis.

Discussion

Cardiomyocyte apoptosis is an important contributor to the 
development of myocardial infarction and heart failure (22). 
Although evidence has indicated the upregulation of lncRNA 
NEAT1 in numerous cancer types (23,24), its role in heart 
diseases has remained elusive. The present study indicated that 
ectopic expression of NEAT1 inhibited apoptosis of cultured 
cardiomyocytes subjected to H2O2 treatment. The molecular 
mechanisms by which NEAT1 regulates H2O2-induced 
cardiomyocyte apoptosis were then investigated, revealing that 
NEAT1 functions as a ceRNA to upregulate BCL2L12 expres-
sion by sponging miR-125a-5p, which consequently leads to 
cardiomyocyte apoptosis.

Emerging evidence has revealed that certain lncRNAs 
are crucial factors in the development of var ious 
diseases (25-27). Recent studies have indicated that 
lncRNAs also contribute to the progression of various 
types of heart disease (28-30). For instance, lncRNA FTX 
transcript XIST regulator was reported to suppress cell 
apoptosis via targeting miR-29b-1-5p and BCL2L12 in 
cardiomyocytes (16). Zhou et al (29) indicated that lncRNA 
myocardial infarction associated transcript functions as a 
ceRNA to upregulate death associated protein kinase 2 by 
sponging miR-22-3p in diabetic cardiomyopathy. In the 
present study, the expression of lncRNA NEAT1 was signifi-
cantly downregulated in the myocardium of a mouse model 
of I/R-induced myocardial injury; however, these data are 
not in accordance with the recent data from the work of 
Ma et al (31), which NEAT1 was markedly increased rats 
following I/R. The distinction could be explained by the 
potential differential expression of lncRNAs in ischemic rat 
hearts compared with ischemic mice hearts. Additionally, 
the previous study was investigating high glucose damage, 
whereas hypoxia injury was the focus of the present study. 
Furthermore, NEAT1 was observed to be significantly down-
regulated in H2O2-treated cardiomyocytes in the current 
study, and ectopic overexpression of NEAT1 inhibited 
H2O2-induced cardiomyocyte apoptosis in vitro. However, 
further in vivo investigations are required to verify whether 
NEAT1 suppresses cardiomyocyte apoptosis in heart tissue.

Regulatory interactions exist between lncRNAs and 
miRNAs (10,32). LncRNAs may function as ceRNAs and/or 
molecular sponges to modulate the effects of miRNA. For 
instance, knockdown of lncRNA X inactive specific tran-
script has been reported to exert tumor-suppressive functions 
in human glioblastoma stem cells by increasing miR-152 
levels (33). Based on this known regulatory mechanism and 
the present results, it may be hypothesized that NEAT1 acts 
as a ceRNA in cardiomyocytes. In support of this notion, 
the present results validated the direct binding ability 
miR-125a-5p to NEAT1, predicted by bioinformatics analysis, 
and confirmed in luciferase reporter and RIP assays. Further 
functional assays demonstrated that NEAT1 increased the 
levels of the miR-125a-5p target gene BCL2L12 by competi-
tively ‘sponging’ miR-125a-5p in cardiomyocytes, which may 
be a crucial molecular mechanism involved in the regulation 
of H2O2-induced cardiomyocyte apoptosis.

In conclusion, the present study indicated that lncRNA 
NEAT1 is downregulated in I/R-injured mouse hearts and may 
function as a ceRNA to upregulate BCL2L12 expression by 
sponging miR-125a-5p, consequently contributing to cardio-
myocyte apoptosis, which is involved in the pathogenesis of 
ischemic heart disease.
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