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	 Background:	 Spinal cord injury (SCI) is a debilitating neuropathological condition that significantly affects the quality of life. 
The present study is basic research examining the underlying mechanisms of NEAT1 and miR-29a in regulat-
ing LPS-induced PC-12 cell injury.

	 Material/Methods:	 The model of cell injury was induced by the treatment of PC-12 cells with LPS. The expressions of NEAT1, 
miR-29a, and inflammatory cytokines were measured by real-time quantitative polymerase chain reactions 
(RT-qPCR). Cell proliferation and apoptosis were evaluated by CCK-8 and flow cytometry, respectively. Finally, 
the target between miR-29a and NEAT1 as well as miR-29a and BCL2L11 was investigated by luciferase and 
RNA pull-down assays.

	 Results:	 Knockdown of NEAT1 can inhibit inflammatory cytokine expression and PC-12 cell apoptosis and promote PC-12 
cell proliferation by targeting miR-29a. However, the variation caused by NEAT1 knockdown can be reversed 
by the silencing of miR-29a and the overexpression of BCL2L11, which is the direct target gene of miR-29a.

	 Conclusions:	 High NEAT1 levels can increase LPS-induced injury in PC-12 cells through the miR-29a/BCL2L11 pathway. lncRNA 
NEAT1 may, therefore, be a promising target for SCI treatment.
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Background

Spinal cord injury (SCI), which is mainly the result of direct 
trauma or pathological alterations, has been identified as a 
critical global health priority [1]. SCI is classified as a primary 
or secondary injury based on pathological characteristics [2]. 
Primary injury is the destruction of the spinal cord structure, 
which contributes to the initial secondary injury [3]. Because 
damage to spinal cord function and structure is irreversible, 
the treatment strategy focuses mainly on the secondary inju-
ry [4]. However, there is still a lack of appropriate strategies 
or effective treatment to prevent secondary injury. There is 
an urgent need to broaden our understanding of the mecha-
nism underlying the development of SCI [5]. Generally, second-
ary damage involves inflammation, edema, excitotoxicity, free 
radical production, and cell apoptosis [6]. Neuronal apoptosis 
is one of the first features observed in SCI, leading to various 
degrees of neurological damage, necrosis, or autonomic ner-
vous dysfunction [7].

Long non-coding RNAs (lncRNA) are a class of non-coding 
RNAs with a length of more than 200 nucleotides that regu-
late cellular processes [8,9], such as cell proliferation, apop-
tosis, and differentiation, through the regulation of gene ex-
pression [10–12]. The aberrant expression of specific lncRNAs 
indicate immune system diseases [10,11]. More importantly, 
lncRNAs are reported to function as vital SCI regulators [15,16].

Nuclear Paraspeckle Assembly Transcript 1 (NEAT1) is a long 
non-coding RNA (lncRNA) primarily located in the nucleus, which 
is essential for the formation of nuclear paraspeckle [17]. NEAT1 
plays a key role in various biological processes, including cell 
viability, apoptosis, DNA damage, and migration [18–21], and 
thus is involved in the progression of a variety of diseases. 
However, the effects of NEAT1 on SCI remain unknown.

This study explored the effect of NEAT1 on modulating LPS-
induced injury of PC-12 cells and to elucidate the molecular 
mechanism. NEAT1 was found be upregulated in SCI injury and 
can inhibit LPS-induced apoptosis and PC-12 cell inflammatory 
response by controlling the miR-29a/BCL2L11 signaling axis.

Material and Methods

Cell culture

Rat pheochromocytoma adrenal gland PC-12 cells were pur-
chased from ATCC (American Type Culture Collection, USA) 
and incubated in RPMI 1640 medium (Life Technologies, Grand 
Island, NY, USA) supplemented with 10% fetal bovine serum 
(FBS) with penicillin-streptomycin in a humidified atmosphere 
with 5% CO2 at 37°C.

Vector construction

Synthesized NEAT1 small interference RNA (si-NEAT1) was 
cloned into the vector (pAdTrack-CMV, GenePharma, Shanghai, 
China) and scrambled siRNA (si-nc) was cloned into the vector 
as a negative control. HEK-293 cells were used to pack lentivi-
rus by transfection with vectors containing si-NEAT1 or si-nc. 
After 72 h of transfection, the cells were infected with virus 
particles using Polybrene (Sigma, St Louis, MO).

To obtain BCL2L11 overexpression plasmid, BCL2L11 was 
first amplified from cDNA using PCR and then inverted into 
pcDNA3.1 vector (Invitrogen, Carlsbad, CA) with the name of 
pcDNA3.1-BCL2L11.

miR-29a inhibitor, miR-29a mimics, inhibitor nc, and mim-
ics nc were purchased from GenePharma (Shanghai, China).

After vector construction, the treated cells were transfected 
with si-nc, si-NEAT1, miR-29a inhibitor, inhibitor nc, miR-29a 
mimics, mimics nc, pcDNA3.1, or pcDNA3.1-BCL2L11 using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA).

Real-time quantitative polymerase chain reaction (RT-
qPCR) analysis

Total RNA was extracted from cells using TRIzol reagent (Thermo 
Fisher Scientific., Inc, Waltham, MA, USA) following the manu-
facturer’s instructions. Then, cDNA was synthesized from RNA 
using the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Carlsbad, CA, USA). Then, quantitative real-time 
PCR was carried out using SYBR Green PCR Master Mix with a 
Fast Real-time PCR 7500 System (Applied Biosystem, Carlsbad, 
CA, USA). GAPDH and U6 functioned as internal controls. Data 
were analyzed according to the 2–DDCt method and normalized 
to internal controls.

Western blot analysis

After transfection, PC-12 cells were lysed in Triton X-100 ly-
sis buffer and protease inhibitor cocktail (Sigma-Aldrich, 
Shanghai, China) at 4°C. The concentrations of proteins were 
measured using the BCA assay kit (Pierce, Appleton, WI, USA). 
Then, the proteins were separated and transferred from 10% 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE; SolarBio 
Life Sciences, Beijing, China) to polyvinylidene fluoride (PVDF; 
SolarBio Life Sciences, Beijing, China) membranes. Afterward, 
the membrane was blocked in non-fat milk for 50 min and incu-
bated with primary antibodies overnight at 4°C. Finally, horse-
radish peroxidase-conjugated anti-rabbit IgG secondary anti-
bodies and enhanced Luminata Classic Western HRP Substrate 
were added and the blots were visualized using ImageQuant 
LAS 4000 mini (GE Healthcare, NJ, USA).

e923914-2
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Ban Y. et al.: 
Silencing of lncRNA NEAT1 protects PC-12 cells…

© Med Sci Monit, 2020; 26: e923914
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



ELISA assay

Cell supernatants were collected and determined using ELISA 
kits (Thermo Fisher Scientific., Inc, Waltham, MA, USA) accord-
ing to the manufacturer’s protocol. The optical density was 
detected at 450 nm, and the results were calculated using 
the linear calibration curves generated by standard solutions.

Cell viability analysis

After transfection and LPS treatment, the cells were grown 
in 96-well-plated cells with a density of 1×103 cells/well. At 
different time points, the Cell Count Kit-8 (CCK-8; Beyotime, 
Shanghai, China) was added to each well and incubated 
for another 2 h at 37° C. The absorbance value of each well 
was detected at 450 nm using a microplate reader (Bio-Tek 
Instruments, Winooski, VT, USA) in triplicate.

Cell apoptosis analysis

Cell apoptosis was detected using an Annexin V-FITC apopto-
sis detection kit (Beyotime Biotechnology, Shanghai, China) and 

analyzed with BD FACSDiva software version 6.1.3 (BD Bioscience, 
USA). Briefly, after transfection and LPS treatment, cells were 
grown in a 6-well plate with a density of 1×105 cells/well in a 
humidified atmosphere with 5% CO2 for 48 h. The cells were 
then washed with ice-cold PBS and stained with Annexin V-FITC 
and PI according to the manufacturer’s instructions. All of the 
above procedures were carried out in triplicate.

Luciferase reporter assay

NEAT1-mutant and BCL2L11-mutant plasmids were designed 
and purchased from GeneScript (Nanjing, China). The 3’-UTR 
of lncRNA NEAT1 and BCL2L11 cRNA fragments containing 
the potential binding sequences of miR-29a sites were am-
plified from PCR and inverted into pGL3 vector (Ambion, Inc., 
Austin, TX, USA).

HEK-293 cells were cultured in 24-well plates and co-trans-
fected with vectors and miR-29a mimics or miR-nc. Afterward, 
cells were transfected using Lipofectamine 2000 (Thermo 
Fisher Scientific., Inc, Waltham, MA, USA). Finally, the lucifer-
ase activities were detected using a dual-luciferase reporter 
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Figure 1. �The effect of LPS treatment on PC-12 cells. (A) PC-12 cell viability after LPS treatment was detected by CCK-8. (B) PC-12 
cell apoptosis after LPS treatment was detected by flow cytometry. (C, D) Expression levels of inflammatory cytokines after 
LPS treatment were detected by ELISA. (E) Relative expression of lncRNA NEAT1 after LPS treatment was assessed by qPCR. 
* P<0.05 vs. 0 μg/ml, ** P<0.01 vs. 0 μg/ml.
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assay system (Promega, Madison, WI) following the manufac-
turer’s instructions.

Biotin-labeled miR-29a pull-down assay

Biotin-labeled negative control (biotin-nc) or biotin-labeled 
miR-29a (biotin-miR-29a) were transfected into treated HEK-293 
cells. Afterward, cell lysate was collected and mixed with strep-
tavidin-coupled Dynabeads (Invitrogen, Carlsbad, CA) at 4°C 
overnight on a rotator. Finally, the bead-bound RNA was washed 
and isolated, followed by RT-qPCR analysis. Input RNA was ex-
tracted and functioned as controls.

Statistical analysis

SPSS 18.0 (IBM SPSS Statistics, USA) and GraphPad Prism soft-
ware 5.0 (GraphPad Prism Software Inc., San Diego, CA) were 
used to analyze the data. All data are presented as mean±SD 
(standard deviation). The t test was used to analyze differences 
between 2 groups and one-way analysis of variance followed 
by Dunnett’s multiple comparison test was used to distinguish 

differences among 3 or more groups. P<0.05 was considered 
to have statistical significance.

Results

LPS inhibited the proliferation and induced apoptosis and 
inflammatory response of PC-12 cell

First, we established the LPS-induced PC-12 cell injury model. 
As Figure 1 shows, LPS of 5, 10, and 20 μg/ml significantly in-
hibited the proliferation of PC-12 cells (Figure 1A) and nota-
bly promoted apoptosis (Figure 1B). We further evaluated the 
expression of apoptotic proteins. LPS significantly promot-
ed the expression of pro-apoptosis proteins such as bax and 
cleaved caspase and inhibited that of anti-apoptosis protein 
bcl-2 (Figure 1C). ELISA was used to assess the expression of 
inflammatory factors; the results indicated that expression of 
inflammatory factors including IL-1b, IL-6, and TNF-a of PC-12 
cells was promoted by LPS treatment, while expression of 
IL-10 was inhibited (Figure 1D). These results indicated that 
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Figure 2. �The effect of NEAT1 knockdown on PC-12 cells after LPS treatment. (A) The relative expression of LncRNA NEAT1 
after Ad-si-NEAT1 infection. (B) PC-12 cell viability after LPS treatment and Ad-si-NEAT1 infection was detected by 
CCK-8. (C) Expression levels of inflammatory cytokines after LPS treatment were evaluated by ELISA. (D, E) PC-12 
cell apoptosis after LPS treatment and Ad-si-NEAT1 infection was detected by flow cytometry and TUNEL staining. 
* P<0.05 vs. control,** P<0.01 vs. control, # P<0.05 vs. LPS+si-nc.
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we successfully established the LPS-induced cell injury model. 
Then, we evaluated the expression of NEAT1 in PC-12 cells 
treated by LPS. NEAT1 was significantly increased in PC-12 cells 
after treatment with 5, 10, and 20 μg/ml of LPS (Figure 1E).

Knockdown of NEAT1 reversed the effect of LPS on 
proliferation, apoptosis, and inflammatory response of 
PC-12 cells

As NEAT1 was notably upregulated in LPS-treated PC-12 
cells. We speculated that NEAT1 plays a critical role in LPS-
induced injury of PC-12 cells. The lentivirus knocking down 
NEAT1 was obtained. As demonstrated in Figure 2A, the ex-
pression of NEAT1 was markedly decreased in the si-NEAT1 
group compared to si-nc and control groups. The CCK-8 assay 
further demonstrated that after LPS treatment, the prolifera-
tion of PC-12 cells was significantly decreased; however, the 
decreased viability could be partially reversed by transfection 
with Ad-siNEAT1 (Figure 2B). LPS promoted the expression of 
inflammatory factors such as IL-1b, IL-6, and TNF-a and in-
hibited that of IL-10. Infection with si-NEAT1 reversed the 

LPS-induced changes in inflammatory cytokines expressions 
(Figure 2C). Moreover, the PC-12 cell apoptosis was increased 
after LPS treatment and this was partially knocked down by 
Ad-siNEAT1 infection (Figure 2D, 2E).

Reciprocal inhibition between lncRNA NEAT1 and miR-29a 
in HEK-293 cells

We used the bioinformatics website Starbase to predict the po-
tential targets for lncRNA NEAT1. As shown in Figure 3A, the bind-
ing sites of miR-29a were found within the sequence of NEAT1. 
Afterward, the luciferase reporter assay confirmed that the co-
transfection of HEK-293 cells with wild-type lncRNA NEAT1 and 
the miR-29a mimics resulted in remarkably decreased luciferase 
activity as compared with the miR-control group (Figure 3B). Then, 
the RNA pull-down assay verified that the biotinylated miR-29a 
enriched the expression of NEAT1, which verified the interaction 
between NEAT1 and miR-20a (Figure 3C). Meanwhile, the relative 
expression of miR-29a was remarkably increased in the si-NEAT1 
group compared with the si-nc group (Figure 3D). Collectively, these 
results showed that miR-29a was a direct target of lncRNA NEAT1.
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vectors and putative binding sites of miR-29a within lncRNA NEAT1 mRNA. (B) The relative luciferase activities were detected 
by dual-luciferase reporter assay in HEK-293 cells co-transfected with wild-type and mutant-type vectors together with 
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Knockdown of miR-29a partially reversed the effect of 
NEAT1 on the proliferation, apoptosis, and inflammatory 
response

As demonstrated in Figure 4A, infection with Ad-si-NEAT1 re-
markably increased the expression of miR-29a after LPS treat-
ment; however, the increase was counteracted by co-infection 
with Ad-si-miR-29a. The CCK-8 assay further demonstrat-
ed that after LPS treatment, the proliferation of PC-12 cells 
was significantly decreased. After infection with Ad-si-NEAT1, 

cell viability was remarkably increased; however, the increase 
was partially counteracted by co-infection with Ad-si-miR-29a 
(Figure 4B). After LPS treatment, the apoptosis of PC-12 cells 
was significantly increased. After infection with Ad-si-NEAT1, 
cell apoptosis was remarkably decreased; however, the de-
crease was partially reversed by co-infection with Ad-si-miR-29a 
(Figure 4C–4E). Similarly, the expression levels of IL-1b, IL-6, 
and TNF-a in PC-12 cells were significantly increased, while 
IL-10 expression was lower in the LPS group compared with 
the untreated group. After co-transfection with Ad-siNEAT1 
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and Ad-si-nc, expression levels of IL-1b, IL-6, and TNF-a were 
significantly inhibited, while IL-10 expression was increased. 
However, transfection with Ad-si-NEAT1 and Ad-si-miR-29a in-
hibitor counteracted the Ad-siNEAT1-induced changes in in-
flammatory cytokines expressions (Figure 4F).

miR-29a targets BCL2L11 gene in HEK-293 cells

The bioinformatics website TargetScan was used to predict the 
potential targets for miR-29a. As shown in Figure 5A, the bind-
ing sites of BCL2L11 were found within miR-29a miRNA. 
Afterward, the dual-luciferase reporter assay confirmed that the 
co-transfection of HEK-293 cells with wild-type BCL2L11 3’-UTR 
and the miR-29a mimics resulted in remarkably decreased lucif-
erase activity as compared with the miR-nc group (Figure 5B). 
Meanwhile, relative mRNA and protein expressions of BCL2L11 

were remarkably decreased in the miR-29a mimics group com-
pared with the miR-nc group; however, BCL2L11 expressions 
were remarkably increased after transfected with miR-29a in-
hibitor (Figure 5C, 5D). Then, the RNA pull-down assay veri-
fied that the biotinylated miR-29a enriched the expression of 
BCL2L11, which confirmed the interaction between miR-29a 
and BCL2L11 (Figure 5E). The correlation results in Figure 5F 
demonstrated that BCL2L11 expression was negatively corre-
lated with miR-29a (r2=0.3335; p=0.00242). Collectively, these 
results showed that BCL2L11 was a direct target of miR-29a.

NEAT1 acts as the ceRNA of BCL2L11 and regulates 
apoptotic protein expression

Pearson correlation analysis demonstrated that BCL2L11 ex-
pression was positively correlated with NEAT1 (r2=0.2387; 
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Figure 5. �miR-29a targeted the BCL2L11 gene in HEK-293 cells. (A) The sequences of wild-type and mutant-type vectors and putative 
binding sites of miR-29a within BCL2L11 mRNA. (B) The relative luciferase activities were detected in HEK-293 cells 
co-transfected with vectors containing the wild- or mutant-type of BCL2L11 together with miR-29a mimics or miR-nc. 
(C, D) The relative mRNA and protein expression of BCL2L11 after transfection of miR-29a mimic or si-miR-29a. 
(E) The expression level of BCL2L11 mRNA was measured by RT-qPCR in the sample pulled down by biotinylated miR-29a. 
(F) The correlation between miR-29a and BCL2L11 was analyzed by Pearson analysis. * P<0.05 vs. miR-nc or biotin-nc, 
** P<0.01 vs. miR-nc, # P<0.01 vs. si-nc.
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Figure 6. �NEAT1 modulated the BCL2L11 and the apoptotic signal pathway. (A) Pearson analysis was performed to evaluate the 
correlation between NEAT1 and BCL2L11. (B) The expression of BCL2L11, bax, pro-caspase3, caspase3, and bcl-2 was 
evaluated by Western blot.

p=0.0132) (Figure 6A), indicating that NEAT1 functions as a 
ceRNA of BCL2L11 in PC-12 cells. Moreover, Western blot re-
sults revealed that LPS promoted the expression of BCL2L11, 
bax, and cleaved caspase3 and inhibited that of bcl-2. However, 
infection of Ad-si-NEAT1 notably reduced the level of BCL2L11, 
bax, and cleaved caspase3 and increased that of bcl-2 com-
pared to the LPS group. Transfection of BCL2L11-overexpressing 
vector partially counteracted the effect of Ad-si-NEAT1, which 
further verified the ceRNA correlation between NEAT1 and 
BCL2L11 (Figure 6B).

Discussion

The present study explored the interplay between lncRNA 
NEAT1 and miR-29a and its target gene BCL2L11 in regulat-
ing PC-12 cellular processes after LPS treatment.

Recently, accumulating reports suggested that some lncRNAs 
and miRNAs are involved in the pathogenesis and develop-
ment of spinal cord injury [22–24]. Our results indicated that 
lncRNA NEAT1 was significantly increased while miR-29a was 
decreased in PC-12 cells treated with LPS. Moreover, down-
regulation of lncRNA NEAT1 promoted LPS-induced PC-12 cell 
proliferation but inhibited apoptosis; however, this was re-
versed by co-transfection with miR-29a.

The role of NEAT1 in spinal cord injury has been unclear. Previous 
studies have shown that Neat1 is upregulated in the spinal cord 
tissues of chronic constriction injury rats. Neat1 downregula-
tion suppresses neuropathic pain and neuroinflammation in CCI 
rats [25]. We found a similar effect of NEAT1 in LPS-induced 

PC-12 cell injury. Another study indicated that Neat1 promotes 
neuronal differentiation and migration and inhibits apoptosis of 
spinal cord neural stem cells (SC-NPCs). Moreover, it can be up-
regulated by miR-124 and is involved in activating Wnt/b-catenin 
signaling. We speculate that NEAT1 exerts distinct roles in dif-
ferent cells, such as PC-12 and SC-NPSs. Previous studies did 
not sufficiently elucidate the mechanism underlying the effect 
of NEAT1. The common regulating mode of miRs is well-estab-
lished, but how miR-124 upregulates the expression of NEAT1 
remains unknown. In our study, a luciferase reporter assay, RNA 
pull-down, and Pearson analysis confirmed that miR-29a was 
a direct target of LncRNA NEAT1 and could directly inhibit its 
downstream protein BCL2L11. BCL2L11 is well known to be a 
pro-apoptosis protein [26]. NEAT1 acts as a ceRNA of BCL2L11 
to participate in the regulation of apoptosis.

miR-29a has been widely studied in the central nervous sys-
tem [27]. miR-29a can promote neuronal differentiation but 
inhibits the astrocytes differentiation of neural stem cells by 
downregulating PTEN expression [28]. It can also inhibit the 
apoptosis of hippocampal neurons induced by oxygen and glu-
cose deprivation/reperfusion (OGD/R) [29]. Interestingly, we 
found that miR-29a modulates neurite outgrowth in PC-12 
cells. miR-29a directly targets PTEN and modulates the phos-
phorylation of AKT [30]. Overexpression of miR-29a mediated 
by lentivirus can promote functional recovery in spinal cord 
injury by promoting axonal regeneration [31]. These findings 
indicate the protective roles of miR-29a. We confirmed that 
miR-29a could protect the PC-12 cells from LPS-induced apop-
tosis and inflammation response via directly targeting BCL2L11. 
The present results extend our understanding of the role and 
mechanism of miR-29a in spinal cord injury.
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Inflammation is associated with the pathogenesis and devel-
opment of SCI [32,33]. Our results showed that IL-1b, IL-6, and 
TNF-a expressions were decreased by NEAT1 knockdown while 
IL-10 expression was increased. This effect of NEAT1 can be 
partially reversed by miR-29a. However, the precise mecha-
nism by which NEAT1 and miR-29a regulate the inflammato-
ry response remain unknown, and in vivo studies investigating 
the role of NEAT1 in spinal cord injury are needed. We intend 
to address these deficiencies in future research.

Conclusions

Our findings show the effect of NEAT1 on proliferation, apop-
totic, and inflammatory response of PC-12 cells treated with 
LPS. NEAT1 exerts a protective role against LPS-induced cell 
injury via miR-29a/BCL2L11 signaling. Our findings suggest 
that NEAT1 is a potential indicator for the treatment of SCI.
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