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LncRNA NEAT1 alleviates ischemic stroke 
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Cerebral ischemic stroke (CIS) is a  significant cause of disability and death. Inflammation usually occurs after CIS and accelerates 
cellular damage. NLRP3 plays a key role in the formation of CIS‑associated inflammasome. Understanding how NLRP3 is regulated 
bears great importance. We hypothesized that lncRNA NEAT1 can downregulate NLRP3 expression by regulating the miR‑10b‑5p/BCL6 
axis, and thus regulate microglia‑driven inflammation. The expression of NEAT1 was analyzed in CIS patients and an in vitro model 
of oxygen and glucose deprivation/re‑oxygenation (OGD/R). We assessed the levels of pro‑inflammatory cytokines IL‑18 and IL‑1β 
with ELISA. Interactions between NEAT1/miR‑10b‑5p and miR‑10b‑5p/BCL6 were determined by luciferase assay. The interaction of 
BCL6 and NLRP3 was identified by ChIP; RNA, and protein levels were evaluated by qRT‑PCR and western blot, respectively. We found 
that NEAT1 level was decreased in CIS patients and OGD/R treated cells. OGD/R exerted pro‑inflammasome effects by increasing the 
expression of inflammasome‑associated proteins and ROS and malondialdehyde (MDA) while inhibiting SOD production. This effect 
was partially antagonized by NEAT1. We bioinformatically identified interactions between NEAT1/miR‑10b‑5p, BCL6/miR‑10b‑5p, and 
NLRP3‑promoter/BCL6, and validated them by luciferase assay, qRT‑PCR, and ChIP. NEAT1 inhibited miR‑10b‑5p and upregulated BCL6 
by ceRNA mechanism and alleviated OGD/R induced cell damage. We also proved that BCL6 was a repressive transcription factor in 
the regulation of NLRP3 expression. Thus, lncRNA NEAT1 inhibited inflammasome activation by NLRP3 in microglia via the NEAT1/
miR‑10b‑5p/BCL6/NLRP3 regulatory axis, which alleviated deleterious outcomes of ischemic stroke. 
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INTRODUCTION

Cerebral ischemic stroke (CIS) accounts for more 
than 80% of all strokes and is the main cause of demen‑
tia, disability, and deaths (Musuka et al., 2015). CIS is 
usually caused by a sudden decrease in cerebral blood 
flow which leads to insufficient nutrient and oxygen 
supply, causing brain damage or cerebral infarction 
(Kunz and Iadecola, 2009). Carotid artery obstruction, 
large‑artery atherosclerosis, cardiac arrest, chronic hy‑
poxemia can all lead to CIS (Neumann et al., 2013). Af‑

ter CIS, immune cells including lymphocytes migrate to 
the affected area, promoting neural inflammation and 
accelerating damage of neurons. Anti‑inflammatories 
are of great interest in exploring viable treatment op‑
tions for stroke (Ismael et al., 2018). Understanding the 
regulatory mechanism of CIS‑associated inflammation 
would provide valuable information for the develop‑
ment of treatment options of CIS.

Inflammasome refers to a complex that can activate 
caspase‑1 and mediate the production of pro‑inflamma‑
tory factors. For instance, IL‑18 and IL‑1β could both be 
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activated by inflammasomes (Poznyak et al., 2020). It is 
considered that inflammasome plays an important role 
in CIS, and targeting inflammasome might be a  treat‑
ment option for CIS patients (Liu et al., 2020). A recent 
study revealed that NOD‑like receptor pyrin domain 
containing 3 (NLRP3) plays fundamental roles in me‑
diating inflammasome formation and neuron injury 
during CIS associated inflammation and cellular death 
(Ismael et al., 2018). NLRP3 is a pattern recognition re‑
ceptor (PRR) that can sense exogenous or endogenous 
pathogens and initiate responses of the innate immune 
system. After innate immune system activation, cyto‑
kines and chemokines are secreted to initiate inflam‑
mation and recruit immune cells to activate adaptive 
immune responses (Baragetti et al., 2020). However, 
the exact mechanism of how NLRP3 inflammasome is 
activated is not fully understood. For instance, tissue 
injury, infection, and many other exogenous factors 
could all lead to NLRP3 inflammasome activation (Zhou 
et al., 2010). Hence, exploring mechanisms of NLRP3 
inflammasome regulation bears great importance and 
might reveal more targets and strategies for anti‑CIS 
treatments. It was reported that BCL6 (B cell lympho‑
ma  6) inhibited NLRP3 transcription and attenuate 
renal inflammation (Chen et al., 2017). Therefore, we 
asked whether BCL6 served a similar function in isch‑
emic stroke.

LncRNA (long non‑coding RNA) refers to non‑cod‑
ing RNAs with 200 nt in length. LncRNAs play import‑
ant roles in regulating multiple biological processes 
such as epigenetic regulation, cell cycle regulation, 
apoptosis, and differentiation (Khorkova et al., 2015; 
St. Laurent et al., 2015; Chatterjee et al., 2017; Wang 
et al., 2018). It is commonly assumed that lncRNA ex‑
erted such functions through a  ceRNA (competitive 
endogenous RNA) mechanism by immobilizing miRNA 
targets, decreases their concentration, and protects 
them from degradation, which eventually promotes 
expression of interrelated genes (Lin et al., 2020). 
During CIS, the regulatory role of lncRNA was also re‑
ported (Ghafouri‑Fard et al., 2020). For example, the 
lncRNA SNHG12 could inhibit CIS‑associated apoptosis 
through a  miR‑181a‑5p/NEGR1 axis (Yan et al., 2020). 
The lncRNA SNHG16 modulated brain vascular dam‑
age associated with ischemia/reperfusion through the 
miR‑15a‑5p/BCL2 axis (Teng et al., 2020). The lncRNA 
HULC was associated with diseased risk and severity 
of CIS through a complex signal network (Chen et al., 
2020). We previously reported that the lncRNA NEAT1 
regulates CIS‑associated inflammatory response and 
influences on survival and outcomes of CIS (Han and 
Zhou, 2019; Li et al., 2020). Besides, we have found that 
in oxygen‑glucose deprivation (OGD) induced damage 
of cerebrum microvessels, NEAT1 promoted surviv‑

al and angiogenesis through inhibiting miR‑377 via 
a  ceRNA mechanism which resulted in the upregula‑
tion of SIRT1, VEGFA and BCL‑XL (Zhou et al., 2019). 
However, whether NEAT1 could exert a  protective ef‑
fect during CIS through other mechanisms need fur‑
ther exploration. We have previously identified a num‑
ber of miRNAs as potential targets of NEAT1, including 
miR‑10b‑5p. miR‑10b‑5p is up‑regulated in MCAO brain 
tissue or OGD treated neurons, and inhibiting the ex‑
pression of miR‑10b‑5p can alleviate ischemic stroke 
(Wang et al., 2020b). BCL6 was also predicted as a tar‑
get of miR‑10b‑5p. Hence, we speculated that NEAT1, 
miR‑10b‑5p, BCL6, and NLRP3 might form a regulatory 
axis in ischemic stroke.

In this paper, we demonstrate that NEAT1 can re‑
press OGD/R‑induced inflammation and oxidative 
stress in BV‑2 (mice microglia cell line) by regulating 
miR‑10b‑5p/BCL6 axis‑mediated inhibition of NLRP3 
transcription. This study deepens our understanding of 
how CIS‑associated NLRP3 inflammasome is regulated 
and might contribute to the development of new strat‑
egies for CIS treatment.

METHODS

Human serum sample collection

Serum from CIS patients and healthy volunteers 
were collected in Hunan Provincial People’s Hospital. 
The informed consent has been obtained. This study 
was approved by the hospital’s Ethical Committee and 
all experiments were designed and performed follow‑
ing the Declaration of Helsinki.

Cell culture and OGD/R treatment

BV‑2 cells were purchased from ATCC and cultured 
in MEM medium + 10% fetal bovine serum (FBS) at 37°C 
with 5% CO2. For OGD/R treatment, cells were cultured 
in glucose‑free medium under a  hypoxic condition 
(94% N2, 5% CO2, 1% O2) for 4 h. Then these cells were re‑
oxygenated and cultured with MEM medium + 10% FBS 
under 21% O2, 5% CO2 for another 24 h.

Cell transfection and plasmids construction

The shRNA oligonucleotides against BCL6, mim‑
ics of miR‑10b‑5p, and controls nucleotides (NC) were 
synthesized and purchased from GenePharma (Shang‑
hai, China). The cDNA of NEAT1 was acquired through 
RT‑PCR. NEAT1 plasmid was constructed by linking 
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NEAT1 cDNA into pcDNA 3.1 (V79020, Invitrogen, USA). 
For transfection, required plasmids were mixed with li‑
pofectamine 2000 (11668030, Invitrogen, USA) accord‑
ing to the manufacturer’s instruction and transfected 
into indicated cells.

RNA extraction and real‑time PCR

Total RNA extraction was completed by using TRIzol 
reagent (Invitrogen, USA). The cDNA of miR‑10b‑5p was 
acquired by reverse transcription using a  microRNA 
reverse transcription kit (4366597, Applied Biosystem, 
USA). We also used the Taqman qPCR kit (4461884, 
Applied Biosystem, USA) to generate cDNA of the target 
mRNAs for qPCR. The qRT‑PCR reaction was performed 
on ABI 7900 system using SYBR premix kit (RR820A, 
TaKaRa, Japan) following the manufacture’s instruc‑
tions. We analyzed the relative expression by normal‑
izing target genes to GAPDH (as an internal control of 
mRNA) and U6 (as internal control as miRNA) using the 
2‑ΔΔCt method, respectively.

NEAT1‑F: 5’‑GGGGCCACATTAATCACAAC‑3’,
NEAT1‑R: 5’‑CAGGGTGTCCTCCACCTTTA‑3’;
miR‑10b‑5p‑F: 5’‑CAGCAGCACACTGTGGTTTGTA‑3’,
miR‑10b‑5p‑R: 5’‑AACTGGTGTCGTGGAGTCGGC‑3’;
BCL6‑F, 5’‑TCCTCGGAAGATGAGATTGC‑3’,
BCL6‑R, 5’‑GTTGAGCACGATGAACTTGTA‑3’;
GAPDH‑F: 5’‑CGTGTTCCTACCCCCAATGT‑3’,
GAPDH‑R: 5’‑TGTCATCATACTTGGCAGGTTTCT‑3’;
U6‑F: 5’‑CTCGCTTCGGCAGCACA‑3’,
U6‑R 5’‑AACGCTTCACGAATTTGCGT‑3’.

Western blot

Cells were lysed by RIPA (Sigma‑Aldrich, USA). Pro‑
tein samples were loaded on SDS‑PAGE and separated 
for 200 V, 20 min, and 120 V 60 min. We then transfect‑
ed proteins from PAGE gel onto nitrocellulose mem‑
branes. The membranes were firstly incubated with 5% 
BSA in TBST for blocking. Then, membranes were in‑
cubated with primary antibodies overnight at 4°C. The 
membranes were washed 3 times (5 min each time) by 
TBST on a  shaker. Then, membranes were incubated 
with secondary antibodies on a  shaker at room tem‑
perature in darkness for 60 min. Finally, protein bands 
were detected by enhanced chemiluminescence (Ther‑
moFisher, USA) and the intensity of each band was an‑
alyzed in ImageJ. BCL6 (#14895), NLRP3 (#13158), ASC 
(#67824) and cleaved caspase‑1 (#89332) antibodies 
were obtained from Cell Signaling Technology (CST, 
USA). All antibodies were diluted at 1:2000 in TBST 
with 5% BSA. 

ROS assay

The detection of reactive oxygen species (ROS) 
was performed as previously described (Aranda et al., 
2013). ROS production in BV‑2 cells was measured using 
a  microplate reader or fluorescence microscopy using 
2’,7’‑dichlorofluorescein diacetate (H2DCFDA) (D6883, 
Sigma‑Aldrich) as fluorescent probes following the 
manufacturer’s protocols.

Malondialdehyde (MDA) and superoxide 
dismutase (SOD) analysis

The level of MDA and SOD within BV‑2 cells were 
detected using commercially available kits (MDA kit, 
BC0020; SOD kit, BC0170) purchased from Solarbio, Bei‑
jing, China following manufactures’ instructions.

Dual‑luciferase assay

The NLRP3 promoter plasmid sequences were 
generated and cloned into pmirGLO systems (E1330, 
Promega, USA), and the pGL3‑basic vehicle vector was 
used as a control. Luciferase reporter system was trans‑
fected into 293T cells as indicated. Forty‑eight  hours 
post‑transfection, cells were harvested and the relative 
luciferase activity was measured using Dual Luciferase 
Reporter Assay System (E1910, Promega, Wisconsin, 
USA). Experiments were conveyed following manufac‑
turer’s instruction.

ELISA assay

Concentrations of secreted IL‑18 and IL‑1β were 
detected using an ELISA kit (mlbio, ml063132, and 
ml063131). Firstly, we coated 96 well plates by incubat‑
ing the plate overnight at 4°C with 100 μL diluted an‑
tibodies per well. The plate was then washed and load‑
ed with blocking buffer and incubated for 1 h at room 
temperature. Solutions were removed from the plate 
and each well was loaded with samples or standards. 
Plates were incubated again at room temperature for 
2  h, followed by 3 substrate solution washes. To stop 
the reaction, a stop solution was loaded into each well. 
Signals were detected under 450 nm.

Chromatin‑immunoprecipitation (ChIP)

Briefly, ChIP was performed as follows. First, we 
prepared samples by incubating BV‑2 cells with 1% 
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formaldehyde for 20  min. Cells were lysed using SDS 
buffer (1% SDS, 50  mM Tris‑HCl pH 8.1, 10  mM EDTA) 
and the nuclei were isolated. Then, we incubated the 
BCL6 antibody with cellular lysate with sheared sol‑
uble chromatin at 4°C overnight and performed im‑
munoprecipitation using protein A/G beads. Samples 
were de‑crosslinked and the solutions containing DNA, 
RNase A and proteinase K were collected and subject‑
ed to qPCR. ChIP was performed using a  commercial 
kit from Cell signaling technology (CST#9003). Briefly, 
cells were fixed with 4% paraformaldehyde for 10 min, 
collected, and lysed using SDS buffer (1% SDS, 50 mM 
Tris‑HCl pH 8.1, 10  mM EDTA). The nucleus was iso‑
lated and incubated with a  micrococcal nuclease to 
break down chromatin into fragments. Each sample 
was mixed with 100 μL of BCL6 antibody (#14895, Cell 
Signaling Technology) conjugated dynabeads and incu‑
bated overnight at 4°C on a  rotating platform. Beads 
were collected with a  magnetic particle concentrator 
and washed with RIPA buffer twice and with TE buf‑
fer once. Then we added 50 μL of elution buffer and 
vortexed samples briefly to resuspend the beads. Beads 
were incubated for 10 min at 65°C and vortexed briefly 
every 2 min during incubation. The tubes were centri‑
fuged for 30 s at 11,000 g, and then we transferred the 
liquid to a  new tube and added 120 μL of elution buf‑
fer to the supernatant in the new tube. Samples were 
de‑crosslinked overnight in a 65°C incubator. DNA was 
purified and then resuspend in 30 μL of TE buffer con‑
taining 10 µg of RNase A and incubated for 2 h at 37°C. 
We purified the DNA using a QIAGEN QIA quick PCR pu‑
rification kit (28104). The qRT‑PCR was then performed 
to detect enrichment of promoter region of NLRP3. 
The following primers were used for NLRP3 ChIP PCR, 

forward: 5’‑TCTCCATTGTGTCTTCTTGGTG‑3’; reverse: 
5’‑CTGGGTGACAAGAGCAAGACT‑3’.

Statistical analyses

In this study, experiments were repeated 3  times. 
Prism 6.0 software (GraphPad Software, USA) was 
used for data analyses. For comparison between the 
two groups, we used Student’s t‑test (two‑tailed). To 
analyze differences among multiple groups, we used 
a  one‑way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test. We considered P<0.05 as statisti‑
cally significant. Data are shown as the mean ± stan‑
dard deviation (SD).

RESULTS

LncRNA NEAT1 is downregulated in CIS patients 
and OGD/R cell model

To investigate the expression of NEAT1 in OGD/R 
induced BV‑2 cells and in serums from CIS patients, 
we conducted the following experiments. Firstly, we 
collected serums from a  healthy population and CIS 
patients and detected NEAT1 expression by qRT‑PCR. 
The expression of NEAT1 was significantly lower in 
CIS group compared with the healthy control group 
(Fig. 1A). Then, we conducted OGD/R (oxygen and glu‑
cose deprivation for 4  h and reoxygenate for 24  h) in 
mouse microglia cell line (BV‑2), and detected NEAT1 
expression by qPCR. Compared with the control group, 
OGD/R treated cells exerted lower NEAT1 expression 

Fig. 1. lncRNA NEAT1 was downregulated in CIS patients and the H/R cell model. (A) NEAT1 levels in the serum samples of CIS patients and healthy controls 
were determined using qRT‑PCR, n=15. *P<0.05. (B) BV‑2 cells were subjected to OGD for 4 h followed by reoxygenation for 24 h. Thereafter, NEAT1 levels 
were measured using qRT‑PCR. **P<0.01. Data are expressed as the mean ± SD. All experiments were replicated 3 times.
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(Fig. 1B). These results indicated that NEAT1 was asso‑
ciated with CIS development.

NEAT1 overexpression alleviates OGD/R induced 
BV‑2 cell injury

Then we transfected BV‑2 cells with pcDNA‑NEAT1 
to evaluate the influences on OGD/R induced cellular 
damage. The transfection efficiency was confirmed us‑

ing qRT‑PCR. The results showed that NEAT1 overex‑
pression indeed increased NEAT1 levels (Fig. 2A). Then, 
these cells were treated by OGD/R and subjected to 
western blot analysis to analyze the expression of in‑
flammasome‑associated proteins such as NLRP3, ASC, 
and cleaved caspase‑1. These proteins were significant‑
ly elevated in OGD/R group, while the overexpression 
of NEAT1 inhibited OGD/R the upregulation of inflam‑
masome‑associated proteins (Fig.  2B). IL‑1β and IL‑18 
in the supernatants were detected by ELISA assay to be 

Fig. 2. NEAT1 overexpression alleviated OGD/R induced BV‑2 cells injury. OGD/R treated BV‑2 cells were transfected with pcDNA‑NEAT1. (A) The 
transfection efficiency of NEAT1 was determined using qRT‑PCR. (B) The levels of inflammasome‑associated proteins NLRP3, ASC, and cleaved 
caspase‑1 were detected by western blot. (C) The levels of IL‑1β and IL‑18 were determined by ELISA assay. (D‑F) The ROS (D), MDA (E), and SOD 
(F) levels were determined by assay kits. Data are expressed as the mean ± SD. All experiments were replicated 3  times. *P<0.05; **P<0.01; 
***P<0.001.
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increased in the OGD/R group, which were alleviated 
by NEAT1 overexpression (Fig. 2C). Oxidative stress‑as‑
sociated markers such as ROS (reactive oxygen species), 
SOD (superoxide dismutase), and MDA (malondialde‑
hyde) were also detected. Compared with the control 
group, OGD/R treated cells exerted increased ROS and 
MDA and decreased SOD, while NEAT1 overexpression 
alleviated such changes (Fig. 2D-F). From these results, 
we could speculate that NEAT1 overexpression alleviat‑
ed OGD/R induced inflammatory damage and oxidative 
stress in BV‑2 cells.

NEAT1 competitively interacted with miR‑10b‑5p 
and promoted the expression of BCL‑6. To find the po‑

tential NEAT1 target, we adopted bioinformatic analysis 
using starBase, and the interaction sequence was iden‑
tified between NEAT1 and miR‑10b‑5p (Fig. 3A). Because 
miR‑10b‑5p was predicted as NEAT1 target, we investi‑
gated whether it could interact with NEAT1. Dual lucif‑
erase reporter system containing wild type (NEAT1‑wt) 
and mutant (NEAT1-mut) miR‑10b‑5p‑interacting se‑
quence of NEAT1 was constructed and co‑transfected 
with miR‑10b‑5p into BV‑2 cells. The luciferase activity 
was decreased in WT‑NEAT1 group, which validated the 
interaction between NEAT1 and miR‑10b‑5p (Fig.  3B). 
Besides, the expression of miR‑10b‑5p was suppressed 
by NEAT1 overexpression (Fig. 3C). We also revealed the 

Fig.  3. NEAT1 competitively interacted with miR‑10b‑5p and promoted the expression of BCL‑6. (A) starBase was used to predict the binding 
sequence between miR‑10b‑5p and NEAT1. (B) The interplay between miR‑10b‑5p and NEAT1 was validated using a  dual‑luciferase reporter 
assay. (C) The relative miR‑10b‑5p was estimated in pcDNA‑NEAT1 or pcDNA3.1 transfected BV‑2 cells by qRT‑PCR. (D) starBase was used to 
predict the binding sequence between miR‑10b‑5p and BCL6. (E) The interplay between miR‑10b‑5p and BCL6 was verified using a dual‑luciferase 
reporter assay. (F) The relative mRNA and (G) protein levels of BCL6 in pcDNA‑NEAT1 or miR‑10b‑5p mimic transfected BV‑2 cells were determined 
by qRT‑PCR and western blot, respectively. Data are expressed as the mean ± SD. All experiments were replicated 3 times. *P<0.05; **P<0.01; 
***P<0.001.
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binding sequence between BCL6 and miR‑10b‑5p using 
starBase (Fig.  3D). Additionally, the luciferase activi‑
ty of cells co‑transfected with miR‑10b‑5p mimic and 
wild‑type BCL6 (BCL6-wt) was notably decreased com‑
pared to that of cells co‑transfected with a miR‑10b‑5p 
mimic and a mutant BCL6 vector (BCL6-mut) (Fig. 3E). 
Furthermore, BCL6 expression was promoted by 
NEAT1 overexpression and inhibited by transfection 
of miR‑10b‑5p mimic. NEAT1 overexpression partial‑
ly rescued miR‑10b‑5p mimic induced BCL6 inhibi‑
tion (Fig. 3F, G). Based on these evidence, we deduced 
that NEAT1 most likely acted as a  ceRNA by targeting 
miR‑10b‑5p and promoting BCL6 expression.

NEAT1 alleviates OGD/R induced BV‑2 cell injury 
by upregulating BCL‑6 via inhibiting miR‑10b‑5p

In order to reveal whether NEAT1 affected OGD/R treat‑
ed BV‑2 cells through regulating the miR‑10b‑5p/BCL6 
signaling axis, the following experiments were performed: 
BV‑2 cells were transfected with NEAT1, miR‑10b‑5p mim‑
ic, and sh‑BCL6 and subjected to western blot analysis to 
detect expression of inflammasome‑associated proteins 
NLRP3, ASC, and cleaved caspase‑1. OGD/R upregulated 
these proteins, while NEAT1 significantly inhibited the up‑
regulation caused by OGD/R. In addition, miR‑10b‑5p over‑
expression partially abolished such function of NEAT1. 

Fig. 4. NEAT1 alleviated OGD/R induced BV‑2 cells injury by upregulating BCL6 expression via inhibiting miR‑10b‑5p. BV‑2 cells under OGD/R condition were 
transfected with sh‑BCL6, miR‑10b‑5p mimic or pcDNA‑NEAT1. (A) The levels of inflammasome‑associated proteins NLRP3, ASC, and cleaved caspase‑1 
were detected by western blot. (B) The levels of IL‑1β and IL‑18 were determined by ELISA assay. (C‑E) The ROS (C), MDA (D), and SOD (E) levels were 
determined by assay kits. Data are expressed as the mean ± SD. All experiments were replicated 3 times. *P<0.05; **P<0.01; ***P<0.001.
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Knockdown of BCL6 by sh‑BCL6 exerted similar results 
with miR‑10b‑5p overexpression (Fig. 4A). NEAT1 overex‑
pression significantly inhibited OGD/R induced secretion 
of IL‑1β and IL‑18 in the supernatants, while miR‑10b‑5p 
overexpression or sh‑BCL6 attenuated the above effects 
of NEAT1 (Fig.  4B). Moreover, NEAT1 overexpression sig‑
nificantly inhibited OGD/R induced ROS, MDA, and sup‑
pressed SOD production, while miR‑10b‑5p overexpression 
or sh‑BCL6 alleviated such function (Fig. 4C-E). Collective‑
ly, these data strongly suggested that NEAT1 alleviated 
OGD/R induced cellular injury by upregulating BCL‑6 via 
inhibiting miR‑10b‑5p.

BCL6 inhibits transcription of NLRP3 and 
downregulates its expression

BCL6 is known as a  transcription factor. In order to 
explore how did BCL6 regulate OGD/R induced BV‑2 cells 

injury and to elucidate its downstream targets, we de‑
signed the following experiments. The binding site of 
BCL6 on the NLRP3 promoter was predicted by JASPAR 
software (Fig.  5A). The interaction between BCL6 and 
NLRP3 was analyzed by ChIP analysis. When BCL6 was 
knocked down by sh‑BCL6, the signal corresponding 
to the NLRP3 transcription region was diminished, in‑
dicating a  direct interaction between BCL6 and NLRP3 
(Fig.  5B). Furthermore, dual‑luciferase reporter assay 
was performed to investigate the interaction between 
NLRP3 promoter and BCL6. BCL6 knockdown promot‑
ed NLRP3 transcription which led to an increase in lu‑
ciferase activity compared to the sh‑NC group. While 
BCL6 knockdown had no effect on pGL3‑basic (Fig. 5C). 
Next, we knocked down BCL6 using shRNA, and detected 
expression of BCL6 and NLRP3 using western blot and 
qPCR. BCL6 expression was significantly inhibited by 
sh‑BCL6, while NLRP3 was significantly upregulated in 
both mRNA and protein levels (Fig. 5D, E). These results 

Fig.  5. BCL6 inhibited transcription of NLRP3 and suppressed its expression. (A) Potential interaction sites of BCL‑6 in the promoter of NLRP3 were 
predicted by JASPAR software. (B) ChIP analysis showed the effects of BCL6‑shRNA on the BCL6 binding to the NLRP3 promoter. (C) Dual‑luciferase 
reporter assay was used to detect the NLRP3 gene promoter‑reporter activity in cells transfected with sh‑BCL6 or its corresponding control. (D‑E) The 
mRNA and protein expression levels of BCL6 and NLRP3 after the knockdown of BCL6 were analyzed by qRT‑PCR and Western blot. Data are expressed as 
the mean ± SD. All experiments were replicated 3 times. *P<0.05; **P<0.01.

19Acta Neurobiol Exp 2022, 82: 12–21



Zhou et al.

demonstrated that BCL6 could inhibit NLRP3 transcrip‑
tion and translation.

DISCUSSION

Multiple lncRNAs have been reported in CIS with 
a  plethora of proposed functions. For instance, Song 
and Kim (2020) discovered 5 differentially expressed 
lncRNA and more than 2000 differentially expressed 
miRNAs and these lncRNAs were potentially associ‑
ated with CIS development through regulating apop‑
tosis, inflammation, or other mechanisms. However, 
their expression pattern was different. For instance, 
lncRNA KCNQ1OT1 and lncRNA SHNG15 were increased 
after I/R (ischemia/reperfusion) injury in ischemic 
stroke patients or in a  OGD‑induced cell model (Guo 
et al., 2020; Wang et al., 2020a). In our study, we re‑
ported that lncRNA NEAT1 was down‑regulated in se‑
rums of CIS patients and an in vitro OGD/R cell model. 
This indicated that different lncRNAs might function 
through different signaling pathways after CIS. When 
we overexpressed NEAT1, OGD/R induced cellular in‑
juries were alleviated. These results were consistent 
with the previous report of NEAT1 in ischemic stroke, 
where elevated NEAT1 was associated with better prog‑
nosis and facilitated survival and angiogenesis in OGD 
induced brain microvascular endothelial cells (Zhou et 
al., 2019).

The widely accepted concept explaining how ln‑
cRNA regulated miRNA and downstream gene ex‑
pression is the ceRNA (competing endogenous RNA) 
hypothesis (Lin et al., 2020). Briefly, lncRNAs harbor 
a  vast amount of interaction sequences of certain 
miRNAs and could interact with them like a  sponge, 
decreasing the free miRNA within the cytosol. There‑
fore, the miRNA was inhibited and its target gene 
was up‑regulated. In this study, we revealed the bind‑
ing sequences between miR‑10b‑5p and NEAT1, and 
proved their direct interaction by both qRT‑PCR and 
dual‑luciferase reporter assay. NEAT1 overexpression 
inhibited miR‑10b‑5p and upregulated its target gene 
BCL6. These results were consistent with the ceRNA 
mechanism. Although many miRNAs had been re‑
ported as NEAT1 targets, such as miR‑326 in neuro‑
blastoma (Yang et al., 2020), miR‑23a in mononuclear 
cells (Rao et al., 2020), and miR‑543 in chondrocyte 
(Xiao et al., 2020). miR‑10b‑5p was first discovered as 
a  NEAT1 target, especially in CIS. It was noteworthy 
that Zhang and colleagues reported that NEAT1 could 
promote NLRP3 inflammasome in immune cells such 
as dendritic cells and macrophages, which was con‑
troversial with our results (Zhang et al., 2019a, Zhang 
et al., 2019b). However, in osteoblasts, NEAT1 could 

inhibit NLRP3 inflammasome and ameliorate inflam‑
mation, which was consistent with our finding (Dai 
et al., 2021). This was presumably due to a variety of 
functions and gene expression profiles among differ‑
ent cell types or diseases, and effects of NEAT1 varied 
among different diseases or cell lines accordingly.

BCL6 was previously reported with the function 
to attenuate inflammation (Chen et al., 2017). In our 
work, NEAT1 overexpression upregulated BCL6 ex‑
pression and alleviated OGD/R induced cell inflamma‑
tion damage and oxidative stress. BCL6 was previous‑
ly reported as a transcription factor that can repress 
NOTCH2 and NOTCH pathway genes to maintain the 
survival of human follicular lymphoma cells (Valls 
et al., 2017). Recently, Ni et al found that BCL6 can 
negatively regulate cardiac fibroblast activation and 
function by directly binding to smad4 (Ni et al., 2019). 
Herein, we also revealed that BCL6 could directly in‑
teract with the promoter of NLRP3 and inhibit NLRP3 
expression.

CONCLUSION

In summary, lncRNA NEAT1 inhibited inflam‑
masome activation in microglia by inhibition of NLRP3 
via a miR‑10b‑5p/BCL6 signaling pathway, which could 
influence outcomes of ischemic stroke. We report for 
the first time, that lncRNA NEAT1 acted as a sponge of 
miR‑10b‑5p, and BCL6 was a  target of miR‑10b‑5p. We 
also uncovered the NEAT1/miR‑10b‑5p/BCL6/NLRP3 
signaling pathway that was tightly associated with in‑
flammation during CIS. These findings shed new light 
on our understanding of the regulatory mechanism of 
NEAT1 inflammasome during CIS, and might provide 
a potential therapeutic target for CIS treatment. 
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