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IncRNA NEAT1 ameliorates LPS-induced inflammation
in MG63 cells by activating autophagy and
suppressing the NLRP3 inflammasome
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Abstract. The mechanisms of inflammation in bone and
joint tissue are complex and involve long non-coding RNAs
(IncRNAs), which play an important role in this process.
The aim of the present study was to screen out differentially
expressed genes in human osteoblasts stimulated by inflam-
mation, and to further explore the mechanisms underlying
inflammatory responses and the functional activity of human
osteoblasts through bioinformatics methods and in vitro
experiments. For this purpose, MG63 cells were stimulated
with various concentrations of lipopolysaccharide (LPS) for
different periods of time to construct an optimal inflamma-
tory model and RNA sequencing was then performed on these
cells. The levels of nuclear enriched abundant transcript 1
(NEAT1), various inflammatory factors, Nod-like receptor
protein 3 (NLRP3) protein and osteogenesis-related proteins,
as well as the levels of cell apoptosis- and cell cycle-related
markers were measured in MG63 cells stimulated with LPS,
transfected with NEAT1 overexpression plasmid and treated
with bexarotene by western blot analysis, RT-qPCR, immuno-
fluorescence, FISH, TEM and flow cytometry. There were 427
differentially expressed genes in the LPS-stimulated MG63
cells, in which NEAT1 was significantly downregulated.
LPS upregulated the expression of inflammatory cytokines
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and NLRP3, inhibited the expression of autophagy-related
and osteogenesis-related proteins, promoted apoptosis and
altered the cell cycle, which was partially inhibited by NEAT1
overexpression and promoted by bexarotene. LPS stimulated
inflammation in the MG63 cells and inhibited the retinoid X
receptor (RXR)-a to downregulate the expression of NEAT1
and decrease levels of autophagy, which promoted the activa-
tion of NLRP3 and the release of inflammatory factors, and
impaired the functional activity of osteoblasts, thus promoting
the development of inflammation.

Introduction

Bone is a unique type of tissue that undergoes continuous
modelling and remodeling, a process that is accomplished
by 2 major cell types: Bone-forming osteoblasts and
bone-resorbing osteoclasts (1). Osteoblasts and osteoclasts
are involved in the complex and precise network of signaling
pathways that regulate this process (2-4). However, the mecha-
nisms underlying osteoblastogenesis, which is a complex
process, remain to be elucidated. However, several molecules
and signaling pathways, such as the Wnt signaling pathway,
BMP-2/Smad/Runx2 pathway and AMPK pathway (5-7),
have been found to regulate the maturation, differentiation
and function of pre-osteoblasts and osteoblasts. The differ-
entiation and function of osteoclasts are mainly regulated by
the RANKL/RANK/OPG pathway (8-11). Various skeletal
diseases occur when the balance between bone resorption and
formation is lost.

Inflammation is one of the major reasons for this imbalance
and is manifested as impaired bone formation, as well as exces-
sive bone degradation (1,12). Inflammatory cytokines and other
messenger molecules produced by activated cells are delivered
to target cells of bone tissue. Lipopolysaccharide (LPS), a
main component of Gram-negative bacterial membranes, is
commonly used as a stimulator of the inflammatory response
in cell experiments and has been demonstrated to suppress
osteoblastic differentiation (13-20), increase osteoclast
activity (21) and induce bone loss (22,23). Recent studies
have demonstrated that LPS-activated autophagy negatively
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regulates Wnt signaling via the autophagic degradation
of dishevelled 2 (Dvl2), which plays an important role in
osteoclastogenesis from pre-osteoclasts (24). Accordingly,
exploration at the genetic level seems necessary for elucidating
the mechanisms that mediate the inflammatory process in
skeletal disease.

Long non-coding RNAs (IncRNAs) are non-coding
RNAs (ncRNAs) of >200 bp in length, which have been
reported to be involved in a variety of biological functions,
such as the regulation of gene expression through epigenetic
regulation, transcriptional regulation and post-transcriptional
regulation (25,26). Recent research has indicated that several
IncRNAs expressed in macrophages and monocytes mediate
pro-inflammatory and anti-inflammatory processes, cell
differentiation and survival (27). Previous studies have demon-
strated that IncRNAs may regulate osteogenic differentiation
by interacting with miRNAs or specific pathways (28-30).
Additionally, several IncRNAs involved in bone mineral
homeostasis and osteoclastogenesis have been found in
monocytes of osteoporotic patients (31).

Nuclear enriched abundant transcript 1 (NEAT1) is aclassic
IncRNA that is specifically located in paraspeckles and func-
tions as an essential structural determinant by interacting with
members of the Drosophila behavior human splicing (DBHS)
family of proteins (32-35). Recently, emerging evidence has
suggested that NEAT] is intricately associated with inflam-
mation. First, NEAT1 has been identified as an inflammatory
regulator in human lupus, sepsis and atherosclerosis (36-40).
The expression levels of several chemokines and cytokines are
significantly linked with the status of NEAT1. Additionally,
NEAT!1 has been found to promote the formation of Nod-like
receptor protein 3 (NLRP3), which leads to enhanced
pro-caspase-1 processing, caspase-1 activation and interleukin
(IL)-1p maturation (41). In the present study, novel mecha-
nisms of NEAT1 were explored in LPS-induced inflammation
in osteoblasts via activating autophagy and suppressing the
NLRP3 inflammasome, which may provide novel insight
for the therapeutic application of IncRNAs in inflammatory
diseases.

Materials and methods

Cells and cell culture. The human osteosarcoma cell line,
MG63, donated by the State Key Laboratory of Oral Disease,
Sichuan University was used to establish the osteoblast model.
A total of 1x10° cells were seeded in each 10-cm dish and
cultured with 8 ml a-MEM medium containing 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at
37°C in a 5% CO, incubator. Passaging was achieved using
2 ml trypsin containing 0.25% EDTA (HyClone; Cytiva) when
cells were fused to 80%.

Cell stimulation. To construct an optimal inflammatory model,
MG63 cells were separately stimulated with 0.5, 1 and 2 pg/ml
Porphyromonas gingivalis-derived LPS (LPS-PG; Invitrogen;
Thermo Fisher Scientific, Inc.) for 3 h and then examined
by reverse transcription-quantitative PCR (RT-qPCR). The
MG63 were then stimulated with LPS-PG at the optimal drug
concentration for 2, 3,4, 5 and 6 h separately and examined by
RT-qPCR to identify the optimal treatment time.
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To determine the optimal drug concentration of retinoid X
receptor (RXR)-a agonist, bexarotene, the MG63 cells were
separately treated with 0,0.1,0.3,0.9 and 2.7 ug/ml bexarotene
(Cell Signaling Technology, Inc.) for 24 h and then examined
by RT-qPCR. Bafilomycin Al (Baf Al) and MCC950 were
obtained from Selleck Chem. Co. Ltd. To inhibit autophagy,
cells were incubated with 200 nM Baf Al for 4 h. The cells
were also incubated with 1 xM MCC950 for 3 h to selectively
inhibit NLRP3.

NEATI overexpression. The NEAT1 overexpression plasmid
was constructed by GeneCopoeia, and the null vector was
used as a control. The heat shock method was used for the
transformation of the plasmid DNA into E. coli. In brief,
following a 30 min of incubation on ice, a mixture of 10 ul of
competent bacteria and 2 ul of plasmid were placed at 42°C
for 90 sec and placed back on ice for 2 min. A total of 2 ml
of Luria-Bertani (LB) medium (Thermo Fisher Scientific,
Inc.) was added to an agar plate containing ampicillin and
200 ul of the mixture was added onto the LB. The plates were
incubated at 37°C overnight. Recombinant plasmid DNA
was isolated using a E.Z.N.A.® Endo-Free Plasmid Midi kit
(Omega Bio-tek) according to the manufacturer's instructions.
Agarose gel electrophoresis was conducted for the selection
of the plasmid DNA. Sequencing of the DNA was performed
as follows by TSINGKE Biological Technology. The MG63
cells were seeded at a density of 1x10° cells each well into
a 6-well plate for transfection. After 24 h, the cells were 70
to 90% confluent and the medium were replaced with an
antibiotic-free and serum-free medium. A total of 300 pl of
mixture of the plasmid DNA and Lipo2000™ transfection
reagent (Beyotime Institute of Biotechnology) were added
to each well and the cells were incubated for 6 h at 37°C in
a 5% CO, incubator. The medium was then replaced with
o-MEM medium containing 10% FBS. After 24 to 48 h, the
success of transfection was determined by RT-qPCR and using
a fluorescence microscope (Olympus Corporation).

Western blot analysis. Total protein was extracted using
a whole cell lysis assay (Nanjing KeyGen Biotech. Co.,
Ltd.) according to the manufacturer's protocols. The total
protein concentration was determined by BCA protein assay
(Nanjing KeyGen Biotech. Co., Ltd.). A total of 4 V of
protein sample were mixed with 1 V of 5X protein loading
buffer (Sigma-Aldrich; Merck KGaA), incubated for 5 min in
boiling water and stored at -20°C. Western blot analysis was
performed following a standard protocol. A total of 20 ug of
protein lysate was subjected to 7.5% or 10% sodium dodecyl
sulfate polyacrylamide gels (Epizyme, Inc.) and transferred
onto polyvinylidene difluoride (PVDF) membranes (KeyGen
BioTech). The membranes were blocked with 5% non-fat
dried milk in TBST (Kelong Chemical Co.) for 1 h at room
temperature, and subsequently probed with specific primary
antibodies [anti-GAPDH (mouse, 60004-1-Ig), anti-f3-actin
(rabbit, 66009-1-Ig), anti-Unc-51 like autophagy activating
kinase (ULKI; rabbit, 20986-1-AP), anti-p62 (rabbit,
18420-1-AP) (all from Proteintech Group, Inc. and diluted at
1:500), anti-apoptosis-associated speck-like protein containing
a CARD (ASC; rabbit, ab151700; Abcam), anti-caspase-1
(rabbit, ab179515; Abcam), anti-NLRP3 (rabbit, ab270449;
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Abcam) diluted at 1:1,000, anti-p-ULK-1 (rabbit, #14202; Cell
Signaling Technology, Inc.) diluted at 1:500, anti-interleukin
(IL)-1P (rabbit; Abcam, ab234437 for full-length IL-1p and
ab9722 for cleaved IL-1f) at 1:200), caspase-3 (rabbit, #9662;
Cell Signaling Technology, Inc.) diluted at 1:500, cytochrome ¢
(cyto c, rabbit, 10993-1-AP) diluted at 1:200, LC3 (rabbit,
14600-1-AP) at 1:200, osteopontin (OPN; rabbit, 22952-1-AP)
diluted at 1:500, poly(ADP-ribose) polymerase (PARP; rabbit,
13371-1-AP) diluted at 1:500, Bax (rabbit, 50599-2-Ig) diluted
at 1:200, collagen type I (Col-I; rabbit, 14695-1-AP) diluted
at 1:500 (all from Proteintech Group, Inc.) at 4°C overnight].
Goat anti-mouse IgG antibody or goat anti-rabbit IgG antibody
or donkey anti-goat IgG antibody (AS09-602 and AS10-1427;
Amylet Scientific, Inc.) were used as the secondary antibodies
with a 1:200 dilution at room temperature for 1-2 h. The
signal was detected using an ECL kit (EMD Millipore) with a
Bio-Rad Geldoc EZ instrument (Bio-Rad Laboraroties, Inc.),
according to the manufacturer's instructions. ImageJ 1.7 soft-
ware was used to quantify the density and size of the blots,
and statistical analysis was performed using the Graphpad
Prism 7.0 package.

Agarose gel electrophoresis. A total of 500 ml of 50X TAE
buffer was prepared with 121 g of Tris base (Sigma-Aldrich;
Merck KGaA), 28.55 ml of acetic acid and 50 ml of 0.5 ml/l
EDTA. Subsequently, 50 ml of 50X TAE buffer was diluted to
500 ml of 5X TAE buffer. Agarose (0.4 g) was then added into
40 ml of 5X TAE buffer, and the mixture was then heated in a
microwave oven followed by the addition of 4 drops of Genecolor
(Bio-Gene Technology Ltd.) to prepare the agarose gel. A total
of 3 ul of DNA samples were loaded into each well with 1 ul of
loading buffer. Electrophoresis was run at 120 V and 50 mA for
20 min. The fragments of DNA were visualized under UV light.

RT-gPCR. According to the manufacturer's instructions, RNA
was extracted from the cultured cells using an RNA-Quick
Purification kit (Yishan Biotechnology, Co. Ltd.). Reverse
transcription was accomplished using the PrimeScriptTM RT
reagent kit with a gDNA eraser (Takara Bio, Inc.), and samples
were immediately stored at -80°C. Sequences of the primers of
GAPDH, IL-13, IL-6, NEAT1-1, NEAT1-2, Runx2, Col-I, and
osteocalcin in the MG63 cells were designed and synthesized
by TSINGKE Biological Technology as shown in Table I. The
thermocycling was set following the manufacturer's instruc-
tions: The cDNA synthesis reaction mix was incubated at 37°C
for 15 min, and followed by 85°C for 5 sec. Then the reaction
was terminated at 4°C. The qPCR reaction mix was incubated
at 95°C for 30 sec (stage 1 for 1 cycle), at 95°C for 5 sec and at
60°C for 30 sec (stage 2 for 40 cycles), followed by dissociation
stage. Quantitative PCR was performed on a CFX96 Real-Time
PCR Detection System (Bio-Rad Laboratories, Inc.) with 25 pl
reaction mix. The relative expression of a gene of interest was
calculated using the 2224 method (42) and normalized against
an internal control (GAPDH).

RNA sequencing and bioinformatics analysis. The purity,
quantity and integrity of RNA was measured using a
NanoDrop™ One/OneC spectrophotometer (Thermo Fisher
Scientific, Inc.), a Qubit™ RNA HSAssay kit (Thermo Fisher
Scientific, Inc.) and an Agilent 4200 TapeStation (Agilent
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Table I. Sequences of primers used in RT-qPCR analysis.

Gene Primer
GAPDH
F 5'-ACAACTTTGGTATCGTGGAAGG-3
R 5'-GCCATCACGCCACAGTTTC-3'
IL-1B
F 5'-TGTGAAATGCCACCTTTTGA-3'
R 5'-TGAGTGATACTGCCTGCCTG-3'
IL-6
F 5'-AGCCACTCACCTCTTCAGAAC-3'
R 5'-GCCTCTTTGCTGCTTTCACAC-3'
NEAT1-1
F 5'-AGCTGCGTCTATTGAATTGGTAAAGTAA-3'
R 5'-GACAGAAAGATCCCAACGATAAAAATAA-3'
NEAT1-2
F 5'-GTCTTTCCATCCACTCACGTCTATTT-3'
R 5'-GTACTCTGTGATGGGGTAGTCAGTCAG-3'
Runx2
F 5'-TGGTTACTGTCATGGCGGGTA-3'
R 5'-TCTCAGATCGTTGAACCTTGCTA-3'
Col-1
F 5'-AGGGACACAGAGGTTTCAGT-3'
R 5'-AGCACCATCATTTCCACGAG-3'
Osteocalcin
F 5'-CTCACACTCCTCGCCCTATTG-3'
R 5-GCTTGGACACAAAGGCTGCAC-3

F, forward; R, reverse; NEAT1, nuclear enriched abundant transcript 1;
IL, interleukin; Col-I, collagen type I.

Technologies, Inc.) separately. Libraries were generated
by PCR amplification, purified by AmPure XP magnetic
beads, and quantified using a Kapa qPCR and Agilent 4200
TapeStation. The PCR amplification mix was incubated in the
following progress: 1 cycle 98°C for 30 sec; 15 cycles 98°C
for 10 sec, 60°C for 30 sec, 72°C for 30 sec; 1 cycle 72°C for
10 min; hold at 4°C. Libraries were pooled and sequenced on an
[1lumina HiSeq4000 platform. The expression profiles of each
IncRNAs and coding-genes were quantified and normalized
by the DESeq method, and the differential expressed genes
among each group were calculated by FDR (false discovery
rate) and a Student's t-test. The significant differentially
expressed genes (DEGs) were recognized with an FDR <0.01
(or adjusted P-value) and a =2-fold change in expression. The
DEGs were enriched by their Gene Ontology (GO) or Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
with the GSEA method, as well as the IncRNA annotation,
Encyclopedia of DNA Elements (ENCODE) database, and
mapping to Reactome database (43) using the clusterProfiler
package (44).

Immunofluorescence. Cells in 6-well plates were selected to be
transfected with GFP-LC3 plasmid (Addgene, #21073) based
on group design. MG63 cells were grown in o-MEM medium
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containing 10% FBS, cells at sub-confluency were transfected
with the indicated cDNAs using Lipo3000 reagent (Thermal
Fisher Scientific, Inc.). Cells were analyzed at 24-48 h
following transfection. Mock transfection was performed
using the empty vector. First, the medium was discarded.
The cells were then washed twice with PBS for 5 min each
time and fixed using 4% paraformaldehyde for 15 min. After
washing in cold PBS twice, the cells were permeabilized using
0.5% Triton X-100 in PBS at room temperature for 20 min.
After rinsing with PBS 3 times, the cells were blocked with 5%
goat serum (Sigma-Aldrich; Merck KGaA) in PBS for 30 min
at room temperature and incubated with 30 pl of the indicated
primary antibodies [anti-caspase-1 (rabbit, 22915-1-AP;
Proteintech Group, Inc.), anti-ASC (rabbit, ab155970; Abcam),
anti-NLRP3 (rabbit, ab270449; Abcam) and LC3-II (rabbit,
18725-1-AP; Proteintech Group, Inc.)] in a wet box at 4°C
overnight. After reheating at room temperature for 30 min and
washing 3 times with PBS, the cells were incubated with goat
anti-rabbit IgG antibody conjugated with Alexa Fluor 488,
Alexa Fluor 594 or Cy3 (AS09-608, AS11-1814 and AS11-1815;
AmylJet Scientific, Inc.) at a dilution of 1:100 at 37°C for 1 h,
and 100 pul of Hoechst stain solution or DAPI were added for
5 min, and the cells were again rinsed with PBS 3 times. A
blocking solution containing an anti-fluorescent quencher was
used for mounting. Images of the cells were captured under a
fluorescence microscope (Olympus Corporation).

Fluorescent in situ hybridization (FISH). A fluorescence
in situ hybridization kit (Guangzhou RiboBio Co., Ltd.)
was used, according to the manufacturer's instructions. The
methods used for fixation and permeabilization were the same
as those used for immunofluorescence (described above). The
cells were incubated with 200 pl of prehybridization solu-
tion at 37°C for 30 min and were then incubated with 20 pl
of DNA probe/hybridization buffer at 37°C overnight. The
following steps were performed in the dark: Each well was
washed sequentially with washing solution I, II, IIT and PBS,
while blocking, staining and observation of the cells was
performed using the same methods as those described above
for immunofluorescence.

Transmission electron microscopy (TEM). The cells were
collected using a cell scraper, centrifugated at 100 x g for
5 min at room temperature and washed twice with PBS. The
cells were fixed using 2.5% glutaraldehyde at 4°C overnight
and seeded to a formvar-stabilized carbon support films, nega-
tively stained with phosphotungstic acid solution (2% w/v),
and then dried naturally for TEM analysis. The intracellular
morphology of MG63 cells was analyzed using a transmission
electron microscopy (TEM, H-600; Hitachi, Ltd.).

Cell cycle analysis and apoptosis assay. The cells were
dissociated using trypsin without EDTA and the suspension
was centrifuged at 1,000 x g for 5 min at room temperature.
The cells were gently washed with PBS twice and again
centrifugated at 1,000 x g for 5 min at room temperature. The
supernatant was discarded, and the cells were collected and
detected on a BD FACSCanto-II flowcytometry instrument
(BD Biosciences). For the cell cycle assay, the cells were resus-
pended and fixed using cold 70% (v/v) ethanol at 4°C for at least
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30 min. The ethanol used was discarded through centrifuga-
tion at 1,000 x g for 5 min at 4°C. After washing with PBS
twice, the cells were incubated with 1 ml of PI staining solution
in the dark at room temperature for 20 min and the positive
cells were then detected. For the cell apoptosis assay, the cells
were resuspended using a 1X binding buffer. The mixture
was incubated with 10 pl of PI staining solution and 5 pl of
Annexin V-FITC solution (C1062L, Annexin V-FITC/PI dual
staining kit; Beyotime Institute of Biotechnology, Inc.) in the
dark at room temperature for 5 min. Subsequently, 400 ul of
1X of a binding buffer was added to each tube and the positive
cells were then detected.

Statistical analysis. All experiments were performed at least
3 times and all results are reported as the means + standard
deviation (SD). Statistical analyses were performed using
an independent Student's t-test, one-way ANOVA with the
Bonferroni post hoc test and Pearson's correlation analysis
on GraphPad Prism 7.0 software or R packages. P-values of
<0.05 were considered to indicate a statistically significant
difference.

Results

Expression of NEATI is decreased following LPS stimulation.
In order to construct an optimal inflammatory model, MG63
cells were stimulated with various concentrations of LPS-PG
for different periods of time and the results of RT-qPCR
revealed that following stimulation with 0.5, 1 and 2 ug/ml
LPS-PG for 3 h, the expression levels of IL-6 and IL-1§ were
upregulated in the MGG63 cells, as shown in Fig. STA. The
levels of IL-6 and IL-1p were significantly increased in the 1
and 2 pg/ml groups compared with the control group, although
the difference was not significant between these 2 groups.
Thereafter, the levels of inflammatory factors were detected at
different time points. The results revealed that the levels of IL-6
and IL-1p were significantly upregulated within a short time
duration (2 and 3 h); however, they decreased along with the
increase in treatment duration (5 and 6 h) (Fig. S1B). Therefore,
stimulation with 1 pg/ml LPS-PG for 2 h was confirmed to
produce the optimal MG63 inflammatory model (Fig. S1C),
and these conditions were used to treat the cells used in further
RNA-seq experiments.

In order to assess LPS-induced changes in RNA expression
in MG63 cells, high-throughput sequencing of RNAs from
MG®63 cells with and without LPS stimulation was conducted.
Over 14,000 genes were identified (Table II) and 427 genes
were found to be differentially expressed in the MG63 cells
following LPS stimulation, compared with that of MG63
cells without stimulation (Fig. 1A and B). Among these genes,
241 genes were upregulated (Log, fold change >0), while 186
were downregulated (Log, fold change <0). The top 10 genes
with the most significant differences in abundance (upregulated
and downregulated) between the MG63 cells with or without
LPS stimulation are presented in Table III.

The results of the GO enrichment analysis and Reactome
Pathway Database analysis indicated that the cell cycle,
MAPK pathway and ncRNA processing may play a key role
in inflammation induced by LPS (Fig. 1C-E). Further results
obtained through the GO analysis are shown in Fig. S2.
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Table II. Results of comparison of reads to reference genomes.
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Sample Total clean reads  Total mapped reads Total mapping ratio (%) Uniq mapping ratio (%) Total gene number
Control-1 41,449,747 30,129,821 72.69 48.49 14029
Control-2 41,153,924 30,375,711 73.81 49.21 14068
Control-3 40,884,000 30,556,702 74.74 4993 14034
LPS-1 41,325,764 30,386,834 73.53 4891 14205
LPS-2 40,855,494 30,800,957 75.39 50.22 14430
LPS-3 41,469,689 31,060,797 74.90 4991 14444
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Figure 1. Bioinformatics analysis of RNA-Seq results in LPS-stimulated MG63 cells. (A and B) Differential expression level of RNAs in a heatmap and
volcano plot. (A) Red color indicates relative overexpression, while blue color indicates relative underexpression. (B) Red indicates upregulated, green indicates
downregulated, and black indicates non-statistically significant altered genes. The horizontal dashed line indicates a statistical threshold corresponding to an
adjusted P-value of <0.05; x-axis, mnRNA log, fold change; y-axis, P-value in negative log,, scale. (C and D) Enriched pathway in KEGG analysis. (E) Functional
genes network in reactome analysis. Red indicates upregulated, and blue indicates downregulated genes. Main types of functional biological processes are the
cell cycle, MAPK activation and ncRNA processing. (F) Each line in the middle of the illustration represents a gene and its rank in GSEA enrichment analysis.
The enrichment score indicates the enrichment level of genes in the target gene lists. NES, normalized enrichment score; LPS, lipopolysaccharide.
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Table III. Top 10 differential expressed up- and downregulated genes.

Gene name

Gene description

Log, fold change

Upregulated genees
CXCLS8

C-X-C motif chemokine ligand 8

LIF LIF, interleukin 6 family cytokine
EGRI1 Early growth response 1

BIRC3 Baculoviral IAP repeat containing 3
SERPINEL1 Serpin family E member 1
KRTAPI1-5 Keratin associated protein 1-5
CCL2 C-C motif chemokine ligand 2
EDNI1 Endothelin 1

CXCL3 C-X-C motif chemokine ligand 3
GADD45B

Downregulated genes
TXNIP

Growth arrest and DNA damage inducible beta

Thioredoxin interacting protein

TEF TEF, PAR bZIP transcription factor

SESN3 Sestrin 3

SNAI2 Snail family transcriptional repressor 2
PPPIR3C Protein phosphatase 1 regulatory subunit 3C
ARRDC3 Arrestin domain containing 3

C100rf10 Chromosome 10 open reading frame 10
HIST1H3G Histone cluster 1 H3 family member g
NEURLIB Neuralized E3 ubiquitin protein ligase 1B
MNI1

MNT1 proto-oncogene, transcriptional regulator

3.831031313
3.434091582
2.949483692
2.869020403
2.767710691
2.641349766
2.582271496
2.571977567
2.512770455
2.263219387

-2.166372864
-1.727267478
-1.679757426
-1.672595539
-1.659475556
-1.620649654
-1.617743297
-1.563950632
-1.554898668
-1.497164046

Table IV. Differential expressed IncRNAs.

IncRNA

Gene description

Log, fold change

NEAT1
LINCO02475
OSERI1-AS1
PSMBS8-AS1
AC048341.3
AP001372.2
ACO083843.2
AC097059.1
AC092807.3
SNHG15

Nuclear paraspeckle assembly transcript 1
Long intergenic non-protein coding RNA 2475
OSERI1 antisense RNA 1 (head to head)
PSMBS8 antisense RNA 1 (head to head)

Small nucleolar RNA host gene 15

-1.217166677
-1.216221753
-1.164111533
-1.12672866
-1.092688339
-1.022974571
-0.924327576
1.415095278
1.131243985
0.982590385

After analysis using the ENCODE database, 10 differen-
tially expressed IncRNAs were identified and these are listed
in Table IV, among which NEAT1, LINC02475, OSER-ASI,
AC097059.1 and AC092807.3 exhibited a high co-expression
association with multiple mRNAs (Fig. 2). Consistent with
these results, the RNA expression levels of the NEAT1
transcripts (NEAT1-1 and NEAT1-2) decreased signifi-
cantly in the LPS-stimulated MG63 cells, as shown through
immunofluorescence analysis and RT-qPCR (Fig. 3A and B).

Furthermore, combining the results of the KEGG pathway
analysis and gene set enrichment analysis (GESA), revealed
that the NOD-like receptor signaling pathway was significantly

activated, indicating that it may be a potential key pathway
for the mediation of inflammatory responses in the current
inflammatory model (Fig. 1F).

NEATI suppresses LPS-induced inflammatory responses via
the NOD-like pathway.In order to examine the effects of NEAT1
expression on the activation of the NOD-like pathway, MG63
cells were successfully transfected with NEAT1 overexpression
plasmid (Fig. S3). The expression levels of IL-1f precursors and
splicers, caspase-1 precursors and splicers, caspase-3 precur-
sors and splicers, and NLRP3 were found to be upregulated
following LPS stimulation and were downregulated by NEAT1
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overexpression (Fig. 3C), although the expression levels of  results still suggest that NEAT1 can inhibit the expression of
cytochrome ¢ were not markedly altered, the above-mentioned =~ NLRP3 and the maturation of IL-13 and caspase-1.
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Overexpression of NEATI promotes autophagy and further
reduces the activation of the NLPR3 inflammasome in MG63
cells. Previous studies have theoretically found that autophagy
may be involved in the control of IL-1{ secretion by targeting
pro-IL-1p for lysosomal degradation or by regulating the
activation of the NLRP3 inflammasome or by other potential
mechanisms (45,46). The present study explored autophagy
induction in MG63 cells in response to LPS stimulation or
NEAT]1 overexpression. Following transfection with NEAT1
overexpression plasmid, the LPS-stimulated MG63 cells
secreted increased levels of ULK1, p-ULKI1 and LC3, and a
decreased level of p62, indicating that autophagy was inhib-
ited in response to LPS, but was promoted when the cells
overexpressed NEAT1 (Fig. 4B). Furthermore, the increased
expression of GFP-labeled-LC3 was observed on the autopha-
gosome membrane in NEAT1-overexpressing MG63 cells,
while decreased levels were observed in LPS-stimulated
MG63 cells (Fig. 4A). In addition, an increased number of
autophagosomes in NEAT 1-overexpressing cells was observed
through TEM (Fig. 4D).

The assembly of an inflammasome complex has been
shown to be required for the activation of caspase-1 and the
processing of pro-IL-1f3 (47). Combining previous results that
demonstrated that the expression of NLRP3 was upregulated
by LPS and downregulated by NEAT1, in the present study,
the autophagy inhibitor, Baf A1 (200 nM for 4 h of incubation),
was applied on the cells in the different groups, and western blot
analysis of LC3, p62, NLRP3 and OPN expression was then
performed. As shown in Fig. 4C, BafAl markedly decreased
the expression of LC3-II and increased the expression of p62,
demonstrating that autophagy may be inhibited by Baf Al.
The expression of NLRP3 increased following the application
of Baf Al on NEAT1-overexpressing cells stimulated with
LPS, and the changes in the expression of OPN in each group
were in contrast to those of NLRP3. These results suggested
that the inhibitory effect of NEAT1 on NLRP3 was dependent
on the suppression of the cellular autophagy process.

Overexpression of NEATI affects the cell cycle and impairs
the osteogenic function of MG63 cells. Considering the poten-
tial of cell cycle involvement in inflammation, based on the
RNA-seq results and the association between inflammasomes,
autophagy and cell death pathways involved in the inflamma-
tory process, flow cytometry was performed on the MG63 cells
following the different treatments to compare the apoptotic
ratio and phases of the cell cycle. The results revealed that the
apoptotic ratio increased significantly in the LPS-stimulated
cells, but was attenuated in the NEAT1-overexpressing cells
(Figs. 5A and S4). Additionally, NEAT1 decreased the levels
of the apoptosis-related proteins, PARP and Bax, as shown
through the results of western blot analysis (Fig. 5C). The
changes in the cell cycle of the LPS-stimulated MG63 cells
were mainly reflected by the increase in the proportion of
cells at the S phase and the decrease in the proportion of cells
at the G2/M phase, compared with the untreated group. The
overexpression of NEAT1 increased the proportion of cells
at the GO/GI1 phase to varying degrees. Compared with the
LPS group, the proportion of cells at the S phase decreased,
and the proportion of cells at the G2/M phase increased in
the NEAT1 + LPS group, indicating that the overexpression of

DAI et al: NEAT1 AMELIORATES LPS-INDUCED INFLAMMATION BY REGULATING AUTOPHAGY AND NLRP3

NEAT!I inhibited the cell cycle progression of MG63 cells that
were in an inflammatory state (Figs. 5B and S5).

In addition, the levels of osteogenesis-related proteins were
detected in the MG63 cells. The LPS-stimulated cells secreted
lower levels of OPN and Col-I, and the overexpression of NEAT1
significantly reversed this effect. The novel selective NLRP3
inhibitor, MCC950 (1 uM for 3 h of incubation), exerted the
same effect on the expression of OPN and Col-I, as that exerted
by the NEAT1 overexpression plasmid; however, no synergistic
effect was observed (Fig. 5D). It was hypothesized that NEAT1
and MCC950 may function in a similar manner.

RXR-a agonist reverses the LPS-induced loss of osteogenic
factors by regulating NEATI expression. In order to determine
whether RXR-a is an upstream transcription factor of NEAT1
that can regulate NEAT1 expression, the response of MG63
cells to various concentrations of bexarotene (0.1-2.7 ug/ml for
24 h of incubation), an RXR-a agonist, was observed. All 4
concentrations of bexarotene used increased the expression of
NEAT]I and the concentration of 0.3 yg/ml was found to be
optimal (Fig. SE). As shown in Fig. 5F, bexarotene also effec-
tively increased the expression of NEAT1 in MG63 cells under
the inflammatory condition. In addition, the protein expression
levels of IL-1p3, ASC and NLRP3 increased (Fig. 5G and H),
and the mRNA expression levels of osteocalcin, COL-I and
Runx2 decreased (Fig. 6A) in response to bexarotene. These
results suggested that bexarotene reversed the inflammatory
process and osteogenesis-related gene expression induced by
NEATI in MG63 cells. Additionally, it was found that RXR-a
may be located upstream of NEAT1 and could positively
regulate NEAT1 expression, further abrogating the biological
functional damage of osteoblasts induced by inflammation.

Given that there was a recent report indicating that IncRNA
Neatl (murine form) interacted with the NLRP3 inflamma-
some in murine BMDMs and functioned as an inflammation
stimulator (41), the present study determined the interactions
between NEAT1 and caspase-1 by using RIP (RNA immuno-
precipitated) from the MGG63 cellular lysates with or without
LPS stimulation (Fig. 6B). The results suggested that NEAT1
was significantly enriched in caspase-1 immunoprecipitants in
the control group; however, the NEAT]1 levels did not exhibit
any difference in the immunoprecipitants of caspase-1 and
IgG in the LPS-stimulated group (Fig. 6B).

To explore the mechanisms through which bexarotene may
regulate NEAT1, immunofluorescence and FISH techniques
were further combined to observe the levels of NEATI,
caspase-1, ASC, LC3-II and NLRP3 expression in MG63 cells.
The results revealed that NEAT1 was widely distributed in the
nucleus and cytoplasm. Following stimulation with LPS for 2 h,
NEAT1 accumulated in the nucleus, while there was also an
evident increase in the size of the paraspeckle. Moreover, the
level of caspase-1 tended to increase in the nucleus (Fig. 7A),
and the increased expression of ASC was observed (Fig. 7B)
in the LPS-stimulated MG63 cells. However, treatment with
0.3 ug/ml bexarotene decreased the LPS-induced activation of
the NLRP3 inflammasome, and promoted NEAT1 expression
and autophagosome accumulation (Fig. 7C). Taken together,
it was hypothesized that the regulation of inflammasomes by
NEATI1 may be associated with the cytoplasmic transport
of related proteins and the post-transcriptional regulation of
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Figure 4. NEATI inhibits the activation of the NLRP3 inflammasome through autophagy. (A) GFP-labeled LC3 (green) was shown by immunofluorescence
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proteins, for which the mechanisms of action remain to be
proven through further experiments.

Discussion

Previous studies have suggested that the metabolism of
bone tissue and inflammation are regulated by various
IncRNAs (47,48). In the present study, RNA-seq analysis
was performed on MG63 cells and it was found that NEATI,

a key IncRNA, was downregulated in response to LPS.
NEATI suppressed the downstream inflammatory process
and impaired osteoblastic function by promoting autophagy,
which inhibited the activation of NLRP3 and downregulated
the expression levels of caspase-1 and IL-1f. In addition,
the finding that bexarotene increased NEAT1 expression,
decreased the expression of inflammatory cytokines and
restored osteogenic activity in LPS-stimulated MG63 cells
indicated that RXR-a may be a positive regulator of NEATI.
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significant difference). LPS, lipopolysaccharide; NEAT1, nuclear enriched abundant transcript 1; NLRP3, Nod-like receptor protein 3.

As far as is known, this is the first study to reveal the role of
NEAT! in the inflammation process of bone tissue.

In the present study, it was first found that the expression
of NEAT1 was downregulated by LPS. However, the mecha-
nism of NEAT1 expression regulation is complex, which
includes gene mutations, copy number alterations, transcrip-
tion factors, DNA methylation, miRNA and RNA-binding
proteins. Several research studies have found that the expres-
sion of NEAT1 is increased in prostate cancer, gastric cancer,
hepatocellular carcinoma, papillary renal-cell carcinoma and
clear cell renal cell carcinoma (49-52), suggesting that NEAT1

may potentially be involved in the process of carcinogen-
esis in certain tumors. However, the expression of NEAT1
has been found to be decreased in multiple myeloma and
leukemia (53-55), indicating that NEAT1 may also function as
a tumor suppressor gene in certain other tumors. Therefore, it
is currently considered that NEAT1 plays differential roles in
different cells. NEAT1 downregulation is generally considered
to be regulated by the pS3-dependent DNA damage response
mechanism. p53 is a cell pressure sensor that responds to
signals, such as DNA damage and oncogene expression, as well
as mediates cell cycle regulation and apoptosis by regulating
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difference). LPS, lipopolysaccharide; NEAT1, nuclear enriched abundant
transcript 1; Col-I, collagen type I.

hundreds of target genes. As a transcription factor of NEATI,
p53 induces paraspeckle formation by regulating the expres-
sion of NEATI, thereby decreasing DNA damage-induced
cell death under oncogene-induced replication stress. In turn,
paraspeckles inhibit replication-related DNA damage and p53
activation, which is another mechanism through which p53
maintains genomic integrity (56,57). Apart from p53, NEAT1
expression can also be upregulated by Oct4, HIF-2a, RXR-a
and Runxl, and downregulated by BRCA1 (58-62).

RXRs, a family of nuclear receptors, are the primary
receptors and mediators of retinoid effects (63). There are
3 isotypes: a, § and y. The role RXRs in bone metabolism and
inflammation remains controversial due to multiple combina-
tions of its isotypes and experimental treatment conditions.
The 3 RXR isotypes and their heterodimer partners are
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CARD; NLRP3, Nod-like receptor protein 3; LC3, light chain 3.

widely expressed in the osteoblast lineage, while only RXR-a
and RXR-f are expressed in bone marrow myeloid cells
(osteoclast progenitors) (64,65). It is also widely accepted that
RXRs can modulate osteoclast and osteoblast formation, and
function at several levels of cell differentiation and activation.
For example, a previous study demonstrated that bexarotene,
a selective agonist of RXRs, increased bone turnover in
rats (66). On the other hand, Wang et al found that LPS inhib-
ited RXR function and the reduction of its pathway-associated
proteins (67). Of note, bexarotene upregulates NEAT1, which
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inhibits apoptosis and inflammation, thereby resulting in
better functional recovery in mice following traumatic brain
injury (60). Combined with the results of the present study,
RXR-a has been found to be the most probable upstream
regulator of NEATT.

Apart from upstream of NEAT1, downstream is also crucial
tounderstanding its mechanisms, such as the noteworthy targets:
Inflammasomes, particularly the NLRP3 inflammasome,
which are vital members of the innate immune system (68-71).
NLRP3 receives extracellular stimulation and then interacts
with ASC, which recruits and activates pro-caspase-1, inducing
the maturation, activation and secretion of IL-1f and IL-18,
which improve the inflammatory process (72). Several diseases
have been proven to be associated with NLRP3 inflammasome
activation dysfunction and NLRP3 agonists are a feasible target
option for the alleviation of these diseases. However, none of
the NLRP3 agonists, which are structurally and functionally
diverse,can directly bind to NLRP3. Afonina ez al (73) promoted
the hypothesis that all NLRP3 agonists may act via a common
intermediate, with which they communicate through the induc-
tion of membrane damage, potassium efflux and elevation of
intracellular calcium. Interestingly, NEAT1 has been demon-
strated to enhance the activation of NLRP3 and caspase-1, the
processing of pro-IL-1p and the secretion of mature IL-1f in
mouse macrophages, and these results are different from the
present results (41). It is hypothesized that different cell types or
different transcription factors produce differential effects, and
that macrophages can differentiate into osteoclasts, which exert
different biological effects from that of osteoblasts (Fig. 8).

The present study also wished to determine the mechanisms
through which NEAT1 regulates inflammasomes. The results
in the literature published on this topic were summarized and
it was found that autophagy can inhibit inflammasomes, and it
was then conjectured that activated autophagosomes may act
as the mediator between NEAT1 and NLRP3. This has been
demonstrated in a number of studies, indicating that NEAT1
promotes autophagy in various cell types (74,75). Moreover,
Cao et al (76) discussed the interactions between autophagy

and the NLRP3 inflammasome in detail. The mechanism of
autophagy inhibition in NLRP3 inflammasomes, which has
been observed mostly in macrophages, may be related to the
reduction in ASC activity, the phosphorylation of NLRP3
and the clearance of mitochondrial ROS. On the contrary,
autophagy may also positively regulate the activation of
the NLRP3 inflammasome by enhancing the activation of
caspase-1 through a Atg5-dependent non-classical pathway in
yeast under starvation conditions.

In order to further understand the function of NEATI,
researchers can perform experiments in vivo or investigate
the role of NEAT1 in inflammation induced by hypoxia. A
previous study demonstrated that NEATI1-induced para-
speckle formation was dependent on HIF-2a expression.
Moreover, osteoclasts are another important cell type for
bone metabolism, and the KEGG analysis performed in the
present study revealed the involvement of osteoclast-differ-
entiation-related-genes, indicating that osteoclasts may be a
potential cell target.

In conclusion, the present study clearly demonstrated that
NEATI1 suppressed the downstream inflammatory process
and impaired osteoblastic function by promoting autophagy
and downregulating the expression levels of caspase 1 and
IL-1p via the RXR-o/NEAT1/NLRP3 axis. It would be of
great interest to further verify the exact mechanism of NEAT1
function in the current inflammatory model and investigate
potential inflammasome inhibitors in order to identify
potential therapeutic targets.
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