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Inhibition of IncRNA NEAT1 suppresses the inflammatory
response in IBD by modulating the intestinal epithelial barrier
and by exosome-mediated polarization of macrophages

RUILIU'3, ANLIU TANG', XIAOYAN WANG'*}, XIONG CHEN'?,
LIAN ZHAO'", ZHIMING XIAO!> and SHOURONG SHEN'"

lDepartment of Gastroenterology, The Third Xiangya Hospital of Central South University;

Hunan Key Laboratory of Nonresolving Inflammation and Cancer;
3National Key Clinical Specialty, Changsha, Hunan 410013, P.R. China

Received February 10, 2018; Accepted July 24, 2018

DOI: 10.3892/ijmm.2018.3829

Abstract. Inflammatory bowel disease (IBD) is a multifac-
torial inflammatory disease, and increasing evidence has
demonstrated that the mechanism of the pathogenesis of IBD
is associated with intestinal epithelial barrier injury. Long
non-coding RNAs (IncRNAs) are a class of transcripts >200
nucleotides in length with limited protein-coding capability.
Nuclear paraspeckle assembly transcript 1 (NEATI1) is a
recently identified nuclear-restricted IncRNA, which localizes
in subnuclear structures, termed paraspeckles, and is involved
in the immune response in a variety of ways. However, the
function of NEATI in IBD remains to be fully elucidated.
In the present study, reverse transcription-quantitative poly-
merase chain reaction assays were performed to determine the
expression levels of NEAT1 IncRNA in IBD serum samples
and tissues. Furthermore, the effect of NEAT1 on the cell
permeability of colon cells was investigated via determination
of trans-epithelial electrical resistance as well as performance
of western blot and immunofluorescence assays. In addition,
dextran sodium sulfate assays were performed to investigate
the effect of downregulation of NEAT1 in IBD of mice. The
present study detected the expression levels of NEAT1 in IBD
cells and animal models to examine the changes in intestinal
epithelial cell permeability following inhibition of the expres-
sion of NEAT1. In addition, phenotypic transformation was
examined following different treatments in epithelial cells
and macrophages. The results suggested that the expression
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of NEAT1 was high in IBD and was involved in the inflam-
matory response by regulating the intestinal epithelial barrier
and through exosome-mediated polarization of macrophages.
The downregulation of NEAT1 suppressed the inflamma-
tory response by modulating the intestinal epithelial barrier
and through exosome-mediated polarization of macrophages
in IBD. The results of the present study revealed a potential
strategy of targeting NEAT]1 for IBD therapy.

Introduction

Inflammatory bowel disease (IBD) is multifactorial inflamma-
tory disease, the most common forms of which include Crohn's
disease and ulcerative colitis. IBD is a complex autoimmune
disease, which is associated with genetic predisposition,
intestinal epithelial barrier injury, intestinal flora and adaptive
immunity, however, the pathogenic mechanisms involved in
the development and progression of IBD remain to be fully
elucidated (1). Increasing evidence has demonstrated that IBD
is an intestinal barrier disease and that injury of the intestinal
barrier usually results in disease occurrence (2,3). Although
advances in therapeutic strategies have been achieved using
glucocorticoids, due to differences between individuals,
diverse levels of effectiveness and the side effects of treatment
confound IBD therapy. Therefore, it is necessary to develop
novel strategies for more effective diagnosis and treatment of
IBD.

Long non-coding RNAs (IncRNAs) are a class of tran-
scripts >200 nucleotides in length with limited protein-coding
capability. The human genome encodes ~10,000 IncRNA
genes (4); IncRNAs have significant roles in differentiation,
proliferation, apoptosis and various biological processes by
serving as regulatory factors for gene expression. IncRNAs
have been found to be tightly linked to a diverse range of
human diseases, including IBD (5). For example, the over-
expression of IncRNA H19 was found to increase Caco-2
monolayer permeability and decrease the expression of tight
junction proteins by increasing the expression of microRNA
(miR)-675, ultimately causing the destruction of intestinal
epithelial barrier function (6). Nuclear paraspeckle assembly
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transcript 1 (NEAT]) is a recently identified nuclear-restricted
IncRNA, which localizes exclusively in subnuclear structures,
termed paraspeckles, and serves as an essential architectural
component (7,8). Accumulating evidence has suggested that
NEATI1 may be crucial in regulating gene expression and
consequently influence physiological and pathophysiological
processes (9). Previous studies have reported that NEAT1
is associated with several types of cancer, including breast
cancer (7), prostate cancer (10,11), acute promyelocytic
leukemia (12) and colorectal cancer (13,14), by promoting
tumor growth through genetic or epigenetic mechanisms. In
addition, NEAT] is a key component for establishing the ribo-
nucleoprotein complex to regulate of DNA-mediated activation
of the innate immune response (15). NEAT1 was also revealed
to be associated with the innate immune response, and it may
function as a regulatory factor of inflammatory cytokines (16).
However, to date, there have been few reports on the role of
NEAT]I in IBD, and investigations of the expression pattern
and clinical significance of NEAT1 in IBD are warranted.

Previous investigations (17-21) showed that the knock-
down of NEATI impaired the integrity and increased the
permeability of the blood-tumor barrier, accompanied by
the downregulation of the expression of the tight junction
proteins Zonula occludens-1 (ZO-1), Occludin and Claudin-5
in glioma endothelial cells. In addition, these results suggested
that NEAT] is important in regulating the permeability of the
blood-tumor barrier. An ineffective intestinal epithelial barrier
is usually regarded as a significant cause of IBD. Therefore, it
was hypothesized that NEAT1 may regulate the permeability
of epithelial cells and that an imbalance in the expression of
NEATI may be present in IBD.

Exosomes are 40-150 nm microvesicles secreted by
various cell types via the endosomal compartment in multive-
sicular bodies and thus express endosomal markers, including
CD?9, CD61 and Heat-shock protein (Hsp)90/f (22). Exosomes
belong to a group of naturally secreted extracellular vesicles,
which mediate short- and long-distance intercellular commu-
nication and deliver different types of biologically active cargo
to recipient cells (23,24). In addition, exosomes are involved
in other biological processes, including material transporta-
tion, cell division and apoptosis, and circulating exosomes
have been demonstrated to be involved in regulation of the
immune response (25). Exosomes have also been confirmed
to be involved in the pathogenesis of IBD through the modula-
tion of p38 and extracellular signal-regulated kinase (ERK)
phosphorylation and the production of tumor necrosis factor-a
to regulate macrophage activity (26).

As several studies have reported that NEATI is tightly
connected to the inflammatory response, in the present
study, it was hypothesized that the expression of NEATI1 in
IBD is imbalanced, and that this imbalance may ultimately
induce intestinal epithelial barrier injury. In addition, it was
hypothesized that the imbalance in the expression of NEAT1
may occur through exosome delivery, which is an important
intermediary in the crosstalk between epithelial cells and
macrophages. In the present study, the expression levels of
NEAT1 were detected in IBD cells and animal models, and
the change in intestinal epithelial cell permeability following
the inhibition of IncRNA NEAT1 expression was examined.
The molecular mechanisms by which NEAT1 mediates the
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inflammatory response were also investigated. The results of
the present study may reveal a potential strategy of targeting
NEAT!1 for IBD therapy.

Materials and methods

Cell culture. RAW264.7 cell lines were purchased from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China) and cultured in 1640 culture medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
plus 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) at 37°C. The HT-29 colon cancer cell line and
the NCM460 normal immortalized colon epithelial cell line,
which represents a reliable model of the human intestine, were
obtained from the Cell Center of Xiangya School of Medicine,
Central South University (Hunan, China). The cells were
routinely cultured in high glucose DMEM (Gibco; Thermo
Fisher Scientific, Inc.) with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in an incubator with a humidified
atmosphere containing 5% CO,.

Animal experiments. All animal experiments were performed in
accordance with the guidelines of the Animal Experimentation
Ethics Committee of Central South University. Male C57BL/6
mice (n=15, 6-week-old, 25-30 g and 5 mice/group) purchased
from the Laboratory Animal Center of Xiangya Hospital of
Central South University and housed at 25°C with a 12/12 h
light/dark cycle, 40-70% humidity and ad libitum access to food
and water. The animals were treated with 5% dextran sulfate
sodium (DSS) in their drinking water for 2 weeks, following
which intestinal mucosa and serum were harvested for further
analysis. In addition, 6-week-old Sprague-Dawley rats (n=25,
12 males and 13 females; Central South University) weighing
~180+£10 g (5 mice/group) were treated with 5% DSS for 2 weeks,
and 10 rats were transfected with 100 ul of 293 T cells (titer of
1,000 ng/p24) carrying a lentiviral vector encoding shRNA or
shRNA-NEAT!]1 via rectal perfusion. The weight, diet, feces,
and hair status of all animals were recorded. At the end of the
experiments, the rats were anaesthetized and sacrificed, and
whole colon tissues were harvested for further analysis.

Western blot assay. Total proteins were harvested from
exosomes, HT-29, RAW?264.7 and NCM460 cells or mouse
colon tissues. Samples were lysed in radioimmunoprecipita-
tion assay buffer (cat. no. POO2A; Auragene, Changsha, China)
containing proteinase inhibitors. Following a 20 min incuba-
tion on ice, total protein was extracted via centrifugation at
1,000 x g for 20 min at 4°C. A bicinchoninic acid assay was
used to determine protein concentration prior to the sample
being diluted into 2 mg/ml with sodium dodecyl sulfate-loading
buffer (cat.no. POO3B; Auragene). Protein samples (20 ug) were
subsequently separated by 12% SDS-PAGE and transferred
onto polyvinylidene fluoride membranes by electroblotting.
The membranes were blocked with 5% non-fat milk and
then probed with primary antibodies against the following
proteins at 4°C overnight: CD9 (cat. no. ab92726; 1:2,000;
Abcam, Cambridge, UK), Hsp90a/f (cat. no. ab203126;
1:10,000; Abcam), ZO-1 (cat. no. ab96587; 1:2,000; Abcam),
Claudin-5 (cat. no. ab131259; 1:5,000; Abcam), Occludin
(cat. no. ab222691; 1:500; Abcam), Interleukin (IL)23 (cat.
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no. ab190356; 1:1,000; Abcam), Inducible nitric oxide
synthase (iNOS; cat. no. ab204017; 1:1,000; Abcam), IL10 (cat.
no. ab34843; 1:500; Abcam), Arginase-1 (cat. no. ab124917,
1:5,000; Arg-1; Abcam), CD206 (cat. no. ab64693; 1:4,000;
Abcam) and B-actin (cat. no. ab8226; 1:15,000; Abcam). This
was followed by incubation with HRP-conjugated anti-mouse
IgG antibodies (cat. no. a5278; 1:15,000; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) at room temperature for
40 min. Finally, the immunosignals were visualized using
chemiluminescence reagents following exposure to X-ray
film, and the expression levels of target proteins were analyzed
using Image J software (version 1.80; Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.) and then analyzed
via RT-qPCR analysis using the Real-Time Quantitative PCR
SYBR-Green detection reagent (Takara Bio, Inc., Tokyo, Japan)
according to the manufacturer's protocol. RT was performed
using cDNA (1.0 pl), ddH,O (7.0 ul), forward primers
(10 umol/l) and reverse primers (10 gmol/l). The tempera-
ture protocol used to perform RT was 42°C for 1 h followed
by 70°C for 10 min. The fluorophore used for gPCR was 2X
SYBR-Green PCR Mix (Bio-Rad Laboratories, Inc.) and the
thermocycling conditions used were as follows: Initial denatur-
ation at 95°C for 3 min; followed by 40 cycles denaturation at
95°C for 10 sec; followed by annealing/elongation at 60°C for
30 sec. The primer sequences were as follows: IncRNA NEAT],
forward 5'-CCAGGGTGGTGGCAGTGC-3' and reverse
5'-CCCAGCCTCAGCGGGAAG-3"; Monocyte chemoattrac-
tant protein 1 (MCP-1), forward 5-ACTTCACCAATAGGA
AGATCTCAGT-3' and reverse 5"TGAAGATCACAGCTT
CTTTGG-3'; IL-23, forward 5-GGGACACATGGATCTAAG
AG-3' and reverse 5'-CGATCCTAGCAGCTTCTCAT-3"; and
[-actin, forward 5-~AGGGGCCGGACTCGTCATACT-3' and
reverse 5-GGCGGCACCACCATGTACCCT-3". The relative
expression of each target gene was calculated using the 2-444
formula (27) relative to the expression level of 3-actin.

Exosome isolation. Prior to purification of the exosomes, the
blood serum supernatant was isolated from 1-1.5 ml of mouse
blood, which was maintained in a low-temperature environ-
ment for 1 h and then centrifuged at 1,000 x g for 10 min at
4°C. The exosomes were isolated using the exosome isolation
reagent (Guangzhou RiboBio Co., Ltd., Guangzhou, China)
according to the manufacturer's protocol with modification.
Briefly, the blood serum was transferred to the tubes, and
centrifuged at 3,000 x g for 30 min at 4°C. The supernatant
was then collected and filtered using a 0.22-um filtrator, and
was then transferred into an ultrafiltration tube (30-kDa), and
centrifuged at 6,000 x g for 10 min at 4°C. The mixture in the
upper chamber was resuspended with PBS and an appropriate
volume of 8% PEG6000 solution was added, followed by
centrifugation at 10,000 x g for 60 min at 4°C. Finally, the
precipitate was resuspended with PBS. The expression of
Hsp90a/p and CD9 (27) in the concentrated exosome fractions
was analyzed by western blot analysis, and positive expression
for Hsp90a/p and CD9 was recognized when the exosomes
had been successfully obtained.
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Lentivirus production and transduction. The sequence
of lentiviral short hairpin (sh)RNA targeting NEAT1 was
designed though Block-iTd RNAi Designer online software
(http://rnaidesigner.thermofisher.com/rnaiexpress). The
shRNA-NEAT1 was cloned into the apLV-H1TetO-GFP-Puro
vector (Auragene) according to the manufacturer's protocol,
followed by the transduction of 293 T cells (Auragene) with
the recombinant vector. The viruses were packaged in 293 T
cells and harvested 72 h later. The lentiviruses carrying
shRNA-NEAT1 were termed LV-shNEAT1, and the empty
lentiviral vector, termed LV-shRNA, was used as a control.
The HT-29 and NCM460 cells were infected with virus parti-
cles using 6 pg/ml of polybrene, and the medium was replaced
following 24 h of incubation. After ~2 days, the target cells
were harvested for further analysis.

Trans-epithelial electrical resistance (TEER) measurement.
The barrier properties of the HT-29 and NCM460 cells were
assessed by measuring the TEER using a Millicell® ERS
Multimeter (EMD Millipore) as previously described (28).
The cells were seeded on Millicell hanging cell culture inserts
with a 0.4-pum pore size polyethylene terephthalate membrane
at a density of 12,0000 cells/ml. Following ~21 days of culture
in the inserts, the HT-29 and NCM460 cell monolayer states
were obtained. TEER was measured 2 h following replacement
of the culture medium. The resistance of the cell monolayer
samples measured in the assays, minus the resistance of the
blank membrane insert, indicated the resistance of the intes-
tinal cell monolayer.

Fluorescein isothiocyanate (FITC)-conjugated dextran
(cat. no. 53379, FITC-dextran; Sigma; EMD Millipore) was
used to detected the cell permeability. The cells were culti-
vated on a Transwell (0.33 cm?) to cell monolayers. Sterile
bicarbonate-buffered Ringer's solution was used to wash the
cells, following which FITC-Dextran-FITC (100 uM) was
added to the upper chambers for 2 h. The basolateral chambers
were collected in 96 plates, and detected using a fluorescent
plate reader (cat. no. 3916, Costar; Corning Incorporated,
Corning, NY, USA) with 480 nm excitation and 520 emission
filters (29). The paracellular flux was determined from a stan-
dard curve and normalized to the negative control group.

Immunofluorescence. The cells were fixed with 4% parafor-
maldehyde and permeabilized using 0.2% Triton X-100 for
10 min following being grown on coated coverslips. The cells
were washed three times with PBS and then blocked with
3% bovine serum albumin (Gibco; Thermo Fisher Scientific,
Inc.) for 1 h at room temperature, followed by incubation
with monoclonal anti-occludin antibody (cat. no. ab222691;
1:500; Abcam) at 4°C overnight. Subsequently, the cells
were washed and then incubated with Alexa-conjugated
secondary antibody (PV-8000; One-step universal method
kit; OriGene Technologies, Inc., Rockville, MD, USA) for 1 h
at room temperature. The cells were then counterstained with
4',6-diamidino-2-phenylindole (Invitrogen; Thermo Fisher
Scientific, Inc.) at room temperature for 15 min, and finally,
the coverslips were treated with ProLong Gold antifade
reagent (Thermo Fisher Scientific, Inc.), and fluorescence
signals were visualized using a Leica TCS SP5 confocal
microscope.
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Flow cytometry. The HT-29 and NCM460 cells
(5x10° cells/ml) transfected with LV-shNEAT1 were harvested
by trypsinization at 37°C following treatment with TNF-a for
48 h at 37°C. The cells were then centrifuged at 600 x g for
5 min at 37°C, washed twice using PBS and incubated with
monoclonal anti-CD206 (cat. no. 12-2069-42; 1:200; Thermo
Fisher Scientific, Inc.) antibody for 60 min. The cells were
washed again and incubated with FITC-conjugated secondary
antibody (cat. no. 400109; 1:500; BioLegend, Inc., San Diego,
CA, USA) in the dark for 60 min at room temperature. Finally,
the cell population was washed and resuspended using PBS,
following which the cells were analyzed using a flow cytom-
eter (BD Biosciences, Franklin Lakes, NJ, USA).

Haemotoxylin and eosin (H&E) staining assay. Tissues were
immediately fixed in 10% formalin solution for 12 h at room
temperature and embedded in paraffin. Embedded paraffin
blocks were subsequently cut into 4 pm thick sections.
Sections were stained with eosin at room temperature for
10 min and then stained with hematoxylin for >15 min at room
temperature according to a previously published protocol (30),
and then visualized under a light microscope (magnifications,
x100 and x200).

Statistical analysis. Quantitative data are presented as the
mean * standard deviation, and statistical analysis was
performed using SPSS 20.0 (IBM SPSS, Armonk, NY, USA)
and GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, CA, USA). Significant differences between groups were
compared using one-way analysis of variance and Student's
t-test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Expression of NEATI is high in IBD mice and inflammatory
cell lines. To investigate whether abnormal expression levels
of NEAT1 were present in IBD, 30 acute and chronic colitis
male C57BL/6 mice were induced as a model by feeding 5%
DSS. The expression levels of NEAT1 in the mouse intestinal
mucosa and serum were compared between the control and
DSS-induced group using RT-qPCR analysis. The mRNA
expression of NEAT1 was significantly higher in the colitis
mice than in the non-colitis mice in the intestinal mucosa
(Fig. 1A) and serum (Fig. 1B).

Exosomes are reported to be important in mediating
the immune response though regulation of macrophage
activity (26). In the present study, it was hypothesized that
the expression of NEAT1 may be dysregulated in exosomes
isolated from DSS-induced colitis mouse models. Exosomes
were successfully extracted from DSS-induced mouse serum
as previously described (31) (Fig. 1C). In addition, the expres-
sion levels of NEAT1 were determined in exosomes from
DSS-induced colitis mouse serum and normal control mice
using RT-qPCR analysis. It was revealed that the expression of
NEATI was high in serum exosomes from the DSS-induced
colitis mice compared with those from the control group
(Fig. 1D).

To further support the results that the expression of NEAT1
was high in colitis mouse models, cell experiments were
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performed to verify these data in inflammatory cell models.
The HT-29 and NCM460 cells were induced using 20 ng/ml
of TNF-a for 24 h to establish the IBD cell models, and the
inflammatory cell models were confirmed via RT-qPCR anal-
ysis by detecting the inflammatory factors MCP-1 and
IL23 (32). The analysis suggested that the relative mRNA
expression levels of MCP-1 and IL23 were significantly higher
in the TNF-a-induced HT-29 (P<0.001; Fig. 1E) and NCM460
(P<0.001; Fig. 1F) cell lines than in their control group cells.
Similarly, RT-qPCR analyses were used to examine the
relative expression levels of NEAT1 in HT-29 and NCM460
inflammatory cells, and the data showed that the expression
of NEAT1 was high in TNF-a-induced HT-29 (P<0.001) and
NCM460 (P<0.01) cell lines compared with that in the control
epithelial cell line (Fig. 1G).

Taken together, the above results showed that the expres-
sion of NEAT1 was high in the DSS-induced colitis mice and
in the TNF-a-induced HT-29 and NCM460 inflammatory cell
models, and was hypothesized that the expression levels of
NEATI may be connected to the occurrence of inflammation.

Knockdown of NEATI reverses the TNF-a-induced perme-
ability increase in inflammatory HT-29 and NCM460 cells.
To examine the regulatory role of NEATI1 in HT-29 and
NCM460 cell lines, a lentivirus carrying shRNA-NEATI1
was packaged, and RT-qPCR analysis was used to verify the
effectiveness of the lentiviral vector for NEAT1 interference
(Fig. 2A). The TEER value is associated with the barrier
function and permeability of monolayer cells. In the present
study, the TEER value was measured to evaluate the effects
of NEATT1 inhibition in TNF-a-treated NCM460 and HT-29
cells on monolayer integrity. The TEER value was decreased
in the TNF-a-treated NCM460 and HT-29 cells; however, the
TEER value was increased when the NCM460 and HT-29
cells were treated with TNF-a and LV-shNEAT1 compared
with the cells treated with TNF-a only (Fig. 2B).

To further support the above results, permeability assays
were preformed to examine the change in the barrier prop-
erty following TNF-a induction and the downregulation
of NEAT1 in NCM460 and HT-29 monolayers by detecting
the FITC-dextran concentration; the percentage of apical
FITC-dextran was negatively correlated with the cell barrier
property. The results of the permeability assays showed that
the percentage of apical FITC-dextran was increased in the
TNF-a-induced NCM460 and HT-29 cells compared with
that in the control cells, and the ratio was decreased when
the NCM460 and HT-29 cells were treated with TNF-a and
LV-shNEAT1 (Fig. 2C).

According to the TEER and permeability assay results,
in the inflammatory cells (cells treated with TNF-a), NEAT1
was associated with the barrier property, which is determined
by junction complexes among cells that provide a physical
and biochemical barrier to regulate the passage of ions and
small molecules. The ZO-1, Claudin-5 and Occludin proteins
were detected by western blot analysis and were found to be
expressed at high levels in the NEAT1-inhibited NCM460 and
HT-29 cells, and only marginally expressed in TNF-a-induced
inflammatory cells compared with the negative control cells.
Similarly, the connexins ZO-1, Claudin-5 and Occludin were
expressed at higher levels in the NEAT1-inhibited inflam-
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Figure 1. Expression of NEAT1 is high in an inflammatory bowel disease mouse model and inflammatory cell line models. Relative expression levels of
NEAT1 were compared in (A) intestinal mucosa tissue and (B) serum from DSS-induced colitis mice between normal control mice using RT-qPCR anal-
ysis. (C) Western blot analyses of Hsp90a/f§ and CD9 protein expression in exosome-rich fractions and serum. (D) Quantification of western blot results.
(E) RT-qPCR analyses of mRNA expression of NEAT1 in exosomes from DSS-induced colitis mice and normal control mice. The relative expression of
inflammatory factors (E) MCP-1 and (F) IL23 was detected in HT-29 and NCM460 TNF-a-induced inflammatory cell lines using RT-qPCR analysis.
(G) RT-gPCR analyses of the relative mRNA expression of NEAT1 in TNF-a-induced HT-29 and NCM460 inflammatory cell lines. The data are shown as the
mean =+ standard deviation; “P<0.01 and ""P<0.001. NEAT, Nuclear paraspeckle assembly transcript 1; Con, control; DSS, dextran sulfate sodium; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; Ex, exosome-rich fraction; S, serum; TNF-a, tumor necrosis factor-a; ZO-1, Zonula occludens-1;

MCP-1, Monocyte chemoattractant protein 1; IL-23, Interleukin-23.

matory NCM460 and HT-29 cells than in the inflammatory
NCM460 and HT-29 cells (Fig. 2D). Similar results were
obtained in the immunofluorescence assays used to detect the
protein expression of Occludin, which is an integral trans-
membrane protein that has been confirmed to have important
functions in the regulation of the paracellular permeability of
epithelial monolayers (33) (Fig. 2E).

Taken together, these data suggested that TNF-a medi-
ated the permeability increase in NCM460 and HT-29 cells;
however, NEAT1 inhibition had an adverse function and
reversed the TNF-a-induced increase in the permeability of
inflammatory cells.

Knockdown of NEATI suppresses the DSS-induced permea-
bility increase in colon tissues from IBD mice. For an improved
understanding of the biology and regulatory functions of
NEAT]1 in IBDs in vivo, further experiments in IBD mouse
models induced by 5% DSS were performed. The results of
H&E staining (Fig. 3A) suggested that the intestinal epithelial
tissues were damaged in the DSS-induced IBD mice, whereas
the intestinal epithelial tissues of the DSS-induced IBD mice
treated with LV-shNEAT1 were less damaged, compared with

those in the group of DSS-induced IBD mice. Furthermore,
the DSS-induced IBD mice had a lower body weight than the
control healthy mice, and the NEAT1-inhibited IBD mice had
significantly higher body weights compared with the IBD
mice; similar results were acquired on measuring colon length
(Fig.3B and C). The relative expression of NEAT1 was detected
in the colon tissue of IBD mice using RT-qPCR analysis, and
the results suggested that the expression of NEAT1 was high
in the DSS-induced colon tissue, and when the IBD mice were
treated with LV-shNEAT]1, the relative expression of NEAT1
was reduced compared with that in the IBD mice (Fig. 4A).
To detect whether NEAT]1 is associated with the perme-
ability of colon tissue in vivo, western blot analysis (Fig. 4B-D)
and immunohistochemical experiments (Fig. 4E) were
performed to detect the expression of connexins, including
Z0-1 and Occludin. The results showed that the expression
levels of ZO-1 and Occludin was decreased in the DSS-induced
mouse colon tissue compared with those in the negative
control mice, and when the IBD mice were treated with
LV-shNEAT], the expression levels of ZO-1 and Occludin was
increased compared with those in the DSS-induced IBD mice.
Furthermore, permeability assays were performed to examine
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Figure 2. NEAT1 inhibition reverses the TNF-o-induced permeability increase in inflammatory HT-29 and NCM460 cells. (A) Relative expression of NEATI
was detected in NCM460 and HT-29 cells treated with LV-shNEAT1 and TNF-a using RT-qPCR analysis. (B) TEER values were monitored in NCM460
and HT-29 cells treated with LV-shNEAT1 and TNF-a. (C) Permeability assays were performed to detect the barrier state in NCM460 and HT-29 cells.
(D) Western blot analysis was used to detect the expression of ZO-1, Claudin-5 and Occludin. (E) Immunofluorescence analyses of the protein expression of
Occludin in NCM460 and HT-29 cells (magnification, x400). “P<0.05, “P<0.01 and ““P<0.001. NEATI, nuclear paraspeckle assembly transcript 1; shRNA,
short hairpin RNA; Con, control; TEER, trans-epithelial electrical resistance; TNF-a, tumor necrosis factor-a; ZO-1, zonula occludens-1; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; FITC, fluorescein isothiocyanate.

NCM460

HT-29

changes in the barrier property of intestinal epithelial tissues  permeability decreased in the DSS-induced IBD mice treated
from mouse models (Fig. 4F). The data indicated that the = with LV-shNEAT1 compared with the DSS-induced IBD
FITC-dextran concentration, representing colon permeability, mice, and these results demonstrated that the inhibition of
was significantly increased in colon tissues from DSS-induced = NEATI suppressed the permeability increase in colon tissues
mice, compared with the negative control group, whereas the  from DSS-induced IBD mice.
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targeting NEAT1.

Together, these results showed that DSS induced a perme-
ability increase in colon tissues, and NEAT1 inhibition
reversed the effect of DSS and decreased the permeability of
colon tissues from IBD mice.

NEATI inhibition suppresses the inflammatory reaction and
may be associated with the function of exosomes. An improved
understanding of the regulatory functions of NEAT1 in IBDs
is important for developing novel strategies for IBD therapy
by targeting NEAT1. The previous section examined whether
NEAT]1 was associated with inflammation occurrence, and
NEAT! inhibition was found to suppress the TNF-a-induced
increase in epithelial cell permeability. Additional experiments
were preformed to understand the molecular mechanism of

NEAT!I in the inflammatory response. In this experiment, the
RAW246.7 macrophage cell line was treated with exosomes
purified from DSS-induced or control male C57BL/6(B6)
mouse blood serum, and the protein expression of classically
activated (M1) macrophage markers, including IL23 and
iNOS, and alternatively activated (M2) macrophage markers,
including IL10, CD206 and Arg-1, were determined using
western blot assays. The results showed that the expres-
sion levels of IL23 and iNOS were high in RAW246.7 cells
treated with DSS-induced serum exosomes. By contrast,
the M2 macrophage markers IL10, CD206 and Arg-1 were
only marginally expressed in RAW246.7 cells treated with
DSS-induced serum exosomes compared with the negative
control exosome-treated group (Fig. 5A). The data suggested
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“P<0.01 and "“P<0.001. IBD, inflammatory bowel disease; NEAT1, Nuclear paraspeckle assembly transcript 1; Con, control; DSS, dextran sulfate sodium;

shNEATI, short hairpin RNA targeting NEAT1; ZO-1, Zonula occludens-1.

that DSS induced macrophage activation and activated the
inflammatory response.

To further detect the function of NEAT1 in the inflammatory
response, the cell supernatants of LV-shNEAT1-treated and
TNF-a-induced inflammatory NCM460 and HT-29 cells were
obtained, and western blot analysis was performed to examine
the protein expression levels of the macrophage markers IL23,
iNOS, IL10, CD206 and Arg-1. The results suggested that the
expression levels of M1 macrophage markers IL23 and iNOS
were high and those of the M2 macrophage markers IL10,
CD206 and Arg-1 were low in the TNF-a-induced NCM460
and HT-29 cells compared with the negative control group
(Fig. 5B). Compared with the TNF-a-induced NCM460 and
HT-29 cells, the expression of levels M1 macrophage markers
IL23 and iNOS were decreased and the expression levels of
the M2 macrophage markers IL10, CD206 and Arg-1 were
increased when NCM460 and HT-29 cells were treated with
TNF-a and LV-shNEAT1 (Fig. 5B). Together, these data
showed that TNF-a promoted macrophage transformation to
M1 and activated the inflammatory response, whereas NEAT1
inhibition promoted macrophage transformation to M2 and
suppressed the inflammatory response in TNF-a-induced
NCM460 and HT-29 cells. The protein expression of iNOS
and CD206 was verified by flow cytometry, and the results
suggested that the expression of CD206 was increased and
the expression of iNOS was decreased in the TNF-a-induced
epithelial cells, and the opposite results were obtained when
TNF-a-induced epithelial cells were treated with LV-shNEAT1
(Fig. 5C).

Taken together, these data supported the hypothesis that
NEATI inhibition promotes macrophage M1 transformation to
M2 and suppresses the inflammatory reaction. These commu-
nication processes between epithelial cells and macrophages
may be dependent on the effect of exosomes.

Discussion

There is increasing evidence that IncRNAs are critical in
immune system regulation, and numerous IncRNAs have been
found to be deregulated in IBD (5). In addition, increasing
evidence supports the hypothesis that NEAT1 is associated
with the immune response in various ways (34,35). A report
by Imamura et al (16) demonstrated that NEAT1 is important
in the innate immune response by facilitating the expression
of antiviral genes, including the cytokine IL8. However, the
effect of NEATI in IBD has not been determined previously.
Therefore, the present study investigated the function of
NEATI in IBD. It was found that the expression of NEAT1
was high in DSS-induced mouse intestinal tissues, serum and
exosomes, and was also high in TNF-a-induced HT-29 and
NCM460 inflammatory cell models compared with control
group cells. These results suggested that the expression of
NEATI is high in IBD, and the data revealed that NEAT1
may be important in regulation of the inflammatory response
in IBD. The present study revealed the possible benefits of
examining the mechanisms underlying the pathogenesis of
IBD, suggest the future use of NEAT1 as a biomarker for the
diagnosis and treatment of IBD.
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Figure 5. NEAT1 inhibition suppresses the inflammatory reaction, which may be associated with the function of exosomes. (A) Western blot analysis was used
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IL10,CD206 and Arg-1 was detected by western blot analysis following NEAT1 inhibition in TNF-a-induced NCM460 and HT-29 cells. (C) Flow cytometric
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The intestinal barrier, which acts as the mammalian host
defense against the external microenvironment and exhibits
selective permeability for the absorption of nutrients, is
attracting increased attention as a critical factor in the occur-
rence of IBD (36). In addition, the intestinal barrier is covered
by a cell monolayer composed of different intestinal epithelial
cell subtypes that maintains intestinal homeostasis by control-
ling the crosstalk between microbiota and subjacent immune
cells (37). The epithelial monolayer acts as a protective physical
barrier and is mediated by the formation of a web of tight junc-
tions, which regulate paracellular permeability and barrier
integrity (38). Dysfunction of the intestinal epithelial barrier is
mainly caused by epithelial cell apoptosis and the loss of func-
tion of tight junctions, increasing the chances of microorganism
invasion through intestinal mucous membranes. Consistently,
dysfunction of the intestinal epithelial barrier is associated with
the pathogenesis of IBD (39,40). Therefore, further investiga-
tions to expand current knowledge of the intestinal epithelial
barrier are important for IBD treatment. NEAT1 was found to
be expressed at high levels in inflammatory cells in the present
study, and it was hypothesized that it may influence the integ-
rity and permeability of the intestinal epithelial barrier in IBD.
In TNF-a-induced HT-29 and NCM460 cells, it was found that
cell permeability was increased compared with that in control
group cells; however, when the expression of NEAT1 in was
inhibited in TNF-a-induced HT-29 and NCM460 inflamma-
tory cells, the permeability decreased compared with that in
the TNF-a-induced cells. Similar results were obtained in
the DSS-induced IBD mouse models. Together, these results
suggested that permeability was increased in the TNF-a- and
DSS-induced IBD models, and that the inhibition of NEAT1
reversed the effect of TNF-a and DSS and reduced the perme-
ability of epithelial cells. These data indicated that TNF-o and
DSS disrupted the integrity of the intestinal epithelial barrier
and finally led to the occurrence of IBD, whereas the inhibi-
tion of NEAT1 enhanced intestinal epithelial barrier integrity.

NEATI has been verified to be involved in the inflammatory
response by regulating the intestinal epithelial barrier in IBD.
In the inflammatory process, inflammatory cytokines secreted
by epithelial cells trigger the immune response. Furthermore,
T cell and macrophage recruitment to the region of intestinal
tissue injury is another way to defend against a harmful micro-
environment (41,42). However, whether NEAT1 influences the
function of macrophages remains to be fully elucidated. In
the present study, a DSS-induced acute colitis mouse model
was used to investigate the effect of serum exosomes, which
contain high levels of IncRNANEATI, on TNF-a-induced
macrophages. RAW246.7 macrophages were treated with
serum exosomes isolated from DSS-induced mice. It was
found that the expression levels of M1 macrophage markers
were high and those of M2 macrophage marker expression
were low compared with levels in cells treated with exosomes
isolated from control mice. The results suggested that DSS
induced M1 macrophage activation. In the TNF-a-induced
inflammatory NCM460 and HT-29 cells, similar results were
obtained, suggesting that TNF-a induced M1 macrophage
activation. However, when the expression of NEAT1 was
inhibited in TNF-a-induced cells, M1 macrophage activation
was suppressed. The present study revealed for the first time,
to the best of our knowledge, that NEAT1 in exosomes affects
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the phenotype transformation between epithelial cells and
macrophages.

In conclusion, the present study demonstrated that the
expression of NEAT1 was high in IBD and was involved in the
inflammatory response by regulating the intestinal epithelial
barrier and exosome-mediated polarization of macrophages in
IBD. Further knowledge of the role of NEAT1 in IBD contrib-
utes to an improved understanding of the pathogenesis of IBD
and provides further insight into the potential and efficacy of
NEATI-based prevention and treatment options.
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