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Abstract

Background: Interleukin 9 (IL-9), produced mainly by T helper 9 (Th9) cells, has been recognized as an important
regulator in multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE).
Astrocytes respond to IL-9 and reactive astrocytes always associate with blood-brain barrier damage, immune cell
infiltration, and spinal injury in MS and EAE. Several long non-coding RNAs (IncRNAs) with aberrant expression have
been identified in the pathogenesis of MS. Here, we examined the effects of INcRNA Gm13568 (a co-upregulated
INcRNA both in EAE mice and in mouse primary astrocytes activated by IL-9) on the activation of astrocytes and the
process of EAE.

Methods: In vitro, shRNA-recombinant lentivirus with glial fibrillary acidic protein (GFAP) promoter were performed
to determine the relative gene expression and proinflammatory cytokines production in IL-9 treated-astrocytes
using Western blot, real-time PCR, and Cytometric Bead Array, respectively. RIP and ChIP assays were analyzed for
the mechanism of INcRNA Gm13568 regulating gene expression. Immunofluorescence assays was performed to
measure the protein expression in astrocytes. In vivo, H&E staining and LFB staining were applied to detect the
inflammatory cells infiltrations and the medullary sheath damage in spinal cords of EAE mice infected by the
recombinant lentivirus. Results were analyzed by one-way ANOVA or Student's t test, as appropriate.
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encephalomyelitis (EAE)

Results: Knockdown of the endogenous INcRNA Gm 13568 remarkably inhibits the Notch1 expression, astrocytosis,
and the phosphorylation of signal transducer and activator of transcription 3 (p-STAT3) as well as the production of
inflammatory cytokines and chemokines (IL-6, TNF-q, IP-10) in IL-9-activated astrocytes, in which Gm13568
associates with the transcriptional co-activators CBP/P300 which are enriched in the promoter of Notch1 genes.
More importantly, inhibiting Gm 13568 with lentiviral vector in astrocytes ameliorates significantly inflammation and
demyelination in EAE mice, therefore delaying the EAE process.

Conclusions: These findings uncover that Gm13568 regulates the production of inflammatory cytokines in active
astrocytes and affects the pathogenesis of EAE through the Notch1/STAT3 pathway. LncRNA Gm13568 may be a
promising target for treating MS and demyelinating diseases.
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Background

Multiple sclerosis (MS) is a chronic inflammatory auto-
immune disease of the central nervous system (CNS), in
which immune cells infiltrate into the white matter asso-
ciated with demyelination and axonal loss [1]. The occu-
pancy of T cells and glia cells in patient lesions suggests
that both are important contributors to MS [2, 3]. Auto-
reactive effector CD4"T cells, including proinflammatory
Th1 cell and Th17 cell, are believed to be the major ef-
fector cells [4], which migrate into the CNS and initiate
the MS process. Recently, Th9 cell and its secreting
cytokine IL-9 have been implicated in MS, which acti-
vates and cooperates with other CD4'T cells and CNS-
resident cells in MS and experimental autoimmune en-
cephalomyelitis (EAE), an animal model of MS [5].

Astrocytes, the most abundant cell population in the
CNS, play an essential role in the homeostasis of CNS.
Astrocytes participate in the formation and integrity of
the blood-brain barrier (BBB), support of neurons, and
regulation of axonal outgrowth. When CNS injury oc-
curs, astrocytes become activated, which are clearly
identified by the dramatically upregulated expression of
glial fibrillary acidic protein (GFAP) [6, 7]. In response
to IL-9 stimulation, astrocytes aggravate the BBB disrup-
tion, increase chemokine production and facilitate T cell
migration into the CNS [8, 9]. However, the mechanisms
by which astrocyte activation with IL-9 stimulation con-
tribute to MS remains undefined.

The Notch signaling is a fundamental and well-
conserved pathway associated with cell fate. The canon-
ical Notch pathway arises from the interaction of trans-
membrane Notch receptors (Notchl- 4) with ligands
(Jaggedl, Jagged2, DLL1, DLL3 or DLL4), whereas the
non-canonical pathway is activated through various mol-
ecules, such as NF-kB, STAT3 [10, 11]. Upon ligand
binding or activation, Notchl is cleaved and releases
Notchl intracellular domain (NICD) that directly trans-
locates into the nucleus to form a complex with RBP/J
and mastermind like (MAML) proteins, which promotes

the transcription of target genes [10, 11]. In addition,
NICD binds to the serine residue of phosphorylated
STAT3 (p-STATS3), facilitates the nuclear translocation
of p-STAT3, and initiates the transcription of corre-
sponding target genes [12, 13]. It has been reported that
Notch is associated with several progressive neurodegen-
erative diseases, including MS, amyotrophic lateral scler-
osis (ALS) and Alzheimer's disease (AD). Notchl
signaling activation increases astrocyte proliferation and
enhances reactive astrogliosis after CNS injury [14, 15].

Long noncoding RNAs (IncRNAs), ranging from hun-
dreds to tens of thousands of nucleotides in length with
no protein-coding capacity, have been proved to play
vital roles in diverse biological processes of genomic im-
printing and development to immune response [16].
LncRNAs are involved in neurodegenerative diseases, in-
cluding MS, ALS, AD, Parkinson’s disease (PD), and
Huntington’s disease (HD) [17, 18]. Importantly, differ-
entially expressed-IncRNAs in activated astrocytes are
closely related to EAE progression [19]. However, the
mechanisms underlying how IncRNAs regulate astro-
cytes activation and MS process are still poorly
understood.

The transcriptional co-activators CREB-binding protein
(CBP) and P300 are histone acetyltransferase (HAT) con-
tributing to histone 3 lysine 27 acetylation (H3K27ac),
RNA Pol II acetylation, and NF-kB enrichment in the pro-
moter region of target genes, which forms a transcription
network to facilitate the expression of target gene [20—24].
Lately, it has been reported that CBP/P300 binds directly
to RNA to enhance histone acetylation and gene tran-
scription [25]. Additionally, IncRNAs are associated with
the CBP/p300 complex and RNA polymerase II, which
regulate gene expression [24, 26].

In previous study, we analyzed IncRNA expression
profiles in EAE mice as well as in activated astrocytes
with IL-9 stimulation [19]. Here, we aim to further ex-
plore the function and mechanism of IncRNA Gm13568
(a co-upregulated IncRNA in EAE mice and IL-9-
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activated astrocytes) in regulating astrocytes activation
and EAE progression. We display that Gm13568 con-
tributes to the production of inflammatory cytokines
and chemokines in activated astrocytes through inter-
action with CBP/P300, which is enriched in the pro-
moter of Notchl and promotes Notchl expression and
signaling activation, thereby aggravating the EAE dam-
age. These results suggest that targeting IncRNAs in as-
trocytes is an attractive option for the treatment of MS.

Methods

Animal, antibodies, and reagents

C57BL/6 mice were purchased from the Shanghai Experi-
mental Animal Center, Chinese Academy of Sciences. All
experimental procedures described in our study were
carried out based on the Provision and General Recom-
mendation of the Chinese Laboratory Association. The
protocol was approved by the Laboratory Animal Ethics
Committee of Xuzhou Medical University (201801w005).
All mice we bred under specific pathogen-free conditions.
Antibodies used in this study were as follows: anti-IL-9
antibody (Rabbit, ab203386, Abcam), anti-GFAP antibody
(Rabbit, ab7260, Abcam), anti-GFAP (Mouse, ab4648,
Abcam), anti-cleaved Notchl antibody (NICD, Rabbit,
4147, Cell Signaling Technology), anti-Notch 1 antibody
(Goat, sc-6014, SANTA CRUZ), anti-p-STAT3 (Rabbit,
Tyr705, BS4181, Bioworld Technology), anti-STAT3
(Rabbit, AP0365, Bioworld Technology), NF-kB p65
(Rabbit, 8242, Cell Signaling Technology), anti- CBP/P300
antibody (Rabbit, 4771s, Cell Signaling Technology), anti-
RNA Pol II antibody (Mouse, 17-620, Sigma Aldrich), and
anti-H3K27ac antibody (Rabbit, ab177178, Abcam). The
secondary antibodies were all purchased from Sigma Bio-
technology. Myelin oligodendrocyte glycoprotein (MOG)
amino acids 35-55 (MOGss. 55 peptides, MEVGWYRSPF
SRVVHLYRNGK) were purchased from China Peptides
Co. Ltd (shanghai, China). Recombinant mouse IL-9 was
from R&D Systems; multiplex magnetic bead-based anti-
body detection kits (cytokine and chemokine detection
kits, Cytometric Bead Array) were from BD Biosciences.

EAE induction and clinical evaluation

C57BL/6 female mice (6—8 weeks old) were immunized
with 250 ug MOG35.55 emulsified in complete Freund’s
adjuvant (Sigma Aldrich) containing 5 mg/ml heat-killed
Mycobacterium tuberculosis (H37Ra strain, Difco). On
day 0 and day 2, mice were intraperitoneally received
pertussis toxin (200 ng, Invitrogen), and then mice were
monitored daily for clinical signs of EAE according to
the following grading scale in a double-blinded manner:
0, no clinical signs; 1, limp tail; 2, paraparesis (weakness,
incomplete paralysis of one or two hind limbs); 3, para-
plegia (two hind limbs paralysis); 4, paraplegia with fore
limb weakness or paralysis; and 5, moribund or death.
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The PBS with the same volume was injected into mice
as the negative control.

Primary astrocyte culture

Primary mouse astrocytes were separated and cultured
as described previously [27]. Astrocytes were synchro-
nized with non-serum culture media for 12 h before IL-9
stimulation.

Real-time PCR assay

Total RNA from the spinal cords of mouse or astrocytes
was extracted by Trizol reagent (Invitrogen). Real-time
PCR assay was conducted as described previously [28].
The relative genes transcription was calculated with the
2724CT method. The primers are listed in Supplementary
Table S1.

Cytometric Bead Array (CBA) assay

The serum of mice or the supernatant of cultured astro-
cytes was collected. The secretion levels of IL-6, TNF-a,
interferon-inducible protein-10 (IP-10), and monocyte
chemoattractant protein-1 (MCP-1) were detected by
CBA assay (BD Biosciences, USA) as described previ-
ously [29].

Western blot assay

As described previously [27], the total protein was ex-
tracted from the spinal cords of mouse as well as the
cultured astrocytes. The expression level of protein in
samples was normalized by B-actin protein.

Lentivirus generation

Recombinant lentiviral vectors carrying EGFP and
astrocyte-specific promoter of glial fibrillary acidic pro-
tein (GFAP) were constructed by Gene Chem (Shanghai,
China) and were verified (Supplementary Fig. S1).
Because the sequence of Gm13568 completely comple-
ments the sense chain at the 9075-9497 locus of the
Notchl gene, conventional shRNA knockdown may sim-
ultaneously affect the expression of endogenous Notchl
gene. We constructed recombinant lentivirus vectors with
GFAP promoter that overexpresses the 9075-9497 se-
quence of Notchl gene to make them competitively bind
to Gm13568 (LV-Inhibit-Gm13568), so as to inhibit the
effect of endogenous Gm13568 on Notchl expression.

RNA Immunoprecipitation (RIP) assay

RIP assay was performed as previously described [30]. In
brief, after treating with IL-9, 2 x 10 primary mouse as-
trocytes were treated with 0.3% formaldehyde in culture
medium, and then 0.125M Glycine was added to the
medium. Cells were washed in cold PBS and pelleted.
The pellets were resuspended in RIPA buffer and incu-
bated on ice, and the lysate was centrifugated at 13,000
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RPM for 10 min. Antibodies mixing Protein A/G beads
were added and incubated at 4°C overnight. Next, the
beads were resuspended in RIPA buffer and were treated
with proteinase K at 45°C for 45 min. Finally, samples
were extracted with Trizol and then RNA was detected
by real-time PCR assay. The data of retrieved RNAs
were calculated by the subtraction of RT/input ratio and
non-RT/input ratio. The primer sequence of Gm13568
was listed in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed as described previously
[30]. Primary mouse astrocytes were treated with IL-9
for 6h. 1 x 10”7 cells were used for each ChIP-
enrichment. Chromatin was sheared to the fragment size
of 200-500bp. The antibodies were anti-NF-kB p65,
anti-H3K27ac, anti-RNA Pol II, anti-CBP/P300, and nor-
mal mouse IgG. All immunoprecipitated chromatin
DNA was analyzed by real-time PCR. The primer se-
quences were listed in Supplementary Table S1.

Histopathology assay

Histopathology assay was performed as previously de-
scribed [27, 31]. Hematoxylin and eosin (H&E) or luxol
fast blue (LFB) staining on 4 pm paraffin-embedded
spinal cord sections were used in evaluating inflamma-
tion and demyelination, respectively.

Statistical analysis

Statistical analysis was performed by GraphPad Prism
version 5.0 software with the two-tailed unpaired Stu-
dent's ¢ test or one-way multiple-range analysis of vari-
ance (ANOVA). A Mann-Whitney test was used for
nonparametric data (EAE scoring). Data presented as
mean + standard error of mean (SEM), calculated for all
points from at least three independent experiments in
triplicates. Values of p < 0.05 was considered significant.

Results

The production of IL-9 and inflammatory cytokines as
well as the expression of NICD and p-STAT3 are increased
in EAE mice

It has been recently demonstrated that Th9/IL-9 is a key
player in regulating autoimmune responses in MS and
EAE accompanied by the production of a large number
of inflammatory cytokines. To investigate the potential
role of IL-9 in inducing Notchl pathway activation, re-
active astrogliosis, and the production of inflammatory
cytokines in EAE mice, we firstly measured the expres-
sion of IL-9 in the tissues of spinal cords. As shown in
Fig. 1la, the mRNA and protein level of IL-9 was
gradually increased in the spinal cords along with the
severity of EAE. Then, the expression of GFAP, NICD,
and p-STAT3 was detected by Western blot assay. The
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results showed that the expression of GFAP protein was
markedly elevated in the spinal cords of EAE mice with
score 2.0 and lasted until score 4.0. Similarly, the expres-
sion of NICD and the phosphorylation level of STAT3
(p-STAT3) was also significantly upregulated from EAE
score 2.0 to score 4.0 (Fig. 1b). Finally, the mRNA tran-
scription and secretion of pro-inflammatory cytokines
and chemokines (IL-6, TNF-q, IP-10, and MCP-1) in the
spinal cords and peripheral blood of EAE mice were
assessed by real-time PCR and CBA assay, respectively
(Fig. 1c, d). The production of IL-6, TNF-a, IP-10, and
MCP-1 was obviously increased along with EAE process,
which was consistent with our previous study [27].
These results suggest whether IL-9 secreted by Th cells
stimulates astrogliosis and Notchl signal activation,
therefore promoting the production of pro-inflammatory
cytokines and chemokines in the CNS of EAE mice.

IL-9 stimulates astrocytes to promote Notch1 pathway
activation and inflammatory cytokine production

To explore the role of IL-9 in Notchl pathway activation
and inflammatory cytokine production in astrocytes, pri-
mary mouse astrocytes were treated with IL-9 in serum-
free media. Western blot results showed that the expres-
sion of GFAP was dramatically increased at 6h and
lasted for 24h in the astrocytes with IL-9 treatment.
Meanwhile, the expressions of NICD and p-STAT3 were
elevated at 6 h after IL-9 stimulation (Fig. 2a). The re-
sults of an immunofluorescence assay indicated that the
expression of Notchl in cytoplasm was also significantly
increased in IL-9 stimulated-astrocytes, compared to the
DMEM group (Fig. 2b). In addition, the mRNA tran-
scription and secretion levels of inflammatory cytokines
such as IL-6, TNF-q«, IP-10, and MCP-1 were simultan-
eously upregulated and peaked at 6h in the astrocytes
stimulated by IL-9 (Fig. 2c, d). These data suggest that
IL-9 activates the Notchl/ STAT3 signaling pathway
and promotes the productions of pro-inflammatory cyto-
kines in astrocytes.

Knockdown of Notch1 suppresses inflammatory response
in astrocytes by IL-9

To further investigate whether Notchl is involved in regu-
lating inflammatory responses in IL-9 stimulated-astrocytes,
recombinant lentiviral vectors of three Notchl-shRNA (LV-
Notch1-shRNA) specifically targeting astrocytes were con-
structed and transfected into primary mouse astrocytes, re-
spectively. As shown in Fig. 3a, the Notchl protein level
was significantly repressed in Notch1-shRNA-1, shRNA-2,
and shRNA-3 groups, particularly in the shRNA-3 group,
compared with the shRNA-ctrl group. Thus, the recom-
binant lentiviral vector of Notch1-shRNA-3 was selected
for packaging and infection. Western blot results showed
that the expression of NICD and the phosphorylation level
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Fig. 1 Upregulation of IL-9 and inflammatory cytokines as well as the activation of Notch1 signaling during EAE process. a The level of IL-9 in
spinal cords of EAE mice with different clinical scores was measured by real-time PCR and Western blot assay, respectively. b The expressions of
GFAP, NICD and p-STAT3 in spinal cords along with EAE process were detected by Western blot assay. ¢ The mRNA levels of IL-6, TNF-q, IP-10,
and MCP-1 in spinal cords were determined using real-time PCR. d The secretion levels of IL-6, TNF-a, IP-10 and MCP-1 in the sera were detected
by Cytometric Bead Array (CBA) during the EAE process. *p < 0.05, **p < 0.01 and ***p < 0.001 versus PBS group (n = 6/group, one-way ANOVA).
These results were repeated four times. Data are represented as the mean + SEM

of STAT3 were obviously decreased from LV-Notchl-
shRNA infection group in IL-9 treated-astrocytes, com-
pared to the LV-ctrl group (Fig. 3b). Furthermore, the
production of inflammatory cytokines including IL-6,
TNF-a, and IP-10 was markedly reduced in LV-Notchl-
shRNA infected-astrocytes (Fig. 3¢, d). These results indi-
cate that IL-9-induced upregulation and activation of
Notchl contribute to the inflammatory cytokines produc-
tion in astrocytes.

Identification of IncRNA Gm13568 targeting Notch1

In our previous study, the changes of IncRNA profiles
were reported both in EAE mice (in vivo) and in activated
astrocytes with IL-9 stimulation (in vitro) [19]. We further
found that the sequence of ENSMUST00000156099
(Gm13568, one of the IncRNA co-upregulated in vivo and
in vitro) with 446 bp length is identical to the antisense se-
quence of Notchl gene at the 9075-9497 locus that is
complementary to the sense chain of the Notchl gene (lo-
cated between exon 2 and exon 3) (Fig. 4a, b). The time
course data showed that the changes of mRNA level be-
tween Gm13568 and Notchl mirrored one another. At 3
h of IL-9 treatment, the levels of Gm13568 and Notchl
were significantly increased and lasted for 12 h (Fig. 4c).

Taken together, these results suggest that Gm13568 may
have a positive regulatory effect on Notchl expression.

LncRNA Gm13568 regulates the Notch1 pathway and
inflammatory cytokine production in activated astrocytes
by IL-9

To evaluate the role of Gm13568 in regulating Notchl
expression and signal activation and inflammatory cyto-
kines production in activated astrocytes, we infected pri-
mary mouse astrocytes with recombinant lentivirus
inhibiting Gm13568 (LV-Inhibit Gm13568) that we had
constructed and packaged. In the LV-Inhibit-Gm13568
group, the expressions of GFAP and Notchlwere lower
after IL-9 stimulation for 6 h than that of LV-ctrl group,
indicating the inhibition of Gm13568 significantly de-
creased the Notchl expression and reactive astrocytosis
(Fig. 5a). Similarly, the expression of NICD and p-
STAT3 were also markedly decreased in LV-Inhibit-
Gm13568 group (Fig. 5a). Additionally, the production
of IL-6, TNF-a and IP-10 was in much lower level in the
LV-Inhibit-Gm13568 group (Fig. 5b, c). These observa-
tions indicate that Gm13568 regulates the expression
and signal activation of Notchl, therefore mediating the
production of inflammatory cytokines in astrocytes.
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Fig. 2 IL-9 activates the Notch1 pathway and promotes inflammatory cytokines production in astrocytes. Primary mouse astrocytes were incubated in
a serum-free medium overnight followed by treating with IL-9 at the indicated time point. a The expression changes of GFAP, NICD, and p-STAT3
were analyzed by Western blot assay. b Immunofluorescent staining for GFAP (green), Notch1 (red), and nuclear staining of DAPI (blue) in cultured
astrocytes with IL-9 treatment for 6 h. Scale bars, 50 um. ¢ The mRNA levels of IL-6, TNF-q, IP-10, and MCP-1 in astrocytes were detected using real-time
PCR assay. d The secretion levels of IL-6, TNF-a, IP-10, and MCP-1 in the supernatant of astrocytes were measured by CBA assay. *p < 0.05, **p < 0.01
and ***p < 0,001 versus DMEM group (one-way ANOVA). The data are from three independent experiments and represented as the mean + SEM

The interaction of Gm13568 with CBP/P300 regulates the performed to analyze Gm13568 and NF-kB p65 or
Notch1 expression in astrocytes by IL-9 CBP/P300 interaction. As shown in Fig. 6a, Gm13568
To further explore the potential regulating mechanism  was significantly interacted with NF-kB p65 and CBP/
of Gm13568 on Notchl expression, the RIP assay was P300 in activated astrocytes by IL-9. Moreover, ChIP
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Fig. 3 Knockdown of Notch1 reduces inflammatory cytokine production in activated-astrocytes by IL-9. a The 3 recombinant lentivirus plasmids
of Notch1-shRNA targeting astrocytes were transduced into mouse primary astrocytes using the Neon™ electron transfection system (MPK5000)
for 48 h. The expression of Notch1 protein in astrocytes was evaluated by Western blot assay. b Primary mouse astrocytes were infected with
recombinant lentivirus (LV-Notch1-shRNA, LV-ctrl) for 72 h, and then incubated in a serum-free medium overnight followed by treating with IL-9
for 6 h. Western blot analysis for the proteins of Notch1 pathway. € The mRNA levels of IL-6, TNF-a, and IP-10 in astrocytes were measured by
real-time PCR. d The secretion levels of IL-6, TNF-a, and IP-10 in the supernatant of astrocytes were detected by CBA assay. **p < 0.01 and ***p <
0.001 versus DMEM group; *p < 0.05 and *p <0.01 and **p < 0,001 versus LV-ctrl+IL-9 group (one-way ANOVA, the two-tailed Student’s t test).
The data are from three independent experiments and represented as mean + SEM

J

assay revealed that NF-xB p65, CBP/P300, RNA Pol
II, and H3K27ac were differentially enriched in the
Notchl gene promoter in IL-9-activated astrocytes
(Fig. 6b). Importantly, inhibition of Gm13568 signifi-
cantly reduced NF-kB p65 and CBP/P300 enrichment
in the Notchl promoter (Fig. 6¢c). The data indicate
that the interaction of Gm13568 with CBP/P300 may

epigenetically regulate the transcription of the Notchl
gene.

Notch1 knockdown in astrocytes represses inflammation
and alleviates EAE in mice

To further clarify the role of Notchl from astrocytes in
EAE development, 1 x 10’ transforming units of



Liu et al. Journal of Neuroinflammation (2021) 18:108 Page 8 of 15
P
A B
The sequence of IncRNA Gm13568 The complementary sequence of Gm13568 and Notch1
ttttttttgTTTAGCAAAATCTCGACAACCATCAGTATCATITTTATTGCAAATTAGTTAACAAAAAAA Mus musculus notch 1 (Notch1), mRNA
CATCAAAAAAATACATCATTTTCATTACCTACAGTTTTCCATCTACTITTITTTTTT TACCTITCTTTT Sequence ID: reflNIVI_008714 3| Length: 9497 Number of Matches: 1
TTTTGTAAACTACACTTTATTTTATACAACACAGTAAGAATCAACATCTTAGGATGCGTCTCGTCATAT Range 1: 9075 to 9497 GenBank Graphics
CTATTAGGCATGGCACAGACACTGCOCCOCAAAAGGCCAGAAACAGCTGOCCTGAGGAGGTCGGCAACT Score Expect Identities Gaps
GOCCOCGAAAGCCOCCAGCACACAGTGGCTGGAAAGGGACTTGGTGGGCAGCAGATGGGCCATCCTGGG 782 bits(423) 0.0 423/423(100%) 0/423(0%)
TTGTGCTCTTAGGAGCTACTGGTTCCGCAGCTACAGGTCACAAGGTCTGCGTCACACTGAGCTAAGCCA Quiry 24 T : EATCAGTATCATTTTTATTGCAKATTAGT a3
CAGTCTGAC . LU IIIIIIIIII]IIIIIIIIIIIIIIIIIIII
& Sbjct 9497 TITTTTTTGTTTAGCAAAATGTGG: m:cArc,\cnrv:urrm\rrocmnx TA 9438
C Query 84  ACaasasaag gatzaaaaa a ‘TACATCATTTTCATTACCTACAGTTTTGCATGTAG’ ttt 143
. IIIIIIIIIIIII IIIIIIIIIIIII]IIIIII]IIII]IIIIII
e Sbjet 9437 AMMAAGATGAAMMATACATCATTTTCATTACCTACAGTTTTGCATGTAGTTTTT 9378
| < Gm13568
4 ) Query 144 t44444GTAAAC 203
= - Notch1 . IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIII]IIIIII]IIIIIIIIIIIII
S5 Sbjct 9377 TITTTTTACGITTCTTTTTITTGT ACACTTTATT 9318
= g Query 204 CTTAGGATGCGTCTGGTCATATCTATTAGGT 263
§o . IIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
g0 Shjet 9317 CTTAGGATGCGTCTGGTCATATCTATTAGGT 9258
E g Query 264 AGGCCAGAAAGAGCTGCCCTGAGGAGGTGGGCAACTGCCCCCGAMGCCCCCAGCACACA 323
1<) . NNy
= % Sbjet 9257 AGGCCAGAAAGAGCTGCCCTGAGGAGGTGGGCAACTGCCCCCGARMGCCCCCAGCACACA 9198
©
oL Query 324 TCCTGGGTTGTGCTCTTAGGAG 383
L4 . II[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 9197 GGGTTGTGCTCTTAGGAG 9138
Query 384 GGCAGCTACAGGTCACAAGG TGAGC 443
. II[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIIIIIIIIIII
Sbjct 9137 CTACTGGTTCGGCAGCTACAGGTCACAAGGTCTGGGTCACACTGAGCTAAGCCACAGICT 9078
0 "
DMEM 1 3 6 12 24 48 Query 444 (lhﬁ 446
Sbjet 9077 GAC 907S
IL-9 (h)
Fig. 4 |dentification of IncRNA targeting the Notch1 gene. a The sequence of INcRNA Gm13568 with 446 base length. b The sequence of
Gm13568 is complementary to the sense chain of Notch1 gene at 9075-9497 locus. € Primary mouse astrocytes were treated in a serum-free
medium overnight followed by stimulating with IL-9 at different time period. Real-time PCR was performed to detect the change levels of
Gm13568 and Notch1 in astrocytes. *p < 0.05 and **p < 0.01 and ***p < 0.001 versus DMEM (one-way ANOVA). Results are represented as mean
+ SEM

recombinant lentivirus of LV-Notchl-shRNA specifically
targeting astrocytes was injected into mice via the tail
vein. After 7 days, EAE was induced by MOG 3555 for
23 days. The clinical score showed that silencing Notch1
in astrocytes not only delayed the onset of EAE but also
relieved illness (Fig. 7a). Meanwhile, the production of
IL-9 and the expression of GFAP were significantly de-
creased in EAE mice with LV-Notchl-shRNA (Fig. 7b).
Furthermore, NICD and p-STAT3 protein expressions
were also markedly downregulated in the spinal cords of
the LV-Notch1-shRNA group (Fig. 7b). The levels of in-
flammatory cytokines such as IL-6, TNF-a and IP-10
were reduced in LV-Notchl-shRNA group (Fig. 7c, d).
More importantly, H&E and LFB staining strongly dis-
played that LV-ctr] EAE mice had greater inflammatory
cell infiltration and more severe demyelination lesions in
the spinal cords. However, the EAE mice with LV-
Notchl-shRNA had less inflammatory cell infiltration
and slight demyelination lesions in the spinal cords (Fig.
7e, f). Collectively, these data reveal that Notchl partici-
pants in the activation and hyperplasia of astrocytes,
resulting in aggravation of inflammatory cell infiltration
and spinal cords injury in EAE mice, which may be asso-
ciated with an increased inflammatory reaction. On the
contrary, knockdown of Notchl reversed these results
above.

The inhibition of Gm13568 in astrocytes decreases the
activation of the Notch1 pathway and ameliorates the
EAE process in mice

To verify whether Gm13568 regulating Notchl in astro-
cytes contributes to the development of EAE, 1 x 10’
transforming units of recombinant lentivirus targeting
astrocytes (LV-Inhibit-Gm13568 or LV-ctrl) was admin-
istrated to mice via the tail vein, and then EAE was in-
duced after 7days. As shown in Fig. 8a, inhibiting
Gm13568 in astrocytes slowed down the EAE develop-
ment. At the same time, the production of IL-9 was
significantly reduced compared to the LV-ctrl mice (Fig.
8b). The expressions of GFAP, Notchl, NICD, and p-
STAT3 were dramatically decreased in the LV-Inhibit-
Gm13568 mice (Fig. 8b). Similarly, the production of IL-
6, TNF-a, and IP-10 was also markedly diminished in
LV-Inhibit-Gm13568 group (Fig. 8c, d). In addition,
H&E and LFB staining showed that inflammatory cell in-
filtration and demyelination lesions in white matter were
obviously reduced in LV-Inhibit-Gm13568 group, com-
pared to the LV-ctrl mice (Fig. 8e, f). Taken together,
these data imply that the IncRNA Gm13568 regulates
the Notchl pathway in astrocytes, thus controlling react-
ive astrocytosis, inflammatory cytokine secretion and
spinal cord injury in mice, in turn affecting the EAE
process.
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J

Discussion

Astrocytes play important roles in MS by recruiting lym-
phocytes, confining inflammation and contributing to tis-
sue damage [31, 32]. It has also been reported that
IncRNAs have significant impacts on normal neural devel-
opment and the progression of neurodegenerative diseases
[17]. Our previous studies have demonstrated that
IncRNAs differentially expressed in the activated astro-
cytes are closely related to EAE process [19]. Here, we
confirm that inhibiting IncRNA Gm13568, an upregulated

IncRNA both in IL-9-activated astrocytes and in EAE
mice, reduces inflammatory cytokine production in astro-
cytes and delays the EAE process through decreasing
Notchl expression and signal activation by interaction
with NF-kB p65 and CBP/P300 (Fig. 9).

In CNS autoimmunity, reactive astrocytes can contrib-
ute to a detrimental positive-feedback loop of inflamma-
tion, which accelerates inflammatory cascades and
aggravates neurological disorders [3]. Response to in-
flammatory stress, many genes relevant to inflammation,
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oxidative stress, immune receptors, and BBB disruption
are increased in astrocytes [33]. It has been shown that
astrocytes aggravate BBB disruption, increase chemo-
kines production, and facilitate T cell migration to the
CNS upon IL-9 stimulation [8, 9]. Our data showed that
mRNA transcription and protein expression of IL-9 in
the spinal cords of EAE mice were gradually increased
along with the severity of EAE. Notably, the expression
of GFAP and the secretion of pro-inflammatory cyto-
kines were also significantly upregulated along with the
severity of EAE, which implied the activation and hyper-
plasia of reactive astrocytes. However, the understanding
of the role of IL-9 in promoting astrogliosis is still very
limited.

The Notch pathway can modulate immune response
and inflammatory processes, which are clinically critical
in MS. Emerging evidence indicates the Notch signal
regulates the development and maturation of microglia,
oligodendrocytes, and CD4"T cells in MS lesions, which
are associated with MS pathology [34]. Inhibiting the
Notchl pathway in oligodendrocytes improved remyeli-
nation in EAE mice and in the cuprizone (CPZ) demye-
lination model [34, 35]. It has been demonstrated that
Notch-1 signaling is a critical regulator of intracerebral

hemorrhage (ICH)-induced reactive astrogliosis [15].
Our results showed that the expression of Notchl,
NICD, and p-STAT3 was consistent with that of GFAP
and inflammation cytokines production in EAE and in
reactive astrocytes with IL-9 stimulation. Importantly,
knockdown Notchl in astrocytes not only decreased in-
flammatory production both in vivo and in vitro, but
also reduced inflammatory cell infiltration and demyelin-
ation lesion in the spinal cords of EAE mice. Yet, the
underlying mechanisms behind Notchl modulation in
astrocytes are far from clear in MS.

In recent years, IncRNAs having been shown to play
vital roles in diverse biological processes ranging from
development to immune responses. In the CNS, they di-
versely participate in neuroinflammation, synapse plasti-
city, synaptogenesis, and memory formation [30, 36, 37].
Accumulating evidence has indicated that IncRNAs are
key regulatory molecules involved in MS pathogenesis
[38—42], but these data mainly focused on the regulation
of Th cells and microglia by IncRNAs. Given that astro-
cytes play essential roles in MS process, it is crucial to
understand the role of IncRNAs in astrocytes in MS. To
date, the functional characterization of IncRNAs during
astrocyte activation and MS process has not been fully
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uncovered. Our previous study identified the changes of
IncRNA expression profiles both in EAE mice and in ac-
tivated astrocytes with IL-9 stimulation [19]. We found
that the sequence of co-upregulated IncRNA Gm13568
in vivo and in vitro were complementary to the 9075-
9497 locus of the sense chain in the Notchl gene, and
the time course of Gm13568 changes was consistent
with that of Notch 1 in IL-9-stimulated astrocytes.

IncRNAs are known to control the expression of genes
as well as contribute to the pathogeneses of diseases.
Therefore, we propose that Gm13568 may positively
regulate the expression of Notchl gene in astrocytes,
therefore contributing to the EAE pathogeneses. In this
study, our data supports this hypothesis. Our study re-
vealed that the inhibition of Gm13568 decreased Notchl
expression and pathway activation in astrocytes, as well
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as attenuated reactive astrocytosis both in vitro and mechanisms by which IncRNAs act on Notchlin
in vivo, which elicited the reduction of inflammatory cy-  astrocytes.

tokines and chemokines production, thus alleviating in- It has been demonstrated that IncRNAs can modulate
flammatory cell infiltration and demyelination lesion in  protein-coding gene expression in chromatin remodeling
EAE mice. However, it is still not very clear about the and histone modification, which are always associated
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with the CBP/p300 complex, the CoREST/REST com-
plex and the Polycomb Repressive Complex 2 (PRC2)
complex [16, 36]. In the present study, RIP and ChIP
assay showed that Gm13568 associated with NF-kB p65
and CBP/P300 was enriched in the promoter of Notchl-
gene. These data suggest that the interaction of
Gm13568 and CBP/P300 might epigenetically regulate
Notchl expression in activated astrocytes and EAE mice.

Conclusion

In summary, our present evidence reveals that IncRNA
Gm13568 induced by IL-9 in astrocytes regulates
Notchl expression through the interaction with CBP/
P300 and then promotes Notchl pathway activation,
which is involved in the production of inflammatory cy-
tokines and chemokines in astrocytes, in turn affecting
EAE development. Thus, these findings emphasize that
the IncRNA derives from astrocytes may play key roles
in neuroinflammation and pathogenesis of MS.
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