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A B S T R A C T

Long non-coding RNAs have the potential to regulate immune responses. Their impact on multiple sclerosis has
remained elusive. For illustrating their roles in experimental autoimmune encephalomyelitis (EAE) pathogen-
esis, we investigated the differential expression of lncRNAs and mRNAs in CD4+Th cells obtained from myelin
oligodendrocytic glycoprotein35–55(MOG35–55)-induced EAE and complete Freund's adjuvant (CFA) controls. We
observed differential expression of 1112 lncRNAs and 519 mRNAs in CD4+Th cells. The functional network
showed lncRNAs had the capacity to modulate EAE pathogenesis via regulating many known EAE regulators
such as Ptpn6. Predicting the function of lncRNAs demonstrated that dysregulated lncRNAs were closely asso-
ciated with the development of EAE. These dysregulated lncRNAs may have function in EAE and they could be
novel biomarkers and therapeutic targets of EAE. However, the precise mechanisms and biological functions of
these specific lncRNAs in EAE pathogenesis require further study.

1. Introduction

Long non-coding RNAs (lncRNAs), which are> 200 nucleotides in
length and lack protein-coding function [1], are characterized by tissue-
specific expression [2],with lower expression level and less well con-
served than those of protein-coding RNAs [3,4]. The regulatory me-
chanisms of lncRNAs are more complex than those of microRNAs; an-
notated functions have been established for only a few of lncRNAs.
Recent studies suggest that lncRNAs perform diverse regulatory func-
tions at the transcriptional or post-transcriptional level in multiple
biological processes and diseases by interacting with DNA, RNA, and
protein [5–10]. Many lncRNAs play crucial roles in modulating the
innate and adaptive immune responses and contribute to the patho-
genesis of autoimmune diseases by regulating immune cell differ-
entiation [11–14].

Multiple sclerosis (MS) is one of the most prevalent autoimmune
diseases [15].The condition is characterized by infiltrates of immune
cells and plaques of demyelination in brain and spinal cord. MS is
thought to be initiated and mediated by inflammatory autoreactive
CD4+T helper (Th) cells [16,17]. However, the complex, highly

multicellular pathophysiological mechanism of MS has yet to be es-
tablished [18]. Currently, with the development of next-generation
sequencing (NGS) and molecular biology, several lncRNAs have been
identified as key regulators of Systemic Lupus Erythematosus (SLE)
[19], rheumatoid arthritis (RA) [20,21], and Type 1 Diabetes Mellitus
(T1DM) [22,23]. Other lncRNAs regulate the differentiation and acti-
vation of T cells and B cells [24–28]. To elucidate the pathogenesis of
MS and screen for specific biomarkers, it is essential to identify lncRNAs
with specific expression to inflammatory self-reactive T cells.

Molecular biomarkers enable us to understand the epigenetic and
molecular disorders of the disease and facilitate diagnosis and prog-
nosis. Due to the convenience of collecting samples, one common ap-
proach to identify disease biomarkers is the detection of differentially
expressed genes in peripheral blood mononuclear cells (PBMCs).
Unpublished results from our laboratory showed that the differentially
expressed genes observed in PBMCs of MS patients were similar to
genes differentially expressed in other diseases associated with in-
flammation. In brief, differential gene expression in PBMCs of MS pa-
tients may reflect nonspecific inflammatory changes. These changes
may be related to the altered proportion of immune cells among the
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PBMCs population.
In the present study, we chose myelin oligodendrocytic

glycoprotein35–55(MOG35–55)-induced experimental autoimmune en-
cephalomyelitis (EAE) as the model of MS because the histopathologic
and immunologic similarities [15,29]. Here, we first analyzed the ex-
pression profiling of lncRNAs and mRNAs in peripheral MOG35–55

specific CD4+Th cells from EAE and complete Freund's adjuvant (CFA)
controls via lncRNA microarray. This approach, designed to rule out
false-positive data resulting from nonspecific inflammatory changes,
yielded 1112 specific lncRNAs and 519 dysregulated mRNAs. In addi-
tion, we constructed a pathway-network and signal-network for peak
EAE. The crosstalk suggested that core mRNA Ptpn6 played a more
important role in the development of EAE than previously thought.
Here we have provided evidence that lncRNAs such as NON-
MMUT049403 participated in the pathogenic process of EAE through
predicting their functions and gene ontology (GO) enrichment analysis.
Our study established the utility of lncRNA as specific inflammatory
biomarkers in the process of EAE. These findings should conduce to
better understand the pathogenesis of MS and facilitate the search for
new diagnostic and therapeutic targets of EAE and MS.

2. Materials and methods

2.1. Animals

Female C57BL/6 mice, 6–8weeks old, were purchased from Peking
Vital River Laboratory Animal Ltd. (Beijing, China). All mice were kept
in specific pathogen-free environments and all experiments were car-
ried out according to protocols of the Care and Use of Laboratory
Animals published by the China National Institute of Health.

2.2. EAE induction

C57BL/6 female mice were immunized subcutaneously in the ax-
illary fossa with 200 μg MOG35–55 (MEVGWYRSPFSRVVHLYRNGK)
peptide emulsified in complete Freund's adjuvant (Sigma, St.Louis, MO,
USA) containing Mycobacterium tuberculosis H37Ra (Difco
Laboratories, Detroit, MI, USA) on 0d and then were injected in-
travenously with 200 ng pertussis toxin (LIST BIOLOGICAL LABORA-
TORIES, INC.) both immediately after immunization and 2 days later.
Disease severity was assessed as follows: 0, no clinical signs; 1, limp tail;
2, hind-limb weakness; 3, paraplegia; 4, quadriplegia; and 5, moribund
or death, 0.5 was added to the lower score when clinical signs were
intermediate between two grades of disease.

2.3. Preparation of mononuclear cells

Axillary lymph nodes of EAE and CFA mice were removed on the
peak timing of EAE and minced into single-cell suspensions, then fil-
tered through a 40 μm cell strainer (BD Biosciences). Subsequently,
mononuclear cells were suspended in PBS for further analysis.

2.4. CD4+T cells purification and sorting

CD4+T cells isolated from draining lymph nodes of EAE and CFA
mice were purified using the MojoSort™ Mouse CD4+T Cell Isolation
Kit (Biolegend, San Diego, CA) according to manufacturer's instruction.
For achieving high purity of isolation, CD4+T cells were negatively
selected twice from total lymphocytes. Flow cytometric analysis re-
vealed that the purity of isolated CD4+T cells was> 90%
(Supplementary Fig. 1). Each sample for microarray expression analysis
contained 1× 10^7 purified CD4+T cells isolated from EAE and CFA
mice. Each group had three individual samples.

2.5. RNA extraction

Total RNA from 1×10^7 sorted CD4+T cells was extracted with
TRIzol reagent RnaEx (GENEray) following the manufacturer's re-
commendations. RNA concentration was measured using NanoDrop
1000 Spectrophotometer. RNA purity and integrity for each sample
were determined using spectrophotometer and gel electrophoresis. For
spectrophotometer analysis, samples with OD260/OD280 ratio be-
tween 1.8 and 2.1 and OD260/OD230 ratio > 1.8 were only accep-
table. For eletrophoresis analysis, samples should be free of genomic
DNA contamination and ratio of 28S/18S band intensities should
be>2.0.

2.6. LncRNA microarray

The Mouse Transcriptome Assay 1.0 (MTA 1.0, Affymetrix, CA,
USA), covering 55,000 lncRNAs and 23,000 mRNAs, was used for de-
tecting the global expression profiling of mouse lncRNAs and mRNAs.
Then, lncRNAs were carefully constructed using well-respected public
transcriptome databases (i.e., Refseq, Ensembl, UCSC Known Genes,
NONCODE, lncRNA db, Intergenic non-coding RNA from Luo H, et al.).
The RNA labeling and microarray hybridized were carried out ac-
cording to the Affymetrix expression analysis technical manual
(Geneminix Informatics Ltd., Shanghai, China).

In brief, lncRNAs and mRNAs with differential expression were first
filtered using the random variance model t-test (P < 0.05) for sub-
sequent analysis, then, the results were presented as fold change.
Moreover, Volcano Plot filtering and hierarchical clustering were per-
formed to display the distinguishable lncRNAs and mRNAs expression
patterns between the two groups.

2.7. Quantitative real-time PCR validation

To validate the microarray data, we randomly selected three up-
regulated lncRNAs and mRNAs, (NONMMUT031096,
NONMMUT057342, NONMMUT031095, Ifng, Tbx21, Il18rap) respec-
tively. Meanwhile, we also randomly selected three down-regulated
lncRNAs and mRNAs from abnormally expressed lncRNAs and mRNAs
(NONMMUT028487, NONMMUT011309, and NONMMUT059037,
Ccr8, Ptpn6 and Prg4). 1 μg of total RNA was reverse transcribed with
an RT-PCR kit from Roche (Transcriptor First Strand cDNA Synthesis
Kit, Roche, 04896866001) following recommendation of the supplier.
Following first strand cDNA synthesis, qPCR reaction was carried out in
a 10 μl reaction volume containing 1× SYBR Green PCR Master Mix
(TransStart® Top Green qPCR SuperMix, Transgene,China), 0.2 μM of
each specific forward and reverse primers, 1 μl of cDNA template and
was performed in the CFX96 Real-Time system from Bio-Rad (C1000
Touch Thermal Cycler, Bio-Rad). Each sample was run in triplicate and
the Δ Δ Ct method was used for relative quantification, with β-actin
expression levels serving as internal control. The primers used are listed
in Table S1 in Supplementary Material.

2.8. GO and pathway analysis

Gene ontology (GO) analysis was performed to illustrate the main
function of the differentially expressed mRNAs. GO-map analysis was
made to identify the interaction network of the significant GO terms of
the differential expression genes.

Pathway analysis was used to discover underlying functions of the
significantly differential expression mRNAs based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database [30,31]. GO and
pathways analyses of up-regulated and down-regulated mRNAs were
performed by the Database for Annotation, Visualization and Integrated
Discovery (The Database for Annotation, Visualization and Integrated
Discovery, (https://david-d.ncifcrf.gov/home.jsp). The P-value denoted
the statistical significance of GO terms enrichment and the pathways in
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the differentially expressed mRNAs (P < 0.05).

2.9. LncRNA-mRNA co-expression network and LncRNA function
annotation

The lncRNA-mRNA co-expression network was constructed between
the differentially expressed lncRNAs and mRNAs according to the
normalized signal intensity of specific expression levels of mRNAs and
lncRNAs. We used Pearson's correlations, equal to or> 0.99, to calcu-
late statistically significant associations. In basis of lncRNA-mRNA co-
expression network, we drew conclusion about lncRNA biological
functions.

2.10. Statistics

All statistical analysis was performed using SPSS11 statistical soft-
ware and GraphPad Prism (GraphPad Software Inc., La Jolla, CA).
Statistical analyses included comparisons with the t-test, Fisher's exact
test and the Pearson correlation, as appropriate; P-value< 0.05 was
considered statistically significant.

3. Results

3.1. LncRNA and mRNA expression profiles in peripheral CD4+Th cells
isolated from EAE and CFA mice

Mouse Transcriptome Assay 1.0 was used to determine the expres-
sion levels of lncRNAs and mRNAs in peripheral CD4+Th cells from
three EAE mice and three CFA controls. After applying the RVM t-test,
we observed significant differences in lncRNA and mRNA, with 1.2-fold
change (P < 0.05) in two groups. Volcano plot analysis was applied to
identify differential expression of lncRNAs (Fig. 1A) and mRNAs
(Fig. 1B) in these two populations. Hierarchical clustering analysis

enabled us to separate the EAE from CFA controls in terms of gene
expression (Fig. 1C, D). Compared with CFA, a total of 1112 lncRNAs in
peripheral MOG35–55-specific CD4+Th cells were specifically dysregu-
lated, including 490 up-regulated lncRNAs and 622 down-regulated
lncRNAs (Table S2). In addition, 519 mRNAs had differential expression
in peripheral MOG35–55-specific CD4+Th cells as compared with CFA;
of these, 341 were up-regulated, and 178 were down-regulated
(Table 1, Table S3).

3.2. Quantitative real-time PCR validation

To verify the reliability of the microarray data, we identified the up-
and down-regulated lncRNAs and mRNAs selected randomly by quan-
titative real-time PCR. Comparison of EAE with CFA controls revealed
six differentially expressed lncRNAs (NONMMUT031096,
NONMMUT057342, NONMMUT031095, NONMMUT028487,
NONMMUT011309, and NONMMUT059037) and six mRNAs with
aberrantly differential expression (Ifng, Tbx21, Il18rap, Ccr8, Ptpn6
and Prg4) (Fig. 2). Among these random lncRNAs and mRNAs, lncRNA
NONMMUT031096 was the most elevated (46.86-fold higher expres-
sion), followed by NONMMUT031095 (15.53-fold higher expression)
and NONMMUT057342 (7.83-fold higher expression). For mRNA, IL-
18Rap was the most elevated (12.46-fold higher expression), followed
by IFN-γ (4.89-fold higher expression), and Tbx21 (3.08-fold higher

Fig. 1. LncRNA and mRNA expression profile for
peripheral CD4+T helper cells in EAE and CFA.
(A–D)
Volcano plots were performed to distinguish dif-
ferentially expressed lncRNAs (A) and mRNAs
(B). Vertical lines represent 1.2-fold upregulation
or downregulation. Horizontal lines represent
P=0.05. Red data points represent significantly
differential expression of lncRNAs and mRNAs.
Hierarchical clustering analyses show the differ-
ential expression patterns of lncRNA (C) and
mRNA (D) between EAE (E1–E3) and CFA
(C1–C3). Red and green represent high and low
expression levels, respectively, among all sam-
ples. (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Dysregulation of lncRNAs and mRNAs in peripheral CD4+T helper cells of EAE.

mRNA lncRNAs

Upregulation 341 490
Downregulation 178 622
Total 519 1112

LncRNA, long non-coding RNA. EAE, experimental autoimmune encephalomyelitis.
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expression). LncRNA NONMMUT059037, NONMMUT011309, and
NONMMUT028487 exhibited 4.85-, 3.68-and 2.76-fold lower expres-
sion, respectively. Ccr8, Ptpn6, and Prg4 exhibited 3.12-, 1.98- and
1.91-fold lower expression, respectively. Results of RT-PCR were con-
sistent with the microarray data.

3.3. Functional exploration of dysregulated mRNAs

To investigate the comprehensive function of dysregulated mRNAs
in biological processes, 519 differentially expressed mRNAs were sub-
mitted for GO and KEGG pathway analysis using DAVID. The negative
logarithm of the P-value (−log10P) showed a positive correlation be-
tween gene expression and relevant biological processes (P < 0.05).
GO analysis of biological processes based on dysregulated mRNAs
showed that the up-regulated genes were enriched in immune system
process, adaptive immune response, innate immune response, positive
regulation of IFN-γ production, and negative regulation of in-
flammatory response, etc. (Fig. 3A, Table S4). Dissimilarly, down-
regulated mRNAs were enriched in lipoprotein metabolic process,
protein folding, lipid transport, immune response, and actin filament
organization, etc. (P < 0.05) (Fig. 3B, Table S4). KEGG pathway ana-
lysis showed that aberrantly up-regulated genes were enriched in in-
flammatory bowel disease, cytokine-cytokine receptor interaction, tu-
berculosis, lysosome, primary immunodeficiency, etc. (Fig. 4A, Table
S5), meanwhile, the down-regulated genes were enriched in measles,
antigen processing and presentation, protein processing in endoplasmic
reticulum, and influenza A (P < 0.05) (Fig. 4B, Table S5). Taken

together, GO and pathway analysis indicated pro-inflammatory biolo-
gical processes were predominant at the peak of EAE, as previously
reported for MS and EAE [32]. These results verified the accuracy of
microarray data.

The pathway-network was constructed according to KEGG database
analysis to find the interaction among pathways enriched from mRNAs
that were significantly dysregulated in the pathologic changes asso-
ciated with EAE. Crosstalk involving the T cell receptor signaling
pathway, cell adhesion molecules (CAMs), antigen processing and
presentation may play an important role in the development of EAE
(Fig. 5A, Table S6). Recent studies have indicated that the JAK-STAT
pathway could regulate cells differentiation and cytokine secretion
during EAE [33,34]. Our pathway-network suggested that the JAK-
STAT pathway may participate in the disease as the target of natural
killer cell mediated cytotoxicity and the toll-like receptor signaling
pathway. To address the limited nature of interactions among genes in a
single pathway, we constructed a signal-network by screening for
mRNAs in an interaction repository between significantly regulated GO
terms and pathways. Our data identified 36 core mRNAs in peripheral
CD4+Th cells during the development of EAE, according to the degree
of gene interaction. The gene with the highest degree was Ptpn6
(Fig. 5B, Table S7). These data strongly support the inter-regulation of
biological pathways and suggest that mRNAs may perpetuate the de-
velopment of EAE.

Fig. 2. Validation of lncRNA microarray data by real-time PCR.
Three upregulated and three downregulated lncRNAs as well as three upregulated and three downregulated mRNAs, were validated by real-time PCR of RNA extracted from peripheral
CD4+T cells of three EAE mice and three CFA controls. Relative expression levels of lncRNAs and mRNAs were normalized. Data displayed in histograms are expressed as mean ± SD;
**P < 0.005, ***P < 0.0005, ****P < 0.0001 for EAE mice compared with CFA controls.
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3.4. LncRNA-mRNA co-expression network

To further illustrate the relationship between mRNAs and lncRNAs,
a coding-noncoding gene co-expression (CNC) network was constructed
between 1112 significantly dysregulated lncRNAs and 519 significantly
dysregulated mRNAs, by calculating the Pearson correlation for each
pair of RNAs. In total, 320 lncRNAs and 306 mRNAs (Pearson-corre-
lation>0.99) were included in the CNC network (Table S8). We se-
lected mRNAs involved in an interactions repository based on sig-
nificantly regulated GO terms and pathways that were relevant to the
immune response. With the approach, the CNC network was able to
identify closely correlated mRNAs and lncRNAs in peripheral CD4+Th
cells at the peak of EAE (Supplementary Fig. 2). The network showed
that one mRNA was correlated with one or more lncRNAs, and vice
versa. Furthermore, as Fig. 6 reveals, the network was operative in
some meaningful pathways and GO terms related to the development of
EAE. Seventeen lncRNAs interacted with 20 mRNAs in the “T cell re-
ceptor signaling pathway” (Fig. 6A); 10 lncRNAs interacted with 14
mRNAs in the “JAK-STAT signaling pathway” (Fig. 6B); 12 lncRNAs
interacted with 8 mRNAs in the GO of “inflammatory response”
(Fig. 6C); 8 lncRNAs interacting with 7 mRNAs in the GO of “immune
response” (Fig. 6D).

3.5. Functional annotation and potential mechanism

To further elucidate the function of lncRNAs in EAE, we predicted
lncRNA function based on the CNC network. Predicted function of

lncRNAs was annotated using GO terms analysis of co-expressed
mRNAs. For example, lncRNA NONMMUT028527 was associated with
negative regulation of IL-2 production and negative regulation of in-
flammatory response (GO:0032695, GO:0050728). NONMMUT003168
was associated with positive regulation of T cell activation, positive
regulation of IL-2 production, positive regulation of IFN-γ production,
and positive regulation of T-helper 1 type immune response
(GO:0050870, GO:0032743, GO:0032729, GO:00028270).
NONMMUT049296 was associated with positive regulation of I-κB ki-
nase/NF-κB cascade, toll-like receptor 2 signaling pathway, and inter-
leukin-1-mediated signaling pathway (GO:0043123, GO:0034134,
GO:0070498); NONMMUT004575 was associated with T cell costimu-
lation, chemotaxis, and chemokine-mediated signaling pathway
(GO:0031295, GO:0006935, GO:0070098). To systematically elucidate
lncRNAs function, gene function enrichment analysis was performed for
the annotated lncRNAs. Selecting the reliability prediction terms (ac-
cording to P-value and enrichment) yielded 10 enrichment GO terms
(Fig. 7A). The data showed that dysregulated lncRNAs were enriched in
positive regulation of IL-8 production, Toll-like receptor 2 signaling
pathway, I-κB phosphorylation, IL-1-mediated signaling pathway, and
positive regulation of NIK/NF-κB signaling, etc.(P < 0.05).

Based on the CNC network and predicted GO terms of differentially
expressed lncRNAs, we chose lncRNA-Dleu2, which co-expressed with
Foxo1 and might have function in acute-phase response (GO:0006953),
for verifying a potential mechanism of lncRNAs in EAE. Detailed
genomic region, products and transcription factors binding site analysis
revealed that Dleu2 could bind with Foxo1 and produce pre-miR-15a

Fig. 3. Significant gene ontology analysis of differentially expressed mRNAs.
519 differentially expressed mRNAs were involved in GO analysis. A. The top 20 GO terms of upregulated mRNAs in EAE compared to CFA. B. The top 20 GO terms of downregulated
mRNAs. Y-axis shows the GO category; x-axis shows the negative logarithm of the P value (−log10P) representing the correlation between mRNAs and gene ontology (P < 0.05).
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Fig. 4. Significant KEGG pathway analysis of differentially expressed mRNAs at the peak of EAE.
A total of 519 differentially expressed mRNAs were chosen in pathway analysis. A. The top 20 significantly enriched pathways of upregulated mRNAs in EAE and CFA. B. The top 4
significantly enriched pathways of downregulated mRNAs in EAE compared with CFA. Y-axis represents the pathway category; x-axis represents the negative logarithm of the P-value
(−log10P). A larger −log10P indicated a smaller P-value for the difference.

Fig. 5. Interaction network of significant pathways (Path-network) and differentially expressed mRNAs (Signal-network).
A. Pathway network. Counting connections of a pathway could evaluate the role of the pathway (a pathway with a high degree may play a pivotal role in the network). Red dot represents
upregulated pathways and yellow represents up- and downregulated pathways. The lines represent consistency between pathways. B. The interaction network of differentially expressed
mRNAs (Signal-network). Measuring the “betweenness centrality” of genes reflects the importance of a node relative to another. The ellipses represent the core mRNAs (Red: upregulated
mRNAs; Blue: downregulated mRNAs). Size of the shape represents the degree of interaction, and lines represent the interactions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Fig.7B–C). On the basis of bioinformatic analysis, Dleu2 had the ca-
pacity to regulate Foxo1 and miR-15a expression. Detecting expression
profile of Dleu2, Foxo1, miR-15a and Foxp3 in MOG35–55 specific
CD4+T cells at peak EAE showed Dleu2 regulated Foxo1 expression
negatively and reduced Foxp3 expression by increasing miR-15a ex-
pression (Fig.7D–G). These data illuminated that lncRNA could regulate
mRNA expression directly or indirectly during EAE development.

4. Discussion

MS is a chronic autoimmune disease characterized by demyelina-
tion, inflammatory lesions, and axonal damage [35]; the etiology re-
mains to be elucidated. Reportedly, lncRNAs involve in the process of
MS and regulate the differentiation of CD4+Th cells and B cells [27,28].
However, the association between specific lncRNAs expressed in
MOG35–55-specific CD4+Th cells and MS remains unclear. Therefore,
screening for lncRNAs abnormally expressed in MOG35–55-specific
CD4+Th cells will facilitate the development of biomarkers. In this
study, we detected, for the first time, the expression profiles of lncRNAs

and mRNAs in peripheral CD4+Th cells obtained from EAE models and
CFA controls for eliminating the error resulted from the injection of
CFA adjuvant itself [36].

The results identified 1112 lncRNAs and 519 mRNAs with differ-
ential expression in MOG35–55-specific peripheral CD4+Th cells, com-
pared to the CFA group. The results of further bioinformatic analysis
suggested that specific lncRNAs might be relevant to the pathology of
MS and act as potential biomarkers for MS/EAE.

Increased incidences of Inflammatory Bowel Disease (IBD) among
MS patients and the finding that gluten antibodies are remarkably ef-
fective in both diseases suggest a close association between MS and IBD
[37]. The results of pathway analysis presented here demonstrated a
close relationship between EAE and IBD. Significantly up-regulated
expression of IL-18Rap suggested that IL-18Rap might be a novel shared
gene locus between IBD and MS. IL-18Rap is reportedly involved in the
pathogenesis of IBD via regulation of Th1-cell differentiation [38].
Hence, our data suggest that therapy targeting IL-18Rap might alleviate
the symptoms of IBD in MS patients.

Previous studies have shown that Ptpn6 (SHP-1) limited Th1 cell

Fig. 6. LncRNA-mRNA co-expression network.
17 lncRNAs interacted with 20 mRNAs in the important “T cell receptor signaling pathway” (A); 10 lncRNAs interacted with 14 mRNAs in the meaningful “JAK-STAT signaling pathway”
(B); 12 lncRNAs interacted with 8 mRNAs in the GO of “inflammatory response” (C); 8 lncRNAs interacted with 7 mRNAs in the GO of “immune response” (D). Ellipses represent
upregulated (red) mRNAs. Blue represents doenregulated mRNAs in peripheral CD4+T cells. Rectangles represent upregulated (red) lncRNAs, and downregulated (blue) lncRNAs. Lines
represent the regulatory relationships between mRNAs and lncRNAs (solid lines represent positive correlation, dash lines represent negative correlation). Shape size represents the degree.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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differentiation [39] and promoted the suppressive effects of TGF-β1
[40]. However, the precise mechanism by which Ptpn6 regulates T-cell
development and differentiation during the development of EAE has
remained elusive. We investigated several new hypotheses about reg-
ulatory mechanisms of Ptpn6 via our signal-network. In the signal-
network, Ptpn6 acted as an upstream signal and inhibited downstream
signals including IL7r, IL12rb1, IL12rb2, Ifngr1, IL23r, and IL10ra. We
inferred Ptpn6 might negatively modulate Th1-cell differentiation by
inhibiting activity of IL7r [41], IL12rb1, and IL12rb2 in the develop-
ment of EAE [42,43]. Ptpn6 could regulate Th17-cell development by
inhibiting IL23r and decreasing the tyrosine phosphorylation
[44,45].Clearly, the results of network analysis illustrate the compre-
hensive function of dysregulated mRNAs in the process of EAE.

To accurately screen for biomarkers of EAE, we further analyzed the
CNC network. The results showed that known regulators of EAE may
interact with lncRNAs. Ifngr2, which is required for activating IFN-γ
[46], may interact with lncRNAs KnowTID_00002663 and NON-
MMUT020846 in the JAK-STAT signaling pathway. In addition, Ptpn6
is likely to co-express with lncRNA ENSMUST00000117287 in T cell

receptor signaling pathway. Nfkb1, a critical repressor of immune re-
sponse that promotes Th2 differentiation and inhibits Th17 differ-
entiation [47,48], may interact with lncRNAs XR_105632, NON-
MMUT049403, NONMMUT033307, NONMMUT019897, and
NR_105938 in the TCR signaling pathway. Moreover, our preliminary
study suggests lncRNA-Dleu2 may bind with the sequence of Foxo1 and
negatively regulates its expression, in addition, lncRNA-Dleu2 reduced
Foxp3 expression by producing mature miR-15a at peak EAE. Hence,
we hypothesized lncRNA-Dleu2 participated the pathological process of
EAE by regulating the key transcripition factors expression of CD4+T
cells. Based on the genomic products of Dleu2, miR-16-1 as miR-15a
homologous RNA was likely to regulate the pathogenesis of EAE. Reg-
ulatory relationship between lncRNA-Dleu2 and miR-16-1 in the de-
velopment of EAE will be studied subsequently. The bioinformatics
suggest lncRNAs could regulate expression of co-expressed mRNA by
multiple mechanisms such as RNA-protein complex or producing pre-
miRNA molecules.These data strongly suggest that significantly dysre-
gulated lncRNAs regulate the pathophysiology of EAE through affecting
on mRNAs expression. Furthermore, these lncRNAs may serve as

Fig. 7. Function annotation and preliminary mechanism exploration of lncRNAs.
(A) Top 10 significantly enriched GO terms of differentially expressed lncRNAs. Choosing the reliability prediction terms yielded the top 10 enrichment GO terms (P < 0.05). (B)
Predicted binding sites of Foxo1 and lncRNA-Dleu2. (C) Genomic products of non-coding gene of Dleu2. (D–G) Expression profile of lncRNA-Dleu2, Foxo1, miR-15a and Foxp3 of
MOG35–55 specific CD4+T cells in EAE and CFA at peak EAE, *P < 0.05, **P < 0.01.
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biomarkers of EAE. The results of lncRNA GO terms analysis demon-
strate the crucial role of specific lncRNAs in the process of EAE, as the
most enriched GO terms were found to affect T cell differentiation and
the pathophysiology of EAE [49–52].

5. Conclusions

In conclusion, the results presented above demonstrate the crucial
role of lncRNAs and mRNAs in the process of EAE. Bioinformatic ana-
lysis of these results revealed a close association between IBD and EAE
and certain genetic locus shared between the two diseases. Ptpn6 ap-
pears to regulate T cells differentiation through mRNA crosstalk.
Further analysis of lncRNA function indicates a role in inflammation
and EAE. In brief, our data clarify potential mechanisms by which
mRNAs and lncRNAs regulate the process of EAE. Our results strongly
support the possibility that lncRNAs acted as biomarkers of EAE.
Nevertheless, the precise mechanisms and biological functions of these
specific lncRNAs in the pathogenesis of EAE require further study.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2018.01.012.
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