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Abstract

Ischemic stroke (IS) is a common and serious neurological disease. Extensive evidence indicates that activation of the immune
system contributes significantly to the development of IS pathology. In recent years, some long non-coding RNAs (IncRNAs),
acting as competing endogenous RNAs (ceRNAs), have been reported to affect IS process, especially the immunological
response after stroke. However, the roles of IncRNA-mediated ceRNAs in immune pathogenesis of IS are not systemically
investigated. In the present study, we generated a global immune-related ceRNA network containing immune-related genes
(IRGs), miRNAs, and IncRNAs based on experimentally verified interactions. Further, we excavated an IS immune-related
ceRNA (ISIRC) network through mapping significantly differentially expressed IRGs, miRNAs, and IncRNAs of patients with
IS into the global network. We analyzed the topological properties of the two networks, respectively, and found that IncRNA
NEAT]! and IncRNA KCNQ1OT1 played core roles in aforementioned two immune-related networks. Moreover, the results of
functional enrichment analyses revealed that IncRNAs in the ISIRC network were mainly involved in several immune-related
biological processes and pathways. Finally, we identified 17 IncRNAs which were highly related to the immune mechanism of IS
through performing random walk with restart for the ISIRC network. Importantly, it has been confirmed that NEATI,
KCNQI1OTI1, GASS, and RMRP could regulate immuno-inflammatory response after stroke, such as production of inflamma-
tory factors and activation of the immune cells. Our results suggested that IncRNAs exerted an important role in the immune
pathogenesis of IS and provided a new strategy to do research on IS.
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Introduction

Acute ischemic stroke (IS), which results from the sudden dis-
ruption of blood flow and reduced oxygen levels in cerebral
arteries, is a major cause of death and disability worldwide [1].
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IS initiates a complex cascade of neurologic events that include
excitotoxicity, oxidative/nitrative stress, calcium overload, in-
flammation, and apoptosis, which can lead to focal brain dam-
age. Neuroinflammation—which comprises microglia activa-
tion, infiltration of circulating immune cells, and upregulation
of proinflammatory cytokines and thrombotic/fibrinolytic
factors—plays a critical role in stroke-induced brain injury
[2—4]. Inhibiting microglia activation was shown to reduce in-
farct volume and attenuate apoptosis in a rat model of transient
focal cerebral ischemia [5]; it has therefore been suggested that
microglia activation following cerebral ischemia reflects the
severity of brain injury [6]. Blood level of interleukin 6 (IL-
6), a marker of systemic inflammation, is elevated in IS [7]; and
a high plasma IL-6 level was found to be correlated with severe
neurologic deficits and predicted early deterioration of brain
function [8, 9]. However, the immuno-inflammatory mecha-
nisms underlying IS are mostly unknown. Identifying novel
gene signatures or biomarkers can provide etiologic insight into
IS as well as potential therapeutic targets.
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Recently, competing endogenous RNAs (ceRNAs) define
a new regulatory mechanism between coding and non-coding
RNAs, whereby RNA molecules containing microRNA
(miRNA, ~20 nucleotides) response elements compete with
each other by binding to a common miRNA [10].
Accumulating evidence demonstrates that long non-coding
RNAs (IncRNAs, more than 200 nucleotides) regulate target
gene expression by acting as ceRNAs for miRNAs and have
been implicated in the development of various diseases [11].
For example, the IncRNA endogenous bornavirus-like nucle-
oprotein 3, pseudogene (EBLN3P), may act as a ceRNA to
regulate dedicator of cytokinesis 4 (DOCK4) expression by
competitively sponging the miRNA miR-144-3p, thereby
modulating liver cancer progression [12]; XLOC 006390
may function as a ceRNA that negatively regulates the expres-
sion of miR-331-3p and miR-338-3p to promote cervical can-
cer tumorigenesis and metastasis [13]; and maternally
expressed gene 3 (MEG3) is a ceRNA that competes with
programmed cell death 4 (PDCD4) mRNA for direct binding
to miR-21 in the regulation of ischemic neuronal death [14].
Even so, little is still known about the roles of IncRNA-
mediated ceRNA in IS, and studies on it in IS are just
beginning.

LncRNAs acting as ceRNAs also regulate the immuno-
inflammatory response in various diseases. For instance, the
IncRNA small nucleolar RNA host gene 15 (SNHG15) was
shown to regulate the expression of programmed death li-
gand 1 (PD-L1) by inhibiting miR-141, which in turn pro-
moted the resistance of stomach cancer cells to the immune
response [15]. The IncRNA HIX003209 functioned as a
ceRNA and enhanced inflammation by sponging miR-6089
via the Toll-like receptor 4 (TLR4)/nuclear factor (NF)-«xB
pathway in macrophages in rheumatoid arthritis [16].
IncRNAs acting as ceRNAs also participate in immuno-
inflammation in the ischemic cascade. Knockdown of
metastasis-associated lung adenocarcinoma transcript 1
(MALATTI), a ceRNA for miR-181c-5p, attenuated inflam-
matory injury after cerebral ischemia [17]. However, the role
of IncRNAs acting as ceRNAs in the immune mechanisms
of IS is poorly understood.

To address this point, we constructed a global immune-
related ceRNA (GIRC) network based on experimentally val-
idated miRNA—gene and miRNA-IncRNA interactions. A
dysregulated IS immune-related ceRNA (ISIRC) network
was excavated from the GIRC network using a computational
approach based on gene, miRNA, and IncRNA expression
profiles in patients with IS. By analyzing the topological prop-
erties of the networks, we identified the IncRNAs NEAT1 and
KCNQI1OT1 as important regulatory components. Functional
analyses revealed that IncRNAs that were dysregulated in IS
were mainly associated with the immune response or inflam-
mation. Thus, IncRNAs acting as ceRNAs play an important
role in the immune pathogenesis of IS.

Material and Methods
Gene-miRNA-IncRNA Interaction Data

The miRNA-—gene interactions were obtained from tarBase
v7.0 [18], which contains experimentally validated miRNA—
gene interactions curated from published experiments on 356
different cell types from 24 species. We downloaded 309,958
human miRNA—gene interaction pairs comprising 18,426
genes and 1033 miRNAs.

The miRNA-IncRNA interactions were obtained from
starBase v3.0 [19], which contains interactions that have been
experimentally validated (e.g., HITS-CLIP, PAR-CLIP,
iCLIP, and CLASH). We downloaded 71,952 human
miRNA-IncRNA interaction pairs, including 642 miRNAs
and 3788 IncRNAs.

Immune-Related Genes (IRGs)

The IRGs were obtained from InnateDB [20] and ImmPort
[21] databases. In total, 1040 IRGs were downloaded from
InnateDB—a publicly available database containing informa-
tion on genes involved in the innate immune response in
humans—and 2483 were downloaded from ImmPort. We
combined the 2 data sources and obtained a set of 2517 IRGs.

Gene, miRNA, and IncRNA Expression Profiles for IS

A search of IncRNA profile in IS was conducted in the Gene
Expression Omnibus (GEO) database (www.ncbi.nlm.nih.
gov/geo) with the following key words: (“IncRNA” and
“acute ischemic stroke™), and the species was restricted as
“Homo sapiens.” As a result, we could simply find out two
datasets: GSE122709 based on GPL20795 platform and
GSE140275 based on GPL16791 platform. The gene,
miRNA, and IncRNA profiles under accession number
GSE122709 [22] contained 5 IS patients and 5 age-, sex-,
and vascular risk factor-matched controls, which were used
for discovery dataset. Blood samples were collected from IS
patients within 24 h and 7 days after symptom onset in afore-
mentioned study [22]. For control samples, blood samples
were collected only once. In the present study, we selected
blood samples collected within 24h after symptom onset as
the subsequent subjects, while IncRNA profile under acces-
sion number GSE140275 [23] was from 3 IS patients and 3
matched normal subjects and was used for validation dataset.

Human Gene and IncRNA Annotations
GENCODE (Release 35) annotation files that included the
latest gene and IncRNA annotations in GTF format were used

to standardize the symbols of the above-mentioned genes and
IncRNAs [24].
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Identification of the Differentially Expressed (DE)IRGs,
DEmiRNAs, and DEIncRNAs

We obtained RNA sequencing data for IS from the GEO
dataset. In order to characterize RNA with dysregulated ex-
pression, DESeq package was used to detect DE genes
(DEGs), DEmiRNAs, and DEIncRNAs between IS and nor-
mal groups; [log, fold change (FC)[>1.0 and adjusted P<0.05
were set as the cutoff values. The intersection of DEGs with
IRGs yielded DEIRGs. We used the gplots package in R to
generate volcano plots.

Construction of the GIRC Network

We constructed a GIRC network based on the theory that
IncRNAs share common miRNA-binding sites with their tar-
get genes and function as miRNA sponges to regulate gene
expression. For a given IRG—-miRNA-IncRNA interaction,
IRGs and IncRNAs shared common miRNAs, constituting a
competing triplet. We constructed a GIRC network of all
IRG-miRNA-IncRNA competing triplets that was visualized
using Cytoscape software (https://cytoscape.org/), with the
nodes in the network representing IRGs, miRNAs, and
IncRNAs and edges representing their interactions.

Construction of an ISIRC

We excavated the ISIRC network from the GIRC network by
hypergeometric test using the following formula:

G
S0

For each IncRNA-gene pair, N is the total number of
DEmiRNAs in IS, 7 is the number of miRNAs interacting
with the gene, m is the number of miRNAs interacting with
the IncRNA, and x is the number of miRNAs shared by the
gene and IncRNA. P<0.05 was considered statistically signif-
icant. The ISIRC network was constructed and visualized
using Cytoscape software.

Functional Enrichment and Protein-Protein
Interaction (PPI) Analysis

To determine the potential functions of the DEIRGs and
IncRNAs in the ISIRC network, clusterProfiler [25]—an R
package of Bioconductor that allows statistical analysis and
visualization of gene sets or clusters—was used to perform
enrichment analyses of Gene Ontology (GO) functions and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways. GO terms and KEGG pathways with a P value<0.05
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were considered to be significantly enriched functional anno-
tations. PPIs of DEIRGs in the ISIRC network were deter-
mined using STRING v11.0 [26] and visualized with
Cytoscape software.

Random Walk with Restart to Prioritize DEIncRNAs of
IS

Random walk with restart was performed on the ISIRC net-
work in order to prioritize DEIncRNAs of IS by simulating a
random walker and randomly moving from a set of source
nodes to its network neighbors, as represented by the follow-
ing equation:

PH = (1-A\)MP' + \P°

where M is the column-normalized adjacency matrix of the
ISIRC network; P’ is the initial probability vector, which is
constructed so that a value of 1 was assigned to nodes
representing genes known to be associated with disease, while
0 was assigned to other nodes; A is the restart probability at
each step of the random walk at source nodes; and P’ is a
vector in which the ith element has the probability of being
at node i at the time point ¢.

All candidate DEIncRNAs could be ranked according to
their corresponding probability in pl, and DEIncRNAs with
high scores were considered to be the most likely IncRNAs
related to IS. We analyzed the statistical significance of scores
of each candidate DEIncRNA. Through comparing the scores
of IncRNAs in the network following n iterations of that
known IS-related immune genes shuffling, the statistical sig-
nificance for rejection of the null hypothesis was determined.
In order to strictly maintain the network topological proper-
ties, random sampling without replacement was performed
when doing random disturbance, and the degree distribution
was guaranteed the same between selection seed node and the
real. In iterations, the times of each IncRNA score that was
higher than the actual value was recorded as m. The statistical
significance P value for each IncRNA was calculated by the
ratio of m and »; in this study, n was set to 1000 times.

Results

Construction and Topological Analysis of a GIRC
Network

To construct a GIRC network, we downloaded human
miRNA-gene and miRNA-IncRNA interactions from
tarBase and starBase databases, respectively, along with hu-
man IRGs from InnateDB and ImmPort databases. The GIRC
network was established by integrating the above data (Fig.
la). The network contained 5190 nodes (including 1539
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Fig.1 Construction and analysis of the GIRC network. a GIRC network.

Blue, yellow, and red nodes represent IRGs, miRNAs, and IncRNAs,
respectively. Lines represent interactions among IRGs, miRNAs, and

IRGs, 409 miRNAs, and 3242 IncRNAs) and 64,207 edges.
The fact that a large proportion of nodes were IncRNAs sug-
gests that they play an essential role in the GIRC network. It
was discovered that the network approximated the scale-free
network topology (R?=0.8888) of a transcriptional regulatory
network (Fig. 1b). The degree distribution of a scale-free net-
work follows a power law, at least asymptotically. The degree
of a node is the number of neighbors it has in a network, which
is an important attribute for evaluating the importance of a
node. We therefore analyzed the degree distribution of
IncRNAs (Fig. 1c). The IncRNAs KCNQ1OT1, NEATI,
and XIST had the highest degrees. These 3 IncRNAs are
thought to be involved in regulating the immuno-
inflammatory response in different diseases [27-29]. Thus,
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IncRNAs. The pie chart shows the number of IRGs, miRNAs, and
IncRNAs in the network. b Degree distribution of all nodes in the
GIRC network. ¢ Degree distribution of IncRNAs

the GIRC network can be used as a starting point for investi-
gating the immune mechanisms of IS.

Identification of IS-Associated DEIRGs, DEmiRNAs,
and DEIncRNAs

The mRNA, miRNA, and IncRNA profiles in the blood of
patients with IS within 24 h after symptom onset were deter-
mined by HITS. Based on the pre-established threshold of
[log,FC|>1.0 and adjusted P<0.05, we identified 2176 DEGs
(750 upregulated and 1426 downregulated). As the immuno-
inflammatory response plays a critical role in the development
of IS [30], we focused our analysis on IRGs. The intersection
of DEGs and IRGs yielded 358 DEIRGs (130 upregulated and
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228 downregulated; Fig. 2a, b). We also identified 157
DEmiRNAs (131 upregulated and 26 downregulated; Fig.
2¢) and 170 DEIncRNAs (107 upregulated and 63
downregulated; Fig. 2d).

Excavation of an ISIRC Network from the GIRC
Network

To investigate the relationship between DEIRGs,
DEmiRNAs, and DEIncRNAs and identify key IncRNAs in
IS, we mapped 358 DEIRGs, 157 DEmiRNAs, and 170
DEIncRNAs to the GIRC network. In total, 221 miRNA-
gene interactions and 226 miRNA—-IncRNA interactions were
mapped. We then performed a significance test of the number
of shared miRNAs between DEIRG and DEIncRNA pairs
using hypergeometric test. When a gene and IncRNA shared
the same miRNA with P<0.05, an edge was added between
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Fig. 2 Identification of DEIRGs, DEmiRNAs, and DEIncRNAs in IS. a
Venn diagram of IRGs and DEGs. Orange and purple circles indicate
IRGs and DEGs, respectively; their intersection represents overlapping
genes (i.e., DEIRGs). b Volcano plots of DEIRGs, ¢ volcano plots of
DEmiRNAs, d volcano plots of DEIncRNAs. DEIRGs, DEmiRNAs, or
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them. A significantly dysregulated ISIRC network was con-
structed containing 173 nodes (including 81 genes, 30
miRNAs, and 62 IncRNAs) and 447 edges (Fig. 3a).

To characterize the topological features of the ISIRC net-
work, we calculated the degree, closeness centrality, and
betweenness of the ISIRC network, respectively. The degree
of all nodes in the ISIRC network approximated that of a
scale-free network (R®=0.8693; Fig. 3b). We analyzed the
degree distribution of genes, miRNAs, and IncRNAs (Fig.
3c—e) and the betweenness of nodes (Fig. 3f) in the ISIRC
network. We ranked the topological features of all nodes and
identified the top 10 in each dimension (Table 1). Two
IncRNAs (NEAT1 and KCNQ1OT1) known to play impor-
tant roles in the immune system appeared on each list. In
acute brain injury caused by oxygen-glucose deprivation/
reoxygenation (OGD/R), classically activated (M1) microg-
lia release cytokines that exacerbate inflammatory damage;
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Fig. 3 Excavated and analysis of the dysregulated ISIRC network. a The
dysregulated ISIRC network in IS. Blue, yellow, and red nodes represent
DEIRGs, DEmiRNAs, and DEIncRNAs, respectively. Lines represent
interactions among DEIRGs, DEmiRNAs, and IDEncRNAs. b Degree

mouse model of IS induced by middle cerebral artery occlu-
sion (MCAO) [32]. Thus, our results indicate that IncRNAs
contribute to the pathogenesis of IS by regulating immune
cells or inflammatory factors (Fig. 3g).

NEAT1 may suppress the polarization of microglia toward
the M1 phenotype to reduce the extent of injury [31].
KCNQIOTTI has been shown to promote OGD/R-induced
neuronal injury at least part by acting as a ceRNA in a
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Table 1 Degree, betweenness,

and closeness centrality of the top Node Degree Node Betweenness Node Closeness centrality

10 nodes in the ISIRC network
hsa-let-7a-3 31 NEATI 0.23854437 NEATI 0.5375
hsa-mir-19a 29 KCNQI1OT1 0.18460607 KCNQI1O0T1 0.51807229
hsa-mir-142 28 hsa-mir-19a 0.14806895 AHNAK 0.41148325
NEATI 28 hsa-mir-142 0.13463662 hsa-let-7a-3 0.40470588
KCNQIOTI 26 hsa-let-7a-3 0.11200051 hsa-mir-19a 0.4009324
hsa-mir-873 24 hsa-mir-873 0.09103115 hsa-mir-142 0.39907193
hsa-mir-29b-2 24 hsa-mir-421 0.0859346 hsa-mir-873 0.39179954
hsa-let-7i 23 hsa-mir-326 0.07062903 hsa-mir-29b-2 0.39179954
hsa-let-7e 23 hsa-mir-320d-1 0.06679521 hsa-let-7e 0.39002268
hsa-mir-29¢ 23 hsa-mir-29b-2 0.06319367 hsa-mir-29¢ 0.39002268

Functional Enrichment and PPl Analyses

To investigate the functions of DEIncRNAs in the ISIRC
network, we carried out GO and KEGG pathway enrich-
ment analysis using the genes they regulated. We iden-
tified 328 GO terms (273 biological processes (BPs), 40
molecular functions (MFs), and 15 cellular components
(CCs); Supplementary Table 1). These genes were
slightly enriched in critical immune-related BPs such as
leukocyte adhesion, negative regulation of immune pro-
cess, positive regulation of cytokine production, and my-
eloid cell homeostasis (Fig. 4a). Neutrophils, lympho-
cytes, and monocytes accumulate in the vasculature dur-
ing hyperacute stroke and may affect clinical outcome
[33]. The enrichment of MFs was mainly associated with
growth factor binding, and the most enriched CCs were
related to the cell membrane. The KEGG pathway anal-
ysis identified 15 enriched pathways (Fig. 4b and
Supplementary Table 2). Several key pathways were re-
lated to immune response or inflammation including
Th17 cell differentiation, TNF signaling pathway, and
human T-cell leukemia virus 1 infection. PR-957—an
inhibitor of the immunoproteasome subunit low molecu-
lar weight polypeptide 7—is known to provide neuropro-
tection by inhibiting Th17 cell differentiation in MCAO
mice, which indicated that Th17 cell differentiation
might play a part in aggravating brain injury [34]. Our
findings demonstrate that IncRNAs regulate multiple sig-
naling pathways and have a variety of functions in IS.

To clarify the interactions of proteins encoded by the genes
regulated by DEIncRNAs in the ISIRCs network, we con-
structed a PPI network based on the STRING database (Fig.
4c). Nine DEIRGs have been reported that participate in im-
mune mechanisms underlying IS—namely MAFB, SOCSI,
SPHK1, ULKI1, LRRFIP1, PTCH1, TNFSF14, GAS6, and
IL6ST. A subnetwork of 9 DEIRGs was extracted from the
PPI network (Fig. 4d).

@ Springer

Identification of IncRNAs Regulating the Immune
Pathogenesis of IS

To identify IS-related IncRNAs, we applied the random walk
with restart algorithm to the ISIRC network. We first selected
the 9 above-mentioned genes as seed nodes and then used the
algorithm to prioritize IncRNAs in the network. We obtained
17 IncRNAs (NEAT1, KCNQIOT1, GASS, RMRP, TPT1-
AS1, TMPO-AS1, SNHG3, PDCD4-AS1, MIR17HG,
LINCO00174, ZSWIMS-AS1, SH3BP5-AS1, NUTM2B-
AS1, LINC00894, ITPKB-IT1, ASHIL-ASI, and
ADAMTSLA4-AS1) that were statistically significant
(P<0.05) after 1000 times random walk with permutation.
As IncRNAs with high significance scores are connected to
and have functions similar to neighboring seed nodes, these
17 IncRNAs were presumed to have immune-related regula-
tory functions in IS. NEAT1 and KCNQ1OT1 had the highest
degrees in the ISIRC network, highlighting their importance
in immune mechanisms of IS. We extracted the 2 IncRNA-
related subnetworks from the ISIRC network (Fig. 5a, b). In
order to further dissect the roles of candidate IncRNAs, we
characterized the potential regulatory mechanism of them in
immune pathogenesis of IS (Fig. 5¢) along with the interac-
tions among DEIRGs, DEmiRNAs, and candidate
DEIncRNAs (Supplementary Table 3). To increase the credi-
bility of our results, we consulted the relevant literature. Four
IncRNAs—namely NEAT1, KCNQ1OTI1, GASS5, and
RMRP—have been previously reported to be involved in the
immuno-inflammatory response following IS through regula-
tion of microglia, macrophages, or inflammatory factors
(Table 2). The functions of 76% (13/17) of the IncRNAs im-
plicated in IS have not been reported. So they might be new
stars in the immune mechanism research of IS. To further
verify the reliability of our results, we downloaded another
IncRNA expression profile (GSE140275) of IS from GEO
database. By analyzing the high-throughput expression pro-
file, 1223 DEIncRNAs were identified (Supplementary
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Fig. 4 Functional enrichment analysis and establishment of the PPI
network. a GO analysis of DEIRGs regulated by IncRNAs in the ISIRC
network; the degree of enrichment increases from blue to red. Larger
circles indicate a more significant proportion of genes among GO
function genes. b KEGG pathway analysis of DEIRGs regulated by
DEIncRNAs in the ISIRC network; the degree of enrichment increases
significantly from blue to red. Larger circles indicate a larger proportion

GeneRatio

of genes among KEGG pathway genes. ¢ PPI network of DEIRGs in the
ISIRC network. Circles represent DEIRGs, and the size of the node
represents the degree. Lines represent interactions between proteins
encoded by DEIRGs, and the width of the line represents the combined
score between DEIRGs. d Subnetwork of DEIRGs involved in the
immune mechanisms of IS; brown circles represent experimentally
validated DEIRGs
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Table 2 Summary of functions of
candidate IncRNAs in the
immune mechanisms of IS

Description of immune Candidate IncRNA PMID

function

Regulation of microglia activation GASS 31434993
NEATI 33184298
RMRP 32745656

Regulation of inflammatory response GASS 31751592
KCNQI1OTI 32519270
NEATI 31286366

Unknown ADAMTSL4-AS1, ASHIL-ASI1, ITPKB-ITI, NA

LINCO00894, NUTM2B-AS1, ZSWIM8-ASI,
TMPO-AS1SH3BP5-AS1, PDCD4-ASI,
LINCO00174, MIR17HG, SNHG3, TPT1-AS1

Table 4). There were 3 (namely GASS, TPT1-ASI,
ADAMTSL4-AS1) common shared DEIncRNAs, which
were statistically significant (P<0.05) based on a
hypergeometric test, between 17 candidate DEIncRNAs and
GSE140275 (Supplementary Figure 1). These findings further
enhanced the credibility of our results.

Discussion

Increasing evidence has elaborated that IS involves the acti-
vation of immuno-inflammatory responses that is associated
with the upregulation of proinflammatory cytokines such as
C-reactive protein (CPR), IL-1 and IL-6, and which leads to
neuronal cell death [4, 7]. Several in vitro and in vivo studies
found that IncRNAs involved in the inflammatory processes
may be potential diagnostic biomarkers or therapeutic targets
in IS [17, 35, 36]. IncRNA-mediated ceRNA regulatory net-
works can provide insight into the molecular basis of various
diseases; thus, constructing a ceRNA network of immune-
related IncRNAs can be useful to clarify the immune mecha-
nisms of IS. In our study, an integrated and computational
approach was performed using experimentally verified inter-
actions and expression profiles of genes, miRNAs, and
IncRNAs to explore the immune-related ceRNAs in IS.

In this study, we generated a GIRC network based on the
theory of ceRNAs that IncRNAs and genes compete for
miRNA sponges. IncRNAs with the highest degrees in the
immune-related global network (e.g., KCNQ1OT1, NEATI,
and XIST) are known to be involved in immune responses or
inflammation in various diseases. For instance, KCNQI1OT1
level was elevated in the plasma of patients with diabetic
nephropathy, and its reduction suppressed inflammation, oxi-
dative stress, and pyroptosis of renal tubular epithelial cells via
the sponging of miR-506-3p [37]. Inhibition of IncRNA
NEAT! in inflammatory bowel disease could suppressed the
inflammatory response by modulating the intestinal epithelial
barrier and through exosome-mediated polarization of

@ Springer

macrophages [28]. XIST was found to function as a ceRNA
by binding to miR-370-3p, and XIST knockdown alleviated
lipopolysaccharide-induced cell injury by enhancing cell via-
bility and inhibiting apoptosis and inflammatory cytokine pro-
duction in acute pneumonia [29]. Consequently, construction
of the network from a global view elucidated that IncRNAs
modulated immuno-inflammatory processes is a commonly
phenomenon in diverse diseases, which would provide a sig-
nificant background for the immune molecular mechanism
studies of IS.

We established the ISIRC network by mapping the
DEIRGs, DRmiRNAs, and DEIncRNAs to the global net-
work and analyzed the functions of the DEIncRNAs. The
results of the GO analysis revealed that IncRNAs in the
ISIRC network were mainly involved in immune-related
BPs such as leukocyte adhesion, negative regulation of im-
mune process, positive regulation of cytokine production, and
myeloid cell homeostasis. Similarly, the KEGG pathway anal-
ysis of genes regulated by IncRNAs in the ISIRC network
revealed several enriched immune-related pathways including
Th17 cell differentiation, TNF signaling, and HTLV-1 infec-
tion. The results of the original dataset showed that inflamma-
tion might play an important role in the development of IS
(22). Our findings also suggested that several significant im-
mune or inflammation-related biological pathways were
closely concerned with IS, which is partially similar to the
results of the original dataset. These IncRNAs may thus have
important roles in the immune mechanisms of IS.

We applied the random walk with restart algorithm to the
ISIRC network and identified 17 IncRNAs that were closely
associated with immuno-inflammation following IS. It was
previously demonstrated that NEAT1 expression is positively
correlated with National Institute of Health Stroke Scale score
and the levels of proinflammatory factors such as CRP,
TNF-«, IL-6, IL-8, and IL-22 and negatively correlated with
that of the anti-inflammatory cytokine IL-10 in patients with
IS [38]. Microglia are the main immune cells of the central
nervous system and have diverse functions in the pathogenesis
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Fig. 5 Analysis of [S-associated IncRNAs from the ISIRC network identified

with the random walk approach. Subnetworks of the IncRNAs NEATI a

and KCNQ1OT]1 b extracted from the ISIRC network. ¢ Candidate IncRNAs regulating immuno-inflammatory response after IS

of various neurologic diseases [39]. NEAT1 was shown to
regulate microglia activation and promoted neuronal apopto-
sis after cerebral ischemia/reperfusion (I/R) injury [31]. A
portion role of IncRNA KCNQI1OTT1 in IS also has been val-
idated. KCNQ1OT1 was upregulated in patients with cerebral
ischemia and directly interacted with and suppressed the ex-
pression of miR-140-3p [40]; conversely, KCNQIOT1

knockdown attenuated inflammation, oxidative stress, and
cell apoptosis induced by OGD/R in cerebral I/R injury [40].
Additionally, the severity of brain injury after IS was influ-
enced by GASS and RMRP regulation of microglia activation
[41,42]. Though these 4 IncRNAs above-mentioned that have
been validated by previous work are not specific for the IS,
these results illustrate that our strategy for identifying
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IncRNAs involved in the immune regulatory of IS is reliable.
However, there is little known about the functions of the other
IncRNAs in the ISIRC network, which may thus be novel
regulators of the immune mechanisms of IS. Our method also
exists some limitations. Because of the inconsistent symbols
of database, a great deal of genes and IncRNAs might be lost
during the process of integrating the data, which may decrease
our result. Another limitation of our study is that some of the
identified IncRNAs may have been false positives because of
the small number of samples from IS patients. In future stud-
ies, we will use more specimens to confirm the in vivo roles of
IncRNAs in IS.

In conclusion, we identified 17 IncRNAs related to IS based
on the assumptions of ceRNAs. The ISIRC network construct-
ed in this study offers a comprehensive strategy for investigat-
ing the molecular basis of IS, and the identified IncRNAs may
serve as novel therapeutic targets for IS treatment.
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