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Abstract

Background: This study was aimed to discover more biomarkers associated with spinal cord injury (SCI) by
constructing a competing endogenous RNA (ceRNA) network.

Methods: The transcriptome expression profile data related to SCI (GSE45006 GSE20907) were downloaded from
GEO database. The differentially expressed RNAs (DERs), including IncRNAs, miRNAs, and mRNAs, between SCI and
control groups were selected, which were then performed function enrichment analyses. Following that, a SCI-
related ceRNA regulatory network was constructed. PCA analysis was performed on the genes constituting the
ceRNA regulatory network directly related to SCI.

Results: In GSE45006 and GSE20907 datasets, there were respectively 3336 and 1453 DERs. Venn analysis showed
that there were 429 DERs which had consistent differential expression direction. RGD1564534-miR-29b-5p relation
pair and 103 miRNA-target regulatory pairs were integrated to construct the ceRNA regulatory network. Then a SCI-
related ceRNA regulatory network including 8 mRNAs of IFNGR1, STAT2, CYBB, NFATCI1, FCGR2B, HMOX1, TLR4, and
HK2, a INncRNA of RGD1564534, and a miRNA of miR-29b-5p was constructed. Additionally, two pathways, osteoclast
differentiation, and HIF-1 signaling pathway, were involved in this network. PCA indicated the samples before and
after injury can be significantly distinguished based on the genes in the ceRNA network.

Conclusion: A total of 8 SCl-related mMRNAs have been identified in the ceRNA network, including IFNGR1, STAT2,
CYBB, NFATCI1, FCGR2B, HMOXT, TLR4, and HK2. Moreover, RGD1564534 may serve as ceRNA by competitively
binding to miR-29b-5p to regulate the expression of 8 SCl-related mRNAs. Therefore, these genes may serve as key
biomarkers of SCI.
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Introduction

Spinal cord injury (SCI) is a disabling disorder, which
often results in neurological impairments for the pa-
tients with it [1]. Among the patients with SCI, 80% of
them experience a severe sensory deficit-neuropathic
pain [2]. Moreover, SCI can also lead to pathological
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changes in the urinary and gastrointestinal systems, in-
creased pulmonary complications, muscle atrophy, loss
of bone density, and autonomic dysfunction [3—6]. Pres-
ently, there is lack of reliable treatment interventions for
the patients with severe neurological loss, and most of
the medical decisions are to stabilize the patients and
prevent further injury [7]. Therefore, it is urgent to
understand the underlying molecular mechanism of SCI
so as to provide useful clues for its treatment.
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Translational medicine is a kind of new information,
new mechanisms, and new technologies that are created
by the results of basic science research and effectively
converted into new methods for the prevention, diagno-
sis, and treatment of diseases that are necessary for im-
proving health [8]. Translational research is mainly
divided into two sections. One is to transform the new
understanding of disease mechanisms obtained in the la-
boratory into new methods of diagnosis, treatment, and
prevention; the other is to transform clinical research re-
sults into daily clinical practice and health decision-
making [9]. At present, large-scale SCI experiments take
many years to complete, while many smaller clinical tri-
als have been halted and most of them have not yet been
completed [10]. Therefore, it is important to discover
more biomarkers related to SCI by constructing a net-
work of competitive endogenous RNA (ceRNA). Study
has reported that the pathophysiological events during
SCI are regulated by several specific genetic entities [11,
12], which include both protein-coding messenger RNAs
(mRNAs) and non-coding RNAs (ncRNAs). Among the
ncRNAs, the sequences of long non-coding RNAs
(IncRNAs) are the least evolutionarily conserved. Previ-
ous studies have demonstrated the critical roles of
IncRNAs, like IncRNA-XIST, and MALATI, in the
pathogenesis of SCI [13, 14]. Importantly, some recent
study has indicated that IncRNAs can act as ceRNAs to
regulate the expression of mRNAs by competitively
binding to microRNAs (miRNAs) [15]. Recently, Wang
et al. [16] performed ceRNA network analysis in SCI
and found that IncRNA XR_350851 was closely associ-
ated with autophagy. Nevertheless, in order to further
elucidate the biological processes underlying different
stages of SCI, the expression patterns of these molecules
need to be clearly investigated.

In this study, the expression levels of transcriptomes
in spinal tissue of rats with different stages of SCI were
integrated to study the changes of transcriptomes before
and after SCI by constructing a ceRNA network, so as to
explore the potential mechanisms of SCI. Our results
may provide theoretical basis for the treatment of SCI.

Materials and methods

Data collection and preprocessing

The transcriptome expression profile data related to SCI
were searched in the NCBI GEO [17] in the database,
with the keywords of “spinal cord injury.” The criteria
for screening the datasets were as follows: (1) the dataset
must be the same species (human, rat, mouse, etc.); (2)
the tissues used for study must be uniform tissues
(spinal column, blood, spinal fluid, etc.); (3) the data set
must had before-and-after damage controls, and each
state samples must have duplicates. After screening, two
datasets meeting the requirements were included in the
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analysis: GSE45006 (GPL1355 [Rat230_2] Affymetrix Rat
Genome 230 2.0 Array) and GSE20907 (GPL6247
[Ragene-1_0-ST] Affymetrix Rat Gene 1.0 ST Array
[transcript (Gene) version]). GSE45006 contains four
spinal tissue samples of 2 weeks after injury and 4 con-
trol samples, and GSE20907 contains two spinal tissue
samples of 2 weeks after injury and 4 control samples.

We downloaded the original data with format of CEL,
and performed original CEL format data conversion,
missing value supplement (median method), and data
normalization (MAS method and quantiles method)
using the R3.6.1 oligo version 1.41.1 [18].

The detail platform annotation information, including
probe, gene symbol, and RNA types, was downloaded
from Ensembl genome browser 96, and then the detec-
tion probes downloaded from the two datasets were
reannotated to obtain the expression levels correspond-
ing to IncRNA, miRNA, and mRNA.

Differentially expressed RNA selection

In the two datasets, Limma version 3.34.0 [19] was used
to screen significantly differentially expressed RNAs
(DERs) with thresholds of false discovery rate (FDR) <
0.05 and |log2 fold change (FC)| > 0.263. Then based on
the obtained DERs, bidirectional hierarchical clustering
was performed for the expression values using pheatmap
package (version 1.0.8) [20].

Then by comparing the DERs from GSE45006 and
GSE20907 datasets, the intersection DERs with the same
expression direction were considered as the common
DERs of the two datasets. These DERs were subjected to
GO biological processes and KEGG pathway enrichment
analyses using DAVID version 6.8 [21, 22] and p value <
0.05 was used as the threshold.

Construction of ceRNA regulatory network

We first downloaded the sequences of target IncRNAs
from Ensembl Genome Browser96 database, and down-
loaded the sequences of target miRNAs from miRBase.
Then the binding relationship between target IncRNAs
and miRNAs was predicted through miRanda [23] (mi-
Randa comparison parameters: Gap Open Penalty = -8,
Gap Extend = -2, Score Threshold = 80%, Energy
Threshold = -20). The IncRNAs and miRNAs with op-
posite difference direction were reserved.

The target genes regulated by the target miRNAs were
searched in TargetScan [24, 25]. Then the obtained
common DE mRNAs were mapped to the target gene to
build the miRNA-mRNA regulatory relations.

Finally, the IncRNA-miRNA and miRNA-mRNAs were
synthesized, and a ceRNA regulatory network composed
of IncRNA-miRNA-mRNAs was constructed, which was
demonstrated by Cytoscape 3.6.1 [26]. Then, the target
genes in the ceRNA regulatory network were annotated
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with GO biological process and KEGG pathway using
DAVID 6.8 [21, 22].

Construction of ceRNA regulatory network directly

related to SCI

Based on “spinal cord injury” as the keyword, KEGG path-
ways directly related to SCI were searched in the Com-
parative Toxicogenomics Database 2019 update [27].
These pathways were then compared with the KEGG
pathways obtained from the ceRNA network above to
identify the overlapped pathways. The ceRNA regulatory
network related to the genes involved in the overlapped
pathways was extracted separately, which was considered
as the SCI pathway-related ceRNA regulatory network.

Principal component analysis of SCI pathway genes
Principal component analysis (PCA) is a dimension re-
duction technique, which can transform multiple
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variables into a few principal components that can re-
flect most of the information of the original variable
[28]. Using R3.6.1 psych package version 1.7.8, PCA ana-
lysis was performed on the genes constituting the
ceRNA regulatory network directly related to SCI to ob-
serve the differentiation of genes involved in SCI path-
way in different types of samples and the principal
component relationship of expression level.

Results

DERs identification

In GSE45006 and GSE20907 datasets, there were re-
spectively 3336 and 1453 DERs. The volcano plots and
heatmaps are shown in Fig. 1. In both datasets, samples
belonging to the same category tended to cluster to-
gether. Venn analysis showed that there were 535 over-
lapped DERs between two datasets, of which 429 had
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Fig. 1 Volcano plot and heatmaps for differentially expressed RNAs in GSE20907 (a) and GSE45006 (b)

GSE45006

0.263

(=1)"Log 4o (FDR)




Gong et al. Journal of Orthopaedic Surgery and Research

consistent differential expression direction, including 1
IncRNA, 2 miRNAs, and 426 mRNAs.

Function enrichment analysis

The 426 mRNAs were performed GO and KEGG ana-
lyses, and 26 GO biological processes (Fig. 2a) and 12
pathways (Fig. 2b) were identified. The top 5 GO terms
with low p values included GO:0051607~defense re-
sponse to virus, GO:0009615~response to virus, GO:
0045087 ~innate immune response, GO:0032760~posi-
tive regulation of tumor necrosis factor production, GO:
0071222~cellular response to lipopolysaccharide, GO:
0006954~inflammatory response, GO:0050766~positive
regulation of phagocytosis, GO:0009611~response to
wounding,  GO:0032755~positive  regulation  of
interleukin-6 production, and GO:0045766~positive
regulation of angiogenesis. The top 5 pathways with low
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rno04650: natural killer cell mediated cytotoxicity,
rno04142: lysosome, and rno04145: phagosome.

ceRNA regulatory network construction
The binding relation between 1 IncRNA and 2 miRNAs
was predicted. Then combining with the differential ex-
pression direction, RGD1564534-miR-29b-5p relation
pair was obtained. Following that the target genes of
miR-29b-5p was predicted and compared with the DE
mRNAs. Among the obtained miRNA-target regulatory
pairs, the relation pairs with opposite differential expres-
sion directions (a total of 103 pairs) were retained. Fi-
nally, the RGD1564534-miR-29b-5p relation pair and
103 miRNA-target regulatory pairs were integrated to
construct the ceRNA regulatory network of IncRNA-
miRNA-mRNA (Fig. 3).

The mRNAs involved in the ceRNA network were per-
formed function enrichment analysis. A total of 37 GO
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Fig. 2 Histogram of GO biological process (a) and KEGG signaling pathway (b) with significant correlation with differentially expressed mRNAs.
Horizontal axis represents the number of genes, vertical axis represents the item name, point size represents the number of genes, and color
represents the significance
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virus, GO: 0009615~response to virus, GO:
0045766~positive regulation of angiogenesis, and GO:
0045087 ~innate immune response, as well as 8 path-
ways, such as rno04662: B cell receptor signaling path-
way, rno04142: lysosome, rno04380: osteoclast
differentiation, rno04630: Jak-STAT signaling pathway,
and rno04666: Fc gamma R-mediated phagocytosis were
enriched (Fig. 4).

ceRNA regulatory network directly related to SCI

In the CTD database with “spinal cord injury” as key-
words, the KEGG pathways directly related to SCI were
searched, obtaining 88 KEGG signaling pathways. These
pathways were then compared with the 8 pathways ob-
tained from the ceRNA network, and obtained two over-
lapped pathways: rno04380: osteoclast differentiation,
and rno04066: HIF-1 signaling pathway. Then the com-
prehensive ceRNA regulatory network related to the
mRNAs enriched in the two KEGG pathways was separ-
ately extracted to construct the SCI-related ceRNA regu-
latory network, as shown in Fig. 5. This network
contained 8 mRNAs of IFNGRI1, STAT2, CYBB, NFAT
Cl, FCGR2B, HMOX1I, TLR4, and HK2, a IncRNA of
RGD1564534, and a miRNA of miR-29b-5p.

PCA of pathway network elements

In order to further select the important DERs in the net-
work, we used PCA method to screen the important
genes with obvious characteristics on expression level.
The expression values of 8 mRNAs, 1 IncRNA, and 1
miRNA that constituted the network were extracted

from the GSE45006 and GSE20907 datasets. PCA based
on gene expression values was performed on the samples
to obtain each principal component. The results showed
that the cumulative contribution rates of PC1, 2, and 3
exceeded 90%, indicating that the first three principal
component factors obtained by fitting contained a lot of
information about original variables (RNAs expression
values).

To further verify the characteristics of the first three
principal components obtained by fitting in each data set
sample, we used the obtained PC1, PC2, and PC3 to make
three-dimensional sample graphs, as shown in Fig. 6.
Based on the three principal components of PC1, 2, and 3,
the samples before and after injury can be significantly
distinguished, proving that the first three principal com-
ponents contained the information of the expression of
most of the original variables RNAs.

Discussion
In the present study, based on the DERs obtained from
GSE45006 and GSE20907, a SCl-related ceRNA regula-
tory network including 8 mRNAs of [FNGRI, STAT2,
CYBB, NFATC1, FCGR2B, HMOX1, TLR4, and HK2, a
IncRNA of RGD1564534, and a miRNA of miR-29b-5p
was constructed. Additionally, two pathways, rno04380:
osteoclast differentiation, and rno04066: HIF-1 signaling
pathway, were involved in this network. PCA indicated
the samples before and after injury can be significantly
distinguished based on the genes in the ceRNA network.
Among the eight mRNAs in the ceRNA network re-
lated to SCI, IFNGR1, HMOXI, TLR4, and HK2 were
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Fig. 5 Spinal cord injury pathway-related integrated ceRNA
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miRNAs, triangle represents mRNAs, blue and red in border colors
represent consistent significantly downregulated and upregulated
expression, respectively, and hexagonal nodes represent KEGG
signaling pathways

involved in HIF-1 signaling pathway. Hypoxia-inducible
factor 1 (HIF-1) is a major regulator of response to in-
sufficient oxygen supply, which is thought to protect
hypoxic cells from apoptosis and necrosis and protect
the nervous system from further damage under ischemic
and hypoxia conditions [29]. It has been reported that at
the early stages of SCI, overexpressed HIF-1 can help in-
duce hypoxia tolerance and regulate the vascularity of
the injured spinal cord [30]. Thus, HIF-1 plays an im-
portant role in the recovery of SCI [30]. Our results fur-
ther indicated the critical role of HIF-1 signaling
pathway in SCI through regulating IFNGRI, HMOXI,
TLR4, and HK2.

Osteoclasts are multinucleated cells derived from the
fusion of the precursor of hematopoietic osteoclasts,
which are responsible for bone resorption and osteoclast
differentiation and represent an evident control point of
bone resorption [31]. In SCI, bone remodeling becomes
uncoupled with an initial reduction in bone formation
and a steady increase of bone resorption [32]. Given the
role of osteoclasts in bone resorption, we speculated that
osteoclasts may have a regulatory effect on SCI progres-
sion. In this study, STAT2, CYBB, NFATCI, FCGR2B,
and IFNGRI in the ceRNA network were enriched in
the pathway of osteoclast differentiation, which
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Fig. 6 Three-dimensional plots of sample distribution based on PC1, 2, and 3 principal components in GSE45006 (a) and GSE20907 (b). The black
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suggested that these genes may be involved in SCI pro-
gression via osteoclast differentiation.

There are numerous miRNAs in the central nervous
system, which are indispensable for the development of
central nervous system [33, 34]. Specially, miRNAs are
attractive candidates in SCI. miR-29b has been reported
to regulate neuronal apoptosis in brain injuries [35]. Liu
et al. [36] recently reported that miR-29b contributed to
the neuronal cell death of SCI through upregulating pro-
apoptotic BH3-only and downregulating anti-apoptotic
myeloid cell leukemia sequence-1 proteins. Additionally,
the miR-29b has been reported to support osteoblast dif-
ferentiation through decreasing the activity of collagen
protein, such as collagen type I alpha I (COLI1AI),
COL5A3, and COL4A2 [37]. As we mentioned above,
osteoclast differentiation may be associated with SCI
progression; thus, we speculated that miR-29b-5p may
serve as a key factor in SCI progression.

There are some limitations to this analysis. First, the
study used the probe reannotation method to annotate
gene symbol, which could drop some genes because of
the failure to match the probes. Second, though this
study identified 8 mRNAs, including [FNGRI, STAT2,
CYBB, NFATC1, FCGR2B, HMOXI, TLR4, and HK2,
which are significantly related to SCI, further research
are still needed to confirm the expression of these genes
in SCI. Third, though we identified a ceRNA network,
the exact mechanism of this network should be investi-
gated in in vivo and in vitro experiments in future
research.

Conclusion

In conclusion, a total of 429 DERs related to SCI were
obtained in this study. A ceRNA network was con-
structed to analyze the development mechanism of SCI
at a system-wide level. A total of 8 SCI-related mRNAs

have been identified in the ceRNA network, including
IFNGRI, STAT2, CYBB, NFATC1, FCGR2B, HMOX1,
TLR4, and HK2. Moreover, it was also found that
RGD1564534 may serve as ceRNA by competitively
binding to miR-29b-5p to regulate the expression of
those 8 SCI-related mRNAs. Therefore, these genes may
serve as key biomarkers of SCL
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