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Abstract

This study aimed to explore the hub genes and related key pathways in Spinal Cord Injury (SCI) based on
the bioinformatics analysis. Two microarray datasets (GSE45006, GSE45550) were obtained from the GEO
database and were merged and batch-corrected. The differentially expressed genes (DEGs) in SCI were ex-
plored with the Limma, and the weighted gene co-expression network analysis (WGCNA) was conducted to
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to investigate the biological functions and key pathways of the key genes related to SCI. Then the protein-
protein interaction (PPI) network was generated using the STING online tool, and the hub genes in SCI were
identified. Receiver operating characteristic (ROC) curves were applied to assess the diagnostic value of the
selected hub genes. We identified 554 DEGs in SCI, and 1236 key genes in SCI were selected via WGCNA.
Totally 111 key genes related to SCI were discovered. Furthermore, the functional enrichment analysis showed
that these key mRNAs were primarily enriched in the extracellular matrix (ECM)-related pathways and pro-
cesses associated with wound healing and cell growth. The PPI network further filtered six hub genes (Cd44,
Timpl, Loxl1, Col6al, Col3al, Col5al) ranked by the degree, and the diagnostic value of the six hub genes
was confirmed by the ROC curves. Six hub genes including Cd44, Timp1, Loxl1, Col6al, Col3al, and Col5al
were identified in SCI, with differential expression and excellent diagnostic value, which might provide insight
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into the targeted therapy of SCI.
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1. Introduction

Spinal cord injury (SCI) is a devastating neurological
disorder characterized by high disability and mortality
rates, affecting the life quality of patients and bringing huge
burden to society (1). It is reported with approximately
250,000-500,000 new cases annually worldwide (2). SCI
is divided into primary and secondary injury, and primary
injury is the mechanical damage to the spinal cord and
the consequent secondary injury is the following impai-
red neuronal homeostasis and tissue destruction induced
by the local microenvironment alteration, and the patho-
physiological mechanisms such as autophagy, inflamma-
tory response, radical accumulation, neuronal death and
blood-brain barrier (BBB) disruption are involved in this
process (3-5). Currently, the effective management of SCI
lacks consensus (6). Early surgical decompression, blood
pressure augmentation, corticosteroids and invasive spinal
cord pressure monitoring are suggested for SCI patients,
with limited effects for the complete restoration of the spi-
nal cord function (7). Therefore, it is imperative to deepen
the understanding of the underlying mechanism in the pro-
cess of SCI and identify promising targets for SCI therapy.

The exploration and identification of biomarkers for
SCI have attracted increasing attention in recent years.

By targeting the key factors involved in the pathological
changes in the acute phase of SCI, various neuroprotective
strategies have been investigated to restrain progressive
damage to the spinal cord. Studies revealed that growth-
associated factors such as PDGF, VGF, BDNF, FGF and
BMPs are upregulated in the process following SCI of
the neural connection reestablishment (8). Neurosteroid
progesterone is revealed to improve recovery after SCI in
clinical trials by elevating BDNF expression (9). Inflam-
matory factors such as TNF-a, IL-1p an IL-6 are reported
to reach the peak at 6-12 h following SCI and induce the
function loss of endothelial cells and the astrocytes (10).
Methylprednisolone is used for SCI treatment and is indi-
cated to promote neurological recovery by reducing the
inflammatory factors including TNF-a, IL-1 and IL-6 (11).
Macrophages play critical roles in the process of SCI, and
the M2 subtype is at low level after SCI. It is reported that
deficiency of CD36, the most enriched lipid transporter in
macrophages reduces lipid content and facilitates functio-
nal recovery in SCI mouse models (12, 13). Despite the
increasing therapeutic strategies, the translation into clini-
cal practice remains further exploration.

Bioinformatics analysis is widely used to evaluate the
expression pattern and biological functions of genes as
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well as the potential regulatory mechanisms involved in
diverse diseases, SCI included (14). As an effective ap-
proach to exploring the pathogenesis in clinical diagnosis
and pharmacological study, bioinformatics analysis has
provided numerous targets and biomarkers for SCI dia-
gnosis and therapy (15).

In our work, bioinformatics analysis was conducted to
analyze the RNA-seq data and explore the hub genes and
related key pathways in SCI. DEGs in SCI were explored
and functional analysis was applied for further evaluation.
Hub genes were selected using the Protein-Protein Interac-
tion (PPI) network. The results of this study might provide
promising therapeutic targets and deepen our understan-
ding of the molecular mechanism in SCI.

2. Materials and Methods
2.1. Microarray Data and Screening DEGs

Two microarray datasets (GSE45006, GSE45550)
based on the GPL1355 platform ([Rat230 2] Affymetrix
Rat Genome 230 2.0 Array) were obtained from the NCBI
GEO database (https://www.ncbi.nlm.nih.gov/geo/). The
above-mentioned two datasets were merged and batch-
corrected by the “sva” package in R software. The runU-
MAP function in R software was used for the visualization
of the batch-removing effects. The DEGs were screened
with the R“limma” package with |(log2FC)| >1 and p va-
lue less than 0.05 as the threshold value.

2.2. Construction of Weighted gene co-expression
network analysis (WGCNA)

WGCNA was applied to investigate the correlation
between genes and identify modules closely related to the
phenotype of samples in the two datasets using the “WGC-
NA” R package. The soft thresholding power () was cal-
culated by network topology analysis, and the adjacency
was computed followed by conversion into the topological
overlap matrix. Genes with similar patterns were assigned
into modules using the average linkage hierarchical cluste-
ring with TOM-based dissimilarity measure. The correla-
tion of gene modules and phenotypes (control, SCI) were
calculated with the Pearson correlation coefficients. The
module eigengene dissimilarity was then calculated, and
the eigengene network was finally visualized. Key genes
were defined with large Module Membership and Gene
Significance in the modules (16). The key genes related
to SCI were intersecting genes of DEGs selected by the
limma package and key genes selected by the WGCNA
using the Venn diagram web tool.

2.3. Functional Enrichment analysis

The biological functions of selected key genes in SCI
were explored with the Gene Ontology (GO) analysis for
biological process (BP), cellular component (CC), as well
as molecular function (MF) using clusterProfiler R pac-
kage. KEGG enrichment analysis was also performed with
the same package. The results were visualized using the
org. Hs.eg.db and GO plot R. Metascape online tool was
also used for the enrichment analysis of the selected key
genes associated with SCIL.

2.4. Identification of hallmark pathways via gene set
variation analysis (GSVA)

GSVA analysis was conducted to explore the biologi-
cal functions of the selected key genes in SCI with the

“GSVA” and “Msigdbr” packages. The cut-off criteria are
set as P. adjust < 0.05, gene size greater than or equal to 50
and |enrichment score (ES) | >2. The top ten most signifi-
cantly enriched pathways were selected and visualized in
the results.

2.5. Construction of PPI (protein-protein interaction)
network and identification of hub genes

STRING (https://string-db.org/) database was applied
to predict the direct and indirect relation between proteins.
The Cytoscape v 3.8.2 was applied for the visualization of
the PPI network. The top 12 genes ranked by degree were
selected as hub genes in SCI using the CytoHubba plug-in.

2.6. Statistical analysis and prognostic value of hub
genes

The ROC curves were established to calculate the AUC
and 95%CI of the six selected hub genes in SCI using SPSS
V 26.0 software (IBM Corporation, Armonk, NY, USA).

3. Results
3.1. The data characteristics in the two datasets of spi-
nal cord injury

GSE45006 and GSE45550 datasets were downloaded
from the GEO database, merged and batch corrected, and
the inter-batch differences were eliminated. As shown in
the plot of density, the expression value of the two data-
sets concentrated on zero after normalization, indicating
the general consistency between the samples in the two
datasets for further analysis (Figure 1A-B). Consistently,
the box plot displayed that the distribution of data in the
two datasets became even after data normalization (Figure
1C-D). Consistently, Uniform Manifold Approximation
and Projection (UMAP) displayed that data of samples

Fig. 1. Expression distribution in the two datasets after norma-
lization. Density plot of samples in the two datasets (GSE45000,
GSE45550) (A) before and (B) after batch-normalization. Box plot
displaying the expression distribution (C) before or (D) after remo-
ving batch. (E-F) UMAP of data in the two datasets (E) before and (D)
after batch-normalization.
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in these two datasets were intermingled (Figure 1E-F).
Overall, these results suggested that the data source of our
study was reliable.

3.2. Identification of DEGs and construction of WGC-
NA

The differentially expressed genes (DEGs) in spinal
cord injury were then explored in the two datasets. The
results showed that totally 551 DEGs were screened out
under |[(log2FC)| >1 and p < 0.05, and the expression pat-
tern of up-regulated and down-regulated genes in spinal
cord injury was shown in Figure 2A and B. WGCNA was
applied for the cluster analysis of the DEGs in SCI. The
network topology analysis was conducted for soft-thres-
holding power ranging from 1-30 and confirmed the rela-
tively balanced scale independence and mean connectivity
of the WGCNA. We set the power value (p) of 24 for fur-
ther analysis because the scale-free topology fit index rea-
ched 0.89 with relatively high connectivity (Figure 2C-D).

3.3. Identification of key genes in SCI

The gene network was constructed and the modules
were identified. Genes were clustered by a TOM-based
dissimilarity measure. The soft thresholding power (j)
was set at 24, and the genes were totally divided into 14
modules with similar modules merged, each with a unique
color (Figure 3A). The connectivity of eigengenes was
then analyzed, which provides information of the relation
between the pairwise gene coexpression modules. The 14
modules were mainly clustered into 2 clusters, and the
adjacencies between modules were shown in the heatmap
(Figure 3B). The correlation of different modules with
the phenotype is shown in Figure 3C. We found that the
white (Cor=-0.39, p=6.7¢-3), cyan (Cor=-0.62, p=2.4¢-6)
and grey (Cor=-0.51, p=2.4e-4) modules were negatively
correlated with SCI, while red (Cor=0.41, p=3.7¢-3), dar-
korange (Cor=0.4, p=4.4e-3), darkred (0.47, 6.9¢-4) and
lightcyan (Cor=0.37, p=8.9e-3) modules were positively
correlated with SCI. As shown in the Venn diagram, the
551 DEGs intersected with the 1236 genes in the co-ex-
pression modules of WGCNA, and totally 111 key genes
in SCI were identified in the intersection for the following
analysis (Figure 3D).

3.4. Identification of key biological pathways

GO analysis and KEGG analysis of the selected key
genes were performed and the results indicated that the
selected key genes were primarily enriched in the wound
healing, collagen fibril organization and regulation of
phosphatidylcholine metabolic process in terms of BP, col-
lagen-containing extracellular matrix, extracellular matrix
and external encapsulating structure in terms of CC, pla-
telet-derived growth factor binding, extracellular matrix
structural constituent and mRNA methyltransferase acti-
vity in terms of MF. Moreover, KEGG analysis indicated
that these key genes associated with SCI were primarily
enriched in the pathways such as PPAR signaling, protein
digestion and absorption and ECM-receptor interaction
(Figure 4A-B). The network of specific genes with the
terms and pathways of enrichment analysis was presented
in Figure 4C. Then Gene set enrichment analysis (GSEA)
revealed that for the selected key genes, the TYROBP
Causal Network In Microglia, Cell Cycle, Resolution of
Sister Chromatid Cohesion, Separation of Sister Chroma-
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Fig. 2. Identification of DEGs and construction of WGCNA. (A)
Volcano plot and (B) Heatmap of the differentially expressed genes
in SCIL. (C) Scale independence and (D) Mean connectivity for the
WGCNA network.
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Fig. 3. Identification of key genes in SCI. (A) Clustering dendro-
grams of genes, with dissimilarity according to topological overlap,
together with assigned module colors. (B) Heatmap displaying the
eigengene adjacency. (C) Correlation between the modules and the
phenotypes. (D) Venn diagram of the key genes in SCI selected based
on the limma package and WGCNA

Fig. 4. Identification of key biological pathways enriched by key
genes. (A) The bubble chart and (B) bar graph of the top three terms
enriched by hub genes in the BP, CC, MF and KEGG. (C) The network
of hub genes and terms and pathways based on the GO and KEGG
analysis. (D-G) Representative pathways enriched in the selected hub
genes were identified by GSEA.
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tids, Cell Cycle Checkpoints, Mitotic Metaphase and Ana-
phase, Cell Cycle Mitotic, Signaling By Interleukins were
primarily enriched (P. adj<0.001) (Figure 4D-G).

3.5. Construction of the PPI network and the selection
of hub genes

Based on the analysis using Metascape, we found that
the hub genes were mainly enriched in terms such as ex-
tracellular matrix organization, wound healing, regulation
of phosphatidylcholine metabolic process focal adhesion
and regulation of neutrophil apoptotic process (Figure SA-
C). Protein-protein interaction network was generated as
shown in Figure 5D. The top 12 mRNAs ranked by de-
grees of connectivity were screened and identified as hub
genes in SCI (Figure 5E).

3.6. Diagnostic value of the hub genes

Based on the ROC curves, we evaluate the stability of
the selected disease targets. We found that the Cd44 has the
highest diagnostic value (AUC= 0.913, CI: 0.829,-0.997),
followed by Timp1 (AUC=0.897, CI: 0.809,-0.986), LoxI1
(AUC=0.858, CI: 0.751,-0.965), Col6al (AUC=0.839, CI:
0.686,-0.993), Col3al (AUC= 0.803, CI: 0.640,-0.965),
Col5al (AUC=0.784, CI: 0.641,-0.927) in spinal cord in-
jury (Figure 6A-F).

4. Discussion

Spinal cord injury is a devastating neurological condi-
tion leading to severe neurological dysfunction and disa-
bility, affecting the physical and mental health, life quality
as well as social participation of patients (17). The enhan-
cement of the neuroplasticity and tissue repair following
SCI are key to the functional recovery of SCI patients
(18). However, the effects of current treatment for SCI are
still limited in neural regeneration, and understanding the
underlying mechanisms in the process of SCI provides
opportunities for the targeted therapy of SCI (19, 20). In
this study, we identified 6 hub genes (Cd44, Timp1, Loxl1,
Col6al, Col3al, Col5al) and key biological mechanisms
involved in the process of SCI based on bioinformatics
analysis. Further analysis confirmed the prognostic value
of the selected hub genes for SCI, which may provide pro-
mising biomarkers and therapeutic targets for SCI patients.

Based on the GSE45006 and GSE45550 datasets, we
discovered 551 differentially expressed genes in SCI.
Functional enrichment analysis indicated that the DEGs
in SCI were significantly enriched in the pathways such
as extracellular matrix (ECM), collagen-containing ECM,
ECM structural constituent, collagen fibril organization,
wound healing, protein digestion and absorption, and
PPAR signaling pathway. Spinal cord ECM contains struc-
tural and communication proteins implicated in the repair
and regeneration following SCI (21). ECM proteins such
as laminin, collagen, and fibronectin are suggested to be
associated with fibrotic scar formation and affect axon
growth after SCI (22). Wound healing is a critical process
in the central nervous system (CNS) injury, during which
glial cells are moved to generate a protective barrier to
seal the wound and reduce further tissue damage (23). The
PPAR signaling pathway is reported to be increased and
after SCI, which may cause enhanced bone resorption and
related to the bone loss following SCI (24). Moreover, the
platelet-derived growth factor has been demonstrated to
improve the recovery after SCI in rodent models by pro-
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Fig. 5. PPI network construction and identification of the hub
genes. (A) GO analysis of the selected hub genes using Metascape.
Enriched Ontology Clusters Colored by (B) Cluster ID or (C) p-Value
based on the GO analysis. (D) PPI network of the selected genes. (E)
Network of the top 12 key proteins was constructed and the color
depth was related to the degree.
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Fig. 6. Diagnostic value of the key disease targets. ROC curves
showing the diagnostic value of (A) Cd44, (B) Col5al, (C) Col3al,
(D) Loxll, (E) Col6al and (F) Timp1 in spinal cord injury.

moting cell survival and repair and improving locomotor
function (25, 26). The results of GSEA showed that the
key genes related to SCI were primarily enriched in the
pathways such as TYROBP Causal Network In Microglia,
Cell Cycle, Resolution of Sister Chromatid Cohesion,
and signaling by interleukins. Microglia TYROBP plays
a key role in brain homeostasis, and it is indicated that
the TYROBP may be associated with the loss of markers
of synaptic integrity in Alzheimer’s disease (27). Several
bioinformatics analyses have also confirmed that Tyrobp
is highly expressed after SCI and is a candidate key gene
for SCI (28, 29). Cell cycle is activation is reported to be
involved in the pathophysiologic process of neurodegene-
rative disorders such as Parkinson’s disease and Alzhei-
mer’s disease (30, 31), and it is also suggested to regulate
the neuronal apoptosis and glial proliferation/activation
after central nervous system (CNS) injury, SCI included
(32).

Totally 6 hub genes (Cd44, Timpl, Loxl1, Col6al, Co-
13al, Col5al) in SCI were identified. CD44 is known as
an ECM phosphoglycoprotein implicated in cell adhesion,
chemoattraction as well as immunomodulation, and serves
as a receptor for osteopontin OPN (33). Cd44 has been re-
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ported to be upregulated in rat spinal cords after clip com-
pression injury, and it is suggested that Cd44 facilitates
cell adhesion and glial cell attraction at the early stage fol-
lowing SCI to improve the recovery of injured spinal cords
(34). Tissue inhibitors of metalloproteinases (TIMPs) is
revealed to regulate the activities of MMPs, which break
down inhibitory ECM molecules and significantly affect
the axonal growth (35). Timpl1 is suggested to be involved
in tissue remodeling after dorsal root injury in a rat model
and is a possible candidate for CNS axonal regeneration
(36). As a growth factor, TIMP-1 is expressed to promote
myelination or promote myelin repair in CNS (37). LoxI1
as a member of the LOX family and an important enzyme
in elastic fiber synthesis and homeostasis, is related to the
regulation of tensile strength and structural integrity of
various tissues (38). Studies have uncovered that LoxI1
can catalyze the covalent cross-linking of ECM proteins
collagen and elastin, which conduces to the ECM stiffness
and mechanical properties (39-41). Col6al is upregulated
in chronic spinal cord injury and is targeted by miR-330-
3p and co-expressed with IncRNA6032, which may be
a candidate target for chronic SCI therapy (42). Col3al
encodes type I and III collagen in connective tissues and is
differentially expressed between rostral and caudal regions
in SCI rates and enriched in terms such as blood vessel
development, response to mechanical stimulus and wound
healing based on GO analysis (43). Col5al plays a role
in ECM organization and is suggested as a biomarker to
distinguish different SCI subtypes (44). The results of our
study also indicate that these key genes associated with
SCI are closely related to ECM organization, wound hea-
ling and elastic fibre formation, etc., and the ROC curves
confirmed the diagnostic value of the six selected hub
genes in SCIL.

In conclusion, based on the two GEO datasets, the
results of bioinformatics analysis found 551 differentially
expressed genes in SCI and 111 key genes associated with
SCI. Further analysis indicated that these key genes in SCI
were enriched in the pathways related to ECM, wound hea-
ling and cell cycle, etc. Further analysis identified 6 hub
genes in SCI, and the diagnostic value of these hub genes
was verified using ROC curves. The results of our work
may deepen the understanding of the potential mechanism
in the process of SCI and contribute to the development of
novel therapeutic strategies for SCI.

References

1. Younsi A, Zheng G, Riemann L, Scherer M, Zhang H, Tail M,
Hatami M, Skutella T, Unterberg A, Zweckberger K (2021)
Long-Term Effects of Neural Precursor Cell Transplantation
on Secondary Injury Processes and Functional Recovery after
Severe Cervical Contusion-Compression Spinal Cord Injury. In-
ternational journal of molecular sciences 22 (23). doi: 10.3390/
ijms222313106

2. Fengl,ZhangY, Zhu Z, Gu C, Waqas A, Chen L (2021) Emerging
Exosomes and Exosomal MiRNAs in Spinal Cord Injury. Fron-
tiers in cell and developmental biology 9: 703989. doi: 10.3389/
fcell.2021.703989

3. Kong X, Gao J (2017) Macrophage polarization: a key event in
the secondary phase of acute spinal cord injury. Journal of cel-
lular and molecular medicine 21 (5): 941-954. doi: 10.1111/
jemm.13034

4.  Stenudd M, Sabelstrom H, Frisén J (2015) Role of endogenous

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

neural stem cells in spinal cord injury and repair. JAMA neuro-
logy 72 (2): 235-237. doi: 10.1001/jamaneurol.2014.2927

Tran AP, Warren PM, Silver J (2018) The Biology of Regenera-
tion Failure and Success After Spinal Cord Injury. Physiological
reviews 98 (2): 881-917. doi: 10.1152/physrev.00017.2017
Fehlings MG, Tetreault LA, Wilson JR, Kwon BK, Burns AS,
Martin AR, Hawryluk G, Harrop JS (2017) A Clinical Practice
Guideline for the Management of Acute Spinal Cord Injury: Intro-
duction, Rationale, and Scope. Global spine journal 7 (3 Suppl):
84s-94s. doi: 10.1177/2192568217703387

Liu WZ, Ma Z]J, Li JR, Kang XW (2021) Mesenchymal stem cell-
derived exosomes: therapeutic opportunities and challenges for
spinal cord injury. Stem cell research & therapy 12 (1): 102. doi:
10.1186/s13287-021-02153-8

Rodrigues LF, Moura-Neto V, TCLS ES (2018) Biomarkers in
Spinal Cord Injury: from Prognosis to Treatment. Molecular neu-
robiology 55 (8): 6436-6448. doi: 10.1007/s12035-017-0858-y
Labombarda F, Gonzalez S, Lima A, Roig P, Guennoun R, Schu-
macher M, De Nicola AF (2011) Progesterone attenuates astro-
and microgliosis and enhances oligodendrocyte differentiation
following spinal cord injury. Experimental neurology 231 (1):
135-146. doi: 10.1016/j.expneurol.2011.06.001

Pineau I, Lacroix S (2007) Proinflammatory cytokine synthesis in
the injured mouse spinal cord: multiphasic expression pattern and
identification of the cell types involved. The Journal of compara-
tive neurology 500 (2): 267-285. doi: 10.1002/cne.21149
WangS, SmithGM, SelzerME, LiS (2019) Emergingmolecularthe-
rapeutic targets for spinal cord injury. Expert opinion on therapeu-
tic targets 23 (9): 787-803. doi: 10.1080/14728222.2019.1661381
Zhu Y, Lyapichev K, Lee DH, Motti D, Ferraro NM, Zhang Y,
Yahn S, Soderblom C, Zha J, Bethea JR, Spiller KL, Lemmon
VP, Lee JK (2017) Macrophage Transcriptional Profile Identifies
Lipid Catabolic Pathways That Can Be Therapeutically Targeted
after Spinal Cord Injury. The Journal of neuroscience : the official
journal of the Society for Neuroscience 37 (9): 2362-2376. doi:
10.1523/jneurosci.2751-16.2017

Myers SA, Andres KR, Hagg T, Whittemore SR (2014) CD36
deletion improves recovery from spinal cord injury. Experimental
neurology 256: 25-38. doi: 10.1016/j.expneurol.2014.03.016

Niu SP, Zhang YJ, Han N, Yin XF, Zhang DY, Kou YH (2021)
Identification of four differentially expressed genes associated
with acute and chronic spinal cord injury based on bioinfor-
matics data. Neural regeneration research 16 (5): 865-870. doi:
10.4103/1673-5374.297087

Peng P, Zhang B, Huang J, Xing C, Liu W, Sun C, Guo W, Yao S,
Ruan W, Ning G, Kong X, Feng S (2020) Identification of a circR-
NA-miRNA-mRNA network to explore the effects of circRNAs
on pathogenesis and treatment of spinal cord injury. Life sciences
257: 118039. doi: 10.1016/j.1£5.2020.118039

Gao M, Kong W, Huang Z, Xie Z (2020) Identification of Key
Genes Related to Lung Squamous Cell Carcinoma Using Bioin-
formatics Analysis. International journal of molecular sciences 21
(8). doi: 10.3390/ijms21082994

Jing Y, Bai F, Yu Y (2021) Spinal cord injury and gut microbiota: A
review. Life sciences 266: 118865. doi: 10.1016/j.1fs.2020.118865
Hutson TH, Di Giovanni S (2019) The translational landscape in
spinal cord injury: focus on neuroplasticity and regeneration. Na-
ture reviews Neurology 15 (12): 732-745. doi: 10.1038/s41582-
019-0280-3

Zavvarian MM, Zhou C, Kahnemuyipour S, Hong J, Fehlings MG
(2021) The MAPK Signaling Pathway Presents Novel Molecular
Targets for Therapeutic Intervention after Traumatic Spinal Cord
Injury: A Comparative Cross-Species Transcriptional Analysis.
International journal of molecular sciences 22 (23). doi: 10.3390/

65



Bioinformatics analysis in SCI.

Cell. Mol. Biol. 2024, 70(3): 61-66

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

jms222312934

Keefe KM, Sheikh IS, Smith GM (2017) Targeting Neurotrophins
to Specific Populations of Neurons: NGF, BDNF, and NT-3 and
Their Relevance for Treatment of Spinal Cord Injury. International
journal of molecular sciences 18 (3). doi: 10.3390/ijms18030548
Chio JCT, Punjani N, Hejrati N, Zavvarian MM, Hong J, Fehlings
MG (2022) Extracellular Matrix and Oxidative Stress Following
Traumatic Spinal Cord Injury: Physiological and Pathophysio-
logical Roles and Opportunities for Therapeutic Intervention.
Antioxidants & redox signaling 37 (1-3): 184-207. doi: 10.1089/
ars.2021.0120

Orr MB, Gensel JC (2018) Spinal Cord Injury Scarring and
Inflammation: Therapies Targeting Glial and Inflammatory Res-
ponses. Neurotherapeutics : the journal of the American Society
for Experimental NeuroTherapeutics 15 (3): 541-553. doi:
10.1007/s13311-018-0631-6

Zhou X, Wahane S, Friedl MS, Kluge M, Friedel CC, Avrampou
K, Zachariou V, Guo L, Zhang B, He X, Friedel RH, Zou H (2020)
Microglia and macrophages promote corralling, wound compac-
tion and recovery after spinal cord injury via Plexin-B2. Nature
neuroscience 23 (3): 337-350. doi: 10.1038/s41593-020-0597-7
Yan J, Li B, Chen JW, Jiang SD, Jiang LS (2012) Spinal cord
injury causes bone loss through peroxisome proliferator-ac-
tivated receptor-y and Wnt signalling. Journal of cellular and
molecular medicine 16 (12): 2968-2977. doi: 10.1111/5.1582-
4934.2012.01624.x

Ye LX, An NC, Huang P, Li DH, Zheng ZL, Ji H, Li H, Chen DQ,
Wu YQ, Xiao J, Xu K, Li XK, Zhang HY (2021) Exogenous pla-
telet-derived growth factor improves neurovascular unit recovery
after spinal cord injury. Neural regeneration research 16 (4): 765-
771. doi: 10.4103/1673-5374.295347

Wu W, Jia S, Xu H, Gao Z, Wang Z, Lu B, Ai Y, Liu Y, Liu R,
Yang T, Luo R, Hu C, Kong L, Huang D, Yan L, Yang Z, Zhu L,
Hao D (2023) Supramolecular Hydrogel Microspheres of Platelet-
Derived Growth Factor Mimetic Peptide Promote Recovery from
Spinal Cord Injury. ACS nano 17 (4): 3818-3837. doi: 10.1021/
acsnano.2c12017

Haure-Mirande JV, Audrain M, Ehrlich ME, Gandy S (2022) Mi-
croglial TYROBP/DAP12 in Alzheimer's disease: Transduction of
physiological and pathological signals across TREM2. Molecular
neurodegeneration 17 (1): 55. doi: 10.1186/s13024-022-00552-w
Wang T, Wu B, Zhang X, Zhang M, Zhang S, Huang W, Liu T, Yu
W, LiJ, Yu X (2019) Identification of gene coexpression modules,
hub genes, and pathways related to spinal cord injury using inte-
grated bioinformatics methods. Journal of cellular biochemistry
120 (5): 6988-6997. doi: 10.1002/jcb.27908

Yang Z, Lv Q, Wang Z, Dong X, Yang R, Zhao W (2017) Iden-
tification of crucial genes associated with rat traumatic spinal
cord injury. Molecular medicine reports 15 (4): 1997-2006. doi:
10.3892/mmr.2017.6267

Hoglinger GU, Breunig JJ, Depboylu C, Rouaux C, Michel PP,
Alvarez-Fischer D, Boutillier AL, Degregori J, Oerte]l WH, Rakic
P, Hirsch EC, Hunot S (2007) The pRb/E2F cell-cycle pathway
mediates cell death in Parkinson's disease. Proceedings of the
National Academy of Sciences of the United States of America
104 (9): 3585-3590. doi: 10.1073/pnas.0611671104

Busser J, Geldmacher DS, Herrup K (1998) Ectopic cell cycle
proteins predict the sites of neuronal cell death in Alzheimer's
disease brain. The Journal of neuroscience : the official journal

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

of the Society for Neuroscience 18 (8): 2801-2807. doi: 10.1523/
jneurosci.18-08-02801.1998

Wau J, Stoica BA, Faden AI (2011) Cell cycle activation and spi-
nal cord injury. Neurotherapeutics : the journal of the American
Society for Experimental NeuroTherapeutics 8 (2): 221-228. doi:
10.1007/s13311-011-0028-2

Guo H, Cai CQ, Schroeder RA, Kuo PC (2001) Osteopontin is
a negative feedback regulator of nitric oxide synthesis in murine
macrophages. Journal of immunology (Baltimore, Md : 1950) 166
(2): 1079-1086. doi: 10.4049/jimmunol.166.2.1079

Moon C, Heo S, Sim KB, Shin T (2004) Upregulation of CD44
expression in the spinal cords of rats with clip compression in-
jury. Neuroscience letters 367 (1): 133-136. doi: 10.1016/j.neu-
1et.2004.05.101

Agapova OA, Ricard CS, Salvador-Silva M, Hernandez MR (2001)
Expression of matrix metalloproteinases and tissue inhibitors of
metalloproteinases in human optic nerve head astrocytes. Glia
33 (3): 205-216. doi: 10.1002/1098-1136(200103)33:3<205::aid-
¢lial019>3.0.co;2-d

Zhang X, Bo X, Anderson PN, Lieberman AR, Zhang Y (2006)
Distribution and expression of tissue inhibitors of metallopro-
teinase in dorsal root entry zone and dorsal column after dorsal
root injury. Journal of neuroscience research 84 (2): 278-290. doi:
10.1002/jnr.20892

Nicaise AM, Johnson KM, Willis CM, Guzzo RM, Crocker
SJ (2019) TIMP-1 Promotes Oligodendrocyte Differentiation
Through Receptor-Mediated Signaling. Molecular neurobiology
56 (5): 3380-3392. doi: 10.1007/s12035-018-1310-7

Yuan R, Li Y, Yang B, Jin Z, Xu J, Shao Z, Miao H, Ren T,
Yang Y, Li G, Song X, Hu Y, Wang X, Huang Y, Liu Y (2021)
LOXL1 exerts oncogenesis and stimulates angiogenesis through
the LOXLI1-FBLNS5/avfB3 integrin/FAK-MAPK axis in ICC.
Molecular therapy Nucleic acids 23: 797-810. doi: 10.1016/j.
omtn.2021.01.001

Vallet SD, Ricard-Blum S (2019) Lysyl oxidases: from enzyme
activity to extracellular matrix cross-links. Essays in biochemistry
63 (3): 349-364. doi: 10.1042/ebc20180050

Kagan HM, Li W (2003) Lysyl oxidase: properties, specificity,
and biological roles inside and outside of the cell. Journal of cel-
lular biochemistry 88 (4): 660-672. doi: 10.1002/jcb.10413

Chen W, Yang A, Jia J, Popov YV, Schuppan D, You H (2020)
Lysyl Oxidase (LOX) Family Members: Rationale and Their
Potential as Therapeutic Targets for Liver Fibrosis. Hepatology
(Baltimore, Md) 72 (2): 729-741. doi: 10.1002/hep.31236

Zhang L, Yang L, Li W, Yang Y, Sun W, Gong P, Wang L, Wang
K (2018) A Potential Competitive Endogenous RNA Pathway
Involved in Chronic Spinal Cord Injury. Medical science moni-
tor : international medical journal of experimental and clinical
research 24: 8022-8032. doi: 10.12659/msm.911536

Cao XM, Li SL, Cao YQ, Lv YH, Wang YX, Yu B, Yao C (2022)
A comparative analysis of differentially expressed genes in ros-
tral and caudal regions after spinal cord injury in rats. Neural
regeneration research 17 (10): 2267-2271. doi: 10.4103/1673-
5374.336874

Chen Q, Zhao Z, Yin G, Yang C, Wang D, Feng Z, Ta N (2021)
Identification and analysis of spinal cord injury subtypes using
weighted gene co-expression network analysis. Annals of transla-
tional medicine 9 (6): 466. doi: 10.21037/atm-21-340

66



