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Background: Spinal cord injury (SCI) is a serious nervous system condition that can cause lifelong disability. The aim of this
study was to identify potential molecular mechanisms and therapeutic targets for SCI.

Material/Methods: We constructed a weighted gene coexpression network and predicted which hub genes are involved in SCI. A
compression model of SCI was established in 45 Sprague-Dawley rats, which were divided into 5 groups (n=9
per group): a sham operation group, and 1, 3, 5, and 7 days post-SCI groups. The spinal cord tissue on the in-
jured site was harvested on 1, 3, 5, and 7 days after SCl and 3 days after surgery in the sham operation group.
High-throughput sequencing was applied to investigate the expression profile of the mRNA in all samples.
Differentially expressed genes were screened and included in weighted gene coexpression network analysis
(WGCNA). Co-expressed modules and hub genes were identified by WGCNA. The biological functions of each
module were investigated using the Gene Ontology and Kyoto Encyclopedia of Genes and Genomes databases.

Results: According to the RNA-seq data, a total of 1965 differentially expressed genes were screened, and WGCNA iden-
tified 10 coexpression modules and 5 hub genes. Module function analysis revealed that SCI was associated
with immune response, cell division, neuron projection development, and collagen fibril organization.

Conclusions: Our study revealed dynamic changes in a variety of biological processes following SCI and identified 5 hub
genes via WGCNA. These results provide insights into the molecular mechanisms and therapeutic targets of
SCl.
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Background

Traumatic spinal cord injury (SCI) is an important medical con-
dition that causes disability in patients and imposes a heavy
burden on patients’ families and the economy. A recent study
estimated that there were 930 000 new cases of SCI world-
wide, with an age-standardized incidence rate of 13 per 100 000
and 9.5 million years of life lived with disability. Ominously, SCI
affects mostly young adults [1]. Compared with other central
nervous system injuries, such as brain injury, SCI can result in
greater long-term burden because patients with SCI usually
survive the injury but have a poor life quality.

The pathophysiology of acute SCI involves primary (mechani-
cal) and secondary mechanisms. Although both of these fac-
tors cause spinal cord damage and loss of motion, the sec-
ondary mechanisms warrant greater attention because they
involve excessive inflammation, lipid peroxidation, inhibition
of neurite growth, and delayed cell loss, which may be pre-
ventable or treatable [2,3]. Therefore, it is important to identi-
fy the key biological processes and hub genes involved in the
secondary mechanisms of SCI.

High-throughput sequencing technology has become widely
used in the field of SCI research. Transcriptome sequencing
helped us identify many vital differentially expressed genes
by comparing post-SCl and control samples.

Many molecular mechanisms were revealed by the functional
analysis and in-depth bioinformatics analysis of these genes.
However, the wealth of these abundant data, if only for dif-
ferential expression analysis, was often underused, reducing
the value of high-throughput screening. Weighted gene co-
expression network analysis (WGCNA) is a systematic biolo-
gy approach that converts coexpression measures into link-
age weight or overlapping topological measures and is widely
used to explore the interactions between gene networks [4,5].
Generally, genes involved in the same pathway or function-
al complex show similar expression patterns and can be re-
garded as a module. WGCNA can be used to detect modules
of highly correlated genes, summarize these clusters using the
module eigengene or an intramodular hub gene, and correlate
modules with other modules and external sample traits [6].
WGCNA is very suitable for monitoring the overall changes of
hundreds of genes, in order to explore their relationships and
the occurrence and development of disease, greatly increas-
ing the availability of sequencing data. Therefore, it is ben-
eficial to apply WGCNA to the study of pathological mecha-
nisms of secondary SCI.

Most spinal cord injuries in the clinic feature a compressive
component, while, at present, there has been no report of
WGCNA being applied in the RNA sequencing result of spinal
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cord compressive injury. In this study, we used a compressive
SCI model and sequenced the mRNAs of spinal cord samples
at different times post-SCl. According to the WGCNA results,
10 co-expressed modules and 5 hub genes were identified,
which may help to illustrate the molecular mechanisms of SCI
and identify promising therapeutic targets.

Material and Methods

Animals and model of compressive SCI

A total of 45 male Sprague-Dawley rats (body weight 200 g
to 250 g) were used in this study. The rats were obtained
from Shanghai SLAC Laboratory Animal Co., Ltd. All rats were
raised in a specific pathogen-free barrier system with a stan-
dard 12-12 h light/dark cycle at 23+1°C with free access to
food and water in the laboratory animal center of Zhongshan
Hospital, Shanghai, China. The animals were allowed to accli-
mate to the new system for 1 week before surgery was per-
formed. All animals were anesthetized by intraperitoneal injec-
tion of 5% chloral hydrate (0.6 mL/100 g body weight). During
the operation, an electric blanket was used to maintain the
body temperature of the rats, and ketoprofen (subcutane-
ous, 5 mg per kg body weight) was used for pain control. The
rats were placed in independent cages after surgery. Each an-
imal received penicillin by intramuscular injection (20 000 Ul
per 100 g body weight in 0.5 mL sterile saline) in the first 3
postoperative days to reduce infection. The animals’ bladders
were expressed using the Credes maneuver (abdominopel-
vic compression) every 12 h to deal with SCl-related urinary
retention until the rats were euthanized. This study was ap-
proved by the Committee of Ethics on Animal Experiments of
Zhongshan Hospital.

The rats were randomly divided into 5 groups (n=9 per group): a
sham operation group, and 1, 3, 5, and 7 days post-SCI groups.
Within each group, 3 rats were used for RNA-seq and the oth-
ers for histological examination (half for coronal section and
half for transverse section). To prepare the clip compression
model of SCI, the rats were anesthetized and underwent lam-
inectomy at T8-9. Compressive injury was induced in the SCI
groups by applying a 30 g aneurysm clip for 1 min, as previ-
ously described [7,8]. Rats in the sham operation group under-
went laminectomy to expose the spinal cord, without clipping.

The animals in the SCI groups were euthanized at the corre-
sponding time points, while the sham group was euthanized on
the third postoperative day. The rats were euthanized by deep
anesthetization via inhalation of isoflurane (4%). Tissue sam-
ples were subsequently quickly harvested, and the rats eventu-
ally died from the irreversible blood loss from tissue sampling.
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Histological examination

The spinal cords of the upper and lower 10 mm centered on
the injured site were collected immediately and fixed in 4%
paraformaldehyde, dehydrated in gradient alcohol, cleared in
xylene, and embedded in paraffin. Then the embedded tissues
were cut into 5-pm thick slices. The coronal section contained
the full length of the longitudinal axis of the tissues, passing
through the center of the spinal cord, and the transverse sec-
tion was located at the site of the injury. These sections were
then stained with hematoxylin and eosin (H&E) (Servicebio,
Wuhan, China). The histological changes after SCI were re-
corded and analyzed under an optical imaging system (Leica
Microsystems, Bensheim, Germany).

RNA isolation and sequencing

Spinal cord tissue from 5 mm around the epicenter of damage
was harvested at the indicated times after inducing SCI and
stored in liquid nitrogen. Total RNA was extracted using TRI
Reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s protocol. The RNA concentration and quality were
assessed using an automated electrophoresis system (Agilent
2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA).
Subsequently, mRNA was purified from total RNA using oligo
(dT)-attached magnetic beads for generating a cDNA library.
The cDNA fragments were then sequenced on a sequencer
(BGISEQ-500, Beijing Genomics Institute, Shenzhen, China).
After quality control, raw data were mapped to the reference
genome RAT6.0 and gene expression analysis was performed.

Identification of differentially expressed genes and
WGCNA

Differentially expressed genes (DEGs) in the post-SCI groups
were identified as genes that showed an increase in expres-
sion by >2 fold or a decrease by <0.5 fold relative to the sham
group using the ‘limma’ package (v3.24.15) in Rv3.4.1 [9]. The
adjusted P values obtained by applying the Benjamini-Hochberg
method for multiple testing correction (false discovery rate
[FDR]) were considered significant when <0.05 [10]. Any post-
SCI group with reads per kilobase per million (FPKM) >1 was
used to construct the coexpressing modules. The gene coex-
pression network was constructed using the WGCNA package
(v1.66) in R, as previously described [4,6]. All DEGs were in-
cluded in the analysis. Briefly, the ‘pickSoftThreshold’ function
was used to determine the correct power-p after considering
the smallest value to yield a free-scale topology. We selected
16 as the power value to obtain modules containing highly co-
expressing genes. Using a dynamic tree-cutting algorithm and
merging threshold function at 0.25, we identified 10 modules
and summarized the expression profile of each module by its
eigengenes. Expression trends of each module were plotted
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using the average fold change of the top 100 eigengenes, rel-
ative to the sham group, at each time point to reflect the over-
all change trend of each module.

Identification and Visualization of Hub Genes

We combined modules with similar expression trends to create
new sets of genes. The top 150 connections among hub genes
in each set were visualized into a weighted coexpression net-
work using Cytoscape (v3.4.0) (http://www.cytoscape.org) [11].
Intramodular hub genes are usually located in the center of
the module. The thickness of the edge was based on ‘weight’,
which referred to the connection strength between 2 nodes
(genes) in terms of the correlation value obtained from the
‘TOMsimilarity’ function in WGCNA. The Topological overlap
matrix (TOM), which was obtained from ‘TOMsimilarity’, gave
these values for the respective genes. This TOM value is al-
ways between 0 and 1. A higher value refers to a strong con-
nection or coexpression of genes.

Gene enrichment analysis

The Gene Ontology (GO) [12,13] and Kyoto Encyclopedia of Genes
and Genomes (KEGG, https://www.kegg.jp/) databases were
used for functional annotation of specific modules using the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) [14,15]. FDR <0.05 was considered as the threshold
to indicate a statistically significant difference in the analysis.

Results

Morphological changes of SCI after compression

The animal model of SCI was established as shown in Figure 1A.
All 45 rats received successful operations, with hindlimb paral-
ysis and urinary retention observed in SCl rats and no obvious
abnormalities observed in the sham group. Spinal cord disrup-
tion was visible after spinal cord compression (Figure 1B-1G).
Images of the spinal cord and H&E-stained tissue sections re-
vealed the extent of the pathological changes to the spinal cord
(Figure 1H-1Q). Blood cells were visible 1 day after the injury,
and tissue sections contained numerous red blood cells along
the injury site with abundant inflammatory cells. Loss of the
surrounding nerve tissue due to secondary injury was visible
on day 3, at which time the blood had been absorbed. The tis-
sue had undergone severe collapse, and scarring was evident.
By day 5, the scar had grown in size with ongoing tissue re-
pair, and the inflammation had diminished alongside the for-
mation of a spinal cord cavity. By day 7, the transverse diam-
eter of the spinal cord had decreased without obvious signs
of clamp gross injury, but the injury site was mostly filled with
scar tissue and a cavity.
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1d 3d 5d 7d

5d 7d

Figure 1. Establishment of spinal cord injury after compression. (A) Diagram of compression model of spinal cord injury (SCI).
(B-G) The figure demonstrated the visible signs of bleeding and spinal cord disruption after SCI. (H-Q) H&E staining showed
the pathological changes at different time points (Sham, 1d, 3d, 5d, and 7d) after SCl in, coronal, and transverse sections

(white arrows mark the injury site).

Screening of DEGs

A total of 15 samples of spinal cord tissues from the injured rats
(including 3 samples from the sham group) were homogenized
and sequenced by BGISEQ-500 (Beijing Genomics Institute,
China). Each group comprised 3 replicates. We searched for
genes that were significantly upregulated or downregulated at
any time compared with the sham group, as shown in Table 1,
and identified a total of 1965 DEGs (Figure 2A-2D) for inclu-
sion in the WGCNA.

WGCNA

We performed WGCNA to develop gene modules related to the
pathology of SCI. For this screening, we set B=16 and identified

the genes using the dynamicTreeCut algorithm in R. A total of
10 modules were split and each module was assigned a dif-
ferent color (Table 2). Heat maps were plotted to characterize
the expression of these 10 modules. In this analysis, genes in
the magenta and brown modules were downregulated on day
1 after injury, and tended to recover after this time. Genes in
the blue, pink, green, grey, and red modules were downregu-
lated on day 1 after injury, and then started to recover on day
3 and kept increasing after that. Generally, black and turquoise
modules decreased, while the black module had a sudden de-
cline on day 1 and then recovered. The expression of genes
in the yellow module was upregulated on day 3, plateauing
thereafter. The expression trends of genes in each module are
shown in Figure 3A-3T.
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Table 1. Top 3 up or down genes by comparing average FPKM between different days post-injury and Sham group.

1d vs. Sham Gldn 3.81 0.04 Islr -4.5 0.00
clz 349 000 Frl2 504 007
"""""""""""""""" pyf 116 004  Nm2  -098 o001
3dvs.Sham  Slcl0a6 | 099 004 caspiz -100 003
CHup 074 003 Pexilg -116 003
"""""""""""""""" lye 25 0035  Pbd1  -136 002
Sdvs.Sham  lgfps 212 003 mirs065 6 004
Ccapné 200 004 ln2 22 003
"""""""""""""""" Mfap4 366 0ol  Nel  -563 002
7dvs. Sham Ly 325 002 Slcéas 642 001
Clgalss 205 003 stz 674 001

Log2(FC) - log2 fold change; FDR — adjusted P values obtained applying the Benjamini-Hochberg method.

Biological functions analysis

We used DAVID to determine the biological functions of the
genes in the 10 modules in terms of GO biological process
terms and KEGG pathways. Table 2 provides an overview of
the 10 modules, which contained the top 3 biological pro-
cesses (BP) identified by GO analysis. Four of these modules
were focused on the results of their KEGG pathway analysis,
as illustrated in Figure 3U-3X. Genes in the largest module,
turquoise, were related to chemical synaptic transmission,
sensory perception of pain, and neurotransmitter secretion.
These genes kept decreasing with time, especially at 5 days
post-SCl, indicating they may have been regulated by inju-
ry-related factors, hindering neuronal remodeling. Genes in
the blue module were related to immune function, being en-
riched with genes involved in inflammatory responses, in-
nate immune responses, and adaptive immune responses.
Pathway analysis also indicated that they were mainly related
to inflammatory response. The blue module showed transient
downregulation after injury followed by a gradual increase in
expression, indicating that these genes may be involved in
secondary damage, and that the immune system might play
important roles in secondary injury and repair of the spinal
cord following compressive injury. The GO-BP and KEGG anal-
yses of the brown module indicated it was related to cell divi-
sion, chromosome segregation, and mitotic nuclear division.
These genes were markedly downregulated following injury
but tended to recover after the acute stage. The green mod-
ule showed a relationship with the extracellular matrix, col-
lagen fibrils, and blood vessels according to GO-BP and KEGG
analyses. The genes in the green module were suppressed on
the third day, and then gradually increased and exceeded the

baseline, which suggested a process of tissue reconstruction
or glial scar formation.

Identification of hub genes

The modules with similar expression trends were firstly merged
to obtain a larger gene network to help avoid the loss of
marginal genes in some small modules, such as pink, black,
and magenta. According to the expression results shown
in Figure 3A, we merged the modules into 4 sets: set A
(blue+green+grey+pink+red), set B (brown+magenta), set C
(turquoise+black), and set D (yellow). Network analysis of
the 4 sets allowed us to identify the driver genes via central-
ized hub analysis. We found that set A comprised 3 subsets,
in which cytochrome P-450 (CYP) 2D1 (Cyp2d1) was the hub
gene, while C2 and Cyth4 were the key nodes linking the sub-
sets. For the other 3 sets, we found that the hub genes were
Bub1b and Tpx2 for set B, sodium-potassium ATPase (Atpla3)
for set C, and Rrp9 and Pgam5 for set D (Figure 4). These hub
genes were selected based on their degree of connection with
other genes in the WGCNA network. The other major hub genes
are listed in Table 3.

Discussion

RNA sequencing has been used extensively to identify potential
therapeutic targets and prognostic markers in SCI. The path-
ological mechanism of SCl is complex and involves more than
20 potential pathological processes. To date, most studies that
have performed RNA-seq in SCI have not fully exploited the
data collected. Differential analysis and function enrichment
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Figure 2. Differential gene screening and weighted gene coexpression network analysis. (A) A total of 1965 differential genes were
screened at different time points (Sham, 1d, 3d, 5d, and 7d) after spinal cord injury (SCI). (B, C) Analysis of network topology
showed that it met the scale-free topology threshold of 0.8 when B=16. (D) The heatmap of topological matrix showed the
correlation network, in which each color represented a gene module.
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Table 2. Overview of 10 modules with their top 3 GO-BP terms.

LAB/IN VITRO RESEARCH

Module N Term Count % FDR
Turquoise 679 Chemical synaptic transmission 41 6.0 8.0E-23
 Sensory perception of pain x5 37 59E17
 Newrotransmitter secretion 18 27 L6616
Blie 444 Inflammatoryresponse % 59 12E08
Innate immune response 2 s 38607
 Phagocytosis, engulfment s 18 97E-06
CBrown 51 Celldivison @ 159 10E21
_ Chromosome segregation 7 13 47820
© Mitotic nuclear division 16 106 49E-14
Yellow 79 RNAprocessing s 63 15604
_ {RNA methylation 3 38 44803
 Ribosomal large subunit assembly 3 38 66E03
CGreen g3 Collagen fibril organization 6 o5 17607
' Blood vessel development 6 o5 29E06
 Extracellular matrix organizaton 6 o5 14605
Red 35 Innateimmuneresponse 4 133 90E-03
| Cellular calcium ion homeostasis 3 100 L1E-02
 High-density lipoprotein particle remodeling - 2 67 2002
CPink 3 Receptor-mediated endocytosis 2 o1 10E-01
CAgng 2 o1 29E01
 Apoptotic process 2 o1 3301
Black 3 Neuron projection development 3 136 25€03
 Protein localization to synapse 2 o1 12602
Signaltransduction 4 182 18602
Magenta - 19 Regulation of norepinephrine secretion 2 105 82E-03
© Adenosine receptor signaling pathway - 2 105 10E-02
| Tolllike receptor signaling pathway 2 105 19802

N — number of genes involved in the given module; Count — number of genes involved in the given term; % — percentage of involved
genes/total genes; FDR — adjusted P values obtained applying the Benjamini-Hochberg method.

analysis were commonly used for mining RNA-seq data, but not
enough for the massive data of high-throughput sequencing.
In this study, we used WGCNA for a deeper analysis of RNA-
seq; it integrated 1965 DEGs into 10 modules. Four relative-
ly explainable modules were identified through the function
enrichment analysis. They were the turquoise module related
to pain or sense perception, the brown module related to cell
division, the blue module related to immune response, and
the green module related to extracellular matrix organization.
By integrating similar modules into 4 gene sets, we identified
Cyp2d1, Bub1b, Tpx2, Atpla3, Rrp9, and Pgam5 as hub genes.

Inflammation is a double-edged sword for neurons in SCI. It
is essential for the local tissue repairing but toxic if remained
unresolved, which results in regeneration disorder [16]. In the
present study, the increased expression of Pgam5 following
SCI was observed. It was reported that Pgam5 could induce
inflammasome activation and accelerate necroptosis and in-
flammation, which are involved in the early stage of second-
ary injury of SCI [17-19]. Therefore, it seems that Pgam5 may
play a pathological role in SCI by accelerating necroptosis and
inflammation. Meanwhile, the pathways of inflammatory re-
sponse, innate immune response, and phagocytosis in the
blue module were identified in our study, and we found they
were suppressed within the first 3 days. These pathways were
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Figure 3. Expression trends and pathway enrichment of modules identified via WGCNA. (A-T) A total of 10 modules were split
and each module was assigned a symbolic color. It was found that the modules of magenta and brown were sharply
downregulated on the first day after injury, then tended to recover; the modules of blue, pink, green, grey, and red were
downregulated after injury, and then rebounded upward 3 days after SCl; the modules of black and turquoise showed a
continuous decrease after injury; the yellow module was sharply upregulated within 3 days after injury, and then tended to
be flat. (U-X) The figures demonstrated the top 10 of pathway enrichment in blue, brown, green, and turquoise.

usually associated with microglia or macrophages, which may
take part in the positive effects of inflammation and contrib-
ute to tissue repair after SCI [20].

The reconstruction of neural pathways is essential during the
functional recovery after SCI. Cyp2d1, the hub gene of set A,
has been reported to participate in a variety of neural activi-
ties [21]. According to our data of RNA-seq, Cyp2d1 was sup-
pressed in the first 3 days and then gradually increased. A
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previous study reported a similar expression trend after trau-
matic brain injury [22]. Cyp2d1 was reported to be involved
in the process of synaptic remodeling. Therefore, we specu-
lated that Cyp2d1 may be a positive factor for nerve recovery.
Another hub gene, Atpla3, was persistently downregulated af-
ter SCI. This trend was also observed in a bioinformatics study
that combined transcriptome and proteomics of contusive SCI
in rats [23]. Several studies have demonstrated that mutations
in Atp1a3 may induce persistent neurological dysfunction [24].
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Figure 4. (A-D) Hub genes were identified in 4 sets through weighted gene coexpression network analysis (WGCNA). It was found that
set A had 3 subparts, Cyp2d1 was the hub gene of set A, which was the core of the network, and C2 and Cyth4 were the
key nodes that linked the other 2 parts. The other 3 sets exhibited their respective aggregations. Bub1b and Tpx2 were hub
genes of set B. Similarly, AtpIa3 was the hub gene of set C, while Rrp9 and Pgam5 were hub genes of set D. Line thickness
represented connection weight. The size and color of the nodes represented the degree of connectivity.

Additionally, it was reported that Atpla3 was downregulated
in the freeze lesion microgyrus model, which suggests that
Atpla3 may be involved in neonatal cortical injury [25]. Atpla3
is a sodium-potassium pump ATPase involved in the generation
of electrical impulses by transporting neurotransmitters and
calcium ions across cell membranes [23,26]. Disruption of the
electrophysiological function of the spinal cord may be a major

reason for the poor prognosis of SCI. Future studies of Atpla3
may reveal more details about its role in SCI. Additionally, the
results of the present study revealed that the expression of
genes kept decreasing during the whole acute stage of SCl in
the turquoise module, which was associated with neurotrans-
mitter, synaptic transmission, and axon genesis. Further stud-
ies are required to explore the reasons behind these changes.
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Table 3. Hub genes of module sets.

Neighborhood Topological Betweenness
connectivity coefficient centrality
Set A Cyp2d1 8 3.63 0.25 0.18
CGnais 6 a3 029 046
Cfemz 6 333 05 031
Ccndpr s a0 0 029
Rz 6 a3 032 020
CsetB Bubl %  ue 029 010
T2 % a3 028 o2
CNasopl 2 s 029 020
Cckt » 12 033 o0a
kg n 1ser 031 006
setc Apa3 18 061 021 011
CResgft 16 o8t 020 010
ez 14 o6t 018 021
Chga 1@ os6 022 000
CSieszar 13 731 017 020
Csetd Rpo 19 858 o6 010
Cpgams 18 830 07 013
Cups 13 902 020 012
Csyz 12 74 05 006
CRehr o1 182 02 006

Glial scarring is a healing response but is unfavorable to axon
growth in the long term [27]. Extracellular matrix organization
is considered an important feature of scar formation [28]. In the
present study, the green module showed a relationship with
extracellular matrix, collagen fibril, and blood vessel develop-
ment that suggested a process of tissue reconstruction, or glial
scar formation. It was suppressed initially after SCI, and then
gradually increased even beyond the baseline. This suggest-
ed that extracellular matrix failed to be activated in the early
stage and failed to limit the expansion of inflammation, but
was improperly activated in the later stage, causing obstruc-
tion of neural regeneration. This finding suggested that the
precise regulation of extracellular matrix organization may be
a potential therapeutic target for spinal cord injury.

Cell proliferation is a manifestation of tissue remodeling. The
main pathways included in the brown module, such as cell di-
vision, chromosome segregation, and mitotic nuclear division,
embodied this feature. We also identified Bub1B and TPX2 as

hub genes of set B. Bub1B is considered essential for ensur-
ing proper chromosome segregation, while TPX2 is suggested
to redistribute from the nucleus to the apical process during
the S-G2 transition [29,30]. These 2 genes belong to a family
of mitosis-related genes [31,32]. Growing evidence indicates
that mitosis plays an important role in tissue repair, but was
long neglected [33,34]. The recovery of mitosis-related genes
in the present study reflected the crucial role of mitosis in the
recovery of other functional activities, which should be con-
firmed in future studies. However, it is suggested that cell cy-
cle activation may contribute to secondary damage cascade
after SCI [35]. Cell cycle proteins appeared to lead to apop-
totic cell death and gliosis or microglial activation in SCI [36].
These contradictory findings reflected the complexity of SCI
and needed further exploration.

WGCNA is an effective method for analyzing biological systems.
In the present study, WGCNA found many hub genes and path-
ways that would not be noticed by routine differential analysis.
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A small number of studies on SCI applied WGCNA. For exam-
ple, Wang et al. used WGCNA in 2 open access array data and
identified 3 hub genes including Rac2, Itgh2 and Tyrobp, which
may play crucial roles in SCl via natural killer cell-mediated cy-
totoxicity [37]. Another study using WGCNA indicated that the
effects of NT3-chitosan on neurite regeneration were mediat-
ed by the enhancement in neurogenesis and angiogenesis and
reduced inflammatory responses [38]. Notwithstanding, the
present study is not the first time that WGCNA has been ap-
plied on SCI; however, our work combined WGCNA with RNA-
seq, which offered valuable insights into understanding the
pathophysiological process of spinal cord injury.

This study had the following limitations. First, the spinal cord
is a complex tissue with many cell types, and sequencing re-
flects expression changes in the whole tissue, rather than in
specific cells. This may mistakenly attribute some functions
to certain cells. More in-depth research in to related types of
cells is needed. The emerging topographic single-cell sequenc-
ing technology may solve this problem but it is too expensive
and not mature in spinal cord tissue. Second, we did not val-
idate the changes in gene expression in terms of protein ex-
pression. Due to the post-transcriptional regulation, the trend
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of protein expression may be different from that of mRNA.
Third, we obtained tissue samples up to 7 days after SCI, so
future studies should include long-term observation following
SCI. Finally, we failed to establish a hypothesis on the function
of the last hub gene, Rrp9, due to a lack of literature support.
Future research is needed to evaluate its role in SCI.

Conclusions

In this study, we constructed a weighted gene coexpression
network and predicted hub genes and essential biological pro-
cesses in compressive spinal cord injury (SCI). Four essential
modules were revealed to be associated with chemical syn-
aptic transmission, immune response, cell division, and extra-
cellular matrix organization. Moreover, Cyp2d1, Bub1b, Tpx2,
Atpla3, and Pgam5 were identified as hub genes. These find-
ings may provide insights into the molecular mechanisms and
therapeutic targets of SCI.
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