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Abstract

Spinal cord injury (SCI) is a severe central nervous system injury without effective therapies. PANoptosis is involved in the
development of many diseases, including brain and spinal cord injuries. However, the biological functions and molecular
mechanisms of PANoptosis-related genes in spinal cord injury remain unclear. In the bioinformatics analysis of public
data of SCI, the differentially expressed genes (DEGs) identified by GSE151371 were hybridized with PANoptosis-related
genes (PRGs) to obtain differentially expressed PANoptosis-related genes (DE-PRGs). Through three machine learning
algorithms, we obtained the hub genes. Then, we constructed functional analysis, drug prediction, regulatory network
construction, and immune infiltrating cell analysis. Finally, the expression of the hub gene was verified in GSE93561,
GSE45376, and qRT-PCR analysis. Through the above analysis, 14 DE-PRGs were obtained by intersecting 3582 DEGs
with 46 PRGs. Five key hub genes, CASP4, GSDMB, NAIP, NLRC4, and NLRP3, were obtained by 3 machine learning
algorithms. All five hub genes were enriched in phagocytosis mediated by FC GAMMA R. The 11 immune cells were
significantly different between spinal cord injury (SCI) group and human control (HC) group, such as mast cell and gamma
delta T cell. The transcription factor (TF)-hub gene network contained 10-nodes (4 hub genes and 6 TFs) and 8-edges. The
miRNA-hub gene network consisting of 5-nodes (3 hub genes and 2 miRNAs) and 3-edges was constructed. Moreover,
the CASP4 predicted 1 small molecule drug and NLRP3 predicted 9 small molecule drugs. Finally, the expression of 5
hub genes were significantly different in GSE45376 and GSE93561 (SCI vs. HC) and mice SCI model (Sham vs. SCI).
Collectively, we identified 5 hub genes (CASP4, GSDMB, NAIP, NLRC4, and NLRP3) associated with PANoptosis, pro-
viding potential directions for treating spinal cord injury.
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Introduction

Spinal cord injury (SCI) is a severe injury associated with
sensory, motor, and autonomic dysfunction. With the
development of transportation and construction in modern
society, disease incidence is also increasing, with about
100,000 new patients yearly [1]. Due to severe sequelae of
neurological dysfunction, patients with SCI have low self-
care ability, which burdens families and society with heavy
spiritual and economic burdens. Although there are many
studies on treating SCI, there is no specific effective one.

According to the process and mechanism of injury,
SCl is usually divided into two stages: primary injury and
secondary injury [2]. In primary injury, neuronal death
occurs at the moment of injury, primarily due to physi-
cal injuries that cannot be controlled or treated, including
mechanical tears, cuts, or strains. The occurrence time of
secondary injury is later than that of primary injury. Based
on primary injury, physiological and biochemical mecha-
nisms, such as tissue edema, necrosis, and apoptosis,
cause self-destructive damage to good tissues around the
initial injury, further deepening and expanding the injury
degree [3]. The study of alleviating and regulating sec-
ondary injury may be a breakthrough in finding effective
treatment for SCI or improving its prognosis. The degree
of tissue cell death directly affects the prognosis of SCI,
especially the death of non-regenerative neurons, which is
unfavorable in secondary injury. The survival function of
neurons directly affects the recovery of spinal cord func-
tion. Therefore, protecting neurons after SCI and reducing
the occurrence of regulatory death is the key to promoting
nerve regeneration and maximizing spinal cord function
recovery.

Cell death is a universal phenomenon in living organ-
isms and a necessary condition for maintaining homeo-
stasis in living organisms. Programmed cell death (PCD)
is a genetically determined pattern of active cell death,
including pyroptosis, apoptosis, and cell necrosis [4, 5],
closely associated with homeostasis and disease. The
interaction of pyroptosis, apoptosis, and necrosis path-
ways has led to the concept of PANoptosis [6], which is
defined as an inflammatory PCD pathways regulated by
the PANoptosome complex [7] and characterized primar-
ily by pyroptosis, apoptosis, or necrosis, which cannot be
explained by these PCD pathways alone [8]. PANopto-
sis emphasizes the interaction and coordination between
pyroptosis, apoptosis, and necrosis. Studies have reported
that PANoptosis is involved in the progression of various
diseases, including tumor and non-tumor diseases [9-11].
For example, Caspase 8 (CASPS), a molecular switch that
controls pyroptosis, apoptosis, and necrosis, is a key pro-
tein in the cancer panapoptotic crosstalk signaling pathway

[12]. Recent studies have shown that ZBP1 activates PAN-
optosis through RIPK3 signal, ADARI negatively regulates
ZBPI-mediated apoptosis, and blocking ADARI activity
contributes to apoptosis and inhibits tumorigenesis [13].
In addition, treatment with an apoptosis inhibitor inhib-
ited pyroptosis and activated necrosis in a rat model of
septic-associated encephalopathy [14]. Pyroptosis inhibi-
tors inhibit pyroptosis and apoptosis but activate necro-
sis [15]. However, apoptosis and pyroptosis are activated
when necrosis is inhibited [16]. It can be seen that the
pyroptosis, apoptosis, and necrosis of cells are closely
related and regulate each other. Therefore, it is of great
significance to understand the mechanism of PANoptosis
and provide options for treating human diseases.

PCD after SCI is an important factor that makes it dif-
ficult to recover spinal cord nerve function [17]. Ischemia,
hypoxia, and the release of the histiocytic fragmentation
lead to the injury of the remaining nerve cells around the
damage, thereby inducing and activating PCD triggered by
gene regulation. Triggered PCD include apoptosis, necrosis,
pyroptosis, iron necrosis, copper necrosis, and autophagy
[18]. PANoptosis is a novel cell death mode involving mul-
tiple molecular mechanisms and signaling pathways that
ultimately lead to cell death. After spinal cord injury, the
local microenvironment changes significantly, such as the
deficiency of nerve growth factor, calcium ion inflow, and
oxygen free radical increase. These changes activate molec-
ular mechanisms and signaling pathways associated with
PANoptosis, such as membrane receptor pathways such as
Fas/Apol and biochemical pathways such as cytochrome C
release [19]. Activation of these pathways eventually leads
to the occurrence of PANoptosis in nerve cells.

Treating SCI has always been a complex problem in the
medical field. However, the biological function and molecu-
lar mechanism of PANoptosis-related genes (PRGs) in SCI
remain unclear. In this paper, the key genes associated with
PANoptosis in SCI were identified by the bioinformatics
analysis, and the possible biological functions and pathways
of the key genes were analyzed, as well as their relationship
with immune properties and drugs, in order to provide a
reference for the treatment of patients with SCI.

Materials and Methods

Data Source

Spinal cord injury-related datasets (GSE151371, GSE93561,
and GSE45376) were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/).

GSE151371 included 38 human spinal cord injury (SCI)
blood samples and 10 human control (HC) blood samples.
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GSE93561 included 6 spinal cord tissue samples from
injured mice and 6 control samples. GSE45376 included
3 spinal cord tissue samples 2 days after injury, 3 spinal
cord tissue samples 7 days after injury, and 2 mouse control
samples. A total of 46 PANoptosis-related genes (PRGs)
(Table S1) were downloaded from previous studies [20, 21].

Identification of Differentially Expressed Genes
(DEGS)

The R package DESeq2 was used for the differential analy-
sis of GSE151371 (SCI vs. HC). Screening criteria were
padj < 0.05&llog2FoldChange (FC)I> 1 [22]. We inter-
sect DEGs and PRGs through the ggVennDiagram to get
DE-PRGs.

Functional Analysis of DE-PRGs

Gene Ontology (GO), Kyoto Encyclopedia of Genomics
(KEGG), and HALLMARK of Msigdb database (https://
www.gsea-msigdb.org/gsea/msigdb) were used as back-
ground genes. The enrichment analysis of DE-PRGs was
carried out using R “clusterProfiler” [23, 24].

Construction of Protein-Protein Interaction (PPI)
Network

The PPI network was established using the STRING data-
base (https://cn.string-db.org/), and Cytoscape software was
used to visualize the network. We used MCODE to screen
out the core subnetwork (Score:9, Nodes:9, Edges:36) [25].

Machine Learning

The hub gene was identified using the least absolute shrink-
age and selection operator (LASSO) algorithm (via “glmnet”
R), Support Vector Machine-Recursive Feature Elimination
(SVM-RFE) algorithm (via “caret” R), and eXtreme Gradi-
ent Boosting (XGBoost) algorithm (via “xgboost” R) [26,
27].

Analysis of Inmune Cell Infiltration

The infiltration abundance of 28 immune cells in
GSE151371 was evaluated using the single sample gene
set enrichment analysis (ssGSEA) algorithm of R-packet
“GSVA” [28]. Key immune infiltrating cells were identified
based on Wilcoxon analysis and the LASSO algorithm.
Construction of the Molecular Regulatory Network

According to the Network Analyst platform (https://www.
networkanalyst.ca/), the JASPER database was used to
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predict transcription factors (TFs) targeting the hub genes.
TarBase and miRTarBase databases predicted miRNAs tar-
geting hub genes [29].

Small Molecule Drugs for Hub Genes

The DGidb database (https://dgidb.org/) was used to predict
the small molecule drugs corresponding to the hub gene.
The interaction score of the DGIdb database is used to assess
the strength of the interaction between the drug and the hub
gene. The hub gene proteins and 3D structures of therapeu-
tics were obtained from the PDB protein database (https://
www l.rcsb.org/) and the NCBI PubChem Compound Data-
base (https://www.ncbi.nlm.nih.gov/pccompound/) [30, 31].

Animals and SCI Model

Six female C57BI/6 J mice (8 weeks old, weight 20+2.0 g)
were used to establish SCI models and validate gene expres-
sion in this study. Under a single intraperitoneal injection
of pentobarbital sodium solution (0.1 ml/10 g), the surgical
area was shaved and disinfected with iodophor. Spinal cord
injury was performed using a spinal cord impactor. The mice
underwent T10 laminectomy using a midline skin incision
between T9 and T11, and a midline spinal contuse was per-
formed with a force of 0.7N at the exposed T10 level. Mice
in the sham-operated group were anesthetized for a similar
duration but without laminectomy and spinal cord shock.
The bladder and abdominal cavity were manually pressed 3
times a day to induce urination until the peripheral blood,
and the spinal cords were collected 2 h, 2 days, and 7 days
after SCI operation. After operation, mice were given access
to drinking water containing 1 mg/ml penicillin for infection
prophylaxis until euthanasia.

gRT-PCR Analysis

Spinal cord tissue was extracted, and qRT-PCR was per-
formed. Spinal cord tissue homogenate was taken, and
every 50-100 mg tissue add 1 ml Trizol (Solarbio, R1200,
China). Add 0.2 ml of chloroform, shake violently for 15 s,
and leave for 5 min at room temperature, centrifugation
at 12,000 rpm for 10 min at 4 ‘C. RNA is mainly in the
upper colorless aqueous phase; transfer the aqueous phase
to a new tube and do not absorb the precipitate. Five hun-
dred microliters eluent was added to the adsorption col-
umn, placed at room temperature for 2 min, centrifuged
at 12,000 rpm at 4 “C for 2 min, and the waste liquid was
discarded. Two hundred microliters of absolute ethanol
was added to the supernatant collected and mixed, then
added to the adsorption column for 2 min, centrifuged
at 12,000 rpm at 4 “C for 2 min, and the waste solution
was discarded. Add 600 pL of bleach solution (absolute
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ethanol was added) to the adsorption column, centrifuge
at 12,000 rpm for 2 min at 4 °C, and discard the waste solu-
tion. Repeat the previous step. Centrifuge at 12,000 rpm
for 2 min at 4 °C, discard the collection tube, and place
the adsorption column at room temperature for 10 min to
remove the residual rinse solution in the adsorption col-
umn. Put the adsorption column into a new tube, add 50 pL
RNase Free ddH,O to the center of the membrane, place at
room temperature for 5 min, and centrifuge at 12,000 rpm
for 2 min to obtain RNA. cDNA was reverse-transcribed
by Hifair® III 1st Strand cDNA Synthesis SuperMix
(11141ES60, Yeasen, Shanghai, China). Quantitative real-
time polymerase chain reaction (QRT-PCR) was determined
quantitatively on real-time PCR System (MA-6000, Molar-
ray, China) using Hieff® qPCR SYBR Green Master Mix
(11201ES08, Yeasen, Shanghai, China). GAPDH was used
as a positive internal control, and gene expression levels
were calculated by the formula 2 — AACT. The sequences
of primers used are listed in Table S2.

Statistical Analysis

Mouse and human genes are transformed according to the
R packet “homologene.” Student’s t-test or Wilcoxon rank

A B

SCI vs HC

padj: 0.05; log2FoldChange: 1.00; Up: 1706; Down: 1876; Total: 3582

~log10(padj)

0 5
log2FoldChange

3568 14

sum tests were used to compare the two groups. p <0.05 was
considered statistically significant.

Results
Identification and Enrichment Analysis of DE-PRGs

We identified 3582 DEGs (SCI vs. HC) in GSE151371,
of which 1706 DEGs were up-regulated, and 1876 DEGs
were down-regulated (Fig. 1A). DEGs was intersected
with 46 PRGs of AIM2, NLRP3, FADD, CASP4, CASPS,
CASPI1, RIPK3, PYCARD, MLKL, GSDMB, PSTPIP2,
NLRC4, NAIP, and GSDMD to obtain 14 DE-PRGs
(Fig. 1B). Correlation analysis showed that the expres-
sion of GSDMB was negatively correlated with the expres-
sion of CASP1, CASP5, AIM2, CASP4, PSTPIP2, NLRC4,
NAIP, MLKL, NLRP3, FADD, RIPK3, and PYCARD, while
the expression of genes except GSDMB was positively cor-
related with each other (Fig. 1C). Additionally, 3 HALL-
MARK pathways, 366 GO, and 2 KEGG were enriched
according to 14 DE-PRGs. In the HALLMARK channel,
CASP4, CASP5, and CASPI participate in “COMPLE-
MENT,” “APOPTOSIS,” and “INTERFERON GAMMA

C

csown @)
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INTERFERON GAMMA RESPONSE
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PvROPTOSIS
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Fig.1 Analysis of DE-PRGs. A Volcano plot representing PCD-
related differentially expressed genes. In the volcano plots, the red
points show upregulated genes (log2FC>0.5 and p-value <0.05),
whereas the blue points represent downregulated genes. B Venn dia-

grams for DEG-IRGs. 14 DEG-IRGs were obtained. C Correlation
analysis of DE-PRGs. D-F GO and KEGG analysis of the DE-PRGs.
Red marks indicate a positive correlation, and blue is a negative cor-
relation
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RESPONSE” (Fig. 1D). In graphene oxide, these DE-
PRGs are associated with “inflammasome complexes,”
“pyroptosis,” and “active regulation of the inflammatory
response” (Fig. 1E). In the KEGG results, these DE-
PRGs were enriched in the “NOD-like receptor signaling
pathway” and the “cytoplasmic DNA sensing pathway”
(Fig. 1F).

Identification of Hub Genes

To explore whether there is interaction between DE-PRGs,
we constructed a protein—protein interaction network con-
sisting of 12 nodes and 56 edges. PPI results showed that
GSDMB and PSTPIP2 were isolated targets and did not
interact with other DE-PRGs (Fig. 2A). The network with
the highest score based on the MCODE plug-in contains
nine genes: CASP4, CASP5, NLRP3, GSDMD, CASPI,
PYCARD, AIM2, NAIP, and NLRC4 (Fig. 2B). These nine
genes enriched 6 GO and 2 KEGG, such as “typical inflam-
masome complex,” “pyroptosis,” “NLRPI inflammasome
complex,” and “Salmonella infection”(Fig. 2C).

Based on DE-PRGs, LASSO screened 12 characteris-
tic genes, namely, AIM2, NLRP3, FADD, CASP4, CASP5,
CASPI, RIPK3, PYCARD, GSDMB, NLRC4, NAIP, and
GSDMD (Fig. 3A, B). After the SVM-RFE algorithm, ten
feature genes were obtained (Fig. 3C). XGBoost screened
five characteristic genes, namely, ICASP4, NLRC4, GSDMB,
NAIP, and NLRP3 (Fig. 3D). The cross genes obtained by
the above three algorithms were defined as the key genes,
namely, CASP4, GSDMB, NAIP, NLRC4, and NLRP3
(Fig. 3E). The expressions of CASP4, NAIP, NLRC4, and
NLRP3 in GSE151371 HC samples were up-regulated com-
pared with those in SCI samples, while the expression trend
of GSDMB was reversed (Fig. 3F).

Analysis of Inmune Cell Infiltration of Hub Gene

The heat map shows the immune cell abundance of 28
immune infiltrating cells in all samples of GSE151371
(Fig. 4A). Difference analysis showed significant dif-
ferences in the enrichment scores of 13 types of SCI
and HC immune infiltrating cells, including mast cells,

0 5 10 15 20 25 30
-log10(P)

Fig.2 Pruning and identification of hub gene. A PPI interaction net-
work of DE-PRGs. The PPI protein interaction network was analyzed
for 14 DE-PRGs. The PPI interaction information was obtained with
medium confidence >0.4. We found that GSDMB and PSTPIP2 were
isolated targets. B Modular gene screening. The subnetwork with the
highest score contains nine genes, namely, CASP4, CASP5, NLRP3,
GSDMD, CasP4, CasP5, NLRP3, CASPI, PYCARD, AIM2, NAIP,
and NLRC4. In addition, the pan-apoptosis-related differential gene
PPI protein interaction network contains 12 Nodes and 56 Edges.
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GO0:0061702: canonical inflammasome complex

GO0:0070269: pyroptosis

GO:0032731: positive regulation of interleukin-1 beta production
hsa05132: Salmonella infection

hsa05131: Shigellosis

GO0:0072558: NLRP1 inflammasome complex

GO:0009595: detection of biotic stimulus

GO:0050830: defense response to Gram-positive bacterium

Score analysis of the PPI network with MCODE. C GO and KEGG
analysis. Genes in the subnetworks with the highest scores were ana-
lyzed for GO and KEGG enrichment. According to p.adjust<0.05 as
the screening criterion, 6 GO functions and 2 KEGG pathways were
enriched. Typical inflammasome complex, pyroptosis, positive regu-
lation of interleukin-1p production, NLRP1 inflammasome complex,
detection of biological stimuli, defense response to Gram-positive
bacteria (GO function), Salmonella infection, Shigellosis (KEGG
signaling pathway)
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immature dendritic cells, and macrophages (Fig. 4B).
Additionally, 18 characteristic immune infiltrating cells
were screened by the LASSO method. The cells obtained
by the two methods were intersected to obtain 11 key
immune infiltrating cells such as yd T cells, neutrophils,
and regulatory T cells (Fig. 4C). CASP4 was positively
correlated with neutrophils (cor=0.73). NLRC4 had the
strongest negative association with activated CD8 T cells
(cor=—0.81) (Fig. 4D).

Establishment of TF-Hub Gene Network
and miRNA-Hub Gene

The intersection of 38 TFS predicted by the database
and 3582 DEGs in GSE151371 was used to obtain six
intersection TFS (Fig. 5A). The TF-hub gene network
comprises ten nodes (4 hub genes and 6 TFS) and eight
edges. NLRP3 is regulated by STAT3, CEBPB, and PPARG
(Fig. 5B). Three intersection miRNAs were obtained using
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«Fig.3 Machine learning algorithm. Three kinds of machine learn-
ing were carried out according to the expression of p DE-PRGs in
the training set (GSE151371). A Ten cross-validations of adjusted
parameters in Minimum Absolute Shrink and Selection Operator
(LASSO) analysis. LASSO regression analysis was performed on
DE-PRGs, and the feature genes whose regression coefficient was
not penalized as 0 were obtained. The abscess is the logarithm of the
lambdas, and the ordinate is the model error. As can be seen from the
figure above, the optimal lambda value is at the lowest point of the
red curve, and the corresponding number of variables is 12. They are
AIM2, NLRP3, FADD, CASP4, CASP5, CASPI1, RIPK3, PYCARD,
GSDMB, NLRC4, NAIP, and GSDMD. B LASSO coefficient spec-
trum. The horizontal coordinate is the logarithm of the lambdas,
and the vertical coordinate is the variable coefficient. As the lamb-
das increase, the variable coefficient approaches 0. When the optimal
lambda is reached, the variable whose culling coefficient is equal to
0. C SVM-RFE analysis. Prediction accuracy of the number of dif-
ferent characteristic genes. The horizontal coordinate is the number
of characteristic genes, and the vertical coordinate is the accuracy of
model prediction. As shown in the figure, when the number of feature
genes is 10, the prediction accuracy of the model is the highest. The
characteristic genes were NAIP, NLRC4, CASP4, CASP5, GSDMB,
FADD, NLRP3, CASPI1, AIM2, and MLKL. D XGBoost analysis.
The importance of XGBoost to screen for feature genes. The hori-
zontal coordinate is the importance of characteristic genes. As shown
in the figure, a total of 5 characteristic genes were finally screened,
namely, ICASP4, NLRC4, GSDMB, NAIP, and NLRP3. E Venn dia-
gram of Characteristic hub genes. The intersection of 13 Lasso genes,
10 SVM-RFE genes, and 5 XGBoost genes was mapped. As shown
in the figure, a total of 5 intersection genes were obtained. The five
hub genes are CASP4, GSDMB, NAIP, NLRC4, and NLRP3. F Violin
map of hub gene expression. The expression levels of five hub genes
(CASP4, GSDMB, NAIP, NLRC4, and NLRP3) were plotted between
SCI and HC. The expression levels of CASP4, NAIP, NLRC4, and
NLRP3 in SCI samples were significantly higher than those in HC
samples, indicating up-regulated genes. The expression of GSDMB
in HC samples was significantly higher than that in SCI samples,
which was a down-regulated gene. There are 10 samples from healthy
individuals without a history of CNS pathology (HC), and 38 sam-
ples are from individuals who suffered a traumatic spinal cord injury
(SCI). # * * % p<0.0001

the two databases to predict the intersection of miRNAs
(Fig. 5C). A miRNA-hub gene network consisting of 5
nodes (3 hub genes and 2 miRNAs) and three edges was
constructed. NLRP3 predicts one miRNA, namely, hsa-
mir-193b-3p (Fig. 5D).

Use of Hub Genes to Predict Small Molecule Drugs

As shown in Fig. 6A, CASP4 predicted one small molecule
drug (EMRICASAN), and NLRP3 predicted nine small
molecule drugs (such as ALAPROCLATE HYDROCHL
ORIDE, DAPANSUTRILE, CHEMBL602526). CASP4
has a strong binding energy with EMRICASAN (- 6.1 kcal/
mol). NLRP3 has a strong binding energy (— 8.5 kcal/mol)
with ALAPROCLATE HYDROCHLORIDE (- 6.4 kcal/
mol), CHEMBL602526 (— 8.4 kcal/mol), and ANAKINRA
(Fig. 6B-E).
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Expression Analysis of Different Data Sets

In GSE45376, the human central genes (CASP4, NAIP,
NLRC4, NLRP3) were transformed into mouse genes
(Casp4, Naip2, Nirc4, Nirp3). The expression of Naip2 and
Nlrc4 was relatively high in samples taken on day seven
after SCI (Fig. 7A). In GSE93561, the human central genes
CASP4, NAIP, and NLRP3 can correspond to the mouse
genes Casp4, Naip2, and Nirp3. Naip2, Nirp3, and Casp4
expressions in SCI samples were significantly higher than
in HC samples (Fig. 7B).

Validation of Above Results Through qRT-PCR

Since the expression of GSDMD is not observed in mice, we
validated four other genes (Casp4, Naip2, Nlrc4, and Nirp3).
qRT-PCR was performed on 3 SCI and paired 3 Sham tis-
sues. Then, mRNA of four genes (Casp4, Naip2, Nlrc4, and
Nlirp3) were detected in SCI and Sham samples by qRT-
PCR. The results are consistent with the expectation. Four
genes (Casp4, Naip2, Nlrc4, and Nlrp3) expression were
significantly higher in SCI than in Sham group (Fig. 8B).

Discussion

Spinal cord injury is a common central nervous system dis-
ease in clinical practice, and there are currently no effective
treatment options. The role of inhibiting cell death in sec-
ondary injury has become an important research direction in
treating spinal cord injury. PANoptosis is an inflammatory
programmed cell death (PCD) pathway with key features
of pyroptosis and necrotic apoptosis [32]. PANoptosis is
involved in the development of spinal cord injury [33]. As
the interactions between the various PCD pathways become
clearer, targeting only one pathway that regulates cell death
without considering the others that follow cannot achieve
the desired therapeutic effect. However, inhibition of the
activation of the formation of the PANoptosome complex
and PANoptosis can effectively prevent the PCD pathway
[6, 34]. Therefore, interfering with or blocking key sensors
in the PANoptosis pathway or inhibiting the formation of
the PANoptosome complex may be an effective treatment to
inhibit secondary injury after spinal cord injury.

We believe that even in different models of spinal cord
injury, there may be shared and collective molecular mech-
anisms of injury, and identifying these mechanisms can
provide new ideas for the treatment and prognosis of spi-
nal cord injury. In this study, we retrieved transcriptome
datasets from the GEO database, combined with GSE93561
and GSE45376 gene expression profiles, and performed
DEGs analysis for spinal cord injury, combined with dif-
ference analysis and machine learning. These were chosen
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Fig.4 Immune cell infiltration analysis of hub genes. A Heat maps
between SCI and HC samples based on immune infiltrating cell
enrichment scores. The heatmap showed the immune cell abundance
of 28 immune infiltrating cells. B Box plots based on 28 kinds of
immune infiltrating cell enrichment fraction. The 13 types of immune
infiltrating cells are different between SCI and HC.%p<0.05,% xp
<0.01,* % xp<0.001, and* * * *p<0.0001. C Venn diagrams for
LASSO-Wilcoxon analysis. Elevenll key immune infiltrating cells
were obtained. Venn diagram of Intersection of differential and char-
acteristic immune infiltrating cells. The intersection of 13 differential

because they use spinal cord tissue, providing direct insight
into gene expression and reducing confounding factors.
Although human spinal cord samples are difficult to obtain,
mouse samples are more accessible and facilitate experi-
mental validation, with R tools allowing for the translation
of these findings to human genes. Five central genes related
to PANoptosis in spinal cord injury were identified: CASP4,
GSDMB, NAIP, NLRC4, and NLRP3. All five hub genes
were enriched in phagocytosis mediated by FC GAMMA
R, and 11 kinds of immune cells, such as mast cells and yd
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immunoinfiltrates identified by Wilcoxon analysis and 18 characteris-
tic immunoinfiltrates identified by Lasso was used to obtain the inter-
section of immunoinfiltrates. Eleven interlocking immune infiltrating
cells, namely, key immune infiltrating cells, were obtained. D Heat
map of key cell and hub gene correlation. The correlation heat map
shows that the positive correlation between the hub genes CASP4
and neutrophil was the strongest, and the correlation coefficient was
0.73. The negative correlation between hub gene NLRC4 and Acti-
vated CD8 T cell was the strongest, and the correlation coefficient
was —0.81

T cells, were significantly increased after SCI. The analysis
predicted that one CASP4 inhibitor (EMRICASAN) and nine
NLRP3 inhibitors (such as ALAPROCLATE HYDROCHL
ORIDE, DAPANSUTRILE, CHEMBL602526) might be
small molecule drugs for the treatment of spinal cord injury.

Among the five hub genes, CASP4, GSDMB, NLRC4,
and NLRP3 were apoptosis-related genes, while NAIP were
anti-apoptosis-related genes. CASP4 activates the inflam-
masome and increases pro-inflammatory processes. CASP4
is involved in cell death after spinal cord injury [35]. As a
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Fig.5 TF-hub gene and miRNA-hub gene network. A Venn dia-
grams of transcription factors (TFs) and differential genes. Using
the database, the TFs corresponding to 5 hub genes were predicted,
and 32 TFs were predicted. Thirty-two TFs predicted by the data-
base were intersected with 3582 differential genes identified in this
study to obtain the intersection TFs. A total of 6 intersection TFs are
obtained, that is, differential TFs. B Correspondence diagram. The TF
regulatory network consists of 10 Nodes (4 hub genes, 6 TFS) and 8
Edges. Circles (red up-regulated genes, green down-regulated genes)

receptor for cytoplasmic lipoproteins in SCI, it plays a role
in the formation and pyrolysis of atypical inflammasome
pathways. CASP4 plays a similar role in this process, and
its activation induces GSDMD-dependent focal intensity and
interleukin-18 processing, further aggravating inflammatory
damage. Inhibition of CASP4 inhibits spinal cord injury by
improving NLRP3 inflammatory anti-inflammatory. Inter-
estingly, inhibiting CASP4 also reduced levels of apoptosis-
associated proteins and apoptosis-associated genes, such
as CASP3 and Bcl2 [36], suggesting that drugs targeting
these genes may be a potential strategy to treat spinal cord
injury by inhibiting NLRP3 inflammasome formation and
GSDMD-induced scorchability. GSDMB (Gasdermin B)
belongs to the GSDM protein family, which can regulate
its lipid binding and pore formation activities through dif-
ferent intramolecular domain mechanisms and partici-
pate in pyroptosis [37]. GSDMB is associated with many
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represent hub genes, and rectangles represent differential TFs. C
Venn diagram of miRNA-mRNA relationship. Prediction of miRNA
corresponding to 5 hub genes from Database. A total of 3 pairs of
miRNA-mRNA intersected, including 3 mRNA and 2 miRNAs. D
Correspondence diagram of hub gene and miRNA. The hub gene and
miRNA regulatory network consists of 5 Nodes (3 hub genes, 2 miR-
NAs) and 3 Edges. Circles (red up-regulated genes, green down-regu-
lated genes) represent hub genes, and rectangles represent differential
miRNA

inflammatory diseases. GSDMB can release N-terminal pore
through caspase hydrolysis to form a domain and destroy
the cell membrane, thus triggering cell lysis. The rupture
of the cell membrane causes the release of inflammatory
factors, which begin a new round of heat death by binding
to receptors on the surrounding cell membrane. NLRC4 is a
member of the inflammasome NLR family CARD domain-
containing protein 4 [38]. NLRC4 binds to ligands to form
polyproteomic complexes, which activate NLRC4 inflam-
matory body signals, collect, cut, and activate Caspase-1.
Activated Caspase-1 can shear the precursors of IL-1f and
IL-18 and promote the release of mature IL-1p and IL-18.
Activates IL-1p and IL-18 and releases them into tissues
outside the cell to participate in the subsequent inflamma-
tory cascade. NLRP3(NOD-like receptor thermal protein
domain associated protein 3) is an inflammasome widely
distributed in the central nervous system [39]. Studies have
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found that the expression of NLRP3 inflammasome is sig-
nificantly up-regulated after spinal cord injury, and inhibi-
tion of NLRP3 inflammasome can improve motor function
after SCI [40]. The NLRP3 inflammator provides a platform
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THR-407

ARG-378

LEU-628

ASN-656

for the autocatalytic hydrolysis of procaspase-1, convert-
ing the latter into biologically active caspase-1. Mature
caspase-1 further cuts IL-1p and IL-18, converting them
into live IL-1p and IL-18 and releasing them into tissues
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«Fig.6 Small molecule drug prediction for SCI therapy. A Cor-
respondence diagram of hub gene and small molecule drug. The
circles represent the hub gene, and the long light green squares
represent small molecule drugs. These results show the molecu-
lar docking of hub genes with drugs that have an Interaction Score
of >1. CASP4 has strong binding energy (less than—5 kcal/mol)
with EMRICASAN, while NLRP3 has strong binding energies (less
than—5 kcal/mol) with ALAPROCLATE HYDROCHLORIDE,
CHEMBL602526, and ANAKINRA. Both CASP4 and NLRP3 pre-
dicted one or more small molecule drugs, while other hub genes did
not predict the corresponding small molecule drugs. Potential thera-
peutic drugs interact with the hub gene, which could help develop
new therapeutic targets for SCI therapy. B 3D structure of CASP4
proteins and EMRICASAN small molecule therapy, as well as local
magnification of the structure of amino acid residues (GLN-331,
GLU-164) docked to the drug. C 3D structure of NLRP3 proteins
and ALAPROCLATE HYDROCHLORIDE small molecule therapy,
as well as local magnification of the structure of amino acid residues
(THR-169) docked to the drug. D 3D structure of NLRP3 proteins
and CHEMBL602526 small molecule therapy, as well as local mag-
nification of the structure of amino acid residues (THR-407, ARG-
378) docked to the drug. E 3D structure of NLRP3 proteins and
ANAKINRA HYDROCHLORIDE small molecule therapy, as well
as local magnification of the structure of amino acid residues (SER-
626,LEU-628 and ASN-656) docked to the drug

outside the cell to participate in the subsequent inflamma-
tory cascade. The intense inflammatory response causes
the death of neurons and oligodendrocytes in the spinal
cord. Because various cells in the central nervous system
express IL-1f and IL-18 receptors, they are susceptible to
the NLRP3 inflammasome-mediated inflammatory signal-
ing pathway. Neuronal apoptosis inhibitory protein (NAIP)
is a member of the apoptosis-inhibiting protein family, a
group of highly conserved apoptosis-inhibiting proteins [41].
NAIP plays an anti-apoptosis-inhibiting role by inhibiting
cysteine aspartic protease, participating in tumor necrosis

A
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Naip2 Nired |
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Fig.7 Verification of the hub gene expression in different datasets.
A The expression of hub genes In GSE45376. In the GSE45376
dataset, the genetic differences of Casp4, Naip2, Nlrc4, and Nirp3
in Day 7 samples and control samples (n=9) after SCI were ana-
lyzed. The expression levels of Naip2 and Nirc4 were relatively
higher in day 7 samples after SCI. B The expression of hub genes
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factor receptor-mediated signal transduction and other path-
ways, and is closely related to neurological diseases. NAIP
plays an essential role in many neurological diseases [42,
43]. Studies showed that typical apoptotic changes occurred
in the frontal cortex of rats after chronic cerebral ischemia.
There is much evidence that the death of nerve cells after
ischemia is regulated by caspases. Studies suggest that NAIP
is involved in the apoptosis of nerve cells in the brains of
rats with chronic ischemia [44]. NAIP is a marker of acti-
vating the anti-apoptosis mechanism in the spinal cord. The
present study was consistent with the above and validated
that CASP4, NAIP, NLRC4, and NLRP3 were activated
after SCI. Animal experimental results demonstrated a pro-
gressive increase in the expression levels of Casp4, Naip2,
Nlrp3, and Nirc4 in both the spinal cord and peripheral
blood at 2 h, 2 days, and 7 days post-spinal cord injury.
This pattern may be associated with the peak expression
of the inflammatory immune microenvironment following
injury [45]. Notably, we observed no significant differences
in the expression levels of Naip2, Nlrp3, and Nlrc4 between
peripheral blood and spinal cord across different stages of
injury. This finding suggests the potential for detecting the
activation of PANoptosis genes in various tissues post-SCI.
Future research could focus on confirming the activation
of these genes in the spinal cords of patients by analyzing
gene expression in peripheral blood, thus informing treat-
ment strategies. However, due to time limitations, we did
not investigate gene expression changes beyond the 7-day
post-injury mark. Interestingly, at day 7 post-SCI, Casp4
expression exhibited differential patterns between peripheral
blood and spinal cord samples, implying that gene expres-
sion dynamics may vary across tissues over time. Explor-
ing the correlation of gene expression levels across different

GSE93561
Casp4 Naip2 Nirp3
Py 6
61 )
H 5
24 6
£
-
<P 51
4
‘ ?
01
34
. 3
HC SCl1 HC SC1 HC SC1

in GSE93561. In the validation set (GSE93561), the genetic dif-
ferences of Casp4, Naip2, and Nlrp3 in SCI and HC (n=3)
were analyzed. The expressions of Naip2, Nirp3, and Casp4 in
SCI samples were significantly higher than those in HC sam-
ples.xp<0.05,% %p <0.01, % * % p <0.001 and ns =not significant
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«Fig. 8 Verification of the hub gene expression in a mouse SCI model.
A Schematic diagrams. The mice underwent T10 laminectomy
using a midline skin incision between T9 and T11, and a midline
spinal contuse was performed with a force of 0.7 N at the exposed
T10 level. 2 h (2 h), 2 days (2d), and 7 days (7d) after surgery, RNA
was extracted from the injured spinal cord and peripheral blood of
mice for PCR testing. By Figdraw version 2.0. B The expression of
Casp4, Naip2, Nlrp3, and Nlrc4 in peripheral blood samples at 2 h
(2 h), 2 days (2d), and 7 days (7d) after SCI in a mouse model was
analyzed. The expression levels of Casp4, Naip2, Nlrp3, and Nlrc4
at 2 days (2d) and 7 days (7d) after SCI were relatively higher than
Sham. C The expression of Casp4, Naip2, Nirp3, and Nirc4 in spi-
nal cord samples at 2 days (2d) and 7 days (7d) after SCI in a mouse
model was analyzed. The expression levels of Casp4, Naip2, Nlrp3,
and Nlrc4 at 2 days and 7 days after SCI were relatively higher than
Sham. D Casp4, Naip2, Nlrp3, and Nirc4 expression in spinal cord
samples and peripheral blood samples were compared at 2 h (2 h),
2 days (2d), and 7 days (7d) after SCI. There was no significant dif-
ference in the expression of four genes between the two groups at 2 h
and 2 days after injury. On the 7th day of injury, the expression of
Casp4 was significantly different between the two samples. Data are
presented as means +SD, xp<0.05, *%p<0.01, *+xp<0.001, and
ns=not significant (n=3)

tissues could yield novel diagnostic strategies for monitoring
PANoptosis within the spinal cord.

Immune cells recruit to the focal center of injury and
are closely related to the progression of spinal cord injury
[46]. We used CIBERSORT to evaluate infiltrated immune
cells after spinal cord injury [47]. By difference analysis,
13 types of immune infiltrating cells were mainly mast
cells, immature dendritic cells, and macrophages after SCI.
LASSO analysis also identified 11 key immune infiltrating
cells, including yd T cells, neutrophils, and regulatory T
cells. According to the literature, DC maturation is signifi-
cantly reduced in patients with spinal cord injury. Studies
have found that Tregs are essential factors in the immune
system, which play an immunosuppressive role by regu-
lating various mechanisms, thus promoting the repair of
the damaged nervous system [48]. Macrophages secrete
cytokines that regulate signaling pathways and promote
functional recovery after spinal cord injury. One study
showed that reducing neutrophil activity was beneficial in
mitigating the harmful effects of neutrophil outbreaks. Our
analysis found that CASP4 was positively associated with
neutrophils, and NLRC4 had the strongest negative asso-
ciation with activated CD8 T cells. Therefore, CASP4 and
NLRC4 may participate in the occurrence and progression
of SCI by increasing positively related cells or decreasing
negatively related cells. More research on the relationship
between biomarkers and immune cells is needed to con-
firm these suspicions. After spinal cord injury, local tissue
damage and many cell debris and decomposition products
appear in the spinal cord injury area, which induces sec-
ondary cell death, inhibits axon regeneration, and hinders
nerve function repair. FC-GAMMA-R (Fc-yR) is a particu-
lar receptor that mainly exists on immune cells’ surface,
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such as macrophages, dendritic cells, and NK cells. Fc-yR
can activate the phagocytosis of immune cells, thus play-
ing a role in immune regulation and maintaining body
health [49]. Phagocytosis mediated by Fc-yR is one of the
most direct and effective immune clearance methods of the
immune system. In immune response, when the recognized
IgG binds to specific antigens, Fc-yR is activated, and the
phagocytic behavior of macrophages, dendritic cells, NK
cells, phagocytic pathogens, cellular garbage, tumor cells,
etc. is regulated. This phagocytosis is very effective and
can quickly remove disease-related substances and protect
the body from harm. At the same time, as a crucial inflam-
matory stimulator, myelin fragments can recruit many
monocytes into the spinal cord injury area and then differ-
entiate into mature macrophages (BMDMs). BMDMs play
an essential physiological role as specialized phagocytes,
responsible for phagocytosis and removal of apoptotic cell
debris and myelin debris, which is critical for creating a
regenerative microenvironment that promotes damage
repair [50]. In addition, we also found that CASP4 is related
to “macrophages,” GSDMB is significantly enriched in “lys-
osomes,” NAIP and NLRC4 are significantly enriched in
“reactive oxygen metabolism,” and NLRP3 is significantly
enriched in “PPAR signaling pathway,” all of which are
related to injury and repair after spinal cord injury.
Abnormal gene expression is closely related to the occur-
rence and development of spinal cord injury. However, little
is known about the interaction of these abnormally expressed
genes and the molecular mechanisms that play a role in the
injury response. Therefore, it is of great significance to
explore the molecular regulation mechanism after spinal
cord injury. Through analysis, the TF-hub gene network
and miRNA-hub gene were established. NLRP3 is regulated
by STAT3, CEBPB, and PPARG transcription factors, and
NLRP3 is regulated by hsa-mir-193b-3p. Therefore, we will
next study these hub genes and transcriptional regulators to
see if they have a role and how they are regulated to play a
protective role after spinal cord injury in animals.

Conclusions

By analyzing five genes (CASP4, GSDMB, NAIP, NLRC4,
and NLRP3) and drug networks, the molecular mechanism
of the role of key genes related to PANoptosis in spinal
cord injury can be clarified, providing potential direc-
tions for the diagnosis and treatment of spinal cord injury.
In addition, we need to explain the shortcomings of our
study, such as further validation of the expression of these
key genes in vitro experiments. Moreover, we will next
investigate how to regulate these hub genes and transcrip-
tional regulators in the hope of playing a protective role
after spinal cord injury.
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