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Abstract: To identify mitochondria related genes involved in intervertebral disc degeneration (IDD) and to investigate
the potential molecular mechanism. The GSE124272 and GSE56081 datasets were used in this study. First, inter-
secting genes were screened by overlapping key module genes obtained from weighted gene co-expression network
analysis (WGCNA) and differentially expressed genes (DEGs). Functional enrichment analyses were performed to ex-
plore the functions of intersecting genes. Subsequently, candidate IDD-associated genes were screened using Men-
delian randomization (MR) based on the intersecting genes. Thereafter, machine learning algorithm was applied to
identify biomarkers, and their diagnostic performance was assessed using receiver operating characteristic (ROC)
curves. Single-gene gene set enrichment analysis (GSEA) was utilized to investigate the molecular mechanisms
of the identified biomarkers. Meanwhile, correlations between the biomarkers and immune cell infiltration were
investigated. In addition, the transcription factor (TF)-mRNA and competing endogenous RNA (ceRNA) networks
were constructed. Finally, the mRNA-drug interaction network was established. A total of 827 intersecting genes
were screened, and 31 differentially expressed mitochondria-related genes were obtained. Functional enrichment
results revealed that these genes were primarily involved in the positive regulation of cytokine production and the
cell cycle. Four candidate genes were obtained by MR analysis based on intersecting genes. Finally, two biomarkers
(PTGS1 and PPBP) were screened, both of which demonstrated decent diagnostic performance. Single-gene GSEA
enrichment results indicated that these two biomarkers were mainly enriched in the ribosome and neuroactive
ligand receptor interaction. Correlation analysis showed strongest positive correlation between PTGS1 and mast
cells, and the highest negative association between PPBP and activated CD4 T cells. The mRNA-TF regulatory net-
work included 2 mRNAs, 12 TFs, and 15 pairs of regulatory interactions. Furthermore, the ceRNA regulatory network
included 2 biomarkers, 45 miRNAs, and 67 long non-coding RNA (IncRNAs). Finally, a total of 70 potential drugs
targeting these biomarkers were predicted. In conclusion, PTGS1 and PPBP were identified as key mitochondria-
related genes associated with IDD, providing novel insights into the diagnosis and treatment of IDD.
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Introduction whom approximately 10% subsequently experi-

ence metastatic cord compression [2]. Spinal
The spine is the most common site of bone metastases predominantly originate from a
metastases and the incidence of spinal metas- defined spectrum of primary tumors, including
tases is on a rise [1]. Up to 70% of cancer breast, lung, prostate, and renal cancers, while
patients develop spinal metastases, among thyroid cancer, melanoma, myeloma, lympho-
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ma, and colorectal carcinoma are less com-
mon [3]. Over the last decades, survival in
patients with spinal metastases has signifi-
cantly increased due to the advances in mo-
lecular characterization of tumors, surgical
techniques, chemotherapy, radiotherapy and
hormonal therapies [4]. With the improvement
in long-term survival rates for patients with spi-
nal metastases, the survivor population con-
tinues to expand. This makes it increasingly
important to gain a deeper understanding of
the long-term late effects caused by spinal
metastases and their treatments. Current man-
agement strategies include chemotherapy, ra-
diotherapy, surgical excision, or a combination
of these approaches. Previous studies have
shown that while spinal radiotherapy is clinical-
ly feasible, immature organ systems are prone
to radiation damage. Therefore, radiotherapy in
generally not recommended in young patients.

Intervertebral disc degeneration (IDD) has been
increasingly observed in long-term survivors of
spinal metastases, especially among patients
undergoing spinal radiotherapy [5]. Studies
have reported a higher prevalence of lumbar
IDD in patients with spinal metastases [6].
Resnick et al. reported that intervertebral disc
abnormalities was associated with spinal me-
tastasis from prostatic carcinoma, identifying
intervertebral disc degeneration, cartilaginous
nodes, and disc invasion by tumor as potential
pathological processes [7]. Similarly, Jonsson
et al. found that endplate defects and depres-
sions in spine specimens affected by breast
cancer metastases were associated with com-
pensatory expansion of the intervertebral
discs, which contributes to IDD [8]. Nucleus
pulposus (NP) cells are essential for the inter-
vertebral disc function and extracellular matrix
metabolism, which undergo the earliest de-
generative changes during the process of IDD
[9]. Thus, a comprehensive understanding of
molecular mechanisms underlying NP cell loss
may offer a new insights into relieving IDD
caused by spinal metastases.

Mitochondria are double-membrane-bound or-
ganelles primarily responsible for adenosine
triphosphate production. They can activate
multiple enzymes involved in oxidative meta-
bolic pathways. Mitochondrial dysfunction has
been associated with cell damage and various
age-related diseases [10]. Some studies have
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revealed that mitochondria-induced cell death
is a critical mechanism contributing to IDD [11].
Moreover, mitochondrial damage has been
associated with NP cell dysfunction, metabolic
imbalance between anabolic and catabolic
processes, and inflammatory responses [12].
Disruption of mitochondrial dynamics has also
been positively associated with oxidative stress
in the process of IDD [13]. To date, most stud-
ies on mitochondria-related genes have primar-
ily focused on their regulation of mitochondrial
function. However, emerging evidence sug-
gests that mitochondrial-related genes are
also closely associated with cell function and
immune regulation [14]. Given that the interver-
tebral disc (IVD) is immune-privileged under
physiological conditions, elucidating the roles
of mitochondrial-related genes in the process
of IDD has become a hotspot of research.

In this study, IDD-related datasets were inte-
grated with Mendelian randomization (MR) an-
alysis to identify differentially expressed mito-
chondria-related genes associated with IDD.
The biological pathways and molecular regula-
tory networks involving these genes were ex-
plored, and the potential pharmaceuticals were
further investigated. The findings of this study
would offer new theoretical insights and evi-
dence for the treatment of IDD.

Materials and methods
Source of data

The GSE124272 and GSE56081 datasets were
sourced from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/
geo/). The GSE124272 dataset (GPL570) in-
cluded whole-blood microarray data from 8
control samples and 8 IDD samples derived
from patients with spinal metastases. The
GSE56081 dataset (GPL10295) included the
microarray data of human nucleus pulposus
tissue from 5 patients with IDD secondary to
spinal metastases and 5 control samples. A
total of 1136 mitophagy-related genes (MRGs)
were obtained from the MitoCarta 3.0 data-
base (https://www.broadinstitute.org/mitocar-
ta) [15]. The ukb-b-19807 dataset was sourced
from the IEU OpenGWAS database (https://
gwas.mrcieu.ac.uk/). The ukb-b-19807 data-
set included the single nucleotide polymor-
phism (SNP) data from 463,010 IDD samples
(9,851,867 SNPs).
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Identification of differentially expressed genes
(DEGS)

DEGs between the IDD and control groups were
identified in the GSE124272 dataset using the
limma package (version 3.52.4) [16], with a P
value < 0.05 and [log,FC| = 0.5. Volcano plots
and heatmaps were drawn using the ggplot2
package (version 3.3.6) [17] and the heatmap3
package (version 1.1.9), respectively, illustrat-
ing the variance of DEGs.

Screening of key module genes using weighted
gene co-expression network analysis (WGCNA)

The MRG score of each sample was obtained
using the GSVA package (version 1.44.5) [18],
with MRGs serving as the reference gene set.
WGCNA (version 1.71) was then performed to
[19] screen genes associated with the MRG
score. Initially, sample clustering was perfor-
med to remove potential outliers, thereby
ensuring the accuracy of the analysis. Then, the
optimal soft-threshold (B) was selected to
construct a scale-free co-expression network.
Next, the clustering dendrogram was acquired
by calculating the adjacency and similarity.
Gene modules were identified using the dy-
namic tree-cutting algorithm. The correlations
between each module and the MRG score
were then evaluated, and the modules with the
strongest correlation was defined as the key
module. Lastly, genes in the key module were
targeted as key module genes for subsequent
analyses.

Acquisition and functional annotation of inter-
section genes

The UpSetR package (version 1.4.0) [20] was
utilized to identify overlapping DEGs and key
module genes, designating as intersection
genes. Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGQG) enri-
chment analyses of intersection genes was
performed using the clusterProfiler package
(version 4.4.4) (P value < 0.05) [21].

Mendelian Randomization (MR) analysis

The intersection genes were used as exposure
variables and IDD as the outcome variable for
MR analysis. MR analysis is based on three
assumptions: (O there is a strong correlation
between instrumental variables and exposure;
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@ instrumental variables are independent of
confounding factors affecting both the expo-
sure and the outcome; and ) the instrumen-
tal variables influence the outcome only throu-
gh the exposure, rather than other biological
pathways.

First, the reading and filtering of exposure fac-
tors was carried out using the mv_harmonise_
data function of the TwoSampleMR package
(version 0.5.6) [22]. The mv_lasso_feature_
selection function was utilized to eliminate
collinearity among instrumental variables, and
then the mv_multiple function along with five
algorithms MR-Egger [23], Weighted median
[24], Simple mode, Weighted mode [25] and
inverse variance weighted (IVW) regression
[26] were employed for MR analysis. The IVW
method was considered the primary approach
for causal inference. Then, odds ratios (ORSs)
were calculated to estimate effect sizes, with
OR > 1 indicating risk factor and OR < 1 indicat-
ing protective factor. The results were visual-
ized using scatter plots and funnel plots. The
robustness of the MR results was assessed
using sensitivity analyses, including heteroge-
neity test, horizontal pleiotropy test, and the
Leave-One-Out (LOO) method. The final sc-
reened significant exposures were defined as
candidate genes for subsequent analyses.

Machine learning and subcellular localization
analysis

Candidate genes were further screened to
identify biomarkers using support vector ma-
chine-recursive feature elimination (SVM-RFE)
algorithm implemented in the 1071 packa-
ge (version 1.7-11). Then, the predictive ac-
curacy of the identified biomarkers was evalu-
ated using receiver operator characteristic
(ROC) curves based on the GSE124272 and
GSE56081 datasets. Meanwhile, differences
in the expression of biomarkers between IDD
and control groups were compared in both
datasets. In addition, a gene-gene interaction
(GGI) network of the biomarkers was construct-
ed using GeneMANIA platform (http://genema-
nia.org), with the top 20 genes displayed.
Finally, sub-cellular distribution of the identi-
fied biomarkers was determined using the
Genecards databased, with a confidence score
threshold set at 5.

Am J Cancer Res 2026;16(1):88-104



A MR analysis for IDD caused by metastatic spine tumor
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‘Differential expression analysis ‘

Candidate genes

MR analysis

GO and KEGG

SVM-RFE

Figure 1. Workflow of this study. This study integrated differential expres-
sion analysis, WGCNA, and machine learning to identify mitochondria-relat-
ed candidate genes associated with IDD. Key genes were validated through
MR analysis and SVM-RFE, followed by functional enrichment analysis, reg-
ulatory network construction, immune infiltration analysis, and prediction
of potential treatment drugs. Notes: WGCNA, weighted gene co-expression
network analysis; MR, Mendelian randomization; SVM-RFE, support vector
machine-recursive feature elimination; IDD, intervertebral disc degenera-

‘ Drug prediciton | ‘ Immunoinﬁltrati0n|

Net (https://www.mirnet.ca/)
based on the JASPAR data-
base (degree > 1). Then, the
MRNA-TF regulatory network
was constructed and visualiz-
ed using Cytoscape software
(version 3.9.1) [28].

Construction of the compet-
ing endogenous RNA (ceRNA)
regulatory network

miRNAs targeting the identi-
fied biomarkers were predict-
ed using miRNet (https://www.
mirnet.ca/) based on the JA-
SPAR database (degree > 1).
Interactions between IncRNAs
and miRNAs were obtained
from the Starbase databa-
se (clipExpNum = 20). Finally,
the IncRNA-miRNA-mRNA net-
work was constructed using

tion.

Single-gene gene set enrichment analysis
(GSEA)

Single-gene GSEA was performed to explore
the potential regulatory pathways and biologi-
cal functions associated with each biomarker.
Pathways with adjusted P value < 0.05 were
considered statistically significant. The top 5
significantly enriched KEGG pathways were
visualized separately.

Immune-infiltration analysis

The proportion of 28 immune cell subtypes in
each sample were computed using the single-
sample GSEA algorithm in the GSVA package
(version 1.44.5) [27]. Differences in immune
cell infiltration between the IDD and control
groups were subsequently compared, and the
results were visualized using box plots. Mean-
while, the correlation analysis was performed
between immune cells and biomarkers using
Spearman method.

Construction of the mRNA-transcription factor
regulatory network

Transcription factors (TFs) targeting the identi-
fied biomarkers were predicted using the miR-
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Cytoscape software (version
3.9.1).

Construction of biomarker-drug interaction
network

Potential drugs interacting with the identified
biomarkers were retrieved from the DrugBank
database (https://go.drugbank.com/). A bio-
marker-drug interaction network was construct-
ed based on the predicted results (screening of
approved drugs). Then, the network was visual-
ized using Cytoscape software (version 3.9.1).

Statistical analysis

All bioinformatics analyses were conducted
using R language software (version 4.1.2).
SPSS version 22.0 was used for statistical
analyses. Spearman’s correlation method was
used for correlation analysis. A two-sided
P value < 0.05 was considered statistically
significant.

Results

Identification of DEGs and key module genes
The overall analytical design is illustrated in
Figure 1. A total of 1493 DEGs were identified

between the IDD and control group from the
GSE124272 dataset, among which 765 were
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Figure 2. |dentification of DEGs. A: Volcano plot showing DEGs between the IDD and control groups; B: Heatmap
of DEGs; C: Venn diagram illustrating the DE-MRGs by overlapping MRGs and DEGs. Notes: DEG, differentially ex-
pressed gene; IDD, intervertebral disc degeneration; DE-MRGs, differentially expressed mitochondria-related genes;

MRGs, mitochondria-related genes.

up-regulated and 728 were down-regulated
(Figure 2A and 2B). WGCNA analysis was per-
formed on the GSE124272 dataset to identify
genes related to MRG scores. Sample cluster-
ing results demonstrated the absence of out-
lier samples (Figure 2C). When the soft thresh-
old was set to 10, the resulting network best
approximated a scale-free topology (R? = 0.85),
with the average connectivity close to zero.
Then, a total of 17 modules were obtained after
merging similar modules by setting MEDiss-
Thres to 0.3 (Figure 3A and 3B). Of these,
MEblue (r = 0.82, P = 9e-05) exhibited the
strongest correlation with the MRG score
(Figure 3C). Hence, this module was defined as
key module, containing 8941 genes that recog-
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nized as key module genes for subsequent
analyses.

Functional enrichment analysis of intersection
genes

A total of 827 intersection genes, including
NLRP7, CCR9, UCHLZ1, GLDC, P3H2, TNFRSF17,
were obtained (Figure 4A). Among these, 31
DE-MRGs were identified (Figure 4B). Enri-
chment analysis indicated that these genes
were involved in 546 GO terms, comprising 51
cellular component (CC), 53 molecular function
(MF), and 442 biological process (BP) catego-
ries, and 10 KEGG pathways. GO enrichment
analysis indicated that these genes were pri-

Am J Cancer Res 2026;16(1):88-104
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Figure 3. Identification of key module genes. A: Clustering dendrogram of module eigengenes; B: Gene dendrogram
with corresponding module colors; C: Correlations between module eigengenes and MRG scores. Note: MRGs,

mitochondria-related genes.

marily associated with positive regulation of
cytokine productions and the Fc receptor sig-
naling pathway (Figure 4C). KEGG analysis
demonstrated significant enrichment in path-
ways including the cell cycle, protein process-
ing in the endoplasmic reticulum (Figure 4D).

Screening of candidate genes for IDD and
sensitivity analysis

A total of 4 candidate genes were acquired
through MR analysis, including PTGS1, SELP,
PPBP, and PRRG4. The IVW method revealed
causal relationship between IDD and PTGS1
(P = 0.0020; ORs = 1.00016), SELP (P =
0.0024; ORs = 1.00015), PPBP (P = 0.0343;
ORs = 1.00011), and PRRG4 (P = 0.0386;
ORs = 1.00045), indicating that these genes
were all risk factors for IDD. Scatter plots gen-
erated using five algorithms demonstrated
consistent directions of effect, with a small
intercept and a positive slope for IVW. Funnel
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plots showed symmetrical distributions of in-
strumental variables, consistent with random
allocation of alleles according to Mendel’s sec-
ond law.

Heterogeneity analysis revealed no significant
heterogeneity among instrumental variables,
and the Q values for PTGS1, SELP, PPBP, and
PRRG4 were 0.1551, 0.1113, 0.6245 and
1.6059, respectively (Table 1). The results of
the horizontal pleiotropy test indicated that
there was no horizontal multi-effect (PTGS1:
P = 0.8071, SELP: P = 0.9108, PPBP: P =
0.9113, PRRG4: P = 0.9461) (Table 2). In addi-
tion, the LOO analysis showed that no single
instrumental variable disproportionately influ-
enced the IVW estimates, indicating robust and
reliable results (Figure 5). In conclusion, the
above results suggested that PTGS1, SELP,
PPBP, and PRRG4 were candidate genes asso-
ciated with IDD.

Am J Cancer Res 2026;16(1):88-104



A MR analysis for IDD caused by metastatic spine tumor

A 8114 B
7500
[
N
(%]
c
& 5000
8
3 1105 31 796
o) Ly 0
£ 250 (57.20%) (1.60%) (41.20%)
= 1493
827
ol
[ = . MRGs Intersection genes
7500 5000 2500
Set Size
CC: condensed
X cc: Kinetoch MF: immune
MF: DNA-binding cc: A A * Kinetochore receptor activity
transcription repressor centromeric region centromeric region
BP: positive regulation activity, RNA
of cy P
ME: BP: Fcreceptor | BT Negative | . egative
. : regulation of
- mitotic nuclear | "egulation of
cc: basal plasma DNA binding pathway stk nuclear division
division
membrane
MF: DNA-binding
transcription 2
BP: negative
cc: chromosomal region BP:
gl repressor activity regulation of BP: s =
of spanning protein
receptor
i sister chromatid |  tyrosine kinase
MF: organic anion SRgIsgation activity signaling
= pathway
ter activity BP: “"9“"";
of
mitotic sister BP: DNA CCIDNANM] ", o~ o
chromatid unwinding replication | particie receptor
greg: in DNA initiati activity
= = = CC: condensed
MF: actin binding e BP: negative e
ccs ot MF: romresecs sciny
mitotic sister cc: cme ingl
chromatid complex DNA helicase CC: nuclear
separation activity lamina
I T T T T I T T T ]
0.000 0001 0002 0003 0004 0005 0.006 0007  0.008
p.adjust
Protein pi ing in ic reticulum Osteoclast differentiation
Cell cycle
y bowel di Pyri
(GPl)—anchor biosynthesis
Axon guidance
Hippo signaling
Malaria Antifolate resistance pathway —
multiple species
C T T T T T T T T T T )
0.000 6.005 6.010 G015 6.020 6.025 0.030 0.035 6.040 0.045 6.050
p.adjust

Figure 4. Functional enrichment of intersection genes. A: Identification of 827 intersection genes obtained by over-
lapping WGCNA-derived key module genes with DEGs; B: Venn diagram illustrating DE-MRGs identified by overlap-
ping MRGs with intersection genes; C: GO enrichment analysis of intersection genes; D: KEGG pathway enrichment
analysis of intersection genes. Notes: WGCNA, weighted gene co-expression network analysis; DE-MRGs, differen-
tially expressed mitochondria-related genes; MRGs, mitochondria-related genes; DEG, differentially expressed gene;
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 1. Heterogeneity test for PTGS1, SELP, PPBP and PRRG4

QOutcome Exposure Method Q Q_df Q_pval

PTGS1 Diagnoses-main ICD10: M51.3 Other specified intervertebral ENSG0O0000095303 | | MR Egger 0.078 2 0.962
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO0000095303
Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSGO0000095303 | | Inverse variance 0.156 3 0.984
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO0000095303 weighted

SELP Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG0O0000174175 || MR Egger 0.091 1 0.762
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO0000174175
Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000174175 | | Inverse variance 0.111 2 0.946
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG00000174175  weighted

PPBP Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000163736 | | MR Egger 0.610 4 0.962
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO00000163736
Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000163736 | | Inverse variance  0.6245 5 0.987
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG0O0000163736  weighted

PRRG4 Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSGO0000135378 | | MR Egger 1.594 1 0.207
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG00000135378
Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000135378 | | Inverse variance 1.606 2 0.448
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO0000135378 weighted

Table 2. Horizontal pleiotropy test for PTGS1, SELP, PPBP and PRRG4
Outcome Exposure Egger_intercept SE pval

PTGS1 Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSGO0000095303 | | -2.20E-05 7.90E-05 0.807
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSGO0000095303

SELP Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000174175 | | -1.47E-05 0.000104492 0.911
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG00000174175

PPBP Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000163736 | | -6.63E-06 5.59E-05 0.911
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG00000163736

PRRG4 Diagnoses - main ICD10: M51.3 Other specified intervertebral ENSG00000135378 | | -1.08E-05 0.000126817 0.946
disk degeneration | | id:ukb-b-19807 id:eqtl-a-ENSG00000135378
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Figure 5. The sensitivity analysis of candidate genes using LOO analysis. A: PTGS1. B: SELP. C: PPBP. D: PRRG4.

Note: LOO, leave-one-out.

Biomarker screening and performance evalu-
ation

Through screening, a total of two biomarkers
(PTGS1 and PPBP) were acquired using SVM-
RFE algorithm (Figure 6A). Subcellular localiza-
tion analysis revealed that PTGS1 and PPBP
were predominantly distributed in endoplasmic
reticulum and extracellular regions (Figure 6B).
GGI network analysis indicated that the bio-
markers interacted with genes such as PTGIS,
TBXAS1, PTGDS, MPO, and PTGS2, and were
mainly involved in biological functions including
chemokine receptor binding and neutrophil
migration (Supplementary Figure 1). ROC curve
analysis demonstrated high diagnostic accura-
cy for both PTGS1 and PPBP, with area under
the curve (AUC) values exceeding 0.79 in bo-
th the GSE124272 and GSE56081 datasets
(Figure 6C and 6D). These two biomarkers
were all upregulated in IDD samples in both
GSE124272 and GSE56081 datasets (Figure
6E and 6F).

96

Single-gene GSEA analysis of biomarkers

Single-gene GSEA revealed that PTGS1 and
PPBP were mainly enriched in KEGG pathways,
including ribosome and neuroactive ligand-
receptor interaction (Figure 7A and 7B).

Immune-related analyses of biomarkers

A total of 7 immune cells, including activat-
ed CD4+ T cell, activated dendritic cell, and
myeloid-derived suppressor cells (MDSCs),
showed significant differences between the
IDD and control groups (Figure 8A). Correlation
analysis showed the strongest positive correla-
tion between PTGS1 and the mast cell, and the
strongest negative association between PPBP
and the activated CD4 T cell (Figure 8B).

mMRNA-TF and ceRNA regulatory networks of
biomarkers

To further investigate the regulatory mecha-
nisms of the identified biomarkers, mRNA-TF
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and ceRNA regulatory networks were construct- ers were identified. Following this, an mRNA-TF
ed. In total, 12 TFs corresponding to biomark- regulatory network containing 14 nodes, in-
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cluding 2 mRNAs (PTGS1 and PPBP) and 12 TFs
(e.g., HOXAB, GATA2, RUNX2, and RUNX2) with
15 edges was established (Supplementary
Figure 2A). Of these, PPBP was predicted to be
regulated by a greater number of TFs. A IncRNA-
miRNA-mRNA network was constructed by pre-
dicting 45 miRNAs targeting the biomarkers
and integrating IncRNA-miRNA interaction
data. This network contained 2 biomarkers
(PTGS1 and PPBP), 45 miRNAs (e.g., hsa-miR-
335-5p, hsa-miR-146b-3p, hsa-miR-4446-3p,
and ahsa-miR-3173-5p), and 67 IncRNAs (e.g.,
AL513497.1, DANCR, HELLPAR, and miR497-
HG) (Supplementary Figure 2B). Representative
regulatory pairs included hsa-miR-130a-3p-
PPBP and hsa-miR-101-3p-SNHG6.

Prediction of biomarker-related drugs

DrugBank database analysis identified 70 ther-
apeutic drugs potentially targeting 2 biomark-

98

ers. Among these, 69 drugs (e.g., indometha-
cin, nabumetone, ketorolac, and tenoxicam)
were predicted to interact with PTGS1 and one
drug (copper) was predicted to target PPBP
(Figure 9).

Discussion

The intervertebral disc (IVD) plays a crucial role
in maintaining spinal flexibility and absorbing
mechanical shocks. IDD secondary to spinal
metastases can cause pain and constrain mo-
tion [29]. Although existing evidence has par-
tially illustrated the pathogenic mechanisms
underlying IDD caused by spinal metastases,
studies specifically investigating mitochondrial
dysfunction in this context remains limited. This
study addressed this gap by integrating tran-
scriptomic data and MR analysis to screen and
verify key mitochondria-related genes involved
in IDD. Furthermore, the biological pathways
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Comparison of immune cell infiltration between IDD and con-
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and regulatory networks associated with the-
se genes were comprehensively explored. Our
results suggest the causal relationship of
PTGS1 and PPBP with IDD secondary to spinal
metastases.

PTGS1, also known as cyclooxygenase 1
(COX1), is ubiquitously expressed in various tis-
sues and participates in the biosynthesis of
prostaglandin (PG), thereby regulating renal,
gastrointestinal, and platelet function [30]. Pre-
vious studies have demonstrated that COX1
knockdown can induce caspase-dependent
apoptosis, characterized by increased cytoso-
lic cytochrome c levels, caspase-9 and cas-
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pase-3 activation, along with downregulation
of mitochondria cytochrome c, indicating cyto-
chrome ¢ release from mitochondria into the
cytosol [31]. Another study reported that COX-1
could induce mitochondrial apoptosis by medi-
ating Bcl-2 family members in colorectal cancer
cells [32]. In addition, PTGS1 has been impli-
cated in mitochondrial dysfunction and is con-
sidered a molecular link between inflammation
and mitochondrial dysfunction [33]. PTGS1 has
been associated with multiple pathological
conditions, including inflammation, arthritis,
and cancer. Nagao et al. performed a meta-
analysis, revealing the association between
PTGS variants and nonsteroidal anti-inflamma-
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Figure 9. Prediction of biomarker-related drugs.

tory drugs (NSAIDs), which inhibit the biosyn-
thesis of PG by PTGS1 and reduce inflamma-
tion [34]. Another study identified PTGS1 as a
key candidate gene in inflammatory arthritis
based on differential expression in a heteroge-
neous mouse cohort [35]. Additionally, PTGS1
knockdown was shown to modulate the inflam-
matory microenvironment during bone remod-
eling [36]. Elevated PTGS1 expression could
impair the protective effects of BCL-2 [37],
which may disrupt cellular homeostasis in the
nucleus pulposus and contribute to the de-
velopment of IDD. Moreover, increased PTGS1
expression may reduce the ant-inflammatory
effects of BCL-2 by disrupting ECM metabolic
balance and enhancing local inflammatory
responses in disc cells, thereby promoting IDD
progression [38]. Consistent with these find-
ings, the MR analysis in this study supports a
potential causal correlation between PTGS1
and IDD.
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In addition to mitochondrial regulation, our re-
sults also indicate that PTGS1 may also partici-
pate in immune modulation. Previous studies
have shown that IDD is characterized by infil-
tration of immune cells, including CD4+ and
CD8+ T cells and neutrophils [39]. In this study,
PTGS1 was strongly positively correlated with
immune cell infiltration, particularly CD4+ cells.
This association was subsequently confirmed
by the mRNA-TF and ceRNA regulatory network
analyses. In addition, subsequent biomarker-
drug analysis identified 69 drugs targeting
PTGS1. Thus, inhibiting PTGS1 expression may
provide clinical benefits for IDD, and in-depth
studies into targeted regulation of PTGS1 are
warranted.

Pro-platelet basic protein (PPBP), or chemokine
(C-X-C motif) ligand 7 (CXCLTY), is a small cyto-
Kine predominantly expressed in megakaryo-
cytes and produced by monocytes, macro-
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phages and endothelial cells, particularly un-
der inflammatory conditions [40]. Moreover,
PPBP has also been identified as a biomarker
in various diseases, including cancers, thyroid
carcinoma, inflammation, and arthritis. Previ-
ous research has shown that PPBP modulates
immune responses and plays a role in neutro-
phil-driven inflammation across various pa-
thological conditions [41]. Genetic deletion of
PPBP could attenuate skin inflammation and
reduce proinflammatory cytokine expression
[42]. To date, the association of PPBP with disc
degeneration has not been reported. In this
study, PPBP was found to be highly expressed
during IDD progression. Moreover, PPBP over-
expression was positively correlated with the
infiltration of CD4+ T cells, mast cells, and
memory B cells. Integrating our results with
existing literature, we speculated that PPBP
may contribute to the formation of a special
type of immune microenvironment during the
process of IDD by recruiting immune cells,
which in turn exacerbates IDD.

Immune infiltration analysis identified seven
immune cell types with obvious differences
between the IDD and control groups, includ-
ing activated CD4+ T cells, activated dendritic
cells, CD56 dim natural Killer cells, mast cell,
MDSCs, memory B cells, and regulatory T cells.
Among these, PPBP showed the strongest neg-
ative associated with activated CD4+ T cells
(Cor = 0.75), indicating that PPBP may inhibit
the infiltration of activated CD4+ T cell into
degenerative disc tissues, thereby suppressing
the released of pro-inflammatory cytokines
such as IL-6 and TNF-a [43]. In combination
with its known roles in maintaining mitochon-
drial homeostasis and suppressing ferroptosis
in NP cells [44], PPBP may collectively attenu-
ate local inflammatory responses and exert
anti-inflammatory effects during IDD progres-
sion. In contrast, PTGS1 showed an obvious
positive association with differential immune
cells, particularly mast cells, MDSCs, regula-
tory T cells, and activated dendritic cells, indi-
cating that PTGS1 may aggravate disc degen-
eration by promoting the recruitment of pro-
inflammatory immune cells and activating NF-
KB signaling pathways [45]. The infiltration of
these immune cells may further enhance ECM
degradation and disrupt the immune-inflam-
matory microenvironment. Taken together, ele-
vated PPBP expression appears to suppress
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activated CD4+ T cell infiltration and reduce
the inflammation, whereas increased PTGS1
expression promotes immune cells infiltration
and aggravates disc degeneration, suggesting
the existence of a “balancing regulatory axis”
between PPBP and PTGS1 in the inflammatory
microenvironment of IDD. Dysregulation of this
axis may drive the transition from homeostatic
maintenance toward sustained inflammation
and degenerative progression.

Drug prediction analysis identified 69 poten-
tial drugs targeting PTGS1 (e.g., indomethacin)
and one drug targeting PPBP (Copper). Pre-
vious studies have demonstrated that abnor-
mal PTGS1 expression can cause mitochondri-
al dysfunction in disc cells and enhance the
release of inflammatory cytokines, including
IL-1 [46, 47]. Indomethacin may exert protec-
tive effects through binding PTGS1, thereby
improving mitochondrial function within the
intervertebral disc and attenuating inflamma-
tory signaling pathways. In addition, as a NSAID,
indomethacin may also modulate systemic im-
mune responses, given that NSAIDs have been
reported to regulate peripheral immune cells
[48], which could further influence the local
immune microenvironment of the disc [49].
Copper, an essential micronutrient, has been
reported to suppress NF-kB-induced inflamma-
tion through activating antioxidant signaling
pathways [50, 51], which provides a novel tre-
atment perspective for the management of
IDD.

This research also has some limitations. First,
the analyses were conducted exclusively at the
bioinformatic level, without further validation in
cell or animal experiments. The findings of this
study should be validated in future research,
such as through gene knockout animal models
or drug repositioning-oriented clinical trials.
Second, the data in this study were derived
from public databases, including the applica-
tion of GWAS dataset (e.g., ukb-b-19807) to
spinal metastasis- related IDD, and the sample
size was small, which may introduce potential
bias. Third, the precise mechanisms by which
PTGS1 and PPBP promote inflammasome acti-
vation remain to be investigated. Fourth, this
study focused primarily on RNA-level analyses,
and protein-level validation in clinical samples
(such as surgically resected intervertebral disc
tissue) is warranted.
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Conclusion

Immune cells infiltration participates in the
pathological process of IDD. By integrating MR
analysis, single-gene GSEA analysis, mRNA-TFs
network construction and biomarker-drug in-
teraction analysis, PTGS1 and PPBP were iden-
tified as sighature genes, exhibiting promising
diagnostic value and may serve as potential
molecular targets for the therapy of IDD.
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Supplementary Figure 1. The gene-gene interaction network of PTGSI and PPBP.
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Supplementary Figure 2. The mMRNA-TF and ceRNA regulatory networks of biomarkers. A: The mRNA-TF regulatory
network. B: The IncRNA-miRNA-mRNA network.
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