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Abstract: Glioblastoma (GBM) is the most aggressive primary brain cancer, with poor
prognosis due to its aggressive behavior and high heterogeneity. This study aimed to
identify cellular senescence (CS) and lipid metabolism (LM)-related prognostic genes to
improve GBM prognosis and treatment. Transcriptome and scRNA-seq data, CS-associated
genes (CSAGs), and LM-related genes (LMRGs) were acquired from public databases. Prog-
nostic genes were identified by intersecting CSAGs, LMRGs, and differentially expressed
genes (DEGs), followed by WGCNA and univariate Cox regression. A risk model and
nomogram were constructed. Analyses covered clinicopathological features, immune mi-
croenvironment, somatic mutations, and drug sensitivity. GBM scRNA-seq data identified
key cells and prognostic gene expression. SOCS1 and PHB2 were identified as prognostic
markers, contributing to the construction of a robust risk model with excellent predictive
ability. High-risk group (HRG) patients had poorer survival, higher immune and stromal
scores, and distinct somatic mutation profiles. Drug sensitivity analysis revealed signif-
icant differences in IC50 values. In microglia differentiation, SOCS1 and PHB2 showed
dynamic expression patterns. These findings provide new strategies for GBM prognosis
and treatment.

Keywords: glioblastoma; cell senescence; lipid metabolism; single-cell RNA sequencing;
prognostic genes

1. Introduction

Glioblastoma (GBM), also known as glioblastoma multiforme, is the most common
brain cancer in the central nervous system (CNS) and is a grade IV glioma [1]. Its morbidity
and mortality rates are high. Statistics show that there are approximately 5.36 new cases
per 100,000 people, and the five-year mortality rate exceeds 90% [2]. Currently, the clinical
treatment of GBM mainly relies on surgical intervention, supplemented by postoperative
radiotherapy and adjuvant chemotherapy [3]. However, even with the standard Stupp
treatment regimen, which combines maximal safe resection, radiotherapy, and temozolo-
mide chemotherapy, the median survival of GBM patients remains less than two years,
highlighting the urgent need for more effective therapeutic strategies [4]. Although various
treatment strategies, such as radiotherapy, chemotherapy, and immunotherapy, are still
being developed and applied, the prognosis of GBM patients is still poor, with a median sur-
vival of only 15 months [5,6]. Factors such as the blood-brain barrier (BBB), immune escape,
tumor heterogeneity, and tumor resistance may be the main reasons for the poor treatment
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effect of GBM. The BBB is a major obstacle to effective GBM treatment, limiting the pen-
etration of therapeutic agents into the brain parenchyma. Composed of tight junctions
between endothelial cells, pericytes, and astrocytes, the BBB restricts the diffusion of macro-
molecules, including most chemotherapeutic agents and biologics, significantly reducing
the efficacy of systemic therapies [7]. However, BBB-associated drug resistance remains
a significant hurdle in GBM therapy. Furthermore, immune evasion mechanisms enable
GBM to circumvent host immune surveillance [8]. GBM cells employ multiple immunosup-
pressive strategies, including the overexpression of immune checkpoint molecules such as
programmed death-ligand 1 (PD-L1), the secretion of immunosuppressive cytokines such as
transforming growth factor-beta (TGF-f3) and interleukin-10 (IL-10), and the recruitment of
regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) [9]. Furthermore,
GBM exhibits extensive heterogeneity and lacks universal target genes, complicating treat-
ment and leaving its mechanisms of invasion and immune escape poorly understood [10].
In addition, GBM also shows strong resistance to radiotherapy and chemotherapy, espe-
cially by suppressing T cell activity through immunosuppressive molecules, thus inducing
resistance to immunotherapy [11]. Given the high morbidity and mortality of GBM, further
research into its molecular mechanisms and potential prognostic markers is essential for
early diagnosis and improved treatment strategies.

Cellular senescence (CS) is a permanent cell cycle arrest mediated by the p53/p21CIP1
and/or p16INK4A /Rb signaling pathways, characterized by senescence-associated se-
cretory phenotype (SASP), anti-apoptotic program, and lysosomal content. The increase
significantly affects cell metabolism [12]. In the development of cancer, CS can be triggered
by multiple factors, including DNA damage, oncogene activation, therapeutic drugs, or an
increase in reactive oxygen species (ROS). CS exerts growth inhibitory effects in damaged
cells and is often associated with cancer and the aging process [13,14]. Inducing cancer cell
senescence can not only limit tumor growth but also activate immune cells through factors
released by senescent cells, thereby triggering the regression of cancer [15]. However, there
is a complex interrelationship between CS and the development of GBM and its response
to treatment. Continuous stimulation of cancer cells can lead to T cell senescence and
exhaustion, thereby triggering dysregulated immune responses [16,17]. Therefore, explor-
ing the complex interactions between GBM and CS-related genes (CSAGs) is particularly
important for the treatment of GBM.

Metabolic reprogramming is a hallmark of GBM and plays a crucial role in tumor
growth, survival, and therapeutic resistance [18]. While glucose and amino acid metabolism
have been extensively studied in GBM, recent evidence suggests that lipid metabolism also
contributes significantly to tumor progression [19]. Lipids serve as essential components of
cell membranes, energy sources, and signaling molecules, enabling tumor cells to adapt
to metabolic stress and evade therapeutic interventions [20]. Abnormal expressions of
genes related to lipid metabolism may promote the growth and invasion of GBM [21,22].
Therefore, understanding the role of lipid metabolism in GBM is critical for identifying new
therapeutic targets, as an in-depth study of the mechanisms of lipid metabolism and lipid
metabolism-related genes (LMRGs) in GBM can provide valuable insights into the biological
characteristics of the tumor and facilitate the discovery of novel treatment strategies.

There is a close connection between cell senescence and lipid metabolism. Cell senes-
cence not only changes the metabolic state of cells but also may regulate the tumor mi-
croenvironment (TME) by affecting the expression of genes related to lipid metabolism.
Studies have shown that changes in lipid metabolism in senescent cells can affect the
cytokines they secrete, thereby affecting the behavior of surrounding cells [23]. In GBM, the
interaction between senescence-related genes and LMRGs may play an important role in
tumor progression and immune escape [24]. Therefore, exploring the relationship between
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cell senescence and CSAGs and lipid metabolism and LMRGs in GBM will provide a new
perspective for understanding this complex disease.

Single-cell sequencing technology provides a powerful tool for the in-depth study of
the mechanism of action of CSAGs and LMRGs in GBM. This technology can reveal the
gene expression characteristics of different cell types, identify key genes, and clarify their
specific functions in tumor progression and treatment response by analyzing the transcrip-
tome of single cells in the tumor microenvironment. For instance, a pioneering single-cell
RNA-seq study on primary GBM profiled 430 tumor cells from five patients and demon-
strated that GBM cells exhibit extensive transcriptional diversity, particularly in oncogenic
signaling, proliferation, immune response, and hypoxia-related pathways [25]. Recent
studies utilizing scRNA-seq and flow cytometry have further characterized the immune
landscape of GBM, demonstrating dynamic shifts in immune cell populations through-
out tumor progression. Early-stage tumors were enriched in pro-inflammatory microglia,
whereas late-stage tumors exhibited a predominance of anti-inflammatory macrophages
and myeloid-derived suppressor cells (MDSCs), correlating with BBB disruption and EGFR+
tumor expansion [26]. These findings highlight the importance of single-cell sequencing
in uncovering GBM heterogeneity, resistance mechanisms, and potential personalized
treatment strategies [27].

Although GBM has attracted extensive attention as a highly invasive malignant tumor,
the expression patterns, prognostic effects, and molecular functions of CSAGs and LMRGs
in GBM are relatively scarce, and the related molecular mechanisms have not been fully
elucidated. Therefore, this study aimed to evaluate candidate genes related to CSAGs and
LMRGs in GBM through bioinformatics analysis, identified potential prognostic genes
combined with univariate Cox and Lasso analysis, and developed a prognostic model to
evaluate the potential role of prognostic genes in GBM. The study predicted functional
enrichment differences, immune status, TME, and somatic mutations of GBM patients
stratified by risk scores and provided new treatment options for GBM patients. In summary,
this study utilized bioinformatics analysis, clinical data mining, and statistical model
construction and was committed to filling the gaps in CSAGs and LMRGs in GBM research,
providing new perspectives and strategies for disease mechanisms, prognostic evaluation,
and the development of treatment options.

2. Results
2.1. Identification of 4468 WGCNA-Related Genes

The results of WGCNA demonstrated that there were no outlier samples (Figure 1a).
The optimal soft threshold was 5 (R? = 0.85), and the average connectivity of the co-
expression network was close to 0 (Figure 1b). After excluding genes that could not
be classified and belonged to the gray module, a total of seven co-expression modules
were identified (Figure 1c). Among them, turquoise modules, yellow module, and blue
module were modules that were substantially associated with GBM, with association
coefficients being 0.66, 0.46, and —0.63, respectively (p < 0.05) (Figure 1d). After screening
with thresholds of IMM| > 0.6 and |GS| > 0.2, 1816, 554, and 2098 genes were obtained,
respectively (obtained Figure le). After combination, 4468 WGCNA-related genes were
acquired (Supplementary Table S1).
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Figure 1. Identification of WGCNA-related genes and key modules in glioblastoma. (a) Sample-
level clustering. Each branch in the clustering tree represents a sample, and the vertical coordinate
represents the sample expression Euclidean distance. (b) Soft threshold screening. (c) Co-expression
module identification. (d) Heatmap of correlations between key modules and non-tumor control
samples, GBM samples. (e) The scatter plot between Gene Significance (GS) and Module Membership
(MM). Meanwhile, IMM | > 0.6 and |GS| > 0.2 were used as thresholds to further screen the genes
in the significant modules, in which 1816 genes were obtained from the turquoise color module,
554 genes from the yellow module, and 2098 genes from the blue module. Combined, 4468 genes
were obtained.

2.2. Enrichment Functions and PPI Analysis for 15 Candidate Genes

Meanwhile, 8437 DEGs were gained, among which 4237 genes were up and 4200 genes
were down in GBM (Figure 2a,b, Supplementary Table S2). Finally, 15 candidate genes
were obtained from 4468 WGCNA-related genes, 8437 DEGs, 866 CSAGs, and 1133 LMRGs
(Figure 2c, Supplementary Table S3). A total of 571 GO terms (p < 0.05) were enriched by
candidate genes. Among them, there were 506 BPs, such as regulation of endothelial cell
proliferation, positive regulation of blood vessel endothelial cell migration, and regulation



Int. J. Mol. Sci. 2025, 26, 1875

5of 35

P value: 0.05; log2FC: 0.50; Up: 4237; Down: 4200; Total: 8437

of epithelial cell proliferation; 14 CCs, like the integral component of the nuclear inner mem-
brane, the cytoplasmic ribonucleoprotein granule, and the ribonucleoprotein granule; and
51 MFs, for example, calcium-dependent protein kinase C activity, acting on the CH-OH
group of donors, with NAD or NADP as an acceptor (Figure 2d, Supplementary Table S4).
Moreover, a total of 41 KEGG pathways (p < 0.05) were enriched by candidate genes, in-
cluding pyruvate metabolism, citrate cycle (TCA cycle), and longevity regulating pathway-
multiple species, etc. (Figure 2e, Supplementary Table S5). Furthermore, the PPI network
showed that after removing one isolated gene, there were 14 nodes and 30 edges in the
network diagram. Among these genes, AKR1B1, SP1, ACLY, and CAV1 had relatively
strong interactions with other genes (Figure 2f).
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Figure 2. Functional enrichment and PPI network analysis of 15 candidate genes. (a) Differential
gene volcano plots. The labeled genes in the figure are the top 10 upregulated genes and the top
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10 downregulated genes with the largest log2 (Fold Change). (b) Heatmap of ring expression density
of differential genes. Grouping bars at the end of the ring heatmap, light yellow indicates normal
samples, and light green indicates GBM samples; in the heatmap, the redder the color, the higher
the expression. (c) Upset plot of candidate selections. Colors and markers are used to highlight
overlapping relationships between methods. (d) GO and KEGG enrichment results (top10). (e,f)
Network diagram of STRING analysis of candidate genes. The PPI network showed that after
removing one isolated gene, there were 14 nodes and 30 edges in the network diagram. Among these
genes, AKR1B1, SP1, ACLY, and CAV1 had relatively strong interactions with other genes.

2.3. SOCS1 and PHB2 as Prognostic Genes and Construction of Risk Model

Two prognostic genes (SOCS1 and PHB2) were gained through univariate Cox re-
gression analysis (p < 0.05) and satisfied the PH test (p > 0.05) (Figure 3a, Supplementary
Table S6). The RSF model was founded on these prognostic genes to predict the risk score
of each patient. In TCGA-GBM and validation sets, optimal cut-off values of risk score were
103.013990 and 87.568442. In addition, the survival status plot indicated that the higher the
risk score, the more GBM patients who died (Figure 3b). The K-M curve showed that the
survival probability of the HRG was lower than the LRG (p < 0.05) (Figure 3c). The ROC
curve demonstrated that AUC values for 1-year, 2-year and 3 years in TCGA-GBM were
0.746, 0.737, 0.831 (Figure 3d). SOCS1 was highly expressed in the HRG, while PHB2 was
expressed in the opposite direction (Figure 3e). In the validation set, the survival status plot,
KM curve, and gene expression trends were consistent with the validation set, AUC > 0.7
(Figure 4). The above results indicated that the risk model had relatively good accuracy
and stability in predicting prognosis of GBM patients.
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Figure 3. Identification of SOCS1 and PHB2 as prognostic genes and development of a risk prediction

model. (a) Forest plot of one-factor Cox regression analysis. HR is abbreviated as risk ratio; when
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HR > 1, the cue factor is a facilitator of the occurrence of a positive event; when HR < 1, the cue
factor is a deterrent to the occurrence of a positive event; and when HR = 1, the cue factor has no
effect on the occurrence of a positive event. (b) Distribution of risk scores and survival status of
primary tumor samples in TCGA-GBM sets. (¢) KM curve analysis. The horizontal axis is the total
survival time (days), and the vertical axis is the probability of survival; the high-risk group is shown
in red, and the low-risk group is shown in blue. (d) ROC curve of training set. (e) Prognostic gene
expression analysis.
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Figure 4. Validation of risk prediction model. (a) Distribution of risk scores and survival status of
primary tumor samples in the validation set. (b) KM curve of high- and low-risk groups. (c) ROC
curve of the validation set. (d) Prognostic gene expression analysis.

2.4. Differences in Clinicopathological Features Between the HRG and LRG

The heatmap demonstrated that different clinicopathological features had distinct ex-
pression patterns in the HRG and LRG (Figure 5a, Supplementary Table S7). The expression
levels of SOCS1 and PHB2 differed between the high- and low-risk groups, suggesting that
these genes may have significant biological implications and potential prognostic value in
GBM. There was no substantial difference in distribution of risk status among subgroups
of different clinicopathological features (age, gender, IDH1 status, MGMT methylation) in
the HRG and LRG (p > 0.05) (Figure 5b—e). However, substantial differences in risk score
were observed in IDH1 status (WT higher than mutant) and MGMT (methylated higher
than unmethylated) methylation subgroups (p < 0.05) (Figure 5f). The K-M curve showed
that in each subgroup of age (<60 years, >60 years), gender (male and female), IDH1 status
(WT), and MGMT methylation (methylated and unmethylated), the survival probability of
the HRG was lower than that of the LRG (p < 0.05) (Figure 6), indicating that patients with
a high risk score had a poorer prognosis.
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risk group (LRG). (a) Heatmap of clinical features and molecular pathology characteristics of GBM
samples. The top annotations of the samples include the following clinical features: risk group (red
for the high-risk group, blue for the low-risk group), sex (orange for female, blue for male), age (light
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2.5. A Nomogram with Better Prognostic Value

The IDH1 status, MGMT methylation, and risk score were obtained through univariate
Cox analysis (p < 0.05) (Figure 7a) and obtained through a PH test (p > 0.05) (Supplementary
Table S8). Subsequently, risk score and IDH1 mutation status were identified as indepen-
dent prognostic traits through multivariate Cox analysis (Figure 7b). The nomogram
formed in line with these independent prognostic factors showed that the higher the total
score was, the lower the survival probability of GBM patients would be (Figure 8a). The
calibration curve demonstrated that predicted survival probabilities at 1, 2, and 3 years
almost coincided with reference line (Figure 8b), indicating that nomogram had relatively
high prediction accuracy. The ROC curve revealed that AUC values at 1, 2, and 3 years were
0.75,0.77, and 0.84, respectively (Figure 8c), suggesting that nomogram exhibited excellent
predictive efficacy (AUC > 0.7). The DCA curve indicated that the net advantage of the
nomogram model was more prominent than that of the diagonal line (all) and horizontal
line (none) (Figure 8d), demonstrating that the nomogram model had good predictive
performance and practical application value in clinical decision-making for GBM.
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Figure 7. Prognostic analysis of the risk model in glioblastoma. (a) Results of one-way Cox analysis.

(b) Results of multifactorial Cox analysis.
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the speculation of the probability of survival for GBM patients based on the total score obtained.
(b) Column line graphs 1-, 2-, and 3-year calibration curves. Horizontal coordinates are predicted
event rates, and vertical coordinates are observed actual event rates, both ranging from 0 to 1. (¢) ROC
curve analysis. (d) DCA Curve. The diagonal line (All) represents all samples with all interventions;
the horizontal line (None) represents all samples with no intervention.

2.6. Functional Annotation and Immune Infiltration in the HRG and LRG

The GSEA showed that 70 significantly enriched pathways were obtained in the HRG
and LRG, such as reference translation initiation, reference FGF fgfr ras erk signaling pathway,
reference mitochondrial complex ucpl in thermogenesis, etc. (Figure 9a, Supplementary
Table S9). The GSVA indicated that there were 132 significantly different pathways in the
HRG and LRG. Among them, 72 pathways were markedly overexpressed and 60 pathways
were substantially suppressed in the HRG. The up pathways included the reference IL6
family to JAK STAT signaling pathway, reference TLR3 IRF7 signaling pathway, reference IFN
RIPK1 3 signaling pathway, etc. The down pathways consisted of the reference mevalonate
pathway, pathogen HPV E7 to PP2A AKT signaling pathway, reference translation initiation,
etc. (Figure 9b, Supplementary Table S9). The above results demonstrated that various
signaling pathways and translation regulations played a vital function in GBM.

Among the 28 types of immune cells, central memory CD4 T cells had the highest
immune score (Figure 10a). And, 12 types of differential immune cells were gained, and all
of them showed higher infiltration levels in the HRG, such as central memory CD4 T cells,
effector memory CD8 T cells, immature dendritic cells, and natural killer cells (p < 0.05)
(Figure 10b). Additionally, there was a positive relationship among all differential immune
cells. Among them, the most substantial positive relationship was found between Type 1 T
helper cells and myeloid-derived suppressor cells (MDSC) (cor = 0.89, p < 0.05) (Figure 10c).
The most significant positive relationship was observed between SOCS1 and natural killer
T cells (cor = 0.55, p < 0.05). The most remarkable negative association was presented
between PHB2 and plasmacytoid dendritic cells (cor = —0.44, p < 0.05). The risk score
had a notable positive connection with four types of differential immune cells, and among
them, a meaningful positive association was with natural killer T cells and plasmacytoid
dendritic cells (cor = 0.38, p < 0.05) (Figure 10d).
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Figure 9. Functional prognostic genes and risk model in glioblastoma. (a) GSEA enrichment pathway
(top5). (b) Results of GSVA in the high- and low-risk groups. t > 0 represents pathways that were
significantly upregulated in the high-risk group, and t < 0 represents pathways that were significantly
downregulated in the high-risk group.
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Figure 10. Immune infiltration analysis for high- and low-risk groups. (a) Immune cell abundance in
samples from the high-risk and low-risk groups. The heat map colors reflect the level of immune
infiltration, with higher levels of immune infiltration tending to be more red and lower levels tending
to be bluer. (b) Differential infiltration of immune cells between the high- and low-risk groups,
yellow represents the low-risk group, and red represents the high-risk group. (c) Differential immune
infiltrating cell correlation heat map, red represents positive correlation, blue represents negative
correlation, a darker color means higher correlation; * reflects the significance level, and the numbers
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Expression level

Expression level

~

in the boxes are correlation values. *** represented p < 0.001, ** represented p < 0.01, * represented
p <0.05. (d) Heatmap of prognostic genes, risk scores, and differential immune cell correlations; the
lower left corner shows the relationship between immune cells with differential infiltration, and the
magnitude of the correlation is reflected in the size and color of the squares in the matrix. The upper
right line color and thickness reflect the range of p-values and the range of correlations, respectively.

2.7. Immunotherapy and Somatic Mutation in the HRG and LRG

Furthermore, a total of 14 immune checkpoints were found to have notable differences
between the HRG and LRG (p < 0.05), and all of them were expressed at higher levels in the
HRG, such as CD274, LAIR1, TIGIT, TNFSF15, TNFSF4, and CD276 (Figure 11a). The results
showed that HRG had more prominent immune escape and a stronger response to immune
checkpoint inhibitors. Furthermore, positive interrelations were observed between SOCS1
and nine differential immune checkpoints, among which the most remarkable positive
correlation was with TNFRSF14 (cor = 0.45, p < 0.05). Negative associations were presented
between PHB2 and TNFSF14, CD44, TNFRSF25, and TIGIT, and the most remarkable
negative connection among them was with TNFSF14 (cor = —0.46, p < 0.05). Positive links
were found between risk score and TNFRSF14, TNFSF14, with correlation coefficients being
0.32 and 0.44, respectively (p < 0.05) (Figure 11b, Supplementary Table 510). The stromal
score, immune score, and ESTIMATE score in the HRG were all substantially more than
those in the LRG (p < 0.05) (Figure 11c). The Dysfunction score in the HRG was substantially
greater than that in the LRG (p < 0.05) (Figure 11d). These results indicated that HRG

patients were unlikely to benefit from treatment with immunotherapy.
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Figure 11. Immune landscape in high and low-risk groups in glioblastoma. (a) Expression of immune
checkpoints with differences between the high- and low-risk groups, with the high-risk group in
red and the low-risk group in blue. Vertical coordinates are immune checkpoint gene expression
levels. (b) Correlation Analysis Between Prognostic Genes, Risk Scores, and Differential Immune
Checkpoints. The larger the positive correlation, the closer the color converges to red. The larger the
negative correlation, the more the color converges to blue, and * reflects significance. **** represented
p < 0.0001, *** represented p < 0.001, ** represented p < 0.01, * represented p < 0.05, and ns represented
p > 0.05. (c) ESTIMATE Analysis. The distribution of Stromal Score, Immune Score, and ESTIMATE
Score in the samples of the high- and low-risk groups is presented in the figure. Statistical significance
was assessed by the Wilcoxon rank sum test and is shown as a p-value in the figure. (d) TIDE Analysis.
The distribution of TIDE scores and MIS scores in the samples of the high- and low-risk groups is
presented in the figure. Statistical significance was assessed by the Wilcoxon rank sum test and is
shown as a p-value in the figure.

There were 55 and 93 cases of GBM patients with mutation information in the HRG
and LRG, respectively, and the mutation type that occurred most frequently in both groups
was missense mutation. Among patients in the HRG, the three genes with the highest
number of mutations were PTEN, EGFR, and TTN, with mutation rates of 38%, 33%, and
33%, respectively (Figure 12a). While among patients in the LRG, the three genes with the
highest number of mutations were TP53, PTEN, and EGFR, with mutation rates of 38%,
30%, and 28%, respectively (Figure 12b).
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Figure 12. Analysis of tumor mutations in the high-risk and low-risk groups (a) Mutation analysis of
the high-risk group: for each figure, the middle-left panel depicts the mutation pattern of the gene for
each sample, the numbers on the right are the mutation frequency for each gene, the right bar is the
proportion of each mutation type for the gene, and the upper bar is the total mutation load for each
sample. (b) Mutation analysis of the low-risk group.

2.8. Chemotherapeutic Drug Association with Risk Score

Among 138 kinds of chemotherapeutic drugs, ICsy values of 41 drugs were found to
have notable distinctions (p < 0.05) between the HRG and LRG (Supplementary Table S11).
Significant associations were observed between ICsy values of 5 drugs and risk score.
Among them, vorinostat had the most remarkable positive correlation (cor = 0.36, p < 0.05)
and higher ICsy values in the HRG, while AZD6244 had the most remarkable negative
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correlation (cor = —0.35, p < 0.05) and lower ICs, values in the HRG (Figure 13a—e). These
results indicated that drugs with notable associations might be provided as options for
personalized treatment of GBM patients, and the lower ICs values, the more sensitive
HRG patients were to chemotherapeutic drugs.
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Figure 13. Drug sensitivity analysis in the high and low-risk groups. Each letter (a—e) represents a
different drug ((a) Vorinostat; (b) AZD6244; (c) AZD8055; (d) PF.02341066; (e) QS11.), and it shows
the drug sensitivity analysis based on the ICsq values and their correlation with risk scores. The
left side highlights the linear relationship between risk scores and ICs values, while the right side
compares the ICsg values between the high-risk and low-risk groups, showing significant differences
in drug sensitivity. *** represented p < 0.001, ** represented p < 0.01, * represented p < 0.05.

2.9. Molecular Regulatory Networks of Prognostic Genes

PHB2 was regulated by nine key miRNAs, and SOCS1 was adjusted by six miRNAs
(Figure 14a). The miRNA-mRNA network had 17 nodes and 15 edges. For example,
PHB2 was controlled by hsa-miR-765 and hsa-miR-766-5p, and SOCS1 was regulated
by hsa-miR-8060 and hsa-miR-4458 (Figure 14a). There were 49 nodes and 127 edges
in the IncRNA-miRNA-mRNA network. For example, PHB2 was directly controlled by
hsa-miR766-5p and indirectly adjusted by AC124068.2. SOCS1 was directly controlled
by hsa-let-7e-5p indirectly adjusted via AC006064.5 (Figure 14b). Notably, molecular
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Figure 14. Molecular regulatory networks of prognostic genes. (a) Key miRNA-mRNA interaction
network. (b) IncRNA-miRNA-mRNA interaction network; only key miRNA results that are predictive
of IncRNAs are plotted.

2.10. Cellular Heterogeneity and the Role of Microglia as a Key Cell

After quality control of scRNA-seq data, 43,960 cells and 24,983 genes were ob-
tained (Supplementary Figure S1). A total of 2000 highly variable genes were identified
(Figure 15a). The PCA results showed that eight cell samples were distributed dispersedly
(Supplementary Figure S2a,b). Meanwhile, in PCA, the top 30 principal components were
selected for analysis (p < 0.05) (Figure 15b). The UMAP clustering analysis identified a
total of 22 different cell clusters (resolution = 0.3) (Figure 15¢,d). Based on expression
of marker genes, cell annotation of different cell clusters was performed, and nine cell
types such as macrophage/microglia, microglia, and macrophage were gained (Figure 15e,
Supplementary Figure S2¢,d).

Functional enrichment analysis of different cell cluster types yielded 1747 pathways
(Supplementary Table S12), such as the synthesis of hepoxilins (HX) and trioxilins (TrX),
and synthesis 15-eicosatetraenoic acid derivatives, and biogenic amines are oxidatively
deaminated to aldehydes by MAOA and MAOB (Figure 15f). Among different cell types,
abundances of microglia and macrophage in tumor tissues were more than those in normal
tissues, while neutrophil was greater in normal tissues (Figure 16a). SOCS1 and PHB2 were
substantially overproduced in T cells. Meanwhile, in microglia, macrophages, endothelial
cells, mural cells, and T cells, there were notable differences in expression levels of prog-
nostic genes (Figure 16b, Supplementary Figure 53). Considering the relationship between
microglia and GBM, microglia were identified as key cells.
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Figure 15. The cellular interactions and functions of microglia. (a) Selection plot of highly variable

genes. The top 10 highly variable genes are labeled in the graph to highlight their importance in the

cell population. (b) Confirmed optimal number of clusters. The following figure demonstrates the

percentage of cumulative variance for the first 50 principal components. (c,d) UMAP cell distribution
and source classification. (e) Cell annotation results. (f) Heatmap of GSVA. The heatmap shows the
top 10 most differentiated biological pathways identified by GSVA in different cell types.
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Figure 16. Identification of key cell clusters. (a) Plot of cell type proportions. Different colored
bars indicate different cell types. (b) Violin plots of differences in prognostic gene expression.
*** represented p < 0.001, * represented p < 0.05, and ns represented p > 0.05.

2.11. Cell Communications and Pseudo-Temporal Microglia

Pseudotime analysis showed that microglia had three differentiation directions and

differentiated from left to right over time. The darkest blue indicated earliest differen-

tiated cells, and lightest blue represented most recently differentiated cells (Figure 17a).

In addition, microglia exhibited five differentiation states, with 3 being the earliest dif-
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Component 2

ferentiation type and 1 and 5 being later differentiation types (Figure 17b). Microglia in
normal samples were concentrated in differentiation state 3 and differentiation state 4,
while microglia in tumor samples were concentrated in differentiation state 1, differentia-
tion state 2, and differentiation state 5 (Figure 17c). As cells differentiated, the expression
level of SOCSI first increased and then decreased, while the expression level of PHB2
increased with cell differentiation (Supplementary Figure S4A). The results of the cell-
cell communication network showed that there was communication between microglia
and several other cell types (Supplementary Figure S4B). The heatmap of ligand-receptor
pairs showed that cell communication between macrophage/microglia and microglia was
relatively frequent, and communication intensity between macrophage and neutrophil
was relatively high (Figure 17d). The communication signal molecules among various
cells indicated that the main signals from other cells to microglia included C3-C3AR1,
C3-(ITGAX + ITGB2), etc., and the main signals from microglia to other cells included
C3-C3AR1, C3-(ITGAX + ITGB2), etc., among other cells, ILB-IL1R2 had a relatively higher
communication signal (Supplementary Figure S4c).
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Figure 17. Pseudo-temporal dynamics and communication networks of microglia. (a) Simulation
analysis of trajectory differentiation. The distribution of cells in pseudo time is indicated by different
colors, demonstrating the dynamic changes in cell state. The darker the blue color, the earlier the
cells have differentiated. Cells differentiate over time from left to right, with the lightest blue color
representing the most recently differentiated cell. (b) State Trajectory Analysis. Cell trajectories in
different states are identified using colors to identify the different states. (c) Population cell type
trajectory analysis. The movement trajectories of two groups of cells (normal, tumor) in the pseudo-
time dimension are shown. (d) Heat map of ligand-receptor pair interactions between key cells. The
vertical axis is the cell that sends the signal, the horizontal axis is the cell that receives the signal, and
the color depth of the heatmap represents the signal strength. The bars on the top and right are the
accumulation of the number of vertical and horizontal axes.
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3. Discussion

Lipid metabolism plays a crucial role in GBM progression and immune escape, with
several LMRGs contributing to tumor survival, metabolic adaptation, and immunosuppres-
sion [22]. SREBP1 (Sterol Regulatory Element-Binding Protein 1) and FASN (Fatty Acid
Synthase) enhance lipid biosynthesis, promoting tumor proliferation while modulating
PD-L1 expression to facilitate immune evasion [28,29]. CD36 (Fatty Acid Translocase)
and ACSL4 (Acyl-CoA Synthetase Long-Chain Family Member 4) drive fatty acid up-
take and storage, reprogramming the TME through the induction of immunosuppressive
M2 macrophages and Tregs [30]. Additionally, CPT1A (Carnitine Palmitoyltransferase
1A)-mediated fatty acid oxidation alters T-cell metabolism, leading to T-cell exhaustion
and impaired anti-tumor responses [31]. Tumor cells also manipulate phospholipid re-
modeling (LPCAT1) and lipid droplet formation (PLIN2) to evade immune detection and
sustain growth under metabolic stress [32]. Moreover, LXRax/ 3 signaling reduces antigen
presentation, further hindering immune surveillance [33]. These findings highlight the
critical role of lipid metabolism in shaping the tumor-immune landscape, and targeting
key LMRGs may provide a novel therapeutic approach to disrupt metabolic adaptations,
enhance immune responses, and overcome tumor resistance mechanisms in GBM.

The suppressor of cytokine signaling (SOCS) protein family comprises eight members,
including SOCS1-SOCS7 and cytokine-inducible SH2-containing protein [34]. SOCS pro-
teins regulate GBM biogenesis primarily via the JAK/STAT and NF-«B signaling pathways,
acting as negative regulators to inhibit tumor cell proliferation, invasion, and survival.
In addition, SOCS proteins suppress receptor tyrosine kinase (RTK) signaling, a critical
pathway involved in tumor cell survival and therapeutic resistance [35]. Dysregulation
of RTK signaling, either through overexpression or mutation, contributes to malignant
transformation and tumor progression. Beyond their role in tumor cell signaling, SOCS
proteins are key modulators of the immune response in GBM. SOCS1 negatively regulates
cytokine signaling, including interferons (IFNs) and interleukins (ILs), to prevent excessive
immune activation [36]. In the GBM TME, dysregulated SOCS1 and SOCS3 expression
suppress anti-tumor immune responses by impairing CD8+ T cell and NK cell function.
IL-1p3 and IL-6, regulated by JAK/STAT and NF-kB signaling, promote tumor proliferation
and immune evasion, while IL-10 and TGF-f drive M2 macrophage polarization and Treg
expansion, fostering an immunosuppressive tumor milieu. SOCS1-mediated inhibition
of JAK/STAT signaling downregulates IL-12, a key activator of cytotoxic T lymphocytes
(CTLs) and NK cells, further weakening anti-tumor immunity. Additionally, SOCS3 in-
terferes with IFN-y-mediated responses, reducing MHC class I antigen presentation and
impairing T cell-mediated tumor recognition. Furthermore, SOCS-driven modulation of
PD-L1 expression may exacerbate immune escape mechanisms, further attenuating im-
mune surveillance in GBM [37]. These findings further validate the reliability of our results
and underscore the pivotal role of SOCS1 in GBM pathogenesis.

PHB2 (Prohibitin 2) is an evolutionarily conserved protein primarily localized in mi-
tochondria and the nucleus [37]. In mitochondria, PHB2 forms a complex with PHBI,
which is essential for maintaining mitochondrial structural integrity. PHB2, along with
PHBI, belongs to the Prohibitin (PHB) protein family and is associated with cellular aging,
influencing aging-related signaling pathways through changes in expression levels and
subcellular localization [38]. In glioma stem-like cells (GSCs), PHB2 specifically regulates
mitochondrial ROS production, contributing to radiotherapy resistance. Dysregulated
ROS levels can enhance DNA damage repair mechanisms, reduce oxidative stress-induced
apoptosis, and promote tumor cell survival, leading to increased resistance to radiother-
apy. Mechanistically, PHB2 interacts with mitochondrial electron transport chain (ETC)
complexes to modulate ROS production, thereby influencing redox balance and metabolic
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adaptation in GBM. Increased PHB2 expression has been associated with enhanced mi-
tochondrial bioenergetics, providing a survival advantage under radiotherapy-induced
oxidative stress [39]. In addition to its role in ROS regulation, PHB2 influences cell cy-
cle progression by modulating cyclin expression. Specifically, PHB2 upregulates Cyclin
D1 and Cyclin E, facilitating G1/S phase transition and promoting uncontrolled tumor
cell proliferation. Furthermore, PHB2 has been shown to increase Cyclin A and Cyclin B
expression, accelerating S/G2 phase progression and mitotic entry, thereby supporting
rapid tumor growth and therapy resistance. Conversely, PHB2 inhibits cyclin-dependent
kinase inhibitors (CKIs), such as p21 and p27, further enhancing cell cycle progression and
reducing tumor cell susceptibility to DNA damage-induced apoptosis [40,41]. Given these
multifaceted roles, PHB2 is emerging as a potential therapeutic target for GBM.

Current standard chemotherapy for GBM primarily relies on temozolomide (TMZ)
in combination with radiotherapy, yet its efficacy is often limited by the development of
resistance mechanisms, such as MGMT promoter methylation status and DNA repair path-
way activation [42]. Despite these interventions, tumor recurrence and therapy resistance
remain significant challenges, underscoring the need for novel therapeutic strategies. Our
study identifies SOCS1 and PHB2 as key genes implicated in CS and lipid metabolism,
which may play a critical role in GBM progression and treatment response. Given that
SOCS1 downregulation enhances PD-L1 expression and NF-«kB activation, it may con-
tribute to immune evasion and reduced sensitivity to immunotherapy or chemotherapy.
Meanwhile, PHB2 has been linked to radiotherapy resistance. Given its role in cell cycle
regulation (Cyclin D1, Cyclin E) and mitochondrial stress responses, PHB2 may influence
the efficacy of TMZ and other chemotherapeutic agents by modulating tumor metabolism
and oxidative stress responses. Our findings suggest that targeting SOCS1 and PHB2 may
enhance the efficacy of existing GBM therapies. Future research should focus on validating
these findings in patient-derived GBM models and exploring potential targeted therapies
or combination treatment strategies. The integration of genetic profiling and personalized
therapy approaches could optimize GBM treatment outcomes, ultimately translating these
molecular insights into clinically actionable therapeutic interventions.

Previous research has demonstrated that hsa-miR-765 regulates cancer progression
by modulating the ERK/Akt/ AMPK signaling pathway and the expression of HMGA1
protein [43]. In prostate cancer, hsa-miR-765 inhibits cell proliferation, migration, and
invasion, suggesting a potentially similar role in GBM [44]. Meanwhile, hsa-miR-766-5p
has been implicated in critical cellular processes, such as apoptosis and differentiation, and
is recognized as a novel regulator of the mitochondrial apoptosis pathway [45]. However,
its specific role in GBM remains underexplored. In this study, regulatory network analysis
revealed that PHB2 and SOCS1 are modulated by multiple miRNAs and IncRNAs. Specifi-
cally, hsa-miR-765 and hsa-miR-766-5p directly target PHB2, while SOCS1 is regulated by
hsa-miR-8060 and hsa-miR-4458. Additionally, IncRNAs indirectly influence the expression
of these genes through the ceRNA mechanism. hsa-miR-765 and hsa-miR-766-5p target
PHB2, leading to post-transcriptional inhibition, which disrupts mitochondrial function
and ROS production, potentially enhancing radiotherapy sensitivity. Meanwhile, hsa-miR-
8060 and hsa-miR-4458 suppress SOCS], affecting JAK/STAT and NF-«B signaling, thereby
promoting tumor proliferation and immune evasion. PHB2 regulates cell cycle progression
by modulating cyclin expression: its upregulation enhances Cyclin D1 and Cyclin E (G1/S
transition) and Cyclin A and Cyclin B (S/G2 progression), driving tumor growth [46].
Conversely, miRNA-induced PHB2 inhibition reduces Cyclin D1 and Cyclin A, leading
to cell cycle arrest and increased therapy sensitivity. Similarly, SOCS1 downregulation
via miRNAs sustains STAT3 activation, resulting in Cyclin D1/E upregulation (G1/S tran-
sition), PD-L1-mediated immune evasion, and NF-«kB-driven survival signaling [47]. In
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conclusion, miRNA-mediated suppression of PHB2 and SOCS1 contributes to cell cycle
dysregulation, radiotherapy resistance, and immune escape in GBM, highlighting their
potential as therapeutic targets.

Among the most significantly dysregulated pathways in GBM, the PI3K/Akt/mTOR
and MAPK/ERK pathways play a central role in tumor progression [48,49]. PTEN, a key
negative regulator of PI3K signaling, is frequently mutated or deleted in GBM, leading
to uncontrolled cell growth and survival [50]. Additionally, EGFR amplifications and
mutations drive MAPK and PI3K/Akt hyperactivation, promoting tumor proliferation
and resistance to apoptosis [51]. Furthermore, pathway enrichment analysis has identified
several signaling pathways as key contributors to GBM progression. Among these, the
JAK-STAT signaling pathway plays a pivotal role in tumorigenesis, regulating immune
responses, cell proliferation, and tumor progression, thereby influencing the complex
interplay between the GBM microenvironment and tumor cell survival [52]. Similarly, the
PP2A-AKT signaling pathway is critical for lipid metabolism and cellular proliferation,
affecting GBM metabolic reprogramming and therapeutic resistance [53]. The involvement
of these pathways underscores the complexity of GBM regulation and their potential as
therapeutic targets, emphasizing the need for further investigation into their roles in CS
and lipid metabolism in GBM.

The risk model constructed using two prognostic genes, SOCS1 and PHB2, demon-
strated strong predictive power for GBM prognosis. Validated across TCGA-GBM and
independent datasets, the model stratified patients into high-risk and low-risk groups
using optimal cutoff values (103.013990 in TCGA-GBM; 87.568442 in validation). High-risk
patients had significantly lower survival probabilities (p < 0.05), as shown by K-M curves
and ROC analysis, with AUC values of 0.746, 0.737, and 0.831 for 1-, 2-, and 3-year survival
in TCGA, and 0.843, 0.698, and 0.811 in the validation set, confirming its stability and
reproducibility. Clinicopathological analysis revealed poor survival outcomes in high-risk
patients across subgroups defined by age, sex, IDH1 mutation, and MGMT methylation
status. Univariate and multivariate Cox regression confirmed the risk score as an indepen-
dent prognostic factor (p < 0.05). A nomogram incorporating the risk score, IDH1 mutation,
and MGMT methylation predicted 1-, 2-, and 3-year survival with AUC values of 0.75, 0.77,
and 0.84. While the prognostic performance of our model may not be the most outstanding
compared to other related prognostic models, it still outperforms the majority of reported
GBM prognostic models [54-56].

In this study, missense mutations were the most prevalent type of somatic mutation in
both the HRG and LRG. Among HRG patients, the top three mutated genes were PTEN
(38%), EGER (33%), and TTN (33%), whereas in LRG patients, the most frequently mutated
genes were TP53 (38%), PTEN (30%), and EGFR (28%). These findings align partially
with prior large-scale genomic studies, which also identified PTEN [57], TP53 [58], and
EGEFR [59] as hotspot genes in GBM, emphasizing their central role in tumor progres-
sion. However, the mutation frequency of TTN in the HRG appears higher than typically
reported [60], suggesting potential group-specific genetic vulnerabilities. Our analysis
identified vorinostat and AZD6244 as potential candidates for stratified therapeutic ap-
proaches in GBM. Vorinostat, a histone deacetylase inhibitor [61], appears less effective in
the HRG due to higher ICsy values, making it more suitable for LRG patients. In contrast,
AZD6244, a MEK inhibitor [62], demonstrated efficacy in HRG patients by potentially
targeting aberrant MAPK signaling pathways, which are often upregulated in aggressive
GBM phenotypes. Other drugs, including AZD8055 and PF.02341066, also showed signifi-
cant ICsq differences, underscoring their potential utility in risk-stratified GBM treatments.
The observed differences in drug sensitivities between the HRG and LRG emphasize the
importance of integrating molecular profiling into GBM therapy planning. Additionally,
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these findings support further research into the clinical and preclinical evaluation of drug
efficacy, especially for agents demonstrating differential responses across GBM subgroups.

Microglia play a crucial role in GBM progression, tumor heterogeneity, and immune
modulation by interacting with tumor cells and shaping the TME [63]. Key microglia-
associated genes, including TREM2 and CX3CR1, regulate immune suppression, tumor
proliferation, and invasion, while IL-13 and TNF-« contribute to tumor-promoting in-
flammation [64]. Conversely, anti-inflammatory mediators such as IL-10 and TGF-§3 drive
immunosuppressive (M2-like) microglial polarization, facilitating immune evasion [65].
Additionally, CSFIR is critical for microglial survival and proliferation, making it a poten-
tial therapeutic target to reduce microglia-mediated tumor promotion [66]. These findings
highlight the pivotal role of microglia in GBM pathogenesis, suggesting that targeting
TREM?2, CX3CR1, and CSF1R may offer novel strategies to counteract microglia-driven
immune suppression and enhance anti-tumor immunity.

Single-cell RNA sequencing provides a high-resolution approach to identifying diverse
cell types within GBM tissues. In this study, cell annotation identified nine cell types, with
macrophages and microglia significantly enriched in tumor tissues compared to normal
tissues, indicating their critical role in the TME. Conversely, neutrophils exhibited higher
abundance in normal tissues, highlighting distinct immune dynamics between tumor
and non-tumor environments. The proportion of tumor-associated macrophages (TAMs)
increased significantly during GBM progression, suggesting their role in promoting tumor
growth and invasion. These findings align with previous reports highlighting TAMs as key
contributors to the immunosuppressive TME and GBM aggressiveness [67].

Prognostic genes SOCS1 and PHB2 identified in this study exhibited dynamic ex-
pression patterns in microglia. SOCS1 expression initially increased and then decreased
during microglial differentiation, while PHB2 expression progressively increased. This
temporal regulation suggests distinct roles for these genes in GBM progression, with SOCS1
likely contributing to early-stage immune modulation and PHB2 supporting later-stage
metabolic and survival adaptations in microglia. The enrichment of microglia in the GBM
microenvironment and their active communication with other cell types highlight their
dual role in modulating immune responses and supporting tumor progression. Target-
ing microglia-specific pathways, such as the SOCS1/PHB2 expression, may represent
promising strategies for developing effective GBM therapies.

This study provides a comprehensive bioinformatics analysis of publicly available
databases to explore the genetic diversity of GBM. By integrating multi-omics datasets,
we identified potential prognostic genes and therapeutic targets. Our results highlight the
predictive power of bioinformatics in identifying key molecular signatures associated with
GBM prognosis and therapeutic resistance. The integration of large-scale datasets allows
for unbiased and systematic biomarker discovery, providing a valuable foundation for
future clinical validation.

Despite the significant findings presented in this study, several limitations must be
acknowledged. First, the conclusions rely predominantly on bioinformatic analyses of
publicly available datasets, which may not fully reflect the heterogeneity of GBM across
diverse patient populations. To bridge the gap between computational predictions and
clinical applications, future research should focus on prospective clinical studies and
experimental validation using patient-derived samples. Second, the roles of SOCS1 and
PHB2 in GBM progression remain speculative, requiring in-depth experimental validation
to elucidate their underlying mechanisms. Moving forward, it will be essential to validate
these bioinformatically predicted biomarkers using patient tumor tissues, functional assays,
and preclinical models. Third, clinical validation with larger, independent patient cohorts
is necessary to confirm the generalizability and clinical utility of the proposed risk model.



Int. J. Mol. Sci. 2025, 26, 1875

25 of 35

Looking ahead, we plan to further investigate the biological mechanisms underlying these
pathways and genes, with the ultimate goal of translating these findings into clinical
practice. By addressing these limitations, our study lays the foundation for a deeper
understanding of GBM and paves the way for the development of more effective and
personalized therapeutic strategies.

4. Materials and Methods
4.1. Data Harvesting

The bulk RNA sequencing (RNA-seq) dataset (the Cancer Genome Atlas-Glioblastoma
(TCGA-GBM)) was obtained from University of California Santa Cruz (UCSC) Xena
(https://xena.ucsc.edu/ (accessed on 24 September 2024)) on 24 September 2024, which
encompassed 154 GBM samples with survival information (Supplementary Table S13).
Subsequently, two microarray datasets (GSE68848 (GPL570) and GSE74187 (GPL6480))
and a single-cell RNA-seq (scRNA-seq) dataset (GSE162631 (GPL24676)) were obtained
from Gene Expression Omnibus (GEO) database (https://www.ncbinlm.nih.gov/geo/
(accessed on 24 September 2024)). The GSE68848 dataset was downloaded on 25 September
2024, served as a training set, and comprised 228 GBM samples and 28 normal sam-
ples, all of which were brain tissue samples. GSE74187 dataset was downloaded on
24 September 2024, functioned as validation set and included 60 GBM samples with
follow-up time and death information. The GSE162631 dataset was downloaded on
29 September 2024, containing 4 GBM tissue samples and 4 adjacent normal tissue sam-
ples. Additionally, 866 CSAGs were downloaded from the CellAge database (https:
/ /genomics.senescence.info/cells/ (accessed on 25 September 2024)) (Supplementary
Table S515). Moreover, 17 LMRG sets were extracted from the Molecular Signatures Database
(MSigDB) (https:/ /www.gsea-msigdb.org/gsea/msigdb (accessed on 25 September 2024)),
encompassing 1070 LMRGs. Concurrently, 15 lipid LMRG sets were gained from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/
(accessed on 25 September 2024)), which included 654 LMRGs. After merging and elim-
inating duplicate genes, a total of 1133 LMRGs were finally obtained (Supplementary
Table S14).

4.2. Weighted Gene Co-Expression Network Analysis (WGCNA)

In the training set, WGCNA was accomplished on expression matrices of all samples
through the WGCNA (v 1.71) package [68]. First, hierarchical clustering was carried out by
the Euclidean distance of expression levels to check whether there were outliers in samples,
and outlier samples were removed. Subsequently, the critical value when R? exceeded 0.85
for the first time and average connectivity of co-expression network was close to 0 were
utilized to obtain optimal soft thresholding and envisioned by plot function. Founded on
optimal soft thresholding, a scale-free network was established. The minimum number of
genes in each module was set at 100, with mergeCutHeight set at 0.25, enabling the genes
to be effectively grouped into multiple modules, envisioned by the plotDendroAndColors
function. Then, the grouping information of GBM and normal samples was regarded
as the phenotype. The cor function was used for Pearson correlation analysis between
the modules and phenotype (| correlation (cor) | > 0.3, p < 0.05). The labeled Heatmap
function was applied to draw an association heatmap to display results. The markedly
correlated modules were selected, and the verboseScatterplot function was applied to draw
a scatter plot between Gene Significance (GS) and Module Membership (MM) (I MM | > 0.6,

IGS| > 0.2) to further screen genes in notable modules [69]. The genes gained from each
module were combined to gain WGCNA-related genes.
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4.3. Recognition of Candidate Genes

In the training set, differential analysis was performed between GBM and normal
samples via the limma (v 3.54.0) package [70] to gain differentially expressed genes (DEGs)
(1log2 Fold Change (FC) | > 0.5, p < 0.05). The ggplot2 (v 3.4.4) package [71] was applied
to display a volcano plot and a circular heatmap to visualize DEGs. The top 10 up and
downregulated genes ranked according to log2FC were labeled in the volcano plot, and
the genes presented in the heatmap corresponded to them. Finally, the UpSetR (v 1.4.0)
package [72] was used to analyze WGCNA-related genes, DEGs, CSAGs, and LMRGs to
ascertain intersection genes as candidate genes, which were visualized by an UpSet plot.

4.4. Enrichment Analysis of Candidate Genes and Construction of Protein—Protein Interaction
(PPI) Network

To explore biological functions and signal pathways of candidate genes, the clusterPro-
filer (v 4.7.1.003) [73] and org.Hs.eg.db (v 3.16.0) packages [74] were used to perform Gene
Ontology (GO) and KEGG enrichment analysis (p < 0.05). The GO enrichment analysis
consisted of three sections: biological processes (BPs), cellular components (CCs), and
molecular functions (MFs). The results were ranked in ascending order in accordance with
the p-value. For three parts of GO results, the top 5 results were, respectively, selected, and
top 10 KEGG results were selected for display, depicted through the ggplot2 (v 3.4.4) pack-
age. Subsequently, to investigate protein-level interactions of candidate genes, they were
sent to the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database
(https://string-db.org/ (accessed on 25 September 2024)) for PPI analysis. (combined
score > 0.15). After removing isolated genes, the results were illustrated using Cytoscape
(v 3.9.1) software [75].

4.5. Construction and Validation of Risk Model

In the TCGA-GBM dataset, univariate Cox regression analysis was executed on can-
didate genes by survival (v 3.5-3) package [76] (p < 0.05). Subsequently, a proportional
hazards (PH) assumption test was carried out for each gene (p > 0.05) to acquire prog-
nostic genes. The Random Survival Forest (RSF) model [77] was formed for prognostic
genes via randomForestSRC (v 3.2.2) package (http://cran.r-project.org/web/packages/
randomForestSRC/index.html (accessed on 25 September 2024)) to predict risk score of
each patient (ntree = 11, mtry = 1). The formula was as follows:

B

h(t}) = 5 3 hi(t]x)

B=

The h(t|x) was prediction result of ith tree for individual x at time t. The GBM
samples were divided into a high-risk group (HRG) and a low-risk group (LRG) in line
with the optimal cut-off value of the risk score. The ggplot2 (v 3.4.4) and gridExtra (v 2.3)
packages (https:/ /cran.r-project.org/web/packages/gridExtra/index.html (accessed on
25 September 2024)) were used to draw the risk score distribution plot and survival status
distribution plot, respectively. The survival package (v 3.5-3) was utilized to compare
the overall survival time (OS.time) and survival status (OS) ranging from the HRG to the
LRG, which were presented using a Kaplan—-Meier (K-M) survival curve (p < 0.05). The
survivalROC (v 1.0.3.1) package [78] was utilized to draw receiver operating characteristic
(ROC) curves for 1 year, 2 years, and 3 years (area under the curve (AUC) > 0.7) to evaluate
the prediction effectiveness of the risk model in GBM samples. The ComplexHeatmap
(v 2.14.0) package [79] was used to draw a heatmap to display expression distinctions of
prognostic genes in the HRG and LRG. Meanwhile, the risk model was validated in the

validation set in line with the aforementioned methods.
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4.6. Analysis of Clinicopathological Features

In TCGA-GBM dataset, to investigate distinctions in clinicopathological features
among the HRG and LRG, age, gender, isocitrate dehydrogenasel (IDH1) status, methyl-
guanine methyltransferase (MGMT) promoter status [80], and the expression of prognos-
tic genes in groups were analyzed. A heatmap was drawn via the ComplexHeatmap
(v 2.14.0) package for visualization. Subsequently, GBM samples were divided into
distinct subgroups pursuant to various clinicopathological traits (age (<60 years and
>60 years), gender (male and female), IDH1 status (mutant and wild type (WT)), MGMT
methylation (methylated and unmethylated), and unknown information (unknown)).
Firstly, risk status distribution of various clinicopathological feature subgroups was an-
alyzed between two risk groups using the chisq.test function in the stats (v 4.2.2) pack-
age [81] (p < 0.05). Subsequently, the Wilcoxon test in the ggsignif (v 0.6.4) package
(https://cran.r-project.org/web/packages/ggsignif / vignettes /intro.html (accessed on
25 September 2024)) was utilized to contrast risk score differences among disparate sub-
groups (p < 0.05), visualized through the ggplot2 (v 3.4.4) package. Finally, the survival
(v 3.5-3) package was utilized to analyze survival variances of the HRG and LRG per sub-
group (p < 0.05), and a K-M survival curve was drawn. Patients with unknown information
were not included in the analysis. Since the number of patients with wild-type IDH1 was
relatively small, they were not included in the analysis.

4.7. Nomogram Creation and Validation

In the TCGA-GBM dataset, univariate Cox regression analysis was performed on risk
score and disparate clinicopathological traits via the survival (v 3.5-3) package (p < 0.05).
Then, the PH assumption test was carried out (p > 0.05). Subsequently, independent
prognostic factors were gained through multivariate Cox regression analysis through
the survival (v 3.5-3) package (p < 0.05). A forest plot was drawn using the forestplot
(v 3.1.1) [82] package for visualization. The nomogram was formed for independent
prognostic traits via the rms (v 6.5-0) package [83] to predict the 1-year, 2-year, and 3-year
survival probabilities of GBM patients. The calibration curve was established through the
calibrate function in the rms (v 6.5-0) package to evaluate the prediction accuracy of the
nomogram model. ROC curves for 1 year, 2 years, and 3 years were exhibited using the
survivalROC (v 1.0.3.1) package [78] to assess the effectiveness of the model (AUC > 0.07).
Finally, the decision curve analysis (DCA) curve was exhibited via the ggDCA (v 1.2)
package (https://www.rdocumentation.org/packages/ggDCA /versions/1.1 (accessed on
25 September 2024)) to further evaluate the clinical utility of nomogram.

4.8. Functional Enrichment Analysis of the HRG and LRG

In the TCGA-GBM dataset, differential analysis among the HRG and LRG was per-
formed using the DESeq2 (v 1.38.0) package [84] to obtain DEGs, and log2FC was ranked in
descending order. The c2.cp.kegg_medicus.v2023.2.Hs.symbols.gmt was downloaded from
the MSigDB database as a background reference gene set. Then, the Gene Set Enrichment
Analysis (GSEA) function in the clusterProfiler (v 4.7.1.003) package was applied to carry
out enrichment analysis on DEGs between two risk groups (| normalized enrichment score
(NES) | > 1, p < 0.05). Subsequently, the top 5 pathways with smallest p-values were
selected and depicted via the enrichplot (v 1.18.0) package [85]. Gene Set Variation Analysis
(GSVA) was accomplished among the HRG and LRG via the GSVA (v 1.46.0) package [86]
to compute enrichment scores of each signal pathway. The background reference gene set
was the same as that of GSEA. Then, the limma (v 3.54.0) package was used to contrast
pathway differences ranging from the HRG to the LRG (p < 0.05, It| > 2). A t value
greater than 2 represented a pathway markedly upregulated in the HRG, and a t value less
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than 2 represented a pathway substantially downregulated in the HRG. Subsequently, the
top 10 pathways with the largest |t| values were selected and presented via the ggplot2
(v 3.4.4) package.

4.9. Immune Microenvironment Analysis

In the TCGA-GBM dataset, infiltration analysis of 28 immune cells [87] was carried
out by applying the single-sample gene set enrichment analysis (ssGSEA) algorithm in
the GSVA (v 1.46.0) package [88], and then the immune scores of each immune cell in
the HRG and LRG were obtained. Subsequently, the Wilcoxon test was performed by
wilcox.test function in stats (v 4.2.2) package to contrast immune scores of each immune cell
between groups (p < 0.05), and thus differentially expressed immune cells were identified.
Furthermore, the Wilcoxon test method in the rstatix (v 0.7.2) package (https://cran.
r-project.org/web/packages/rstatix/index.html (accessed on 25 September 2024)) was
utilized to contrast expression levels of 48 immune checkpoints [89] ranging from the HRG
to the LRG (p < 0.05), and differentially expressed immune checkpoints were acquired.
Moreover, box plots were drawn using the ggplot2 (v 3.4.4) package for visualization. In
addition, the Spearman method within the cor function of the stats (v 4.2.2) package was
used to analyze connections among differentially expressed immune cells and prognostic
genes, along with the risk score and differentially expressed immune cells (or differentially
expressed immune checkpoints) (| cor! > 0.3, p < 0.05). Finally, an association heatmap and
bubble plot were, respectively, drawn via the ggcorrplot (v 0.1.4) [90] and ggplot2 (v 3.4.4)
packages for visualization.

The Estimation of STromal and Immune cells in MAlignant Tumor tissues through
Expression data (ESTIMATE) analysis was conducted using the estimate (v 1.0.13) package
(https:/ /bioinformatics.mdanderson.org/estimate /rpackage.html (accessed on 25 Septem-
ber 2024)), and the immune score, stromal score, and ESTIMATE score of each sample were
gained. Subsequently, the Tumor Immune Dysfunction and Exclusion (TIDE) dysfunction
and exclusion scores were obtained on the TIDE website (http:/ /tide.dfci.harvard.edu/
(accessed on 15 October 2024)). Moreover, the Wilcoxon test was carried out by means
of the ggpubr (v 0.6.0) package [91] to analyze distinctions in each score among the HRG
and LRG (p < 0.05). The violin plots were drawn utilizing the ggplot2 (v 3.4.4) package
for visualization.

Furthermore, somatic mutation data of GBM patients were gained from the TCGA
database. Then, mutation data of patients in the HRG and LRG were analyzed by the
maftools (v 2.26.0) package [92]. After that, genes with the top 20 mutation frequencies
were selected for presentation.

4.10. Chemotherapeutic Drug Sensitivity

In order to recognize potential drugs for treating GBM, in the TCGA-GBM dataset,
138 kinds of drugs were obtained from the Genomics of Drug Sensitivity in Cancer (GDSC)
database (https://www.cancerrxgene.org/ (accessed on 10 October 2024)). Then, half-
maximal inhibitory concentrations (ICsg) values of these drugs for each sample were
evaluated using the pRRophetic (v 0.5) package [93] to assess the sensitivity of samples to
drugs. After that, discrepancies in ICsy values of each drug between the HRG and LRG
were compared using the wilcox.test function in the rstatix (v 0.7.2) package (p < 0.05). Sub-
sequently, the connection between ICsy values and risk scores was calculated by employing
the cor.test function in the stats (v 4.2.2) package (I cor | > 0.3, p < 0.05). Finally, scatter plots
and box plots were drawn by means of the ggplot2 (v 3.4.4) package for visualization.
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4.11. Construction of Molecular Regulatory Networks

In order to analyze the molecular regulatory mechanism of prognostic genes, the miR-
Walk database (http://mirwalk.umm.uni-heidelberg.de (accessed on 10 October 2024)) and
the experimentally validated microRNA-target interactions database (miRTarBase) (https:
/ /mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2019/php/index.php (accessed on
10 October 2024)) were utilized to predict the microRNA (miRNA) that interacted with
the prognostic genes (MRNA). Subsequently, key miRNAs were obtained by taking the
intersection of prediction results from two databases using the ggvenn (v 0.1.9) package [94].
After that, the starBase database (https:/ /rnasysu.com/encori/ (accessed on 10 October
2024)) was used to predict the long non-coding RNA (IncRNA) that interacted with key
miRNAs. Finally, Cytoscape (v 3.9.1) software was used to draw miRNA-mRNA and
IncRNA-miRNA-RNA interaction networks.

4.12. scRNA-Seq Data Processing

The 10x scRNA-seq data of GSE162631 was processed via the Seurat (v 5.0.1) pack-
age [95]. Firstly, quality control was performed on scRNA-seq data. Cells with fewer than
200 genes and genes covering fewer than 3 cells were screened out. The range of nFeature
was set between 400 and 5000, proportion of percent. Mt was less than 5%, and range of
nCount_RNA was within 17,000. The results were depicted using the VInPlot function.
Subsequently, the expression data of each cell was normalized using the NormalizeData
function, with the scale factor set at 10,000. Then, 2000 highly variable genes were identi-
fied by applying the FindVariableFeatures function, and through the VariableFeaturePlot
function, they were visualized. After that, dimensionality reduction and clustering were
performed on the scRNA-seq data. Principal component analysis (PCA) was carried out
via the RunPCA function, and the first 50 PCs were calculated (p < 0.05). A scatter plot
was formed for visualization using the DimPlot function. Then, the JackStraw function
was applied to calculate contributions of the first 50 PCs in order to determine the optimal
number of clusters and they were illustrated via JackStrawPlot. Meanwhile, ElbowPlot was
used to evaluate the cumulative contributions of PCs to overall data variation to determine
the appropriate number of PCs. The adjacency graph of cells was established through the
FindNeighbors function, and these cells were clustered using the FindClusters function
(resolution = 0.3) to recognize distinct cell types, illustrated using the DimPlot function.
Finally, marker genes were obtained from literature [96] to conduct cell annotation for
different cell clusters. The expression of marker genes in the annotated cells was plotted
via the ggplot2 (v 3.4.4) package, and results of cell annotation were illustrated using the
DimPlot function.

4.13. Enrichment Analysis of Cells

The analyse_sc_clusters function in the ReactomeGSA (v 1.12.0) package [97] was
used to conduct functional enrichment analysis on different types of cell clusters. Then,
expression profiles of pathways were extracted through pathways function, and difference
values (maximum enrichment score minus minimum enrichment score) were obtained by
calculating minimum and maximum enrichment scores of each pathway in diverse cell
types. Subsequently, the top 10 pathways with the largest difference values were selected,
and a heatmap was drawn for visualization via the plot_gsva_heatmap function.

4.14. Identification of Key Cells

The proportions of each cell cluster were calculated, respectively, in GBM samples and
normal samples and then illustrated using the ggplot2 (v 3.4.4) package. Subsequently, in
order to detect key cells, the overall expression of prognostic genes in all cells was plotted
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using the FeaturePlot function in the Seurat (v 5.0.1) package, and results were presented
using violin plots through the VInPlot function in the Seurat (v 5.0.1) package. After that,
in each cell cluster, respectively, variances in the expression levels of the prognostic genes
among the GBM and normal samples were compared (p < 0.05) and illustrated via the
ggplot2 (v 3.4.4) package. Finally, the cells in which there were differences in the expression
levels of the prognostic genes and which were related to GBM were selected as key cells.

4.15. Cell Communication and Pseudotime Analysis

Cell communication analysis was conducted on annotated cell clusters using the
CellChat (v 1.6.1) package [98]. Then, network diagrams and heatmaps were drawn
utilizing the netVisual_heatmap function in the CellChat (v 1.6.1) package to display the
results. Furthermore, in order to understand the cell developmental trajectory of key
cells and changes in the expression of prognostic genes within cells, cell pseudotime
trajectory analysis was performed on key cells using the monocle (v 2.26.0) package [99].
Subsequently, visualization was carried out using the plot_cell_trajectory function.

5. Conclusions

In conclusion, our study identified SOCS1 and PHB?2 as significant prognostic genes.
The risk model and nomogram we constructed demonstrated excellent predictive abilities.
Patients in the high-risk group (HRG) exhibited a lower survival probability across various
clinicopathological subgroups. We identified a total of 12 differential immune cells and
14 immune checkpoints in both risk groups, with a more pronounced presence in the
HRG. The stromal, immune, estimate, and dysfunction scores were significantly higher
in the HRG compared to the low-risk group (LRG). Mutation rates for PTEN, EGFR, and
TTN were highest in the HRG, while in the LRG, they were highests for TP53, PTEN,
and EGFR. The half-maximal inhibitory concentrations (IC50) values of 41 drugs showed
significant differences between the two risk groups, indicating potential differences in drug
sensitivity. Finally, during the differentiation of key cells (microglia), SOCS1 expression
initially increased and then decreased, while PHB2 expression consistently increased. Our
findings provided a novel theoretical foundation for the prevention and treatment of
GBM, offering new strategies for disease mechanisms, prognostic evaluation, and the
development of treatment options.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26051875/s1.

Author Contributions: Conceptualization, Q.L. and H.L.; methodology, Q.L.; software, Q.L.; valida-
tion, Q.L.; formal analysis, Q.L.; investigation, Q.L.; resources, Q.L.; data curation, Q.L.; writing—
original draft preparation, Q.L.; writing—review and editing, H.L.; visualization, H.L.; supervision,
H.L.; project administration, H.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in this
article and in the Supplementary Materials.

Acknowledgments: I would like to express my sincere gratitude to my mentor, Hongde Liu, the
corresponding author of this article, for his patient guidance throughout my research.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/ijms26051875/s1
https://www.mdpi.com/article/10.3390/ijms26051875/s1

Int. J. Mol. Sci. 2025, 26, 1875 310f35

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zhao, S.; Chi, H.; Yang, Q.; Chen, S.; Wu, C,; Lai, G.; Xu, K;; Su, K;; Luo, H.; Peng, G.; et al. Identification and validation of
neurotrophic factor-related gene signatures in glioblastoma and Parkinson’s disease. Front. Immunol. 2023, 14, 1090040. [CrossRef]
[PubMed]

Hu, M.; Yu, B.; Zhang, B.; Wang, B.; Qian, D.; Li, H.; Ma, J.; Liu, D.X. Human Cytomegalovirus Infection Activates Glioma
Activating Transcription Factor 5 via microRNA in a Stress-Induced Manner. ACS Chem. Neurosci. 2021, 12, 3947-3956. [CrossRef]
[PubMed]

Hu, J.; Xu, L.; Fu, W,; Sun, Y.; Wang, N.; Zhang, J.; Yang, C.; Zhang, X.; Zhou, Y.; Wang, R.; et al. Development and validation
a prognostic model based on natural killer T cells marker genes for predicting prognosis and characterizing immune status in
glioblastoma through integrated analysis of single-cell and bulk RNA sequencing. Funct. Integr. Genom. 2023, 23, 286. [CrossRef]
[PubMed]

Stupp, R.; Mason, W.P;; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C,;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. . Med. 2005, 352,
987-996. [CrossRef]

Li, J.; Song, Z.; Chen, Z.; Gu, J.; Cai, Y.; Zhang, L.; Wang, Z. Association Between Diverse Cell Death Patterns Related Gene
Signature and Prognosis, Drug Sensitivity, and Immune Microenvironment in Glioblastoma. J. Mol. Neurosci. 2024, 74, 10.
[CrossRef]

Liu, Z,; Fan, H.; Liu, X;; Liu, C. Angiogenesis related genes based prognostic model of glioma patients developed by multi-omics
approach. Discov. Oncol. 2024, 15, 296. [CrossRef]

Wu, D.; Chen, Q.; Chen, X.; Han, F,; Chen, Z.; Wang, Y. The blood-brain barrier: Structure, regulation and drug delivery. Signal
Transduct. Target. Ther. 2023, 8, 217. [CrossRef]

Su, H.; Peng, Y.; Wu, Y.; Zeng, X. Overcoming immune evasion with innovative multi-target approaches for glioblastoma. Front.
Immunol. 2025, 16, 1541467. [CrossRef]

Kamran, N.; Kadiyala, P.; Saxena, M.; Candolfi, M.; Li, Y.; Moreno-Ayala, M.A.; Raja, N.; Shah, D.; Lowenstein, P.R.; Castro, M.G.
Immunosuppressive Myeloid Cells’ Blockade in the Glioma Microenvironment Enhances the Efficacy of Immune-Stimulatory
Gene Therapy. Mol. Ther. 2017, 25, 232-248. [CrossRef]

Zhao, S.; Ji, W.; Shen, Y.; Fan, Y.; Huang, H.; Huang, J.; Lai, G.; Yuan, K.; Cheng, C. Expression of hub genes of endothelial cells in
glioblastoma-A prognostic model for GBM patients integrating single-cell RNA sequencing and bulk RNA sequencing. BMC
Cancer 2022, 22, 1274. [CrossRef]

Lee, AH.; Sun, L.; Mochizuki, A.Y.; Reynoso, J.G.; Orpilla, J.; Chow, F; Kienzler, J.C.; Everson, R.G.; Nathanson, D.A;
Bensinger, S.J.; et al. Neoadjuvant PD-1 blockade induces T cell and ¢DC1 activation but fails to overcome the immunosuppressive
tumor associated macrophages in recurrent glioblastoma. Nat. Commun. 2021, 12, 6938. [CrossRef] [PubMed]

Salam, R.; Saliou, A.; Bielle, F; Bertrand, M.; Antoniewski, C.; Carpentier, C.; Alentorn, A.; Capelle, L.; Sanson, M.;
Huillard, E.; et al. Cellular senescence in malignant cells promotes tumor progression in mouse and patient Glioblastoma.
Nat. Commun. 2023, 14, 441. [CrossRef] [PubMed]

Loépez-Otin, C.; Blasco, M.A ; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186,
243-278. [CrossRef] [PubMed]

Chen, J; Si, J.; Li, Q.; Zhang, W.; He, J. Unlocking the potential of senescence-related gene signature as a diagnostic and
prognostic biomarker in sepsis: Insights from meta-analyses, single-cell RNA sequencing, and in vitro experiments. Aging 2024,
16, 3989-4013. [CrossRef]

Piszczatowska, K.; Przybylska, D.; Sikora, E.; Mosieniak, G. Inhibition of NADPH Oxidases Activity by Diphenyleneiodonium
Chloride as a Mechanism of Senescence Induction in Human Cancer Cells. Antioxidants 2020, 9, 1248. [CrossRef]

Broestl, L.; Warrington, N.M.; Grandison, L.; Abou-Antoun, T.; Tung, O.; Shenoy, S.; Tallman, M.M.; Rhee, G.; Yang, W,;
Sponagel, J.; et al. Gonadal sex patterns p21-induced cellular senescence in mouse and human glioblastoma. Commun. Biol. 2022,
5, 781. [CrossRef]

Chojak, R.; Fares, J.; Petrosyan, E.; Lesniak, M.S. Cellular senescence in glioma. J. Neurooncol. 2023, 164, 11-29. [CrossRef]
Cortes Ballen, A.I; Amosu, M.; Ravinder, S.; Chan, J.; Derin, E.; Slika, H.; Tyler, B. Metabolic Reprogramming in Glioblastoma
Multiforme: A Review of Pathways and Therapeutic Targets. Cells 2024, 13, 1574. [CrossRef]

Trejo-Solis, C.; Silva-Adaya, D.; Serrano-Garcia, N.; Magafia-Maldonado, R.; Jimenez-Farfan, D.; Ferreira-Guerrero, E.; Cruz-
Salgado, A.; Castillo-Rodriguez, R.A. Role of glycolytic and glutamine metabolism reprogramming on the proliferation, invasion,
and apoptosis resistance through modulation of signaling pathways in glioblastoma. Int. J. Mol. Sci. 2023, 24, 17633. [CrossRef]
Zhang, Y.; Yang, Z.; Liu, Y.; Pei, J.; Li, R.; Yang, Y. Targeting lipid metabolism: Novel insights and therapeutic advances in
pancreatic cancer treatment. Lipids Health Dis. 2025, 24, 12. [CrossRef]

Darwish, A.; Pammer, M.; Gallyas, E, Jr.; Vigh, L.; Balogi, Z.; Juhasz, K. Emerging Lipid Targets in Glioblastoma. Cancers 2024,
16, 397. [CrossRef] [PubMed]


https://doi.org/10.3389/fimmu.2023.1090040
https://www.ncbi.nlm.nih.gov/pubmed/36825022
https://doi.org/10.1021/acschemneuro.1c00576
https://www.ncbi.nlm.nih.gov/pubmed/34617722
https://doi.org/10.1007/s10142-023-01217-7
https://www.ncbi.nlm.nih.gov/pubmed/37650991
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1007/s12031-023-02181-4
https://doi.org/10.1007/s12672-024-01126-6
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.3389/fimmu.2025.1541467
https://doi.org/10.1016/j.ymthe.2016.10.003
https://doi.org/10.1186/s12885-022-10305-z
https://doi.org/10.1038/s41467-021-26940-2
https://www.ncbi.nlm.nih.gov/pubmed/34836966
https://doi.org/10.1038/s41467-023-36124-9
https://www.ncbi.nlm.nih.gov/pubmed/36707509
https://doi.org/10.1016/j.cell.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36599349
https://doi.org/10.18632/aging.205574
https://doi.org/10.3390/antiox9121248
https://doi.org/10.1038/s42003-022-03743-9
https://doi.org/10.1007/s11060-023-04387-3
https://doi.org/10.3390/cells13181574
https://doi.org/10.3390/ijms242417633
https://doi.org/10.1186/s12944-024-02426-0
https://doi.org/10.3390/cancers16020397
https://www.ncbi.nlm.nih.gov/pubmed/38254886

Int. J. Mol. Sci. 2025, 26, 1875 32 0f35

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kou, Y.; Geng, F.; Guo, D. Lipid Metabolism in Glioblastoma: From De Novo Synthesis to Storage. Biomedicines 2022, 10, 1943.
[CrossRef] [PubMed]

Zeng, Q.; Gong, Y.; Zhu, N.; Shi, Y.; Zhang, C.; Qin, L. Lipids and lipid metabolism in cellular senescence: Emerging targets for
age-related diseases. Ageing Res. Rev. 2024, 97, 102294. [CrossRef] [PubMed]

Liu, X.; Hartman, C.L,; Li, L.; Albert, CJ.; Si, F; Gao, A.; Huang, L.; Zhao, Y.; Lin, W.,; Hsueh, E.C.; et al. Reprogramming
lipid metabolism prevents effector T cell senescence and enhances tumor immunotherapy. Sci. Transl. Med. 2021, 13, eaaz6314.
[CrossRef]

Patel, A.P,; Tirosh, I.; Trombetta, J.J.; Shalek, A.K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P; Nahed, B.V.; Curry, W.T,;
Martuza, R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344,
1396-1401. [CrossRef]

Yeo, A.T.; Rawal, S.; Delcuze, B.; Christofides, A.; Atayde, A.; Strauss, L.; Balaj, L.; Rogers, V.A.; Uhlmann, E.J.; Varma, H.; et al.
Single-cell RNA sequencing reveals evolution of immune landscape during glioblastoma progression. Nat. Immunol. 2022, 23,
971-984. [CrossRef]

Liu, Z.; Wei, W,; Zhang, J.; Yang, X.; Feng, Z.; Zhang, B.; Hou, X. Single-cell transcriptional profiling reveals aberrant gene
expression patterns and cell states in autoimmune diseases. Mol. Immunol. 2024, 165, 68-81. [CrossRef]

Grube, S.; Diinisch, P,; Freitag, D.; Klausnitzer, M.; Sakr, Y.; Walter, J.; Kalff, R.; Ewald, C. Overexpression of fatty acid synthase in
human gliomas correlates with the WHO tumor grade and inhibition with Orlistat reduces cell viability and triggers apoptosis.
J. Neurooncol. 2014, 118, 277-287. [CrossRef]

Guo, D,; Prins, RM.; Dang, J.; Kuga, D.; Iwanami, A.; Soto, H.; Lin, K.Y,; Huang, T.T.; Akhavan, D.; Hock, M.B.; et al. EGFR
Signaling Through an Akt-SREBP-1-Dependent, Rapamycin-Resistant Pathway Sensitizes Glioblastomas to Antilipogenic
Therapy. Sci. Signal. 2009, 2, ra82. [CrossRef]

Krammer, J.; Digel, M.; Ehehalt, F.; Stremmel, W.; Fiillekrug, J.; Ehehalt, R. Overexpression of CD36 and acyl-CoA synthetases
FATP2, FATP4 and ACSL1 increases fatty acid uptake in human hepatoma cells. Int. ]. Med. Sci. 2011, 8, 599-614. [CrossRef]
Liu, Z.; Liu, W.; Wang, W.; Ma, Y.; Wang, Y.; Drum, D.L.; Cai, J.; Blevins, H.; Lee, E.; Shah, S.; et al. CPT1A-mediated fatty acid
oxidation confers cancer cell resistance to immune-mediated cytolytic killing. Proc. Natl. Acad. Sci. USA 2023, 120, e2302878120.
[CrossRef]

Li, Z.; Hu, Y;; Zheng, H.; Li, M,; Liu, Y,; Feng, R; Li, X.; Zhang, S.; Tang, M.; Yang, M.; et al. LPCAT1-mediated membrane
phospholipid remodelling promotes ferroptosis evasion and tumour growth. Nat. Cell Biol. 2024, 26, 811-824. [CrossRef]
[PubMed]

Joseph, S.B.; Bradley, M.N.; Castrillo, A.; Bruhn, K.W.; Mak, P.A.; Pei, L.; Hogenesch, J.; O’Connell, R.M.; Cheng, G.; Saez, E.; et al.
LXR-dependent gene expression is important for macrophage survival and the innate immune response. Cell 2004, 119, 299-309.
[CrossRef] [PubMed]

Dai, L.; Han, Y,; Yang, Z.; Zeng, Y.; Liang, W.; Shi, Z.; Tao, Y.; Liang, X.; Liu, W.; Zhou, S.; et al. Identification and validation of
SOCS1/2/3/4 as potential prognostic biomarkers and correlate with immune infiltration in glioblastoma. J. Cell. Mol. Med. 2023,
27,2194-2214. [CrossRef] [PubMed]

Dai, L.; Li, Z; Liang, W.; Hu, W.; Zhou, S.; Yang, Z.; Tao, Y.; Hou, X,; Xing, Z.; Mao, J.; et al. SOCS proteins and their roles in the
development of glioblastoma. Oncol. Lett. 2022, 23, 5. [CrossRef]

Zhang, X,; Jin, S.; Shi, X,; Liu, S.; Li, K,; Liu, G.; Zhong, S.; Liu, T.; Li, L.; Tao, S.; et al. Modulation of Tumor Immune
Microenvironment and Prognostic Value of Ferroptosis-Related Genes, and Candidate Target Drugs in Glioblastoma Multiforme.
Front. Pharmacol. 2022, 13, 898679. [CrossRef]

Ventero, M.P.,; Fuentes-Baile, M.; Quereda, C.; Perez-Valeciano, E.; Alenda, C.; Garcia-Morales, P.; Esposito, D.; Dorado, P;
Manuel Barbera, V.; Saceda, M. Radiotherapy resistance acquisition in Glioblastoma. Role of SOCS1 and SOCS3. PLoS ONE 2019,
14, €0212581. [CrossRef]

Kosgodage, U.S.; Uysal-Onganer, P.; MacLatchy, A.; Mould, R.; Nunn, A.V.; Guy, G.W.; Kraev, L.; Chatterton, N.P.; Thomas, E.L.;
Inal, ].M.; et al. Cannabidiol Affects Extracellular Vesicle Release, miR21 and miR126, and Reduces Prohibitin Protein in
Glioblastoma Multiforme Cells. Transl. Oncol. 2019, 12, 513-522. [CrossRef]

Huang, H.; Zhang, S.; Li, Y,; Liu, Z.; Mi, L,; Cai, Y.; Wang, X.; Chen, L.; Ran, H.; Xiao, D.; et al. Suppression of mitochondrial ROS
by prohibitin drives glioblastoma progression and therapeutic resistance. Nat. Commun. 2021, 12, 3720. [CrossRef]

Kosgodage, U.S.; Uysal-Onganer, P.; MacLatchy, A.; Kraev, I.; Chatterton, N.P; Nicholas, A.P,; Inal, ].M.; Lange, S. Peptidylarginine
Deiminases Post-Translationally Deiminate Prohibitin and Modulate Extracellular Vesicle Release and MicroRNAs in Glioblastoma
Multiforme. Int. ]. Mol. Sci. 2018, 20, 103. [CrossRef]

Deighton, R.E; McGregor, R.; Kemp, J.; McCulloch, J.; Whittle, I.R. Glioma pathophysiology: Insights emerging from proteomics.
Brain Pathol. 2010, 20, 691-703. [CrossRef] [PubMed]

Wu, W,; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):
An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef] [PubMed]


https://doi.org/10.3390/biomedicines10081943
https://www.ncbi.nlm.nih.gov/pubmed/36009491
https://doi.org/10.1016/j.arr.2024.102294
https://www.ncbi.nlm.nih.gov/pubmed/38583577
https://doi.org/10.1126/scitranslmed.aaz6314
https://doi.org/10.1126/science.1254257
https://doi.org/10.1038/s41590-022-01215-0
https://doi.org/10.1016/j.molimm.2023.12.010
https://doi.org/10.1007/s11060-014-1452-z
https://doi.org/10.1126/scisignal.2000446
https://doi.org/10.7150/ijms.8.599
https://doi.org/10.1073/pnas.2302878120
https://doi.org/10.1038/s41556-024-01405-y
https://www.ncbi.nlm.nih.gov/pubmed/38671262
https://doi.org/10.1016/j.cell.2004.09.032
https://www.ncbi.nlm.nih.gov/pubmed/15479645
https://doi.org/10.1111/jcmm.17807
https://www.ncbi.nlm.nih.gov/pubmed/37315184
https://doi.org/10.3892/ol.2021.13123
https://doi.org/10.3389/fphar.2022.898679
https://doi.org/10.1371/journal.pone.0212581
https://doi.org/10.1016/j.tranon.2018.12.004
https://doi.org/10.1038/s41467-021-24108-6
https://doi.org/10.3390/ijms20010103
https://doi.org/10.1111/j.1750-3639.2010.00376.x
https://www.ncbi.nlm.nih.gov/pubmed/20175778
https://doi.org/10.1016/j.phrs.2021.105780
https://www.ncbi.nlm.nih.gov/pubmed/34302977

Int. J. Mol. Sci. 2025, 26, 1875 33 0f 35

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Mohamed, A.a.H.; Patel, A.A.; Al Abdulmonem, W.; Muzammil, K.; Shafie, A.; Ashour, A.A.; Mirdad, TM.A.-M.; Mallick, A.K.;
Alsaiari, A.A.; Almalki, A.A. The role of miR-765 in human cancers. Int. Immunopharmacol. 2024, 139, 112779. [CrossRef]
[PubMed]

Leung, YK.; Chan, Q.K.; Ng, C.F; Ma, EM.; Tse, HM.; To, K.F.; Maranchie, J.; Ho, S.M.; Lau, KM. Hsa-miRNA-765 as a
key mediator for inhibiting growth, migration and invasion in fulvestrant-treated prostate cancer. PLoS ONE 2014, 9, e98037.
[CrossRef]

Dokanehiifard, S.; Soltani, B.M.; Ghiasi, P; Baharvand, H.; Ganjali, M.R.; Hosseinkhani, S. hsa-miR-766-5p as a new regulator of
mitochondrial apoptosis pathway for discriminating of cell death from cardiac differentiation. Gene 2020, 736, 144448. [CrossRef]
Zhang, B.; Li, W.; Cao, J.; Zhou, Y.; Yuan, X. Prohibitin 2: A key regulator of cell function. Life Sci. 2024, 338, 122371. [CrossRef]
Jafarzadeh, A.; Zandvakili, R.; Jafarzadeh, Z.; Nemati, M. Dysregulated expression of the suppressors of cytokine signaling
(SOCS) contributes to the development of prostate cancer. Pathol. Res. Pract. 2024, 262, 155558. [CrossRef]

Sami, A.; Karsy, M. Targeting the PI3K/AKT/mTOR signaling pathway in glioblastoma: Novel therapeutic agents and advances
in understanding. Tumor Biol. 2013, 34, 1991-2002. [CrossRef]

Krishna, K.V,; Dubey, S.K,; Singhvi, G.; Gupta, G.; Kesharwani, P. MAPK pathway: Potential role in glioblastoma multiforme.
Interdiscip. Neurosurg. 2021, 23, 100901. [CrossRef]

Mukherjee, R.; Vanaja, K.G.; Boyer, ].A.; Gadal, S.; Solomon, H.; Chandarlapaty, S.; Levchenko, A.; Rosen, N. Regulation of PTEN
translation by PI3K signaling maintains pathway homeostasis. Mol. Cell 2021, 81, 708-723.e705. [CrossRef]

Uribe, M.L.; Marrocco, I.; Yarden, Y. EGFR in Cancer: Signaling Mechanisms, Drugs, and Acquired Resistance. Cancers 2021,
13, 2748. [CrossRef] [PubMed]

Ou, A;; Ott, M; Fang, D.; Heimberger, A.B. The Role and Therapeutic Targeting of JAK/STAT Signaling in Glioblastoma. Cancers
2021, 13, 437. [CrossRef] [PubMed]

Glaviano, A.; Foo, A.S.C.; Lam, H.Y.; Yap, K.C.H,; Jacot, W.; Jones, R.H.; Eng, H.; Nair, M.G.; Makvandi, P.; Geoerger, B.; et al.
PI3K/AKT/mTOR signaling transduction pathway and targeted therapies in cancer. Mol. Cancer 2023, 22, 138. [CrossRef]
[PubMed]

Zhang, B.; Xie, L,; Liu, J.; Liu, A.; He, M. Construction and validation of a cuproptosis-related prognostic model for glioblastoma.
Front. Immunol. 2023, 14, 1082974. [CrossRef]

Liang, L.; Yan, B.; Liu, Y;; Jiang, S.; He, H.; Huang, J.; Liu, W.; Xie, L. FOXP3 Contributes to TMZ Resistance, Prognosis, and
Immune Infiltration in GBM from a Novel Pyroptosis-Associated Risk Signature. Dis. Markers 2022, 2022, 4534080. [CrossRef]
Xiao, D.; Zhou, Y.; Wang, X.; Zhao, H.; Nie, C.; Jiang, X. A Ferroptosis-Related Prognostic Risk Score Model to Predict Clinical
Significance and Immunogenic Characteristics in Glioblastoma Multiforme. Oxidative Med. Cell. Longev. 2021, 2021, 9107857.
[CrossRef]

Yu, J.; Lai, M.; Zhou, Z.; Zhou, J.; Hu, Q.; Li, J.; Li, H.; Chen, L.; Wen, L.; Zhou, M.; et al. The PTEN-associated immune prognostic
signature reveals the landscape of the tumor microenvironment in glioblastoma. J. Neuroimmunol. 2023, 376, 578034. [CrossRef]
Chen, ]J.; Laverty, D.J.; Talele, S.; Bale, A.; Carlson, B.L.; Porath, K.A.; Bakken, K K.; Burgenske, D.M.; Decker, PA;
Vaubel, R.A; et al. Aberrant ATM signaling and homology-directed DNA repair as a vulnerability of p53-mutant GBM to
AZD1390-mediated radiosensitization. Sci. Transl. Med. 2024, 16, eadj5962. [CrossRef]

Hu, C.; Leche, C.A,, IT; Kiyatkin, A.; Yu, Z.; Stayrook, S.E.; Ferguson, K.M.; Lemmon, M.A. Glioblastoma mutations alter EGFR
dimer structure to prevent ligand bias. Nature 2022, 602, 518-522. [CrossRef]

Arnoff, T.E.; El-Deiry, W.S. MDM2/MDM4 amplification and CDKN2A deletion in metastatic melanoma and glioblastoma
multiforme may have implications for targeted therapeutics and immunotherapy. Am. J. Cancer Res. 2022, 12, 2102-2117.

Patra, S.; Praharaj, PP; Klionsky, D.J.; Bhutia, S.K. Vorinostat in autophagic cell death: A critical insight into autophagy-mediated,
-associated and -dependent cell death for cancer prevention. Drug Discov. Today 2022, 27, 269-279. [CrossRef] [PubMed]

Kong, X.; Moran, M.S.; Zhao, Y.; Yang, Q. Inhibition of metadherin sensitizes breast cancer cells to AZD6244. Cancer Biol. Ther.
2012, 13, 43-49. [CrossRef] [PubMed]

Dumas, A.A.; Pomella, N.; Rosser, G.; Guglielmi, L.; Vinel, C.; Millner, T.O.; Rees, J.; Aley, N.; Sheer, D.; Wei, |.; et al. Microglia
promote glioblastoma via mTOR-mediated immunosuppression of the tumour microenvironment. Embo J. 2020, 39, e103790.
[CrossRef] [PubMed]

Mecca, C.; Giambanco, I.; Donato, R.; Arcuri, C. Microglia and Aging: The Role of the TREM2-DAP12 and CX3CL1-CX3CR1
Axes. Int. ]. Mol. Sci. 2018, 19, 318. [CrossRef]

Guo, S.; Wang, H.; Yin, Y. Microglia Polarization From M1 to M2 in Neurodegenerative Diseases. Front. Aging Neurosci. 2022,
14, 815347. [CrossRef]

Olmos-Alonso, A.; Schetters, S.T.; Sri, S.; Askew, K.; Mancuso, R.; Vargas-Caballero, M.; Holscher, C.; Perry, V.H.; Gomez-Nicola, D.
Pharmacological targeting of CSF1R inhibits microglial proliferation and prevents the progression of Alzheimer’s-like pathology.
Brain 2016, 139, 891-907. [CrossRef]


https://doi.org/10.1016/j.intimp.2024.112779
https://www.ncbi.nlm.nih.gov/pubmed/39068750
https://doi.org/10.1371/journal.pone.0098037
https://doi.org/10.1016/j.gene.2020.144448
https://doi.org/10.1016/j.lfs.2023.122371
https://doi.org/10.1016/j.prp.2024.155558
https://doi.org/10.1007/s13277-013-0800-5
https://doi.org/10.1016/j.inat.2020.100901
https://doi.org/10.1016/j.molcel.2021.01.033
https://doi.org/10.3390/cancers13112748
https://www.ncbi.nlm.nih.gov/pubmed/34206026
https://doi.org/10.3390/cancers13030437
https://www.ncbi.nlm.nih.gov/pubmed/33498872
https://doi.org/10.1186/s12943-023-01827-6
https://www.ncbi.nlm.nih.gov/pubmed/37596643
https://doi.org/10.3389/fimmu.2023.1082974
https://doi.org/10.1155/2022/4534080
https://doi.org/10.1155/2021/9107857
https://doi.org/10.1016/j.jneuroim.2023.578034
https://doi.org/10.1126/scitranslmed.adj5962
https://doi.org/10.1038/s41586-021-04393-3
https://doi.org/10.1016/j.drudis.2021.08.004
https://www.ncbi.nlm.nih.gov/pubmed/34400351
https://doi.org/10.4161/cbt.13.1.18868
https://www.ncbi.nlm.nih.gov/pubmed/22336587
https://doi.org/10.15252/embj.2019103790
https://www.ncbi.nlm.nih.gov/pubmed/32567735
https://doi.org/10.3390/ijms19010318
https://doi.org/10.3389/fnagi.2022.815347
https://doi.org/10.1093/brain/awv379

Int. J. Mol. Sci. 2025, 26, 1875 34 of 35

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.
80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

Yang, Q.; Guo, N.; Zhou, Y.; Chen, J.; Wei, Q.; Han, M. The role of tumor-associated macrophages (TAMs) in tumor progression
and relevant advance in targeted therapy. Acta Pharm. Sin. B 2020, 10, 2156-2170. [CrossRef]

Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

Bi, Y,; Jing, Y.; Guo, L. Construction and validation of a prognostic marker and risk model for HCC ultrasound therapy combined
with WGCNA identification. Front. Genet. 2022, 13, 1017551. [CrossRef]

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W,; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

Gustavsson, E.K.; Zhang, D.; Reynolds, R.H.; Garcia-Ruiz, S.; Ryten, M. ggtranscript: An R package for the visualization and
interpretation of transcript isoforms using ggplot2. Bioinformatics 2022, 38, 3844-3846. [CrossRef] [PubMed]

Conway, J.R.; Lex, A.; Gehlenborg, N. UpSetR: An R package for the visualization of intersecting sets and their properties.
Bioinformatics 2017, 33, 2938-2940. [CrossRef] [PubMed]

Yu, G.; Wang, L.G; Han, Y; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics ].
Integr. Biol. 2012, 16, 284-287. [CrossRef] [PubMed]

Qing, J.; Li, C.; Hu, X,; Song, W,; Tirichen, H.; Yaigoub, H.; Li, Y. Differentiation of T Helper 17 Cells May Mediate the Abnormal
Humoral Immunity in IgA Nephropathy and Inflammatory Bowel Disease Based on Shared Genetic Effects. Front. Immunol. 2022,
13, 916934. [CrossRef] [PubMed]

Liu, P; Xu, H.; Shi, Y; Deng, L.; Chen, X. Potential Molecular Mechanisms of Plantain in the Treatment of Gout and Hyperuricemia
Based on Network Pharmacology. Evid. Based Complement. Alternat. Med. 2020, 2020, 3023127. [CrossRef]

Lei, J.; Qu, T,; Cha, L; Tian, L.; Qiu, F; Guo, W,; Cao, J.; Sun, C.; Zhou, B. Clinicopathological characteristics of pheochromocy-
toma/paraganglioma and screening of prognostic markers. J. Surg. Oncol. 2023, 128, 510-518. [CrossRef]

Wang, H.; Zhou, L. Random survival forest with space extensions for censored data. Artif. Intell. Med. 2017, 79, 52-61. [CrossRef]
Heagerty, PJ.; Lumley, T.; Pepe, M.S. Time-dependent ROC curves for censored survival data and a diagnostic marker. Biometrics
2000, 56, 337-344. [CrossRef]

Gu, Z.; Hilbschmann, D. Make Interactive Complex Heatmaps in R. Bioinformatics 2022, 38, 1460-1462. [CrossRef]

He, Z.; Wang, C.; Xue, H.; Zhao, R.; Li, G. Identification of a Metabolism-Related Risk Signature Associated With Clinical
Prognosis in Glioblastoma Using Integrated Bioinformatic Analysis. Front. Oncol. 2020, 10, 1631. [CrossRef]

N’Dilimabaka, N.; Mounguegui, D.M.; Lekana-Douki, S.E.; Yattara, M.K.; Obame-Nkoghe, J.; Longo-Pendy, N.M.; Koumba, I.PK,;
Mve-Ella, O.L.B.; Moukouama, S.K.; Dzembo, C.E.; et al. Biochemical and hematological factors associated with COVID-19
severity among Gabonese patients: A retrospective cohort study. Front. Cell. Infect. Microbiol. 2022, 12, 975712. [CrossRef]
[PubMed]

Li, Y,; Lu, E; Yin, Y. Applying logistic LASSO regression for the diagnosis of atypical Crohn’s disease. Sci. Rep. 2022, 12, 11340.
[CrossRef]

Sachs, M.C. plotROC: A Tool for Plotting ROC Curves. . Stat. Softw. 2017, 79, 2. [CrossRef] [PubMed]

Love, ML.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Wang, L.; Wang, D.; Yang, L.; Zeng, X.; Zhang, Q.; Liu, G.; Pan, Y. Cuproptosis related genes associated with Jabl shapes tumor
microenvironment and pharmacological profile in nasopharyngeal carcinoma. Front. Immunol. 2022, 13, 989286. [CrossRef]
[PubMed]

Hénzelmann, S.; Castelo, R.; Guinney, J. GSVA: Gene set variation analysis for microarray and RNA-seq data. BMC Bioinform.
2013, 14, 7. [CrossRef] [PubMed]

Charoentong, P; Finotello, F; Angelova, M.; Mayer, C.; Efremova, M.; Rieder, D.; Hackl, H.; Trajanoski, Z. Pan-cancer Im-
munogenomic Analyses Reveal Genotype-Immunophenotype Relationships and Predictors of Response to Checkpoint Blockade.
Cell Rep. 2017, 18, 248-262. [CrossRef]

Gu, Z.; Eils, R; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics
2016, 32, 2847-2849. [CrossRef]

Wu, J.; Li, L.; Zhang, H.; Zhao, Y.; Zhang, H.; Wu, S.; Xu, B. A risk model developed based on tumor microenvironment predicts
overall survival and associates with tumor immunity of patients with lung adenocarcinoma. Oncogene 2021, 40, 4413-4424.
[CrossRef]

Zhou, Y; Jiang, S.; Yu, S.; Zhu, L,; Liu, Y.; Li, S.; Hao, N.; Ren, Y. Mining the prognostic significance and immune infiltration of
STAT family members in human breast cancer by bioinformatics analysis. Gland. Surg. 2022, 11, 720-741. [CrossRef]

Cheng, Q.; Chen, X.; Wu, H.; Du, Y. Three hematologic/immune system-specific expressed genes are considered as the potential
biomarkers for the diagnosis of early rheumatoid arthritis through bioinformatics analysis. J. Transl. Med. 2021, 19, 18. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.apsb.2020.04.004
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3389/fgene.2022.1017551
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btac409
https://www.ncbi.nlm.nih.gov/pubmed/35751589
https://doi.org/10.1093/bioinformatics/btx364
https://www.ncbi.nlm.nih.gov/pubmed/28645171
https://doi.org/10.1089/omi.2011.0118
https://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.3389/fimmu.2022.916934
https://www.ncbi.nlm.nih.gov/pubmed/35769467
https://doi.org/10.1155/2020/3023127
https://doi.org/10.1002/jso.27358
https://doi.org/10.1016/j.artmed.2017.06.005
https://doi.org/10.1111/j.0006-341X.2000.00337.x
https://doi.org/10.1093/bioinformatics/btab806
https://doi.org/10.3389/fonc.2020.01631
https://doi.org/10.3389/fcimb.2022.975712
https://www.ncbi.nlm.nih.gov/pubmed/36619758
https://doi.org/10.1038/s41598-022-15609-5
https://doi.org/10.18637/jss.v079.c02
https://www.ncbi.nlm.nih.gov/pubmed/30686944
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fimmu.2022.989286
https://www.ncbi.nlm.nih.gov/pubmed/36618352
https://doi.org/10.1186/1471-2105-14-7
https://www.ncbi.nlm.nih.gov/pubmed/23323831
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1038/s41388-021-01853-y
https://doi.org/10.21037/gs-22-189
https://doi.org/10.1186/s12967-020-02689-y
https://www.ncbi.nlm.nih.gov/pubmed/33407587

Int. J. Mol. Sci. 2025, 26, 1875 35 0f 35

92.

93.

94.

95.

96.

97.

98.

99.

Mayakonda, A.; Lin, D.C.; Assenov, Y.; Plass, C.; Koeffler, H.P. Maftools: Efficient and comprehensive analysis of somatic variants
in cancer. Genome Res. 2018, 28, 1747-1756. [CrossRef] [PubMed]

Geeleher, P,; Cox, N.; Huang, R.S. pRRophetic: An R package for prediction of clinical chemotherapeutic response from tumor
gene expression levels. PLoS ONE 2014, 9, e107468. [CrossRef] [PubMed]

Zheng, Y.; Gao, W.; Zhang, Q.; Cheng, X,; Liu, Y.; Qi, Z.; Li, T. Ferroptosis and Autophagy-Related Genes in the Pathogenesis of
Ischemic Cardiomyopathy. Front. Cardiovasc. Med. 2022, 9, 906753. [CrossRef]

Hao, Y.; Hao, S.; Andersen-Nissen, E.; Mauck, WM., III; Zheng, S.; Butler, A.; Lee, M.].; Wilk, A.]J.; Darby, C.; Zager, M.; et al.
Integrated analysis of multimodal single-cell data. Cell 2021, 184, 3573-3587.e3529. [CrossRef]

Xie, Y.; He, L.; Lugano, R.; Zhang, Y.; Cao, H.; He, Q.; Chao, M.; Liu, B.; Cao, Q.; Wang, J.; et al. Key molecular alterations in
endothelial cells in human glioblastoma uncovered through single-cell RNA sequencing. JCI Insight 2021, 6, €150861. [CrossRef]
Griss, ].; Viteri, G.; Sidiropoulos, K.; Nguyen, V.; Fabregat, A.; Hermjakob, H. ReactomeGSA-Efficient Multi-Omics Comparative
Pathway Analysis. Mol. Cell. Proteom. 2020, 19, 2115-2125. [CrossRef]

Luo, J.; Deng, M.; Zhang, X.; Sun, X. ESICCC as a systematic computational framework for evaluation, selection, and integration
of cell-cell communication inference methods. Genome Res. 2023, 33, 1788-1805. [CrossRef]

Trapnell, C.; Cacchiarelli, D.; Grimsby, J.; Pokharel, P; Li, S.; Morse, M.; Lennon, N.J.; Livak, K.J.; Mikkelsen, T.S.; Rinn, ].L. The
dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat. Biotechnol. 2014, 32,
381-386. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1101/gr.239244.118
https://www.ncbi.nlm.nih.gov/pubmed/30341162
https://doi.org/10.1371/journal.pone.0107468
https://www.ncbi.nlm.nih.gov/pubmed/25229481
https://doi.org/10.3389/fcvm.2022.906753
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1172/jci.insight.150861
https://doi.org/10.1074/mcp.TIR120.002155
https://doi.org/10.1101/gr.278001.123
https://doi.org/10.1038/nbt.2859

	Introduction 
	Results 
	Identification of 4468 WGCNA-Related Genes 
	Enrichment Functions and PPI Analysis for 15 Candidate Genes 
	SOCS1 and PHB2 as Prognostic Genes and Construction of Risk Model 
	Differences in Clinicopathological Features Between the HRG and LRG 
	A Nomogram with Better Prognostic Value 
	Functional Annotation and Immune Infiltration in the HRG and LRG 
	Immunotherapy and Somatic Mutation in the HRG and LRG 
	Chemotherapeutic Drug Association with Risk Score 
	Molecular Regulatory Networks of Prognostic Genes 
	Cellular Heterogeneity and the Role of Microglia as a Key Cell 
	Cell Communications and Pseudo-Temporal Microglia 

	Discussion 
	Materials and Methods 
	Data Harvesting 
	Weighted Gene Co-Expression Network Analysis (WGCNA) 
	Recognition of Candidate Genes 
	Enrichment Analysis of Candidate Genes and Construction of Protein–Protein Interaction (PPI) Network 
	Construction and Validation of Risk Model 
	Analysis of Clinicopathological Features 
	Nomogram Creation and Validation 
	Functional Enrichment Analysis of the HRG and LRG 
	Immune Microenvironment Analysis 
	Chemotherapeutic Drug Sensitivity 
	Construction of Molecular Regulatory Networks 
	scRNA-Seq Data Processing 
	Enrichment Analysis of Cells 
	Identification of Key Cells 
	Cell Communication and Pseudotime Analysis 

	Conclusions 
	References

