
Volume 9 Issue 4 (2025)	 209� doi: 10.36922/EJMO025140076

ORIGINAL RESEARCH ARTICLE

Targeting STAT3 enhances glioblastoma 
therapeutic sensitivity through valproic 
acid-mediated regulation of the tumor 
microenvironment

Leina Li , Moli Wu , Xu Zheng , and Jia Liu*
Liaoning Laboratory of Cancer Genomics and Epigenomics, College of Basic Medical Sciences, 
Dalian Medical University, Dalian, Liaoning, China

Abstract
Introduction: Glioblastoma (GBM) is a highly malignant tumor of the nervous 
system, posing serious threats to patient survival and quality of life. However, current 
treatment options remain limited in both availability and effectiveness. 
Objective: This study analyzes the gene expression data related to GBM to support 
the development of improved therapeutic strategies. 
Methods: Two gene expression datasets were selected for statistical analysis. 
Differentially expressed genes (DEGs) related to GBM were screened based on 
predefined criteria. Enrichment analysis was performed to explore the biological 
processes and pathways involved. A  protein-protein interaction (PPI) network was 
constructed to identify central genes, which were further analyzed for expression 
patterns and their potential roles in GBM pathology. 
Results: A  total of 1,151 overlapping DEGs were identified. Enrichment analysis 
revealed their involvement in several key biological processes and pathways. From the 
PPI network, central genes, including signal transducer and activator of transcription 
3 (STAT3), CAML1, clathrin assembly lymphoid myeloid 2, and protein kinase CAMP-
activated catalytic subunit beta were identified as playing crucial roles in GBM 
development. Immune cell subtype analysis indicated interactions between these 
genes and the tumor microenvironment. The diagnostic value highlighted STAT3 as 
a potential biomarker for GBM. In vivo experiments confirmed that gene expression 
patterns were consistent with database predictions. Molecular docking analysis 
identified valproic acid as a promising therapeutic candidate, targeting five central 
genes. In vitro studies demonstrated that valproic acid effectively induced GBM cell 
death and modulated the expression of these genes, with high safety observed. 
Conclusion: Identifying DEGs and central genes is essential in understanding GBM 
pathology. This study establishes STAT3 as a diagnostic marker and highlights valproic 
acid as a potential multi-target therapeutic agent. These findings lay the groundwork 
for more effective and targeted treatment strategies for GBM.
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1. Introduction
Glioblastoma (GBM) is a highly invasive primary brain 
tumor.1 That poses a serious threat to patient health. 
Although numerous studies have investigated treatment 
strategies for GBM, significant progress remains limited, 
and the prognosis of most patients is still poor.2 Currently, 
the standard treatment for GBM includes postoperative 
radiotherapy and chemotherapy, with temozolomide 
being a commonly used chemotherapeutic agent.3-5 
However, these treatments do not significantly improve 
patients’ quality of life and offer limited efficacy. Therefore, 
there is an urgent need for in-depth research into novel 
therapeutic strategies, which remains a key focus in the 
field. Bioinformatics is widely applied in the study of 
disease-related genes and can support the development of 
targeted therapies by analyzing large-scale genomic and 
transcriptomic data.6 Using bioinformatics, researchers can 
identify molecular characteristics and therapeutic targets 
across various cancers.7,8 This study applies bioinformatics 
methods to analyze genetic datasets in order to identify 
genes closely associated with GBM and to discover 
targeted therapeutic drugs, providing a foundation for 
more effective treatment.

The molecular mechanisms underlying GBM can be 
elucidated by identifying relevant hub genes. These genes 
are of great significance in improving the accuracy of GBM 
treatment and supporting the development of targeted drugs. 
In this study, gene expression datasets related to GBM were 
first downloaded, and transcriptome profiles of normal and 
GBM samples were compared using bioinformatics methods 
to identify differentially expressed genes (DEGs) closely 
associated with GBM. To meet the requirements of targeted 
therapy,9 it is necessary to identify potential candidate drugs 
for GBM. However, based on extensive clinical experience, 
temozolomide-related drugs have shown low specificity and 
are prone to causing side effects, which significantly limits 
their clinical application. Therefore, this study searched 
drug databases to identify compounds that are cytotoxic to 
GBM cells and capable of inducing apoptosis.10

The innovation of this study lies in the integration 
of bioinformatics and computational drug screening to 
identify DEGs and candidate drugs closely related to GBM. 
The findings provide valuable insights into the molecular 
mechanisms of the disease and offer theoretical guidance 
for targeted therapy. The significance of this study is 
twofold. First, it contributes to a deeper understanding of 
GBM pathogenesis and offers a reference for identifying 
relevant therapeutic targets. Based on the identified central 
genes, more precise and personalized treatment strategies 
can be developed to support clinical interventions. 
Second, the discovery of targeted drugs for GBM may 

improve patient prognosis and reduce adverse side effects. 
Molecular biology analyses enable the design of therapies 
that selectively attack cancer cells while sparing normal 
cells, thereby reducing off-target toxicity and enhancing 
therapeutic outcomes.

In summary, this study identified key genes and 
candidate therapeutic compounds for GBM through gene 
database analysis, clarified the relevant therapeutic targets, 
and provided guidance for the development of efficient 
diagnostic tools and targeted treatments.

2. Materials and methods
2.1. Database selection

A search was conducted in the gene expression omnibus 
(GEO) database to identify two microarray gene 
expression datasets closely related to GBM: GSE151352 
and GSE184643. The former includes data from 12 GBM 
patients who underwent surgical treatment, analyzed using 
RNA sequencing to determine matched pairs of healthy 
and cancer samples, thereby supporting subsequent 
differential analysis.11 The latter dataset primarily includes 
transcriptome sequencing data of these patient sample 
pairs and is mainly used to determine the biological 
characteristics of GBM and inform targeted therapies.

2.2. Analysis of DEGs

After obtaining the two datasets, the data were normalized 
using the LIMMA package in R, followed by differential 
analysis using the DESeq2 tool. The criteria for identifying 
DEGs were | log₂ (FC) | >1, p<0.05, resulting in a total of 
1,151 DEGs. Overlapping DEGs were also identified.12

2.3. Enrichment analysis of DEGs

The Kyoto Encyclopedia of Genes and Genomes (KEGG)13 
and gene ontology (GO)14 databases were utilized to 
perform GO enrichment and KEGG pathway enrichment 
analyses on the merged set of 1,151 DEGs from the two GEO 
datasets.15,16 The top 20 pathways, ranked by GO and KEGG 
results, were selected for analysis. Enriched pathways were 
identified based on a false discovery rate of <0.05.

2.4. Construction of protein-protein interaction (PPI) 
network

To integrate high-throughput expression data and other 
molecular features into a biological interaction network, a 
PPI network of the 1,151 merged DEGs was constructed 
using the STRING database and visualized with Cytoscape.17

2.5. Discovery of hub genes

To study the core gene network, the CytoHubb plugin in 
Cytoscape software was used. It contains various tools to 
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identify key nodes and their connections with other genes 
in a biological network. Different algorithms (closeness 
centrality, radiality, and stress) were employed to identify 
the top 10 hub genes. The generated network was color-
coded based on the correlation of hub nodes, with red 
representing the highest scores and yellow the lowest.18,19 
As all three algorithms yielded the same top 10 hub genes, 
these 10 genes were selected as candidate hub genes for 
subsequent research. The expression of these central genes 
was then analyzed to obtain expression data from the two 
databases, followed by t-tests to determine gene expression 
differences between sample pairs.20 Five significantly 
different genes were ultimately identified and designated 
as the central genes, providing support for subsequent 
targeted analysis.

2.6. Analysis of immune infiltration in GBM

To determine the infiltration levels of various immune 
cell types in GBM, the CIBERSORT algorithm was used 
to assess the immune infiltration landscape and quantify 
the infiltration levels of different immune cell types.21 
Correlation analysis using the ggplot2 package was 
conducted to explore the relationships between various 
immune cells and the central genes.

2.7. Identification of diagnostic genes

A receiver operating characteristic (ROC) curve was 
established, and the pROC package was used to calculate 
the area under the curve (AUC), which was then used 
to evaluate and rank the predictive performance of key 
genes.22 Based on ROC curve changes between sample 
pairs, diagnostic genes with high diagnostic values were 
identified to support improvements in the diagnostic 
accuracy of this disease.

2.8. Prediction of potential therapeutic drugs

This study analyzed the drug signatures database 
(DSigDB)23 to identify potential targeted therapeutic 
drugs. Currently, valproic acid has received widespread 
attention for the treatment of GBM. To prepare the ligand, 
hydrogen atoms were added to the system to optimize and 
adjust its geometry.24 The Protein Data Bank library was 
searched to obtain the crystal structures of target proteins 
corresponding to the five key genes. Water molecules 
and heteroatoms were then removed to obtain protein 
structures that met the docking requirements. For the 
molecular docking study, AutoDock Vina software25 was 
used to calculate the corresponding molecular docking 
strength. The results were visualized using PyMOL 
software to generate three-dimensional docking maps, 
which intuitively reflect the predicted binding mode of 
valproic acid at each target protein binding site.26

2.9. Molecular docking

The chemical structure data of sodium valproate were 
obtained from a database and converted into a compatible 
format.27 Hydrogen atoms were added to the system to 
optimize the shape of the ligand and improve molecular 
docking performance. The crystal structures of the target 
proteins corresponding to the five central genes were 
obtained from a protein database. Water molecules and 
heteroatoms were removed to yield protein structures 
suitable for docking. Docking analysis was conducted using 
AutoDock Vina software.28 Visualization and conversion 
of simulation results were performed using software tools 
to obtain a three-dimensional docking diagram. Based 
on these graphical results, the predicted binding mode of 
sodium valproate at each target protein binding site was 
determined.

2.10. Animal model

Sprague–Dawley rats (5 – 6 weeks old, 200 ± 20 g, N = 6) 
were obtained from the Liaoning Laboratory of Cancer 
Genomics and Epigenomics, College of Basic Medical 
Sciences, Dalian Medical University. The rats were 
housed in a controlled environment under pathogen-free 
conditions. To establish the orthotopic GBM model, 1 × 
106 RG2 cells (in a volume of 10 μL) were stereotactically 
injected into the caudate putamen region of the rat brain. 
Subsequently, the rats received a 2-day course of analgesics 
and antibiotics.29,30 All animal experiments were conducted 
under anesthesia, and every effort was made to minimize 
discomfort or suffering. All procedures involving 
experimental animals strictly adhered to the National 
Institutes of Health Guidelines.31

2.11. Quantitative real-time polymerase chain 
reaction (PCR)

Total RNA was extracted from normal brain and GBM 
tissues of rats using the TRIzol reagent. The isolated RNA 
was then reverse transcribed into complementary DNA 
utilizing the PrimeScript RT kit with gDNA Eraser.32 To 
determine gene expression levels, a quantitative real-
time PCR was conducted using SYBR1 Premix Ex Taq 
II.33 Relative gene levels were calculated using the 2−ΔΔCq 
method. The data represent the average of at least three 
independent experiments.

2.12. Cell culture

LN229 and LN18 cells were cultured in a medium containing 
10% fetal bovine serum and 1% penicillin/streptomycin. 
During the cultivation process, the medium was changed 
every 24 h to ensure normal cell growth. A specified dose 
of valproic acid was added to stimulate the cells at passages 
3 – 8,34 and the cell status was observed and analyzed.
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2.13. Cell proliferation assays

LN229 and LN18 cells were inoculated into a 96-well plate 
and incubated for 1 day. A  specific dose of valproic acid 
was then added to treat the cells for 24 h. The following day, 
their proliferation rate was assessed using the cell counting 
kit-8 (CCK8) method.35 After incubation, absorbance was 
measured at a wavelength of 405 nm, and the experiment 
was repeated 3  times under identical conditions to 
minimize experimental errors.

2.14. Microscopy observation

LN229 and LN18  cells were seeded in six-well plates. 
After 24 h of adhesion, the cells were treated with 10 mM 
valproic acid for 24 h. The next day, the cells were washed 
with phosphate-buffered saline and observed under a 
microscope. Corresponding micrographs were collected, 
and morphological changes of the cells were analyzed 
using Image J software (NIH, USA).

2.15. Scratch assay

LN229 and LN18 cells were seeded in six-well plates. Once 
the cells reached sufficient confluence, a scratch was made 
at the center of each well. The wells were gently washed 
with phosphate-buffered saline to remove any detached 
cells.36 Subsequently, a fresh medium containing 10 mM 
of valproic acid was added to the wells. The plates were 
incubated for 24  h. Images of the scratched areas were 
captured at regular intervals using a microscope (Nikon, 
Japan). The width of the scratch was measured using 
image analysis software (Image J, NIH, USA) to assess the 
migration ability of the cells.

2.16. Western blot

Total protein was extracted from LN229 and LN18  cells 
treated with 10 mM of valproic acid for 24  h using 
radioimmunoprecipitation assay lysis buffer, and protein 
concentrations were determined using a bicinchoninic 
acid assay kit. Western blot analysis was performed to 
assess protein expression levels. For this purpose, equal 
amounts (30  µg) of protein samples were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
using 10% and 15% gels. The separated proteins were then 
transferred onto polyvinylidene fluoride membranes 
(Millipore, USA).37 To minimize nonspecific interactions 
and ensure proper binding, the membranes were blocked 
with 5% skimmed milk at room temperature for 1 h. Next, 
the membranes were incubated overnight at 4°C with the 
respective primary antibodies. The specific antibodies used 
were: signal transducer and activator of transcription 3 
(STAT3; 1:1000; 9139T, Cell Signaling Technology, USA), 
clathrin assembly lymphoid myeloid (CALM; 1:1000; PA5-
82661, ThermoFisher, USA), synaptosomal-associated 

protein (SNAP25, 25kDa; 1:1000; 5308T, Cell Signaling 
Technology, USA), protein kinase CAMP-activated 
catalytic subunit beta (PRKACB; 1:1000; 12232-1-AP, 
Proteintech, USA), and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (GAPDH; 60004-1-Ig., 
Proteintech, USA).

2.17. Statistical analyses

All data were analyzed using GraphPad Prism 8 
(GraphPad Software Inc., CA, USA). Continuous variables 
are presented as mean ± standard deviation. Statistical 
differences between two groups were determined using 
the t-test, while differences among multiple groups 
were assessed using analysis of variance followed by the 
Bonferroni test for pairwise group comparisons.

3. Results
3.1. Identification of overlapping DEGs in 
GSE151352 and GSE184643 datasets

This study integrated two independent datasets 
(GSE151352 and GSE184643). The GSE151352 dataset 
comprises RNA-seq data derived from fresh paired 
normal and tumor tissue samples obtained from 12 
surgical GBM patients, with sample groups clearly 
stratified based on pathological diagnosis. GSE184643 
represents transcriptomic data from an independent 
GBM cohort. As shown in Figure  1A and  B, in 
the GSE151352 dataset, there were a total of 1,625 
downregulated genes, 11,332 genes with no significant 
change, and 839 upregulated genes. In the GSE184643 
dataset, there were 1,909 downregulated genes, 16,019 
genes with no significant change, and 1,635 upregulated 
genes. The heatmaps in Figure  1C and D display the 
expression patterns of the top 20 DEGs in both datasets. 
Subsequently, we identified 1,151 overlapping genes 
from the DEGs in GSE151352 and GSE184643 for 
further analysis (Figure 1E).

3.2. Functional enrichment analysis of overlapping 
DEGs

To further understand the roles of DEGs, we conducted 
a functional enrichment analysis. KEGG pathway 
analysis was performed on the 1,151 overlapping DEGs 
to identify significantly associated biological pathways. 
The results showed that these genes were significantly 
enriched in the adrenergic pathway, cell cycle, and 
mitogen-activated protein kinase (MAPK) pathway 
(Figure 2A). GO biological process enrichment analysis 
revealed that these genes were mainly involved in synaptic 
neurotransmitter transport and cell communication 
(Figure 2B). In the GO cellular component, the proteins 
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encoded by these genes were predominantly enriched 
in neurons and synapses (Figure  2C). Finally, GO 
molecular function (GO-MF) analysis indicated that 
the 1,151 overlapping DEGs were associated with cell 
cytoskeleton binding, kinase binding, and nucleotide 
binding (Figure 2D).

3.3. Identification of consistently expressed 
hub genes in GBM via PPI network analysis and 
expression validation

A PPI network of the 1,151 overlapping genes was 
established using the STRING database and visualized 
with Cytoscape software (Figure  3A). Hub genes were 

Figure 1. Differentially expressed genes (DEGs) in GSE151352 and GSE184643 datasets. Volcano plots of DEGs in (A) GSE151352 and (B) GSE184643 
datasets. Red represents upregulated genes; blue represents downregulated genes. Heatmaps of the top 20 DEGs with the most significant expression 
changes in (C) GSE151352 and (D) GSE184643 datasets. (E) Overlapping DEGs identified from both gene expression omnibus datasets.
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Figure 2. Enrichment analysis of overlapping differentially expressed genes. (A) KEGG pathway analysis. (B) Gene Ontology (GO) biological process 
enrichment analysis. (C) GO cellular component enrichment analysis. (D) GO MF enrichment analysis.
Abbreviations: ATP: Adenosine triphosphate; ErbB: Erythroblastic oncogene B; FDR: False discovery rate; GnRH: Gonadotropin-releasing hormone; 
MAPK: Mitogen-activated protein kinase.
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identified using the CytoHubba plugin. Three sorting 
methods, namely closeness, radiality, and stress, were 
employed to determine the key genes. The top 10 

core genes identified by each method are shown in 
Figure  3B-D. We found that the top 10 DEGs identified 
by all three algorithms were the same: CALM1, CALM2, 

Figure 3. Identification of hub genes from the overlapping differentially expressed genes (DEGs) in two gene expression omnibus datasets. (A) Protein-
protein interaction network of overlapping DEGs. Top 10 core genes identified using the (B) Closeness and (C) Radiality sorting methods. (D) Top 10 core 
genes identified using the Stress sorting method.
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; EGFR: Epidermal growth factor receptor; PRKACB: Protein kinase CAMP-activated catalytic 
subunit beta; PXDN: Peroxidasin; SNAP25: Synaptosomal-associated protein, 25kDa; STAT3: Signal transducer and activator of transcription 3; TP53: 
Tumor protein p53.
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SNAP25, CALM3, JUN, EGFR, PRKACB, PXDN, STAT3, 
TP53, and MYC. To further validate the hub genes, we 
analyzed the expression levels of these 11 genes in both 
datasets. All but five genes (CALM1, CALM2, STAT3, 
SNAP25, and PRKACB) showed inconsistent expression 
changes between the two datasets, raising uncertainty 
about their roles in GBM development. Additional 
datasets are needed to verify their potential as marker 
genes (Figure 4A and B). Consistent expression changes 
across multiple GBM databases demonstrated the stability 
and importance of the five consistently expressed genes in 
disease progression. Therefore, these five genes (CALM1, 
CALM2, STAT3, SNAP25, and PRKACB) were selected for 
subsequent analysis.

3.4. Immune microenvironment in GBM and its 
association with hub gene expression and immune 
cell infiltration

Based on expression patterns in both datasets, STAT3, 
CALM1, CALM2, SNAP25, and PRKACB were 
determined as the final hub genes. To explore the immune 
microenvironment of GBM, the relative abundance 
of different immune cell subtypes was assessed based 

on the transcriptomes of all samples. The infiltration 
of immune cells in GBM patient tumor tissues and 
non-tumor tissues was evaluated. Figure  5A shows the 
percentages of different immune cell types in tumor and 
normal tissues in the GSE151352 dataset. By examining 
inflammatory cell infiltration, we explored the role of 
STAT3, CAML1, CALM2, SNAP25, and PRKACB in 
the GBM immune microenvironment. STAT3 showed 
the strongest positive correlation with resting natural 
killer (NK) cells, while the other four genes exhibited 
negative correlations, as shown in Figure  5B. Similarly, 
in the GSE184643 dataset, Figure 6A depicts the relative 
abundance of different immune cell subgroups in the 
GBM background. Figure  6B shows the correlation 
analysis between immune cell infiltration and the 
expression levels of STAT3, CALM1, CALM2, SNAP25, 
and PRKACB in the GBM cohort. STAT3 exhibited 
strong correlations with various immune cell types in the 
GBM background, most positively with B cells and most 
negatively with resting dendritic cells. CALM1, CALM2, 
SNAP25, and PRKACB were highly negatively correlated 
with plasma cells.

Figure 4. Expression patterns of the 10 core genes in two gene expression omnibus datasets. (A) Expression patterns of the 10 core genes in GSE151352. 
(B) Expression patterns of the 10 core genes in GSE184643.
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; EGFR: Epidermal growth factor receptor; PRKACB: Protein kinase CAMP-activated catalytic 
subunit beta; PXDN: Peroxidasin; SNAP25: Synaptosomal-associated protein, 25kDa; STAT3: Signal transducer and activator of transcription 3; TP53: 
Tumor protein p53.
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3.5. Diagnostic potential of STAT3 and other hub 
genes for GBM evaluated by receiver operating 
curve analysis

Figure 7A-E displays the ROC curves and AUC statistics 
for STAT3, CALM1, CALM2, SNAP25, and PRKACB in 
the GSE151352 dataset. ROC curves were used to evaluate 
the performance of predictive models, and AUC reflects 
the overall accuracy of each model in distinguishing GBM 
cases from control samples. Among these genes, STAT3 
showed the highest diagnostic value, with an AUC of 
0.8819. This finding provides valuable insights into the 
expression patterns of the core genes and highlights their 
potential as diagnostic markers for GBM.

3.6. PCR validation of Stat3, Calm1, Calm2, Snap25, 
and Prkacb mRNA expression in GBM tissues

This study conducted PCR experiments to verify the 
expression changes of hub genes between GBM and 

normal brain tissue samples. The results confirmed that 
GBM tissues exhibit an upregulation of Stat3 mRNA 
levels compared to adjacent healthy tissues. In addition, 
Calm1, Calm2, Snap25, and Prkacb mRNA levels were 
downregulated in GBM tissues, consistent with the 
database findings (Figure 8).

3.7. Valproic acid as a potential therapeutic 
medicine targeting STAT3, SNAP25, CALM1, CALM2, 
and PRKACB in GBM

To explore potential anti-GBM therapeutics, we screened 
drugs targeting STAT3, SNAP25, CALM1, CALM2, and 
PRKACB using the DsigDB database. Table S1 lists the 
predicted chemical compounds with potential interactions 
with these five proteins. Among them, valproic acid 
emerged as a promising therapeutic agent for targeting 
STAT3, SNAP25, CALM1, CALM2, and PRKACB 
(Figure 9A). A binding affinity of ≤−5.0 kJ/mol is widely 

Figure 5. Immune infiltration in glioblastoma based on the GSE151352 dataset. (A) Percentages of various immune cells in normal and cancer tissues. 
(B) Correlation of the five hub genes with each immune cell type in the glioblastoma immune microenvironment, where red indicates a positive correlation, 
and blue indicates a negative correlation.
Abbreviations: CD: Cluster of differentiation; NK: Natural killer.
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accepted as a benchmark in molecular docking, indicating 
stable and potentially physiologically relevant protein-
ligand interactions.38,39 Our findings show that valproic 
acid can bind to PRKACB, STAT3, and SNAP25 proteins. 
Among these, it exhibited the strongest binding affinity to 
PRKACB (−5.8 kJ/mol), followed by STAT3. The molecular 
docking results are illustrated in Figure 9B-F. For detailed 
binding information, refer to Table S2. These results suggest 
that valproic acid may exert a potential therapeutic effect 
on GBM through its interaction with these target proteins 
under the conditions of this study.

3.8. In vitro effects of valproic acid on STAT3, CALM, 
SNAP25, and PRKACB expression in GBM

To clarify the key pharmacological mechanism of valproic 
acid in treating GBM, as predicted by bioinformatics 
analysis, this study performed in vitro experiments to 
investigate its effects. LN229 and LN18 cell lines were 
utilized to assess valproic acid-induced GBM damage. The 
cells were exposed to varying doses of valproic acid, and 
cell viability was assessed using the CCK8 method. The 
results indicated a gradual decrease in cell survival rate 
with increasing concentrations of valproic acid in both 

Figure 6. Immune infiltration in glioblastoma based on the GSE184643 dataset. (A) Percentages of various immune cells in normal and cancer tissues. 
(B) Correlation of the five hub genes with each immune cell type in the glioblastoma immune microenvironment, where red indicates a positive correlation, 
and blue indicates a negative correlation.
Abbreviations: CD: Cluster of differentiation; NK: Natural killer.
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LN229 and LN18 cells (Figure 10A and B). Based on these 
results, the 10mM concentration group was selected for 
subsequent experiments. The relevant experimental findings 
demonstrated that valproic acid treatment significantly 
reduced the number of both types of cancer cells, 
suggesting a strong inhibitory effect on GBM cell growth 
(Figure  10C  and D). In addition, comparative analysis 
showed that the migration ability of both cell lines was 
significantly reduced after treatment, indicating that valproic 
acid effectively inhibits both proliferation and migration of 
GBM cells (Figure 10E and F). To evaluate the expression 
changes of hub genes in cancer cells treated with valproic 
acid, Western blot analysis was conducted. The Western blot 
results showed that after valproic acid intervention, STAT3 

Figure 7. Diagnostic performance of the five hub genes. (A) STAT3; (B) SNAP25; (C) CALM1; (D) CALM2; (E) PRKACB.
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; PRKACB: Protein kinase CAMP-activated catalytic subunit beta; SNAP25: Synaptosomal-
associated protein, 25kDa; STAT3: Signal transducer and activator of transcription 3.
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E

Figure 8. Differential messenger RNA (mRNA) expression levels of five 
hub genes in glioblastoma tissues compared to normal brain tissues of 
rats
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; PRKACB: 
Protein kinase CAMP-activated catalytic subunit beta; SNAP25: 
Synaptosomal-associated protein, 25kDa; STAT3: Signal transducer and 
activator of transcription 3.
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expression significantly decreased, while the expression 
levels of the other four core genes increased (Figure 10G and 
H). These results suggest that valproic acid may be used for 
targeted hub gene therapy in GBM.

4. Discussion
This study employed a series of methods to identify DEGs 
related to GBM and to clarify their roles in body tissues. 
In addition, the study analyzed the impact of pathological 
tissue on immune infiltration from different perspectives 
and drew corresponding conclusions. During this process, 
researchers conducted statistical and in-depth analyses of 
two independent datasets, resulting in a set of overlapping 
DEGs. Furthermore, functional enrichment analysis was 
performed on these DEGs. At the KEGG pathway analysis 
stage, the adrenergic pathway, cell cycle, and MAPK 
pathway in body tissues were significantly enriched. 
These findings suggest that these pathways are closely 
associated with GBM formation and may contribute to the 
disease’s continued progression. The adrenergic signaling 
pathway mainly involves neurotransmitters related to 

adrenaline, which exert regulatory effects by activating 
specific receptors. This pathway regulates numerous 
important physiological processes and is closely tied to 
the body’s adaptability to environmental changes, such as 
through the regulation of cell proliferation, migration, and 
angiogenesis. Research has found that abnormalities in the 
adrenergic pathway in GBM lead to increased proliferation 
and invasion of GBM cells, thereby promoting disease 
progression.40 The MAPK pathway plays a crucial role in 
cell growth and differentiation, primarily by transmitting 
extracellular signals. In GBM, the MAPK pathway also 
exhibited significant abnormalities, resulting in increased 
tumor cell proliferation and reduced apoptosis. Abnormal 
activation of this pathway may also elevate the expression 
of related genes, thereby promoting angiogenesis and 
enhancing the immune evasion ability of cancer cells, 
ultimately accelerating GBM progression.41 According to 
the enrichment analysis results, DEGs are mainly involved 
in synaptic transmission and intercellular communication, 
which can facilitate cancer cell metastasis and decrease 
drug sensitivity.42 Therefore, changes in these processes may 

Figure 9. Identification of valproic acid as a potential therapeutic agent. (A) Venn diagram showing predicted intersections between chemical compounds 
with potential therapeutic effects on the five proteins. Five-dimensional molecular docking diagram of valproic acid with target proteins: (B) STAT3, 
(C) SNAP25, (D) CALM1, (E) CALM2, and (F) PRKACB.
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; PRKACB: Protein kinase CAMP-activated catalytic subunit beta; SNAP25: Synaptosomal-
associated protein, 25kDa; STAT3: Signal transducer and activator of transcription 3.
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accelerate GBM progression and worsen patient prognosis. 
In the GO-CC category, the differentially expressed proteins 
were mainly related to neurons. These results support the 
view that GBM originates from glial cells in the brain. In 
addition, the analysis suggests that neuronal components 

play a significant role in the formation and spread of GBM.43 
Notably, GO-MF enrichment analysis revealed that DEGs 
in tissues not only significantly affect cytoskeletal protein 
binding but also influence various physiological activities 
such as kinase binding. Based on these findings, some 

Figure  10. Valproic acid induces cytotoxicity in LN229 and LN18  cells and modulates hub gene expression patterns in vitro. (A) Cell viability of 
LN229 cells treated with different concentrations of valproic acid (1, 5, 10, and 20 mM) for 24 h (n = 3). (B) Cell viability of LN18 cells treated with 
different concentrations of valproic acid (1, 5, 10, and 20 mM) for 24 h (n = 3). (C) Effects of valproic acid on LN229 cell viability observed under optical 
microscopy (n = 3). Magnification = 40×; scale bar = 50 μm. (D) Effects of valproic acid on LN18 cell viability observed under optical microscopy (n = 3). 
Magnification = 40×; scale bar = 50 μm. (E) Effects of valproic acid on cell migration in LN229 cells (n = 3). Magnification = 10×; scale bar = 200 μm. 
(F) Effects of valproic acid on cell migration in LN18 cells (n = 3). Magnification = ×10; scale bar = 200 μm. (G) Representative Western blot images and 
quantitative analysis of STAT3, CALM, SNAP, and PRKACB expression in LN229 cells (n = 3). (H) Representative Western blot images and quantitative 
analysis of STAT3, CALM, SNAP, and PRKACB in LN18 cells (n = 3).
Abbreviations: CALM: Clathrin assembly lymphoid myeloid; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PRKACB: Protein kinase 
CAMP-activated catalytic subunit beta; SNAP25: Synaptosomal-associated protein, 25kDa; STAT3: Signal transducer and activator of transcription 3.
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researchers speculate that these genes are closely related 
to cell signaling and play critical roles in the regulation of 
cytoskeletal structure and nucleotide metabolism. More 
importantly, these genes may be associated with the onset 
and progression of GBM, providing new avenues for the 
treatment of this disease.44

To identify core genes, PPI network analysis was 
conducted using the STRING database. Ten genes 
consistently identified as core genes were determined 
through three different ranking methods: CALM1, 
CALM2, SNAP25, CALM3, JUN, EGFR, PRKACB, PXDN, 
STAT3, TP53, and MYC. Subsequent expression analysis 
across the two datasets confirmed STAT3, CALM1, 
CALM2, SNAP25, and PRKACB as the final core genes. 
Notably, survival analysis revealed that high STAT3 
expression significantly correlates with poor prognosis in 
GBM patients (Human Protein Atlas [HPA] database), 
aligning with our experimental findings and further 
supporting its therapeutic potential. However, while 
bioinformatics analysis indicated the downregulation 
of CALM1 and SNAP25 in GBM tissues, HPA data 
paradoxically associate their elevated expression with 
adverse outcomes. This discrepancy may arise from tissue-
specific expression heterogeneity. HPA survival analyses 
are based on mixed cellular samples encompassing tumor 
microenvironment components (e.g., neurons, glia, and 
infiltrating immune cells), whereas our RNA-seq data 
specifically focus on tumor cells.45 In addition, CALM1 
and SNAP25 may exhibit tumor-suppressive roles during 
early GBM progression by maintaining calcium signaling 
homeostasis while potentially accelerating malignancy in 
later stages. Future studies will prospectively validate these 
findings through survival curve analyses using clinically 
annotated GBM samples. Furthermore, these DEGs were 
significantly enriched in multiple biological pathways 
and GO categories, suggesting important functional 
roles in GBM pathogenesis and progression. STAT3 is a 
key player in tumor-induced immunosuppression and is 
hyperactivated in both cancerous and non-cancerous cells 
within the tumor ecosystem. It inhibits the expression of 
immune activation regulators and promotes the production 
of immunosuppressive factors, thus impairing anti-tumor 
immune responses. In tumor cells, STAT3 decreases the 
expression of immune-stimulating cytokines, such as 
interferons, while increasing immunosuppressive cytokines 
and growth factors. This dual action contributes to an 
immunosuppressive tumor environment. STAT3 also plays 
a role in immune cells, where its hyperactivation inhibits 
effective immune responses.46 CALM1 and CALM2 are 
calmodulin-binding proteins involved in cellular signaling 
pathways. CALM1 contributes to synaptic plasticity and 
neurotransmitter release, which may indirectly influence 

immune cell function near the tumor site. CALM2, which 
is upregulated in certain cancers, may enhance malignancy 
and worsen prognosis by affecting cellular processes such 
as cell division and motility, potentially aiding tumor 
immune evasion.47,48 Meanwhile, Janus kinase (JAK) plays 
a critical role in cytokine receptor signal transduction. 
Overexpression of CALM2 activates the JAK2/STAT3 
signaling pathway, promoting macrophage polarization 
and thereby enhancing gastric cancer proliferation, 
migration, and invasion.49 SNAP25 is a target SNARE 
protein critical for synaptic vesicle exocytosis in neurons. 
Although its role in the tumor microenvironment is 
less understood compared to STAT3, it is important for 
neuronal development and function. Given the interactions 
between the nervous and immune systems, alterations 
in SNAP25 expression or function may affect immune 
cell signaling and trafficking, though further studies are 
needed to elucidate these mechanisms.50 PRKACB encodes 
the catalytic subunit of protein kinase A, which regulates 
cell proliferation and transcription. Its dysregulation can 
cause abnormal cell division, a hallmark of cancer. In the 
context of immune evasion, PRKACB may modulate the 
expression of genes involved in immune cell activity and the 
tumor microenvironment, though its precise mechanisms 
warrant further investigation.51 Importantly, we analyzed 
the mRNA levels of hub genes in GBM tissues compared 
to normal brain tissues using PCR. The results revealed 
that several central genes exhibited significant expression 
changes, confirming the database analyses. These findings 
indicate that the identified genes are associated with GBM 
formation and may contribute to its progression. This 
study offers new insights into the molecular pathogenesis 
of GBM. Future research will employ tissue microarray 
technology in independent cohorts to validate protein 
co-localization, providing spatially resolved protein-level 
data critical for understanding tumor microenvironmental 
dynamics.

In addition to the above points, the study also focuses on 
a series of analyses exploring the correlation between GBM 
and immune infiltration. Comparative analysis revealed 
a significant difference in the proportion of immune 
cell types between the two groups of samples, indicating 
notable changes in the composition of immune cells 
within the tumor microenvironment. Statistical analysis 
also found a significant positive correlation between 
STAT3 and resting NK cells, suggesting that this gene may 
regulate the level of inflammatory cell infiltration in GBM. 
The other four genes showed negative correlations with 
immune cell types, further demonstrating the significant 
association between STAT3 and the proportion of immune 
cells in GBM. Research has found that STAT3 expression 
is positively correlated with the proportion of B cells, 
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which secrete various antibodies targeting antigens closely 
associated with cancer cells, thereby exerting relevant 
regulatory effects.39 Except for STAT3, the other four genes 
were highly negatively correlated with plasma cells and 
positively correlated with activated mast cells. Comparative 
analysis showed that these results are consistent with 
previous studies. For example, some researchers have 
found that STAT3 plays a role in regulating immune 
responses and is closely related to tumor progression.52 
Under abnormal expression of CALM1, immune cell 
function is also significantly affected.53 and this regulatory 
effect is mainly mediated through the calcium signaling 
pathway.54 SNAP25 is closely related to immune cell 
activation and also influences inflammatory responses.55,56 
In terms of diagnosis, ROC curve results demonstrated 
that these five hub genes all have high diagnostic values, 
with STAT3 having the highest. Therefore, STAT3 has great 
potential in the diagnosis of GBM. Based on the molecular 
mechanism analysis in this study, we hypothesize that 
valproic acid exhibits therapeutic sensitivity primarily 
in specific GBM subtypes. First, in STAT3-driven GBM 
with high STAT3 expression, our findings demonstrate 
significant upregulation of STAT3 in GBM tissues, and 
valproic acid dose-dependently inhibits STAT3 expression. 
These results strongly suggest that STAT3-high GBM 
may represent a potential valproic acid-sensitive subtype. 
Second, KEGG pathway analysis revealed significant 
enrichment of DEGs in histone deacetylation-related 
pathways. Following valproic acid treatment, CALM1/2 
expression levels were upregulated approximately twofold, 
indicating that valproic acid may ameliorate calcium 
signaling dysregulation by modulating the calmodulin 
network. Combined with previously reported histone 
deacetylase (HDAC) inhibitory effects, we propose that 
GBM subtypes with marked epigenetic abnormalities 
(e.g., whole-genome hypomethylation or specific histone 
modification patterns) may exhibit heightened sensitivity 
to valproic acid therapy.

This study also investigated potential anti-GBM drugs 
targeting these genes, providing support for the treatment 
of this disease. Valproic acid is a candidate drug for treating 
GBM, interacting with five core genes. Functioning as a 
multi-target epigenetic agent, VPA may exert synergistic 
anti-tumor effects by concurrently inhibiting STAT3 
signaling and activating the CALM/SNAP25/PRKACB 
pathways. Valproic acid exhibits the characteristics of 
an HDAC inhibitor, which is of great significance for 
the treatment of GBM. This property can regulate the 
expression of related genes through epigenetic pathways, 
thereby promoting GBM cell apoptosis and inhibiting 
proliferation. However, the feasibility of using this drug to 
treat GBM is not yet fully clear.57-59 After treatment with 

valproic acid, GBM patients may experience various side 
effects, such as nausea, vomiting, and gastrointestinal 
spasms, which also raise safety concerns. Liver injury is 
the most common complication, with a higher risk during 
the first 6  months of treatment. This issue is even more 
serious in infants and young children. Valproic acid can 
cause harm to the fetus, so pregnant women should use 
this medication with caution. The drug can also affect the 
pancreas and blood cells, leading to a range of side effects. 
Valproic acid has achieved significant results in clinical 
trials for GBM treatment and therefore, still shows broad 
application prospects. Some studies have combined it with 
temozolomide and found that it significantly improves 
overall survival and progression-free survival in patients. 
The drug also has a high ability to cross the blood-brain 
barrier, providing a significant advantage for treating 
GBM and enhancing efficacy. For epilepsy and psychiatric 
disorders, the long-term safety of valproic acid has been 
well established, indicating its potential feasibility in 
treating GBM.60 Valproic acid has multiple effects on cell 
activity, mainly related to its HDAC inhibitor action. 
Through this action, silenced genes are activated, thereby 
regulating cell proliferation and apoptosis. Therefore, it can 
be used as an efficient epigenetic therapy agent to provide 
reliable support for the treatment of GBM. In addition, 
this drug can inhibit angiogenesis and suppress tumor cell 
proliferation and migration.61 Molecular docking studies 
have shown that valproic acid exerts multiple effects as 
a drug targeting central genes. It has strong interactions 
with key genes, regulating pathways related to GBM 
progression. Targeted regulation of key proteins inhibits 
signals associated with tumor growth and invasion. This 
indicates that valproic acid, as a potential therapeutic drug 
for GBM, has strong molecular mechanism support. It 
inhibits the abnormal proliferation of cancer cells, which 
can hinder tumor progression and contribute to improving 
patient prognosis. Overall, these research results provide 
support for a deeper understanding of the mechanism 
of valproic acid treatment for GBM and offer guidance 
for relevant clinical trials. This study speculates that in 
combination therapy for this type of cancer, adding valproic 
acid as an adjunct drug can further enhance efficacy 
and improve prognosis. To gain a more comprehensive 
understanding of the therapeutic mechanism of this drug, 
we conducted a series of in vitro experiments using LN229 
and LN18 cell lines. These cells are abundant in GBM. 
Further experimental research found that these two cell 
lines exhibit rapid growth, easy diffusion into surrounding 
normal tissues, and anti-apoptotic properties. To improve 
the reliability and robustness of the conclusions, multiple 
cell lines were used to obtain extensive data. When valproic 
acid was applied to GBM cells widely expressing the 
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aforementioned genes, the research team found that this 
drug acts in a concentration-dependent manner; in other 
words, the higher the drug concentration, the stronger 
the cytotoxic effect on LN229 and LN18  cells, resulting 
in a more effective therapeutic response. This suggests 
that valproic acid is feasible and effective for treating 
GBM. Further Western blot analysis showed that valproic 
acid can partially inhibit STAT3 synthesis in LN229 and 
LN18 cells while promoting the expression of CALM and 
SNAP. Overall, this drug effectively regulates hub gene 
expression, supporting its feasibility for cancer treatment. 
By downregulating STAT3, valproic acid may inhibit 
cell survival and proliferation, while the upregulation 
of CALM, SNAP, and PRKACB may contribute to the 
restoration of normal cellular processes disrupted in GBM.

However, there are certain limitations that need to 
be clarified. First, it is important to note that GBM is a 
heterogeneous disease with various molecular subtypes. 
Our study did not specifically investigate the differences 
in gene expression patterns among these subtypes. 
Future investigations should consider stratifying GBM 
patients based on their molecular characteristics to better 
understand the subtype-specific mechanisms underlying 
the disease. Second, while our findings point toward a role 
for these hub genes in GBM progression and treatment 
response, functional studies such as loss-  and gain-of-
function analyses are needed to elucidate their specific 
contributions. Such studies would provide insights into 
how these genes modulate tumor growth, invasion, 
and response to therapy. Finally, the molecular docking 
analysis identified valproic acid as a potential therapeutic 
candidate for GBM. However, it is important to note that 
molecular docking predictions do not guarantee actual 
binding or drug efficacy. In vivo experiments, including 
drug screening assays and preclinical studies, are necessary 
to evaluate the therapeutic potential of valproic acid and its 
mechanism of action in GBM. This study did not employ 
STAT3 inhibitors in the experimental validation; although 
preliminary findings demonstrated potential, their blood-
brain barrier penetrability and toxicity profiles require 
further optimization. Future studies will combine valproic 
acid with STAT3 inhibitors in animal models or cellular 
assays to investigate valproic acid’s regulatory effects on 
STAT3. In addition, the current cellular validation does not 
encompass all molecular subtypes. Subsequent research 
will expand to additional cellular subtypes (e.g., isocitrate 
dehydrogenase-mutant) to refine therapeutic strategies.

5. Conclusion
Our study identified overlapping DEGs associated with 
GBM and elucidated their potential functional roles 
through comprehensive bioinformatics analyses. We 

identified hub genes, including STAT3, CALM1, CALM2, 
SNAP25, and PRKACB, which exhibited consistent 
differential expression patterns and demonstrated 
diagnostic and therapeutic potential. In addition, we 
found that valproic acid could potentially exert therapeutic 
effects on GBM. Further experimental validations and 
functional studies are warranted to confirm these findings 
and explore the underlying mechanisms of these genes in 
GBM pathogenesis and immune responses.
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