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ABSTRACT

Objective Glioblastoma (GBM) carries a dismal prognosis, and the molecular
mechanisms governing its malignant progression remain poorly defined.
DTYMK, encoding deoxythymidylate kinase, has been implicated as an
oncogenic factor across multiple cancer types, yet its functional role and
regulatory mechanism in GBM are unknown. This study aimed to characterize
the oncogenic function of DTYMK in GBM, define its contribution to proliferation
and mesenchymal (MES) transition, and elucidate the underlying molecular
mechanism through which DTYMK exerts its effects.

Methods A six-gene prognostic risk model integrating mitochondrial
dysfunction, oxidative stress, and apoptosis-related gene signatures was
constructed using LASSO regression and multivariate Cox regression analyses
across the Atlas of Cancer Genome (TCGA) and the Chinese Glioma Genome
Atlas (CGGA) cohorts. Single-cell transcriptomic profiling was performed to
characterize the cellular localization and subtype specificity of DTYMK
expression. DTYMK knockdown was conducted in glioma cell lines to evaluate
effects on proliferation, apoptosis, invasion, MES transition, and intracellular
reactive oxygen species (ROS) levels. In vivo validation employed both
subcutaneous and orthotopic intracranial xenograft models. The competing
endogenous RNA (ceRNA) mechanism was investigated through bioinformatic
prediction, dual-luciferase reporter assays, and rescue experiments using
epidermal growth factor (EGF) to reactivate MAPK signaling.



Results The six-gene prognostic model exhibited robust predictive
performance in both cohorts, with DTYMK contributing the highest risk
coefficient. Single-cell analysis revealed that DTYMK was predominantly
enriched in glioma tumor cells, with significant overrepresentation in MES-like
subpopulations. DTYMK knockdown suppressed glioma cell proliferation,
migration, and invasion, inhibited MES marker expression, and induced
apoptosis accompanied by excessive intracellular ROS accumulation. In vivo,
DTYMK depletion significantly reduced tumor burden and prolonged survival.
Mechanistically, DTYMK functioned as a ceRNA by competitively sequestering
miR-7-5p, thereby relieving translational repression of RAF1 and activating the
downstream MEK-ERK signaling cascade. EGF-mediated reactivation of the
MAPK pathway partially rescued the malignant phenotypes suppressed by
DTYMK knockdown, confirming that MAPK activation is the principal effector
mechanism of this regulatory axis.

Conclusion This study identifies DTYMK as a key driver of GBM malignancy
and MES transition operating through the DTYMK-miR-7-5p-RAF1-MAPK axis,
and positions DTYMK as a potential prognostic biomarker and therapeutic
target for precision intervention in glioma.

Keywords Glioblastoma, DTYMK, mesenchymal subtype, competing
endogenous RNA, miR-7-5p, RAF1, MAPK signaling, prognostic model

Introduction

Gliomas are the most common primary malignant tumors of the central nervous
system, arising from glial or glial precursor cells and comprising a broad
spectrum of histological and molecular entities with markedly different biological
behaviors and clinical outcomes [1]. According to the World Health
Organization (WHO) classification, gliomas are defined by integrated
histopathological and molecular criteria and range from relatively indolent
lower-grade lesions to highly aggressive malignancies [2]. Among them, WHO
grade IV glioblastoma (GBM) represents the most lethal primary brain
malignancy in adults [3]. Based on analysis of gene expression profiles from
the TCGA database, GBMs have been reclassified into four distinct molecular
subtypes-namely proneural, neural, classical, and mesenchymal (MES) [4].
Patients with MES GBM exhibit a more aggressive form of the disease,
characterized by an elevated propensity for relapse and highly infiltrative growth
[5]. This therapeutic dilemma primarily stems from the highly invasive and
recurrence-prone nature of GBM, the pathological basis of which lies in the
rapid proliferative capacity and MES transition potential of GBM cells [6]. In
recent years, the rapid advancement of bioinformatics tools has facilitated the
construction of integrated prognostic models capable of accurately predicting
patient outcomes and identifying critical disease-driving biomarkers [7]. Hence,
clarifying the molecular mechanisms that govern the proliferation and



mesenchymal transformation of GBM holds considerable significance for the
discovery of biomarkers with clinical application value and therapeutic targets.

DTYMK catalyzes the phosphorylation of dTMP to dTDP and occupies a
pivotal position in thymidylate metabolism and dTTP biosynthesis [8]. By
maintaining the dTTP pool required for DNA replication, DTYMK may support
the nucleotide demands of rapidly proliferating tumor cells [9]. Recent pan-
cancer analyses have reported that DTYMK is broadly dysregulated across
multiple malignancies and is associated with unfavorable prognosis in several
cancer types [10]. In pancreatic adenocarcinoma, DTYMK participates in cell
cycle arrest regulation and is associated with tumor immune infiltration and
disease progression [11]. In colorectal cancer, elevated DTYMK expression
has been identified as a prognostic biomarker correlated with advanced tumor
stage and poor progression-free survival [12]. Furthermore, studies have
shown that knocking down DTYMK can inhibit the progression of non-small cell
lung cancer in patients [13]; meanwhile, in lung adenocarcinoma, DTYMK
expression correlates with tumor progression, immune microenvironment
characteristics, and poor prognosis [14]. These findings suggest a potential
oncogenic role beyond its canonical metabolic function. Nevertheless, the
glioma-specific function of DTYMK and its regulatory mechanisms remain
insufficiently understood.

miRNAs are endogenous small non-coding RNAs of approximately 22
nucleotides that regulate gene expression mainly by binding to complementary
sequences in target transcripts, leading to mMRNA degradation or translational
repression [15]. Through this post-transcriptional regulatory mechanism,
miRNAs participate in many biological processes, including cell proliferation,
differentiation, apoptosis, and tumor progression [16]. The competing
endogenous RNA (ceRNA) hypothesis proposes that transcripts sharing
common miRNA response elements can compete for binding to the same
miRNAs, thereby indirectly regulating each other's expression [17]. Although
long non-coding RNAs and circular RNAs are widely recognized as important
ceRNA regulators, protein-coding mRNAs can also participate in ceRNA
networks through their untranslated regions [18]. For example, PTEN mRNA
and its pseudogene PTENP1 regulate tumor-suppressive signaling through
shared miRNA-mediated interactions, demonstrating that coding and
pseudogene transcripts can engage in biologically meaningful ceRNA crosstalk
[19]. Of particular interest, recent work in hepatocellular carcinoma revealed a
non-canonical ceRNA function of DTYMK, in which DTYMK competitively binds
miR-378a-3p to maintain MAPKAPK2 expression and activate NF-kB signaling,
thereby promoting tumor growth [20]. This finding suggests that DTYMK may
possess regulatory functions beyond nucleotide metabolism and raises the
possibility that similar ceRNA-mediated mechanisms could operate in other
malignancies. Yet whether DTYMK functions as a ceRNA in glioma, and which
miRNA-target axes it may regulate, remains unknown.



In this study, we integrated mitochondrial, oxidative stress, and apoptosis-
related gene signatures to construct a six-gene prognostic risk model and
identified DTYMK as the most significant risk contributor. Single-cell
transcriptomic analysis revealed that DTYMK was preferentially enriched in
malignant cells and MES-like subpopulations. Functional experiments
demonstrated that DTYMK depletion suppressed glioma cell proliferation, MES
transformation, migration, and invasion, while inducing reactive oxygen species
(ROS) accumulation and apoptosis. Mechanistically, we found that DTYMK
functions as a ceRNA by competitively binding miR-7-5p, a tumor-suppressive
miRNA in glioma, thereby relieving repression of its downstream target RAF1
and activating the MAPK signaling cascade. The DTYMK-miR-7-5p-RAF1-
MAPK regulatory axis was validated through bioinformatics prediction,
correlation analysis, dual-luciferase reporter assays, and functional
experiments. Taken together, our findings elucidate the oncogenic mechanism
of DTYMK in glioma, positioning DTYMK as a therapeutic target warranting
further investigation.

Materials and Methods
Data Sources and Gene Set Curation

Three independent gene sets representing key biological processes
dysregulated in malignancy were systematically compiled from public
databases. Mitochondria-related genes were retrieved from Human MitoCarta
3.0 [21], whereas oxidative stress-related and apoptosis-related gene sets were
obtained from MSigDB [22]. TCGA glioma RNA-sequencing data and
comprehensive clinical metadata were downloaded from the GDC Genomic
Data Commons portal. GTEx normal brain tissue data were retrieved from the
UCSC Xena platform. The CGGA cohort, comprising 693 samples, served as
an independent validation dataset [23].

Differential Expression Analysis and Consensus Clustering

A three-way Venn diagram analysis was performed using the VennDiagram R
package to identify genes shared across all three categories-mitochondria,
oxidative stress-related, and apoptosis-related-yielding a total of 93 consensus
genes. Differential gene expression analysis was subsequently conducted
between TCGA glioma samples (n = 667) and GTEx normal brain tissue
samples (n = 1124) using the limma package in R. Genes meeting the criteria
of logefold change > 1 and P < 0.05 were designated as significantly
upregulated, resulting in 27 candidate genes. These genes were then subjected
to unsupervised consensus clustering analysis using the
ConsensusClusterPlus R package. The optimal number of clusters was
determined by evaluating the consensus cumulative distribution function (CDF)
curves.



Prognostic Risk Signature Construction

Univariate Cox regression was first applied to the 27 significantly upregulated
consensus genes to identify those with individual associations with overall
survival in the TCGA cohort. Genes satisfying the significance threshold of P <
0.05 were retained as candidate predictors (n = 21). Subsequently, LASSO Cox
regression with ten-fold cross-validation was performed on these 21 candidates
using the glmnet R package. This regularization strategy imposed L1 shrinkage
to penalize less informative variables, effectively reducing feature
dimensionality and mitigating multicollinearity among predictors. The non-zero
coefficients derived from the LASSO model were then carried forward into
multivariate Cox regression analysis. A prognostic model incorporating six
genes-CASP8, DTYMK, MAPKS8, PLAUR, PRODH, and TP73-was established.
The model formula below was used to calculate the risk score of each individual
patient :

Riskscore = z coef(i) x exp(i)
i=1

In the above equation, the terms "coef(1)" and "exp(t)" represent the regression

coefficients and gene expressions, respectively. Based on the median risk
score, all cases were divided into low-risk and high-risk groups. Larger positive
risk scores indicate higher predicted hazard and worse prognosis. Patients in
TCGA cohorts were dichotomized at the cohort-specific median risk score into
high-risk and low-risk groups. Time-dependent receiver operating characteristic
(ROC) analysis using the timeROC R package was employed to evaluate the
signature's predictive accuracy at 1-, 3-, and 5-year follow-up timepoints, with
area under the ROC curve (AUC) values calculated. To assess external validity
and generalizability, the identical preprocessing pipeline, coefficient application
procedure, and median cutoff dichotomization procedure were applied to the
independent CGGA validation cohort. Multivariate Cox regression was
subsequently performed to confirm that the risk score remained an independent
prognostic factor after adjustment for established clinical variables including
age, sex, WHO grade, IDH mutation status, 1p/19q codeletion status, and
MGMT promoter methylation status.

miRNA Target Prediction and ceRNA Network Analysis

Candidate miRNAs targeting DTYMK were systematically identified by
performing intersection analysis of predictions from two complementary, well-
established bioinformatic databases: TargetScan [24] and miRDB [25]. Only
miRNAs predicted by both databases were retained, ensuring high specificity.
In parallel, predicted targets of the candidate miRNA, miR-7-5p, were obtained



using the same two databases. Expression correlations between pairs of RNA
species, including DTYMK-miR-7-5p, miR-7-5p-RAF1, and DTYMK-RAF1,
were evaluated using Spearman rank correlation analysis within the StarBase
comprehensive database as well as in independent bulk RNA-sequencing
datasets, including TCGA and CGGA cohorts, to support mechanistic inference
regarding ceRNA function. Direct physical binding between miR-7-5p and the
3'UTRs of DTYMK and RAF1 was validated through dual-luciferase reporter
assays. Regulatory directionality was empirically confirmed through systematic
perturbation experiments including miRNA mimic transfection, miRNA inhibitor
transfection, DTYMK overexpression, and DTYMK knockdown approaches.

Cell Culture and Maintenance

Human glioma cell lines-U251, SW1088, T98G, LN229, U87, SF126, LN18 and
HEB were cultured in DMEM supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin antibiotic solution at 37°C under 5% CO. in a
humidified incubator. Cells were passaged at approximately 70-80%
confluence to maintain exponential growth phase and were utilized for
experiments within 10-20 passages to minimize genetic drift and phenotypic
changes. All cell lines were routinely screened for mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit following the manufacturer's
protocol and were authenticated by short tandem repeat (STR) profiling through
a certified laboratory.

Transient Transfection with siRNAs and miRNA Mimics

U251 and LN18 glioma cells at 60-70% confluence were transfected with either
50 nM siRNA oligonucleotides targeting DTYMK using Lipofectamine 3000
reagent according to the manufacturer's instructions, or 50 nM miR-7-5p mimic
or miR-7-5p inhibitor oligonucleotides using Lipofectamine RNAIMAX.
Scrambled oligonucleotide sequences of identical length and GC content
served as negative controls in all transfection experiments. Transfection
efficiency and expression changes were assessed by quantitative reverse
transcription PCR and Western blotting at 24-48 hours post-transfection.
Functional assays, including cell viability, migration, invasion, apoptosis, and
ROS measurement, were performed at 24-72 hours post-transfection to allow
sufficient time for mRNA/protein turnover and phenotypic manifestation.

Generation of Stable DTYMK-Knockdown Cell Lines

To establish cell lines with sustained DTYMK depletion for in vivo xenograft
studies, lentiviral short hairpin RNA (shRNA) expression vectors targeting
DTYMK were prepared using standard molecular biology techniques. GL261
and LN18 parental glioma cells were transduced with lentiviral particles
expressing DTYMK-targeting shRNA under biosafety level 2 containment



conditions. Following transduction, stable cell populations were enriched
through puromycin antibiotic selection (2 pug/mL) for two consecutive weeks.
Successful and sustained DTYMK knockdown was confirmed by gRT-PCR and
Western blotting, and was maintained through continuous culture in medium
containing 1 pg/mL puromycin during all subsequent experiments and
passages.

Quantitative Reverse Transcription PCR (qRT-PCR)

Total cellular RNA was extracted from cultured cells and tissue samples using
TRIzol reagent according to standard protocols. Complementary DNA (cDNA)
synthesis employed either standard M-MLV reverse transcriptase kits for
MRNA or specialized stem-loop reverse transcription kits for miRNA detection,
as stem-loop primers provide superior specificity and sensitivity for mature
miRNA quantification. qRT-PCR was performed on a Bio-Rad CFX96 real-time
PCR system using SYBR Green chemistry with gene-specific primers. GAPDH
served as the endogenous reference gene for normalization of mRNA
expression, while U6 normalized miRNA expression to account for variations in
RNA extraction efficiency and cDNA synthesis. Relative expression levels were
calculated using the comparative 2A-AACt method.The complete PCR
sequence can be found in Table 1 attached.

Western Blot Analysis

Cells and tissue samples were lysed in ice-cold RIPA buffer supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail to prevent protein
degradation and dephosphorylation. Protein concentration was quantified using
a BCA protein assay kit . Equal amounts of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% or 12%
polyacrylamide gels and subsequently transferred to polyvinylidene difluoride
(PVDF) membranes at 200 V for 1 hour. Membranes were incubated with
primary antibodies diluted in 5% non-fat milk in TBST overnight at 4°C. HRP-
conjugated anti-mouse or anti-rabbit secondary antibodies were applied for 1
hour at room temperature. The detailed information of all the antibodies we
used can be found in Table 2.

Immunohistochemistry (IHC) Analysis

Formalin-fixed, paraffin-embedded tissue section from patient glioma samples
and xenograft tumors were deparaffinized in xylene and rehydrated through a
graded ethanol series. Antigen retrieval was performed by heating slides in 10
mM sodium citrate buffer in a pressure cooker for 3 minutes to unmask epitopes.
Endogenous peroxidase activity was quenched by incubation in 3% hydrogen
peroxide for 10 minutes. Tissue sections were incubated overnight at 4°C with
primary antibodies against DTYMK or RAF1 diluted in PBS with 1% bovine



serum albumin. HRP-conjugated secondary antibodies were applied for 30
minutes at room temperature, and signal was developed using 3,3-
diaminobenzidine chromogen for 3-5 minutes. Sections were counterstained
with hematoxylin for 30 seconds to visualize nuclei and mounted with coverslips.

Cell Viability Assay (CCK-8)

Cell viability and proliferation were assessed using the Cell Counting Kit-8
(CCK-8) assay, which measures mitochondrial dehydrogenase activity as a
proxy for viable cell number. Cells were plated at 3 x 102 cells per well in 96-
well microtiter plates in triplicate wells per condition in complete DMEM medium.
At designated time points, 10 pL of CCK-8 reagent was added to each well and
cells were incubated for approximately 30 minutes at 37°C to allow color
development. Absorbance at 450 nm was measured using a microplate
spectrophotometer.

Transwell Chamber Assays for Cell Migration and Invasion

For the migration assay, 5 x 10* cells resuspended in 200 uL serum-free DMEM
were seeded in the upper chamber of a 24-well Transwell plate with 8 um pore
polycarbonate membrane inserts. The lower chamber was filled with 600 uL
DMEM supplemented with 20% FBS, which served as a chemoattractant. Cells
were incubated for 24 hours at 37°C under 5% CO: to allow migration. Non-
migratory cells remaining on the upper surface were gently removed using
cotton swabs. Cells that migrated to the lower surface were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet solution. For the invasion
assay, the identical protocol was employed as for the migration assay, except
that Transwell membranes were pre-coated with Matrigel diluted in serum-free
DMEM to reconstitute basement membrane properties, and the incubation
period was extended to 48 hours.

Flow Cytometry: Apoptosis Detection

At 48 hours post-treatment, cells were harvested by trypsin digestion, washed
twice in ice-cold PBS, and subjected to apoptosis detection using an Annexin
V-FITC/Propidium lodide apoptosis detection kit according to the
manufacturer's instructions. Cells were incubated with Annexin V-FITC and PI
for 15 minutes in the dark at room temperature, and were immediately analyzed
on a Cytoflex Flow Cytometer. Early apoptotic cells and late
apoptotic/secondary necrotic cells were identified by gating strategies.

Intracellular ROS Measurement by fluorescence Staining

Cells were incubated with 5 yM 2',7'-dichlorofluorescin diacetate (DCFH-DA,
Sigma-Aldrich) for 30 minutes at 37°C in the dark. The non-fluorescent DCFH-



DA is passively taken up by cells and cleaved by intracellular esterases to form
DCFH, which is subsequently oxidized by ROS to form highly fluorescent DCF.
After incubation, cells were washed twice in PBS to remove excess dye.
Fluorescence was visualized directly by immunofluorescence microscopy with
488 nm excitation, and mean fluorescence intensity was quantified.

Dual-Luciferase Reporter Assay

Wild-type and miR-7-5p seed-binding site-mutant 3'UTR fragments of both
DTYMK and RAF1 were PCR-amplified from glioma cDNA using gene-specific
primers containing appropriate restriction sites. The amplified fragments were
directionally cloned into the psiCHECK-2 dual-luciferase reporter vector
downstream of the Renilla luciferase gene. All cloned constructs were verified
by Sanger DNA sequencing. HEK293T cells were co-transfected with reporter
plasmid constructs together with either miR-7-5p mimic or scrambled control
oligonucleotide using Lipofectamine 3000. At 48 hours post-transfection, cells
were lysed and both Renilla and firefly luciferase activities were measured
sequentially using the Dual-Luciferase Reporter Assay System. Renilla/firefly
luciferase activity ratios were calculated for normalization.

Single-Cell RNA-Sequencing Data Analysis

Raw scRNA-seq datasets, including GSE200984 and GSE138794, were
downloaded from the GEO database and processed using the Seurat R
package following standard quality control and analysis workflows. QC filtering
retained cells meeting the following criteria: 200-5,000 genes detected per cell
and mitochondrial gene content <10% of total transcripts. Gene expression
data were normalized using the NormalizeData function. Principal component
analysis was performed using the top variable genes. Batch effects between
different samples or studies were corrected using the Harmony batch correction
algorithm. Cells were projected onto a two-dimensional UMAP space for
visualization. Tumor cells were identified based on characteristic expression
patterns and the presence of somatic mutations. DTYMK and mesenchymal
gene signature module scores were calculated using the AddModuleScore
function in Seurat.

In Vivo Xenograft Tumor Models

All animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) and conducted in strict accordance with institutional
guidelines and the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All measures were taken to minimize animal suffering
throughout the experimental procedures.



Subcutaneous Xenograft Model. Stably transduced DTYMK-knockdown
LN18 cells (sh-DTYMK; 5 x 10° cells in 200 yL PBS) or control cells (sh-control;
5 x 10° cells in 200 yL PBS) were injected subcutaneously into the bilateral
flanks of 3-week-old female athymic nude mice. Tumor dimensions were
measured every 7 days using digital calipers, and tumor volume was calculated
according to the formula: V = (length x width?) / 2. At 6 weeks post-implantation,
tumors were surgically excised, photographed, and weighed. Tumor tissues
were sectioned for subsequent histopathological examination (H&E staining),
Western blot analysis, and immunohistochemical detection.

Orthotopic Intracranial Implantation Model. DTYMK-knockdown GL261
cells or control cells (1 x 10° cells resuspended in 5 yL PBS) were
stereotactically implanted into the right striatum of 3-week-old female C57BL/6
mice using a stereotactic frame. The injection coordinates relative to the
bregma were as follows: 2.0 mm lateral to the midline (right), 0.5 mm anterior
to the bregma, and 2.5 mm below the skull surface. Prior to implantation, cell
lines were engineered to stably express firefly luciferase to enable non-invasive
bioluminescence imaging. Tumor burden was monitored longitudinally by
bioluminescence imaging using an in vivo imaging system (IVIS) following
intraperitoneal injection of D-luciferin. Survival was defined as the interval from
cell implantation to death. Survival curves were constructed using the Kaplan-
Meier method and compared by the log-rank test.

Statistical Analysis

All statistical analyses were performed using R and GraphPad Prism software.
Continuous variables are reported as mean * standard deviation, while
categorical variables are presented as frequencies and percentages. For two-
group comparisons, normality of distribution was first assessed using the
Shapiro-Wilk test. Normally distributed data were compared using unpaired
Student's t-test, while non-normally distributed data were compared using the
Mann-Whitney U test. For comparisons involving more than two groups,
normally distributed data were analyzed by one-way analysis of variance with
Tukey's post-hoc correction, while non-normally distributed data were analyzed
using the Kruskal-Wallis test with Dunn's post-hoc correction. Overall survival
in in vivo xenograft studies was assessed using Kaplan-Meier curves, with
survival differences between groups evaluated using the log-rank test.
Correlation analyses employed Spearman's rank correlation coefficient.
Multiple statistical testing corrections were applied using the Benjamini-
Hochberg false discovery rate adjustment method. All in vitro experiments were
independently performed in at least three biological replicates. Statistical
significance is denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

Results



Integration of Mitochondrial, Oxidative Stress, and Apoptosis-Related
Genes Identifies DTYMK as a Key Gene in the Prognostic Risk Model

To investigate the interplay among mitochondrial dysfunction, oxidative stress,
and apoptosis in glioma, we integrated three corresponding gene sets from
public databases. Venn diagram analysis identified 93 consensus genes
shared across all three categories (Figure 1A). Differential expression analysis
using the limma package in R, comparing TCGA glioma samples with GTEx
normal brain tissues, yielded 27 significantly upregulated genes (log.FC > 1, P
< 0.05; Figure 1B). Unsupervised consensus clustering of these 27 genes via
ConsensusClusterPlus identified an optimal partition of k = 2. In both the TCGA
cohort (Figure 1C-D) and the CGGA validation cohort (Figure S1A-B), patients
in Cluster 2 showed significantly longer overall survival than those in Cluster 1.
Heatmap analysis revealed that Cluster 1 was enriched for adverse
clinicopathological features, including IDH wild-type status, 1p/19q non-deletion,
MES-like subtype, higher WHO grade, MGMT promoter unmethylation, and
increased mortality, whereas Cluster 2 displayed the opposite, favorable profile,
as illustrated in the TCGA heatmap (Figure 1E) and the corresponding CGGA
heatmap (Figure S1C).

For prognostic model construction, univariate Cox regression identified 21
candidate genes, which were further refined by LASSO and multivariate Cox
regression to yield a six-gene signature comprising CASP8, DTYMK, MAPKS,
PLAUR, PRODH, and TP73, with DTYMK contributing the largest coefficient,
as shown in Figure 1F-H. Individual risk scores were computed from
multivariate Cox coefficients and normalized expression values, and patients
were stratified into high- and low-risk groups by cohort-specific median cutoffs.
High-risk patients had significantly worse overall survival in the TCGA cohort
(Figure 11) and likewise in the CGGA cohort (Figure S1D). Time-dependent
ROC analysis demonstrated strong discriminatory performance, with AUC
values of 0.878, 0.896, and 0.867 for 1-, 3-, and 5-year survival in the TCGA
cohort (Figure 1J), and AUC > 0.7 at all timepoints in the CGGA cohort (Figure
S1E). Heatmap analysis of both the TCGA cohort (Figure 1K) and the CGGA
cohort (Figure S1F) confirmed concordance between high-risk scores and
Cluster 1 characteristics. Uni- and multivariate Cox regression analyses further
established the risk score as an independent prognostic factor after adjustment
for WHO grade, IDH status, 1p/19q codeletion, and MGMT methylation, as
demonstrated in the TCGA cohort (Figure 1L-M) and replicated in the CGGA
cohort (Figure S1G-H).

DTYMK Is Predominantly Localized to Tumor Cells, Particularly Those of
the Mesenchymal Glioblastoma Subtype

Pan-cancer analysis of TCGA data revealed that DTYMK was broadly
upregulated across the majority of tumor types (Figure 2A). Gene Ontology



enrichment analysis additionally indicated significant associations with
epithelial-mesenchymal transition (EMT), cell cycle progression, MAPK
cascade regulation, apoptosis, and oxidative stress response (Figure 2B),
prompting further investigation of DTYMK in glioma. DTYMK expression
increased progressively with WHO grade in both the TCGA and CGGA cohorts
(Figure 2C and 2E) and was markedly elevated in the mesenchymal subtype
relative to the classical, neuronal, and proneural subtypes (Figure 2D and 2F).
Correlation analysis demonstrated that DTYMK expression was significantly
and positively associated with MES-related and proliferation-related gene
signatures in both cohorts (Figure 2G-J), collectively suggesting a role for
DTYMK in driving the invasive mesenchymal phenotype.

To resolve the cellular localization of DTYMK at single-cell resolution, we
analyzed two independent scRNA-seq datasets (GSE200984 and GSE138794)
and found that DTYMK expression was predominantly restricted to glioma
tumor cells, with substantially lower levels in tumor-associated macrophages,
microglia, T cells, NK cells, B cells, and endothelial cells (Figure 2K-N). This
tumor-cell-restricted expression pattern suggests that DTYMK functions as an
intrinsic  driver of the mesenchymal phenotype rather than a
microenvironmental bystander. To further substantiate this observation, we
performed integrated analysis of 11 independent single-cell datasets
encompassing 93 samples (The GEO identification information is shown in
Table 3). Cells were stratified by mesenchymal gene signature scores, with the
top and bottom 10th percentiles designated as MES and PN groups,
respectively. DTYMK expression was consistently higher in glioma cells than in
other cell types (Figure 20-P), and the DTYMK module score was significantly
elevated in the MES group relative to the PN group (Figure 2Q). Overall, these
single-cell analyses identify DTYMK as an intrinsic driver of the MES
transcriptional program in glioma.

DTYMK Promotes Glioma Malignancy In Vitro and In Vivo

Analysis of glioma tumor tissues and adjacent normal brain tissues by Western
blot and gRT-PCR revealed that DTYMK expression was significantly higher in
tumor tissues compared to adjacent normal tissues. Additionally, DTYMK levels
gradually increased with WHO grade (Figure 3A-B). Immunohistochemical
analysis corroborated these findings, showing elevated DTYMK protein in
glioma specimens (Figure 3C). Screening of eight glioma cell lines showed that
DTYMK expression was substantially upregulated compared with normal
astrocytes (Figure 3D-E). Based on these research results, we selected the
U251 and LN18 for the subsequent functional studies. Previous reports have
indicated that these two cell lines are of MES glioma cell lines [26]. To
investigate the role of DTYMK in glioma, three siRNA sequences targeting
DTYMK were designed, and si-DTYMK-1 demonstrated the highest knockdown



efficiency and was selected for all subsequent experiments (Figure 3F).
DTYMK knockdown significantly reduced the expression of proliferation
markers PCNA and Cyclin D1, downregulated the anti-apoptotic protein Bcl-2
(Figure 3G), and suppressed MES markers including CD44, ZEB1, SNAI1, and
Vimentin (Figure 3H), indicating inhibition of the MES transition process. These
markers are closely linked to cell cycle progression, apoptosis resistance, and
MES transition in cancer cells [27]. Flow cytometry analysis revealed a marked
increase in the proportion of apoptotic cells following DTYMK knockdown
(Figure 3l). CCK-8 assays demonstrated that DTYMK knockdown significantly
reduced cell viability in a time-dependent manner, with substantial decreases
observed within 72 hours (Figure 3J-K). DCFH-DA fluorescence staining
showed a significant increase in intracellular ROS levels upon DTYMK
knockdown (Figure 3L), suggesting that DTYMK normally maintains ROS
homeostasis within a threshold compatible with cell survival, and its depletion
causes ROS accumulation exceeding the cellular antioxidant buffering capacity.
This interpretation is consistent with previous studies showing that excessive
ROS accumulation can damage cellular macromolecules and trigger
mitochondrial apoptosis in cancer cells [28]. Transwell assays also
demonstrated that DTYMK knockdown significantly impaired both the migration
and invasion abilities of glioma cells (Figure 3M-N).

To validate the tumor-suppressive effects of DTYMK knockdown in vivo,
two complementary xenograft models were established. Stable DTYMK-
knockdown GL261 cells were implanted intracranially into mice. DTYMK
knockdown significantly inhibited intracranial tumor growth (Figure 30), and
mice bearing sh-DTYMK tumors exhibited substantially prolonged survival
compared to control animals (Figure 3P). Western blotting confirmed effective
DTYMK downregulation in tumor tissues (Figure 3Q), and H&E staining
revealed markedly restricted tumor growth in the sh-DTYMK group (Figure 3R).
In a parallel experiment, stable DTYMK-knockdown LN18 cells were implanted
subcutaneously in nude mice. This approach yielded consistent results: tumor
volume was significantly reduced following DTYMK knockdown (Figure 3S),
and DTYMK expression was substantially decreased in tumor tissues (Figure
3T). Western blotting analysis of subcutaneous tumors additionally
demonstrated downregulation of MES markers following DTYMK knockdown
(Figure 3U). These results demonstrate that the tumor-suppressive effects of
DTYMK knockdown are consistent and reproducible both in vitro and in vivo
across multiple tumor models.

DTYMK Functions as a ceRNA by Competitively Sponging miR-7-5p to
Relieve Suppression of RAF1

Through bioinformatic intersection analysis of miRNAs targeting DTYMK using
TargetScan and miRDB databases, six candidate miRNAs were identified, with
miR-7-5p ranked as the top candidate (Figure 4A). The top three miRNAs-miR-
7-5p, miR-6784-5p, and miR-5000-3p-were subsequently selected for



experimental validation. Results demonstrated that DTYMK knockdown
significantly upregulated miR-7-5p expression in both U251 and LN18 cell lines
(Figure 4B-C), whereas DTYMK overexpression suppressed miR-7-5p
expression (Figure 4D-E). This negative regulatory relationship between
DTYMK and miR-7-5p was additionally confirmed across multiple tumor types
in the StarBase database, which provides experimentally supported and
computationally predicted RNA-RNA interaction networks [29] (Figure 4F).
Reciprocally, miR-7-5p overexpression concurrently decreased both mRNA
and protein levels of DTYMK (Figure 4G-H). Gene Ontology enrichment
analysis of miR-7-5p targets revealed enrichment in cell cycle regulation, cell
migration, and apoptotic processes, while KEGG pathway analysis highlighted
focal adhesion, MAPK signaling pathway, and glioma-related pathways (Figure
4]-J). To identify direct downstream targets of miR-7-5p, bioinformatic analysis
using TargetScan and miRDB was performed, yielding seven candidate genes.
Integration of these target predictions with the aforementioned enrichment
results led to the selection of RAF1, a critical node in MAPK pathway regulation,
for further investigation [30] (Figure 4K).

Immunohistochemical analysis confirmed high RAF1 expression in glioma
tissues (Figure 4L). Consistent with miR-7-5p's regulatory role, miR-7-5p
overexpression significantly reduced both mRNA and protein levels of RAF1
(Figure 4M-N). Moreover, StarBase analysis revealed a positive correlation
between DTYMK and RAF1 expression across multiple tumor types (Figure 40).
Knockdown of DTYMK likewise decreased RAF1 expression (Figure 4P),
further supporting a DTYMK-dependent regulatory axis. The predicted
complementary binding sites between miR-7-5p and DTYMK, as well as
between miR-7-5p and RAF1, are presented in Figure 4Q, with the conserved
binding motif clearly depicted. To validate direct miR-7-5p-mediated repression
of both targets, dual-luciferase reporter assays were performed using
constructs containing wild-type miR-7-5p binding sites in DTYMK and RAF1
(Figure 4R-S), confirming sequence-specific targeting and repression of both
molecules. These findings align with the ceRNA hypothesis, in which transcripts
can regulate one another by competing for shared miRNAs.

DTYMK-miR-7-5p-RAF1 Axis Activates MAPK Signaling to Drive Glioma
Malignancy and MES Transition

miR-7-5p overexpression phenocopied the effects of DTYMK knockdown.
Specifically, miR-7-5p overexpression decreased the expression of proliferation
markers PCNA and Cyclin D1 and downregulated the anti-apoptotic protein Bcl-
2 (Figure 5A). In parallel, miR-7-5p overexpression suppressed MES markers
CD44, ZEB1, SNAI1, and Vimentin (Figure 5B), and impaired both cell
migration and invasion abilities (Figure 5C-D). CCK-8 assays revealed that
miR-7-5p overexpression significantly reduced cell viability within 72 hours
(Figure 5E-F). To establish RAF1 as a functionally relevant downstream



effector of the DTYMK-miR-7-5p axis, RAF1 knockdown was performed. RAF1
knockdown recapitulated all phenotypic effects observed with miR-7-5p
overexpression and DTYMK knockdown. Specifically, RAF1 knockdown
reduced PCNA and Cyclin D1 expression and downregulated Bcl-2 levels
(Figure 5G), suppressed MES markers CD44, ZEB1, SNAI1, and Vimentin
(Figure 5H), and impaired cell migration and invasion (Figure 5I-J). CCK-8
assays demonstrated that RAF1 knockdown significantly decreased cell
viability within 72 hours (Figure 5K-L). These results confirm that RAF1 is a
critical downstream effector mediating the functional consequences of the
DTYMK-miR-7-5p regulatory axis.

To dissect the molecular mechanism in greater detail, rescue experiments
were performed. miR-7-5p overexpression significantly reduced both DTYMK
and RAF1 protein levels and markedly suppressed the phosphorylation of MEK
and ERK, while total MEK and ERK levels remained unchanged (Figure 5M).
In a complementary approach, DTYMK knockdown or overexpression resulted
in concurrent alterations in RAF1, p-MEK, and p-ERK levels in a coordinated
manner (Figure 5N). The RAF-MEK-ERK cascade is a canonical MAPK
signaling pathway that regulates proliferation, survival, migration, and
differentiation in cancer cells [31]. To confirm that MAPK pathway activation
represents the primary oncogenic mechanism driving the effects of the DTYMK-
miR-7-5p-RAF1 axis, DTYMK-knockdown cells were treated with epidermal
growth factor (EGF) to reactivate MAPK signaling. EGF, a well-characterized
activator of the MAPK pathway, can stimulate downstream responses [32]. EGF
treatment substantially restored the migration and invasion abilities of DTYMK-
knockdown cells and partially recovered cell viability (Figure 50-P). In line with
these observations, CCK-8 assays demonstrated that EGF significantly
enhanced the proliferative capacity of DTYMK-knockdown cells (Figure 5Q-R).
These findings collectively establish that MAPK pathway activation serves as
the principal mechanism through which the DTYMK-miR-7-5p-RAF1 axis drives
malignant progression in glioma, with particular relevance to the MES subtype
transition (Figure 6).

Discussion

Mitochondrial dysfunction, oxidative stress, and apoptosis resistance are
interconnected hallmarks that enable tumor cell survival and therapeutic
evasion. In GBM, these processes converge to support metabolic
reprogramming [33], antioxidant capacity [34], and resistance to cell death [35].
We integrated gene signatures representing these three pathways and applied
LASSO regression combined with multivariate Cox regression to construct a
prognostic model for glioma patients-a method suited to high-dimensional
survival data [36]. The model stratified patients into high- and low-risk groups
with robust performance in both training and validation cohorts. Among the six
genes in the model, DTYMK carried the largest coefficient, indicating its
dominant contribution to risk prediction.



Functional enrichment linked DTYMK to cell cycle progression and
epithelial-mesenchymal transition (EMT), processes central to proliferation and
invasion [27, 37]. DTYMK expression correlated positively with the MES gene
signature and peaked in the MES subtype, implicating DTYMK in MES
transition. We validated the oncogenic role of DTYMK through in vitro and in
vivo experiments. DTYMK knockdown reduced proliferation markers (PCNA,
Cyclin D1) [38, 39], downregulated the anti-apoptotic protein BCL-2 [40],
suppressed MES markers (CD44, ZEB1, SNAI1, Vimentin) [41], and impaired
migration and invasion. Moreover, after exhaustion of DTYMK, the
phenomenon of cell apoptosis intensified. These phenotypes, in both the in situ
intracranial transplantation model and the subcutaneous transplantation model
in nude mice, were found to be able to reduce tumor burden and prolong
survival time when DTYMK was knocked down, confirming its role in promoting
tumor formation.

DTYMK has long been recognized as a nucleotide salvage enzyme that
phosphorylates dTMP to dTDP, supplying precursors for DNA synthesis [8].
Elevated DTYMK in proliferating tumors has been attributed to increased
nucleotide demand. Recent work in hepatocellular carcinoma uncovered a non-
canonical function: DTYMK acts as a ceRNA, binding miR-378a-3p to sustain
MAPKAPK2 expression and activate NF-kB signaling [20]. The ceRNA
hypothesis, proposed in 2011, posits that transcripts sharing miRNA-binding
sites compete for miRNA availability, thereby regulating each other's expression
[17]. In glioma, long non-coding RNAs (e.g., LINC01426) and circular RNAs
(e.g., CircXPO1) have been shown to function as ceRNAs [42, 43], but
evidence for protein-coding mRNAs in this role remains limited. Through
bioinformatic prediction and dual-luciferase reporter assays to confirm that the
3'UTR of DTYMK mRNA contains functional binding sites for miR-7-5p and can
sequester this miRNA. miR-7 is an evolutionarily conserved miRNA family with
tumor-suppressive roles [44]. miR-7 inhibits glioblastoma growth by targeting
the PISK/AKT and Raf/MEK/ERK pathways [45]. miR-7-5p, the predominant
mature form, is downregulated in GBM and suppresses proliferation and
invasion by targeting oncogenes including EGFR and RAF1, thereby affecting
downstream PI3K/Akt signaling [46]. We identified seven miR-7-5p target
genes using TargetScan and miRDB. Because both DTYMK and miR-7-5p
were enriched in MAPK pathway annotations, we selected RAF1 for
experimental validation. The results confirmed that DTYMK and RAF1 both bind
miR-7-5p competitively.

RAF-1 belongs to the RAF family, and RAF activates the MAPK pathway
[47]. RAF1 is overexpressed or aberrantly activated in many cancers and drives
proliferation, survival, and metastasis [48]. Upon activation, RAF1
phosphorylates MEK1/2 and ERK1/2, promoting proliferation and MES
transition [49, 50]. We found that miR-7-5p overexpression reduced glioma cell
proliferation, induced apoptosis, and suppressed MES transition. miR-7-5p
overexpression decreased both DTYMK and RAF1 levels and inhibited MAPK



pathway activation. Rescue experiments showed that the inhibitory effects of
DTYMK knockdown could be partially reversed by adding EGF, a MAPK
activator. These data support a regulatory model in which DTYMK sequesters
miR-7-5p, preventing miR-7-5p-mediated repression of RAF1. Elevated RAF1
then activates MEK-ERK signaling, driving proliferation, invasion, and MES
transition. Beyond its canonical role in nucleotide metabolism, DTYMK mRNA
functions as a ceRNA to modulate MAPK pathway activity.

Conclusion

This study establishes DTYMK as a central regulatory factor in the progression
of GBM. A six-gene prognostic model integrating mitochondrial, oxidative stress,
and apoptosis-related genes was constructed and its accuracy verified in both
the TCGA and CGGA cohorts. Single-cell transcriptomic analysis confirmed
that DTYMK is predominantly expressed in glioma cells, especially in the MES-
like subpopulation. Functional studies demonstrated that knockdown of DTYMK
inhibits proliferation, migration, and invasion while inducing apoptosis.
Mechanistic studies revealed that DTYMK acts as a competing endogenous
RNA by sponging miR-7-5p, thereby relieving the translational inhibition of
RAF1 and activating the MAPK signaling pathway to drive MES transformation,
proliferation, invasion. The DTYMK-miR-7-5p-RAF1-MAPK axis, as a key
oncogenic pathway, provides new strategies for targeted therapy in glioma.
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Figure 1 | Integrated Mitochondria-Oxidative Stress-Apoptosis Prognostic
Signature ldentifies DTYMK as Dominant Risk Gene, Validated in TCGA
Training Cohort

A Three-way Venn diagram of mitochondria-related (n = 2004), oxidative
stress-related (n = 1373), and apoptosis-related (n = 581) genes; 93 consensus
genes identified at intersection. B Differential expression analysis in TCGA
glioma (n = 667) vs GTEx normal brain (n = 1124) identified 27 upregulated
genes (log:FC > 1, P < 0.05). C Consensus clustering CDF curves with k = 2
as optimal. D Kaplan-Meier survival analysis by cluster in TCGA cohort. E
Cluster 1 significantly enriched in adverse features including high WHO grade,
IDH wild-type, LGM6/LGr4 subtypes, non-codeleted 1p/19q, MES subtype, and
unmethylated MGMT. F Univariate Cox regression identifying 21 candidate
genes. G-H LASSO and multivariate Cox regression jointly identified six genes,
with DTYMK showing the greatest contribution. | Kaplan-Meier survival analysis
showing significantly lower overall survival in high-risk vs low-risk groups. J
ROC curves at 1/3/5 years (AUC = 0.878/0.896/0.867). K High-risk group
significantly enriched in the same adverse features as Cluster 1. L-M Univariate
and multivariate Cox regression analyses confirmed WHO grade and risk score
as independent prognostic factors.

Figure 2 | DTYMK Is Predominantly Localized to Tumor Cells, Particularly
Those of the Mesenchymal Glioblastoma Subtype

A Pan-cancer analysis revealed elevated DTYMK expression across multiple
tumor types. B GO enrichment analysis showed enrichment in EMT, cell cycle,
MAPK signaling, apoptosis, and oxidative stress. C-D In TCGA, DTYMK
expression gradually increased with WHO grade, with highest expression in
MES subtype. E-F In CGGA, DTYMK expression similarly increased with WHO
grade, with highest expression in MES subtype. G-H In TCGA, Spearman
correlation analysis showed strong positive correlations between DTYMK and
both mesenchymal-related and proliferation-related genes. I-d In CGGA, similar
strong positive correlations were observed. K-N Single-cell RNA sequencing
analysis (GSE200984, GSE138794) revealed that DTYMK expression was
predominantly localized to tumor cells. O-Q Integrated analysis of 11 datasets
showed DTYMK expression primarily in tumor cells, with significantly higher
values in MES vs PN subgroup.

Figure 3 | DTYMK Knockdown Suppresses Proliferation, Promotes
Apoptosis and ROS, Inhibits Mesenchymal Transition In Vitro and In Vivo

A gRT-PCR results showed elevated DTYMK expression in tumor tissues
compared to normal tissues, increasing with WHO grade. B Western blot
analysis confirmed elevated DTYMK protein in tumor tissues. C
Immunohistochemistry showed significantly increased DTYMK expression in



gliomas. D-E DTYMK expression was higher in glioma cell lines (U251, LN18)
than in astrocytes. F si-DTYMK-1 achieved the highest knockdown efficiency.
G DTYMK knockdown reduced proliferation (PCNA, Cyclin D1) and anti-
apoptotic markers (Bcl-2). H DTYMK knockdown reduced MES markers (CD44,
ZEB1, SNAI1, Vimentin). I Flow cytometry showed increased proportion of
apoptotic cells. J-K CCK-8 assays showed gradual cell survival decrease over
time. L DTYMK knockdown elevated reactive oxygen species levels in glioma
cells. M-N Transwell assays revealed impaired migration and invasion abilities
following DTYMK knockdown. O-Q Orthotopic intracranial tumor models
demonstrated that DTYMK knockdown inhibited tumor growth, prolonged
survival, and reduced tumor tissue DTYMK expression. R H&E staining showed
reduced tumor cell density in sh-DTYMK lesion areas. S-T Subcutaneous
xenograft models showed that DTYMK knockdown inhibited tumor growth and
volume while reducing tumor tissue DTYMK expression. U Continuous DTYMK
downregulation in subcutaneous tumors inhibited MES marker expression.

Figure 4 | DTYMK Functions as ceRNA Sponging miR-7-5p to Relieve
RAF1 Suppression

A Cross-analysis of TargetScan and miRDB databases identified miR-7-5p,
miR-6784-5p, and miR-5000-3p as candidate target miRNAs. B-C gRT-PCR
results showed that DTYMK knockdown upregulated miR-7-5p expression. D-
E DTYMK overexpression inhibited miR-7-5p expression. F StarBase database
revealed negative correlation between DTYMK and miR-7-5p across multiple
tumors. G-H miR-7-5p overexpression decreased both DTYMK mRNA and
protein levels. I-d GO and KEGG enrichment analyses of miR-7-5p targets
showed enrichment in cell cycle, migration, apoptosis, focal adhesion, MAPK
signaling pathway, and glioma. K Cross-analysis of TargetScan and miRDB
databases identified RAF1 as candidate target gene. L Immunohistochemistry
showed significantly elevated RAF1 expression in gliomas. M-N miR-7-5p
overexpression decreased both RAF1 mRNA and protein levels. O StarBase
database indicated positive correlation between DTYMK and RAF1 across
multiple tumor types. P Western blot showed DTYMK knockdown decreased
RAF1. Q Sequence alignment revealed conserved miR-7-5p binding sites in
DTYMK and RAF1 3'UTRs. R-S Dual-luciferase assays showed that miR-7-5p
inhibited gene expression of wild-type DTYMK and RAF1.

Figure 5 | DTYMK-miR-7-5p-RAF1 Axis Activates MAPK Signaling

A miR-7-5p overexpression reduced proliferation (PCNA, Cyclin D1) and anti-
apoptotic markers (Bcl-2). B miR-7-5p overexpression reduced MES markers
(CD44, ZEB1, SNAI1, Vimentin). C-D Transwell assays demonstrated that miR-
7-5p overexpression inhibited both migration and invasion abilities. E-F CCK-8
assays showed that miR-7-5p overexpression gradually decreased cell survival
rate over time. G RAF1 knockdown reduced proliferation (PCNA, Cyclin D1)



and anti-apoptotic markers (Bcl-2). H RAF1 knockdown reduced MES markers
(CD44, ZEB1, SNAI1, Vimentin). I-J Transwell assays showed that RAF1
knockdown inhibited both migration and invasion abilities. K-L CCK-8 assays
showed that RAF1 knockdown gradually decreased cell survival rate over time.
M miR-7-5p overexpression decreased DTYMK, RAF1, p-MEK, and p-ERK
expression. N DTYMK knockdown decreased RAF1, p-MEK, and p-ERK
expression; overexpressing DTYMK rescued these effects. O-P DTYMK
knockdown impaired migration and invasion; adding EGF rescued these
defects. Q-R DTYMK knockdown inhibited cell viability; adding EGF rescued
this effect.

Figure 6 | Graphical Abstract

These findings collectively establish that MAPK pathway activation serves as
the principal mechanism through which the DTYMK-miR-7-5p-RAF1 axis drives
malignant progression in glioma, with particular relevance to the MES subtype
transition

Figure S1 | CGGA Validation Cohort

A Consensus clustering CDF curves with k = 2 as optimal. B Kaplan-Meier
survival analysis by cluster. C Cluster 1 significantly enriched in adverse
features including high WHO grade, IDH wild-type, non-codeleted 1p/19q, and
unmethylated MGMT. D Kaplan-Meier survival analysis showing significantly
lower overall survival in high-risk vs low-risk groups. E ROC curves at 1/3/5
years (AUC = 0.704/0.738/0.730). F High-risk group significantly enriched in
the same adverse features as Cluster 1. G-H Univariate and multivariate Cox
regression analyses confirmed that WHO grade and risk score serve as
independent prognostic factors.
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