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A multi-cohort validated
OXPHOS signature predicts
survival and immune pro� les in
grade II/III glioma patients
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Lingjun Shen3, Yanting Liu2* and Kai Xu2*
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Introduction: Grade II/III gliomas are invasive brain tumors with a high risk of
malignant progression and signi�cant clinical heterogeneity, highlighting the
urgent need for reliable prognostic biomarkers to guide personalized
treatment strategies. This study aimed to investigate the molecular
mechanisms driving glioma progression and to identify potential
therapeutic targets.

Methods: We analyzed 200 mitochondrial oxidative phosphorylation (OXPHOS)-
related genes in 512 grade II/III glioma samples from The Cancer Genome Atlas
(TCGA). Consensus clustering identi�ed two distinct molecular subtypes (C1 and
C2). Differentially expressed genes (DEGs) between subtypes were determined
using the limma package. The immune cell composition and tumor
microenvironment (TME) characteristics were assessed using ESTIMATE,
MCPcounter, and CIBERSORT algorithms. Based on prognostic DEGs, we
constructed a four-gene prognostic signature (MAOB, IGFBP2, SERPINA1,
and LGR6).

Results: The C2 molecular subtype was associated with poorer prognosis, higher
immune scores, and enrichment in tumor-promoting pathways. The four-gene
signature demonstrated strong prognostic performance and robustness across
multiple independent validation cohorts. Immunohistochemical (IHC) analysis of
clinical glioma specimens con�rmed elevated protein expression levels of the
four genes in tumor tissues.

Discussion: Our OXPHOS-associated gene signature provides novel insights into
the molecular classi�cation, immune landscape, and prognosis of grade II/III
gliomas. These �ndings lay the foundation for precision oncology and the
development of targeted therapeutic interventions.
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1 Introduction

Gliomas, which are originating from native glial cells (i.e.,
oligodendrocytes, astrocytes, and ependymal cells), exhibit histological
features resembling their normal counterparts and represent the
predominant primary central nervous system (CNS) malignancies (1).
Characterized by high invasiveness, disability rates, recurrence rates, and
mortality, gliomas are recognized as a formidable challenge in oncology,
imposing substantial burdens on patients, families, and society (2, 3).
Epidemiological data in China indicate an annual incidence of 5�8 per
100,000, accounting for approximately 40% of all intracranial tumors
and 80% of malignant brain tumors, with 5-year mortality ranking third
among systemic malignancies (3, 4). Current �rst-line therapy involves
maximal safe surgical resection, yet even when combined with standard
radiotherapy plus temozolomide or nitrosourea-based chemotherapy,
the 5-year survival rate remains below 35%, underscoring poor
prognostic outcomes (4, 5). The WHO(World Health Organization)
classi�es gliomas into grades I�IV based on histopathological and
morphological criteria (6): Grade I as low-grade gliomas (LGGs),
Grades II/III as anaplastic gliomas, and Grade IV as glioblastoma
(GBM), with escalating malignancy at higher grades. Compared to
GBM, Grades II/III gliomas exhibit lower malignancy, slower
progression, and better prognoses (7). This study focuses on Grades
II/III gliomas to establish molecular classi�cation and prognostic
biomarkers, thereby providing a foundation for precision therapy.
Multidimensional characterization of the tumor microenvironment
(TME) may reveal critical therapeutic targets, facilitating innovative
strategies to improve patient survival.

Cellular metabolic regulation hinges on the dynamic interplay
between mitochondrial oxidative phosphorylation (OXPHOS) and
glycolysis, two ATP-generating pathways whose imbalance
profoundly in�uences cell fate (8). Tumor metabolism serves as a
pivotal link between the TME and malignant progression. While
classical theories emphasize the Warburg effect�enhanced aerobic
glycolysis and lactate production despite oxygen availability, coupled
with OXPHOS suppression (9)�recent studies challenge this
paradigm. Emerging evidence highlights OXPHOS as a key driver of
malignancy in speci�c cancers through metabolic adaptability,
underscoring its mechanistic complexity in tumor biology (10�12).
Tissue-speci�c OXPHOS regulation is evident: prostate cancer exploits
upregulated OXPHOS complexes for survival advantage (13);
colorectal cancer leverages elevated OXPHOS to fuel proliferation,
stemness, and chemoresistance (14�16); and cholangiocarcinoma
(CCA) versus hepatocellular carcinoma (HCC) studies reveal organ-
speci�c roles�OXPHOS sustains CCA stemness, whereas its
hyperactivation in HCC paradoxically inhibits proliferation (17, 18).
Notably, metabolic crosstalk within the TME is critical; for instance,
inhibiting OXPHOS in cancer-associated �broblasts (CAFs) suppresses
oral squamous cell carcinoma progression (19).

In gliomas, metabolic heterogeneity manifests as glycolytic
dominance in the tumor core versus OXPHOS dependency in
invasive fronts and glioma stem cells (GSCs) (20). Glioblastoma
upregulates OXPHOS to enhance survival, while GSC reliance on
OXPHOS drives radio-/chemoresistance, with OXPHOS inhibition
sensitizing tumors to therapy (21�23). Crucially, progressive
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upregulation of OXPHOS-related genes during malignant
transformation from LGGs to Grades II/III gliomas and ultimately
GBM highlights its critical role in glioma progression (24). Thus,
delineating OXPHOS-associated molecular subtypes in Grades II/III
gliomas holds signi�cant prognostic and therapeutic implications,
enabling targeted OXPHOS inhibition to improve clinical outcomes.

In this study, we established two molecular subtypes of Grades
II/III gliomas based on mitochondrial OXPHOS-related genes and
evaluated their associations with prognosis and clinical features. By
identifying differentially expressed genes (DEGs) between subtypes,
we constructed a four-gene prognostic signature (MAOB, IGFBP2,
SERPINA1, and LGR6) and validated its robustness using the
Chinese Glioma Genome Atlas (CGGA) expression dataset. This
signature demonstrated superior performance in prognostic
strati�cation and emerged as a critical tool for identifying novel
therapeutic targets. Our �ndings provide pivotal insights into the
pathogenesis, prognostic classi�cation, and clinical management of
Grades II/III gliomas, advancing precision oncology strategies.
2 Results

2.1 Non-negative matrix factorization-
based molecular subtyping

Using gene transcriptional pro�les of grade II/III gliomas from
TCGA, we extracted expression data of 200 OXPHOS-related genes.
Univariate Cox analysis identi�ed 77 statistically signi�cant
prognostic genes in grade II/III gliomas (p < 0.05; Supplementary
Table S1). Utilizing expression patterns of these 77 prognostic
genes, we implemented the NMF algorithm to cluster glioma
samples. Through multimodal evaluation of consensus
distributions, residual sum of squares (RSS), and other metrics,
we identi�ed k=2 as the optimal cluster number, yielding two
biologically distinct molecular subtypes (C1/C2; Figures 1A�C).

Subsequent prognostic analysis revealed signi�cant clinical
differences between the C1 and C2 subtypes, with both overall survival
(OS) and disease-free survival (DFS) (log-rank p < 0.01; Figures 1D, E).
Patients strati�ed into the C1 molecular subtype demonstrated a more
favorable prognosis than those in the C2 subgroup.
2.2 Immune and stromal landscape
differences between molecular subtypes

To delineate clinical heterogeneity between subtypes, we
compared survival rates, recurrence proportions, and grade
distributions. The C2 subtype exhibited signi�cantly inferior
survival outcomes compared to C1 (Figure 2A). Notably, the C2
subgroup demonstrated a higher tumor recurrence rate (Figure 2B)
and an overrepresentation of prognostically unfavorable Grade 3
(G3) tumors (Figure 2C).

We cross-referenced our subtypes with the six established pan-
cancer immune in�ltrate subtypes: C1 (Wound Healing), C2 (IFN-g
Dominant), C3 (In�ammatory), C4 (Lymphocyte-Depleted),C5
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(Immunologically Quiet),C6 (TGF-b Dominant) (25). Kaplan-
Meier analysis revealed poorer prognosis in immunophenotypes
C3 and C4 compared to C5 (Figures 2F, G). Intersectional analysis
with our OXPHOS-based subtyping demonstrated signi�cant
enrichment of high-risk immunophenotypes (C3/C4) within the
OXPHOS-C2 subgroup (Figures 2D, E), suggesting a mechanistic
link between OXPHOS dysregulation and immunosuppressive
tumor microenvironments.
2.3 Comparative immune score between
molecular subtypes

To comprehensively characterize the immune landscape
disparities between molecular subtypes, we employed three
Frontiers in Immunology 03
complementary computational approaches using TCGA datasets:
(1) stromal, immune, and ESTIMATE scores via the ESTIMATE
(Infers global immune/stromal content from bulk transcriptomes)
R package; (2) MCP-counter quantifying 10 cellular populations
(8 immune cells and 2 stromal cells); and (3) CIBERSORT
deconvolution of 22 tumor-in�ltrating immune cell subtypes,
encompassing adaptive/innate immune lineages and functional states.

Comparative evaluation demonstrated that the C2 subtype
displayed markedly elevated immune scores across all metrics. This
signature corresponds to an immunosuppressive microenvironment
featuring M2 macrophages dominance and stromal activation,
accounting for its poor prognosis despite high immune scores
(Figures 3A-C). Heatmap visualization demonstrated C2�s distinct
immunopro�le dominated by immunosuppressive elements (M2
macrophages) and stromal activation signatures (Figure 3D). This
FIGURE 1

NMF-driven strati�cation and prognostic pro�ling of -gradeII/III gliomas through molecular subtype. (A) Consensus map of NMF clustering
demonstrating subtype stability patterns. (B) Cophenetic correlation coef�cient distribution across factorization ranks (k=2-10), calculated per
Brunet’s methodology to assess clustering reproducibility. Higher values (approaching 1.0) indicate more robust subtype con�gurations. (C) Residual
sum of squares (RSS) analysis demonstrating model �tting ef�ciency. Optimal clustering corresponds to the in�ection point where RSS reduction
plateaus. (D, E) Kaplan-Meier survival curves revealing signi�cant prognostic divergence between molecular subtypes for both (D) overall survival
(OS) and (E) disease-free survival (DFS) endpoints.
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paradoxical association - where elevated immune scores correlate with
poorer prognosis in C2 - aligns with emerging paradigms of non-
in�ammatory immune in�ltration driving therapeutic resistance
in gliomas.
2.4 Differentially expressed genes analysis
across subtypes

Differential gene expression analysis was performed using the
limma package to compare transcriptional pro�les across the C1
and C2 molecular subtypes. Applying stringent criteria including
Frontiers in Immunology 04
FDR < 0.01 and |log2FC| > 1, we identi�ed 2535 signi�cantly DEGs,
comprising 933 upregulated and 1602 downregulated genes in the
comparison (Supplementary Table S2). Comparative analysis
displayed predominantly upregulated DEGs expression in the C2
subtype compared to C1 subtype. (Figure 4A). All DEGs were
selected to generate a heatmap (Figure 4B).

Through the use of Goplot in R package, GO functional enrichment
analysis of the 933 upregulated DEGs in the C2 molecular subtype of
grade II/III gliomas revealed signi�cant associations with pathways such
as modulation of chemical synaptic transmission, regulation of trans-
synaptic signaling, regulation of membrane potential, and synapse
organization (Figure 4C). KEGG pathway enrichment analysis of
FIGURE 2

Multidimensional characterization of molecular subtypes in grade II/III gliomas. (A-C) Clinical feature strati�cation: (A) OS, (B) DFS and (C) grade.
(D-E) Immune landscape: (D) Immune subtype distribution across molecular subtypes; (E) Concordance with established immune classi�cations.
(F, G) Survival outcomes: (F) Overall survival by immune subtype; (G) Disease-free survival by immune subtype.
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these upregulated DEGs highlighted pathways including neuroactive
ligand-receptor interaction, calcium signaling pathway and cAMP
signaling pathway, (Figure 4D). Similarly, functional enrichment
analysis of the 1602 downregulated DEGs was carried out by using
GO and KEGG. The downregulated DEGs in the C2 subtype were
primarily enriched for pathways such as PI3K-Akt signaling pathway,
cytokine-cytokine receptor interaction, focal adhesion, and
transcriptional misregulation in cancer (Figures 4E, F).
2.5 Construction of prognostic risk models

To further build the RiskScore model(Patients were strati�ed into
high-risk and low-risk groups using the median RiskScore as the cutoff
threshold.), we randomly divided data from 512 patients into training
(n = 256) and validation cohorts (n = 256). Initially, 2166 DEGs were
detected when comparing C1 and C2 subtypes. Univariate Cox
proportional hazards regression analysis of survival data (p < 0.01)
identi�ed 874 prognosis associated genes (Supplementary Table S3).
To enhance clinical utility, LASSO regression was conducted with the
glmnet in R to reduce gene dimensionality. The trajectory of variable
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coef�cients with increasing lambda values is shown in Figure 5A. Ten-
fold cross-validation (Figure 5B) determined the optimal lambda,
yielding 48 candidate genes.

Subsequent stepwise regression supported by the Akaike
Information Criterion (AIC) via the MASS package re�ned these
48 genes to four core biomarkers: MAOB, IGFBP2, SERPINA1, and
LGR6 . Prognostic Kaplan-Meier curves (Figures 5C�F)
demonstrated signi�cant strati�cation (p < 0.05) in training set.

RiskScore for each sample was calculated using the ggRISK
package, with lower scores indicating better prognosis (Figure 6A).
Time-dependent receiver operating characteristic (ROC) analysis
(timeROC package) showed AUC values exceeding 0.71 for 1-, 3-,
and 5-year survival predictions (Figure 6B). Finally, Kaplan-Meier
analysis strati�ed by RiskScore thresholds con�rmed signi�cantly
superior survival outcomes in the low-risk group (Figure 6C).
2.6 Validation of the risk models

In order to assess the model stability, we applied the identical
RiskScore model and its pre-de�ned coef�cients (derived from the
FIGURE 3

Multidimensional evaluation of immune landscape characterization in II/III gliomas through multi-algorithm deconvolution of TCGA data set.
(A) CIBERSORTx-derived patterns across molecular subtypes. (B) MCP-counter quanti�ed strati�cation across the molecular subtypes.
(C) ESTIMATE-based distribution across the molecular subtypes. (D) Consensus heatmap of multi-algorithm immune signatures across the molecular
subtypes. Boxplots indicate median immune scores with interquartile ranges (IQR). * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not signi�cant (p � 0.05).
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