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Abstract: Ferroptosis, an iron‑dependent form of regulated cell death, is driven by the accumulation of lipid perox‑
ides and shaped bymitochondrial metabolism. However, the role of BCL2L10 (B‑cell lymphoma 2‑like 10)—a gene
previously implicated in ferroptosis—in affecting the immune microenvironment and clinical progression of head
and neck squamous cell carcinoma (HNSCC) remains unclear. Using RNA‑seq data from The Cancer Genome Atlas
(TCGA), we compared BCL2L10 expression in HNSCC tumors and matched normal tissues and corroborated the
results with immunohistochemistry images from the Human Protein Atlas (HPA). Logistic regression and Kaplan–
Meier analyses were then applied to assess the relationship between BCL2L10 levels and clinical outcomes. The
protein–protein interaction network centered on BCL2L10 was constructed with the STRING database, and the
immunological relevance of BCL2L10 was explored through three complementary approaches: Gene Ontology
(GO) annotation, gene set enrichment analysis (GSEA), and single‑sample GSEA (ssGSEA). BCL2L10 mRNA levels
were markedly higher in HNSCC tumors than in adjacent normal tissues. Nevertheless, univariate survival analy‑
sis revealed no significant difference in overall survival between patients with high versus low BCL2L10 expres‑
sion (𝑝 > 0.05). Mechanistically, BCL2L11 emerged as a key interactor of BCL2L10, and tumors overexpressing
BCL2L10 exhibited reduced infiltration by immune cells. Overall, elevated BCL2L10 expression in HNSCC is associ‑
ated with an unfavorable prognosis and an immunosuppressive tumor microenvironment.
Keywords: BCL2L10; Head and Neck Squamous Cell Carcinoma; Immune Infiltration

1. Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixthmost commonmalignant tumor globally, account‑

ing formore than90%of all head andneckmalignancies. Its occurrence is closely related to factors such as smoking,
excessive alcohol consumption, and human papillomavirus (HPV) infection [1]. HNSCC has high invasiveness, eas‑
ily leads to regional lymph node metastasis, and has a high recurrence rate after treatment, with a 5‑year survival
rate of only 40%–60% [2]. Currently, the first‑line treatment strategy for HNSCC depends on tumor staging and
location, primarily including surgical resection, radiotherapy, chemotherapy, and targeted therapy [3,4]. However,
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existing therapies still face numerous challenges, including treatment resistance and severe toxic side effects. Addi‑
tionally, the immunosuppressive characteristics of the tumor microenvironment (TME), tumor heterogeneity, and
epigenetic changes are key reasons for treatment failure [5]. In recent years, research on the treatment of HNSCC
has made significant progress. New immunotherapies, such as bispecific antibodies and personalized tumor vac‑
cines, and targeted drugs, such as EGFR and PI3K/mTOR pathway inhibitors, have shown good anti‑tumor activity
in clinical trials [6,7]. Moreover, the application of AI‑based precision medicine strategies and liquid biopsy tech‑
nology provides new directions for the early diagnosis and dynamic monitoring of HNSCC [8,9]. Future research
should focus on exploring reliable biomarkers and developing new targeted drugs aimed at resistancemechanisms
to improve survival and prognosis for HNSCC [10].

Ferroptosis is an iron‑dependent form of programmed cell death, with its core mechanisms involving the in‑
hibition of glutathione peroxidase 4 (GPX4) activity, accumulation of lipid peroxides, and dysregulation of iron
metabolism [11]. Unlike other forms of cell death, such as apoptosis and necrosis, ferroptosis exhibits unique mor‑
phological and biochemical characteristics, including mitochondrial condensation, lipid peroxidation, and a reac‑
tive oxygen species (ROS) burst [12]. In recent years, ferroptosis has garnered significant attention for its role in
cancer treatment, as it can selectively kill tumor cells by targeting their antioxidant defense systems [13]. BCL2L10
is amember of the BCL‑2 protein family and has anti‑apoptotic functions. It promotes cell survival by inhibiting the
mitochondrial apoptosis pathway dependent on BAX/BAK [14]. Research shows that BCL2L10 is highly expressed
in various cancers and is associated with chemotherapy resistance and poor prognosis [15]. In HNSCC, the over‑
expression of BCL2L10 may contribute to disease progression by inhibiting apoptosis and promoting tumor cell
proliferation [16]. Recent studies have found that BCL2L10 may influence the fate of tumor cells by regulating fer‑
roptosis. For example, BCL2L10 can affect ferroptosis sensitivity by modulating iron metabolism‑related proteins
(such as TFR1, FTH1) or antioxidant pathways [17,18]. Additionally, the interaction between BCL2L10 and p53
may further regulate the expression of genes related to ferroptosis [19]. Nonetheless, the biological function of
BCL2L10 in HNSCC remains to be elucidated.

This investigation utilized transcriptomic and clinical datasets from GEO, TCGA, and HPA to examine corre‑
lations between BCL2L10 expression levels, clinicopathological parameters, and survival outcomes in HNSCC pa‑
tients. Subsequently, we extracted datasets from TIMER and GEPIA to analyze potential correlations between
BCL2L10 expression patterns, immune cell infiltration levels, and related immunological gene signatures. Protein–
protein interactionnetworks involvingBCL2L10were subsequently constructedusing theSTRINGdatabase. Higher
BCL2L10 gene levels were linked to reduced immune cell invasion in HNSCC tissue, indicating a poor prognosis.
Therefore, it is reasonable that BCL2L10 gene defects might strengthen the anti‑tumor immunity effect in HNSCC.
Targeted combined immunotherapy, associated with BCL2L10, may be a feasible treatment option in HNSCC.

2. Materials and Methods
2.1. Data Source

As a major component of the NCI’s cancer genomics program, the TCGA systematically catalogs clinical and
molecular data across diverse malignancies. Our investigation specifically retrieved HNSCC‑related clinical anno‑
tations and transcriptomic data (RNA‑seq) from this curated database. The fragments per kilobase per million
mapped fragments (FPKM) method, as implemented in HTSeq, was utilized to ascertain transcript expression lev‑
els. Additionally, for further analysis, the RNA‑Seq gene expression level 3 HTSeqFPKM data from patients with
HNSCC and the corresponding clinical data were converted into transcripts per million (TPM) reads. Since the
database is publicly accessible, no approval from the local ethics committee was deemed necessary.

2.2. HPA Datasets
TheHPA compiles comprehensive transcriptomic and proteomic data froma variety of human samples, encom‑

passing tissue, cellular, and pathological atlases. Currently, the platform archives cellular localization data across
44 normal human tissues and 20 high‑incidence malignancies. The database further encompasses immunohisto‑
chemical protein expression profiles for both malignant and non‑malignant human tissue specimens.
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2.3. Statistical Evaluation of Clinical Outcomes, Alongside the Creation and Appraisal of Predic‑
tive Models
The analysis of prognostic factors, including overall survival (OS), disease‑specific survival (DSS), and

progression‑free survival (PFS), was conducted using clinical data sourced from the TCGA through the module
for deriving clinical insights available on the Xiantao platform. The Cox proportional hazards regression model
and Kaplan–Meier survival curves were employed in these assessments. The BCL2L10 expression groups were
dichotomized using median cutoff values. Associations with clinicopathological features were evaluated through
Wilcoxon rank‑sum tests and logistic regressionmodeling. The impact of BCL2L10 gene expression on survival and
other clinical variables was assessed using a Cox regression analysis. Statistical significance was set at 𝑝 < 0.05.
The outputs from the Cox model were integrated with significant multivariate predictors to generate survival esti‑
mates for 1, 3, and5years. Theprediction accuracywas assessedusing calibrationplots, whereperfect concordance
aligns with the 45° reference line.

2.4. In‑Depth Investigation of Protein–Protein Interactions
The STRING platform served as the primary analysis tool, offering extensively integrated and consolidated

protein–protein interaction (PPI) data. After uploading the BCL2L10 expression data to STRING, we obtained infor‑
mation from the PPI network. The significance threshold was identified by a confidence score of 0.7 or higher.

2.5. Enrichment Profiling
Functional annotation of genes associated with BCL2L10 was performed through GO enrichment analysis uti‑

lizing clusterProfiler (v3.6.3) in R, examining three core ontology domains: cellular components (CC), molecular
functions (MF), and biological processes (BP). Significance thresholds were set at enrichment coefficient > 1.5, min‑
imumgene count >3, and𝑝‑value <0.01. Pathway analysis employedGSEAmethodologywith 1,000 genomepermu‑
tations, considering pathways significant at FDR (false discovery rate) < 0.25 and adjusted 𝑝 < 0.05. The findings
were interpreted using NES (normalized enrichment scores) and corrected 𝑝‑values, with visualization conducted
through clusterProfiler [20].

2.6. Immunological Infiltration Profiling
In a study by Tao et al. [20], marker genes for 24 distinct immune cell types were identified. Tumor infiltration

by these immune cells was evaluated using the ssGSEA method. The Spearman rank correlation model was em‑
ployed to compare the levels of immune cell invasion within subgroups characterized by high versus low BCL2L10
gene transcription, thereby assessing the relationship between BCL2L10 activity and immunocyte invasion. The
Xiantao tool was utilized to analyze the connection between BCL2L10 expression and immune infiltration, as well
as the correlation between immune cell levels and BCL2L10 expression subgroups. This included data on immune
infiltration, Spearman correlation analysis via the Xiantao tool, and theWilcoxon signed‑rank test. We adopted the
conventional 0.05 cutoff for determining significance.

2.7. Intergenic Association Analysis
GEPIA serves as aweb‑based tool that provides access to data from cancer types and health specimens sourced

from TCGA and GTEx. It primarily centers on RNA‑seq analysis. The platform includes 60,498 gene types and
198,619 isoform types. An investigation in GEPIA examined the interrelation between BCL2L10 gene activity and
various immune cell markers. BCL2L10 gene expression is plotted on the x‑axis, with relevant gene expression
profiles plotted on the ordinate. Furthermore, TIMER data supported gene expression patterns strongly linked to
BCL2L10 as observed in GEPIA. Statistical significance was set at a 𝑝‑value less than 0.05.

3. Results
3.1. BCL2L10 Gene Expression Exhibited an Increase in Tumors Relative to Normal Samples

Pan‑cancer screening revealedBCL2L10 overexpression as a frequent oncogenic event (Figure1A). TCGA anal‑
ysis of 504 HNSCC/44 normal samples showed significantly elevated BCL2L10 transcripts in tumors (Figure 1B).
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This upregulationwas confirmed in tumor‑adjacent tissue comparisons (43 pairs, Figure 1C). To verify the diagnos‑
tic potential of BCL2L10, we generated ROC curves comparing its expression in HNSCC versus (a) GTEx‑normalized
tissues and (b) adjacent non‑cancerous tissues. The resulting AUC of 0.654 (95% CI: 0.591–0.717) suggests certain
discriminative ability (Figure1D). InHNSCC tissues, the expression of BCL2L10proteinwas notably increased com‑
pared to normal tissue samples (Figure 1E). Similarly, HPA data demonstrated that BCL2L10 protein expression
was increased in HNSCC compared to normal controls (Figure 2).

Figure 1. BCL2L10 oncogenic expression profile. (A) Pan‑cancer vs. normal tissue comparison; (B) HNSCC tumor‑
adjacent tissue differential expression; (C) Matched tumor‑normal paired analysis; (D) ROC curve analysis (GTEx
controls vs. HNSCC samples); (E) Tumor‑specific protein BCL2L10 upregulation.
Note: *𝑝 < 0.05, **𝑝 < 0.01, ***𝑝 < 0.001, and ns: no statistical difference.

Figure 2. HPA data on BCL2L10 expression. An assessment of BCL2L10 gene expression using the HPA showed
that BCL2L10 protein levels were notably increased in HNSCC compared to normal control.

3.2. BCL2L10 Expression in Relation to Clinical Parameters
Using the Z‑score criterion, the expression levels of BCL2L10 in tumor samples were determined. The HN‑

SCC cohort was subsequently divided into expression‑based subgroups (low/high). Kruskal–Wallis and Wilcoxon
signed‑rank examinationswere applied to analyze the correlation between BCL2L10 expression and clinical indica‑
tors. Compared to the normal group, pathologic M stage, pathologic stage, clinical T stage, clinical N stage, clinical
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M stage, clinical stage, primary therapy outcome (CR), and histologic grade showed significant positive correla‑
tionswith elevatedBCL2L10 levels (Figures 3A–H). Interestingly, univariate analysis demonstrated strong relation‑
ships between BCL2L10 expression and clinical indicators, particularly histological grade [odds ratio (OR) = 0.620
(0.409–0.941), 𝑝 = 0.025] (Table 1). However, no statistically significant differences were found in the associa‑
tion with pathologic T stage [OR = 1.046 (0.717–1.526), 𝑝 = 0.816], pathologic N stage [OR = 0.891 (0.603–1.316),
𝑝 = 0.561], pathologic stage [OR = 0.944 (0.599–1.488), 𝑝 = 0.805], age [OR = 0.833 (0.587–1.182), 𝑝 = 0.306],
or primary therapy outcome [OR = 1.442 (0.778–2.673), 𝑝 = 0.245] (Table 1). Collectively, these results establish
BCL2L10 as a potential biomarker for the occurrence of HNSCC.

Figure 3. Correlation of BCL2L10 expression with clinical‑pathological characteristics of HNSCC. (A) The correla‑
tion among BCL2L10 expression and pathologic M stage; (B) Pathologic stage; (C) Clinical T stage; (D) Clinical N
stage; (E) Clinical M stage; (F) Clinical stage; (G) Primary therapy outcome; (H) Histologic grade.
Note: *𝑝 < 0.05, **𝑝 < 0.01, and ***𝑝 < 0.001.

Table 1. Logistic regression analysis of BCL2L10 expression.

Characteristics Total (N) OR (95% CI) 𝑝‑value
Pathologic T stage (T3 & T4 vs. T1 & T2) 448 1.046 (0.717–1.526) 0.816
Pathologic N stage (N1 & N2 vs. N0 & N3) 411 0.891 (0.603–1.316) 0.561
Pathologic M stage (M1 vs. M0) 189 65094951.2988 (0.000–Inf) 0.997
Pathologic stage (Stage III & Stage IV vs. Stage I & Stage II) 436 0.944 (0.599–1.488) 0.805
Age (> 60 vs. ≤ 60) 503 0.833 (0.587–1.182) 0.306
Primary therapy outcome (SD & CR vs. PD & PR) 419 1.442 (0.778–2.673) 0.245
Histologic grade (G3 & G4 vs. G1 & G2) 484 0.620 (0.409–0.941) 0.025

3.3. BCL2L10 Expression as a Prognostic Indicator in HNSCC
Survival analyses using TCGA data revealed no significant prognostic associations for BCL2L10 expression lev‑

els: OS (HR = 1.00, 95% CI 0.77–1.31, 𝑝 = 0.976), DSS (HR = 0.96, 95% CI 0.68–1.36, 𝑝 = 0.818), or PFS (HR =
0.88, 95% CI 0.66–1.17, 𝑝 = 0.386) (Figures 4A–C). In this study, it was found that patients with HNSCC had in‑
creased risk scores and higher levels of BCL2L10 expression. Notably, those with higher risk scores also displayed
significant BCL2L10 expression. The relationship between BCL2L10 expression and numerous cohorts was further
verified. Specifically, BCL2L10 expression was discovered to be elevated in tumors with pathologic stage III–IV [HR
= 1.839, 95% CI: 1.236–2.737, 𝑝 = 0.003], pathologic T3 stage [HR = 2.592, 95% CI: 1.349–4.984, 𝑝 = 0.004],
pathologic T4 stage [HR = 2.347, 95% CI: 1.250–4.407, 𝑝 = 0.008], pathologic N2–N3 stage [HR = 2.296, 95% CI:
1.686–3.127, 𝑝 < 0.001], pathologicM1 stage [HR = 22.631, 95%CI: 2.830–180.948, 𝑝 = 0.003] (Figure 4D). More‑
over, a prognostic risk stratification tool for HNSCCwas constructed, considering factors such as gender, pathologic
TNM stages, age, pathologic stage, histologic grade, and BCL2L10 expression (Figure 4E). We also applied a cali‑
bration chart to assess the accuracy of the model’s predictions (Figure 4F). BCL2L10 expression may offer a more
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precise prediction of survival rates at 3 and 5 years. Generally, BCL2L10 expression has been linked to the prognosis
of patients with HNSCC.

Figure4. Prognostic analysis of BCL2L10expression. Patients exhibiting lowerBCL2L10expressiondidnot demon‑
strate significantly favorable prognostic outcomes compared to those with higher BCL2L10 expression, character‑
ized by (A) OS; (B) PFS; (C) DSS (both log‑rank 𝑝 > 0.05); (D) Prognostic evaluation based on BCL2L10 expression
across various clinical features; (E) A nomogram derived frommultivariate analysis incorporating clinical features
linked to BCL2L10; (F) A calibration graph illustrating the model’s predictive accuracy, as assessed through multi‑
variable Cox regression method.
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3.4. Assembling Protein–Protein Interaction Networks
Protein network analysis via STRING revealed BCL2L10‑interacting partners implicated in HNSCC develop‑

ment, providing insights into its functional role in tumor biology. Analysis of research results shows the top six pro‑
teins along with their associated gene names, scores, including BCL2L11, BIK, BCL2L2, UBQLN1, MCL1, and BECN1
(Figure 5).

Figure 5. BCL2L10‑interacting proteins in HNSCC. (A) Proteins that bind to BCL2L10; (B) their co‑expression val‑
ues.

3.5. Whole‑Transcriptome Association Study with BCL2L10 Expression
Transcriptomic profiling of BCL2L10 in HNSCC revealed significant associations with 295 downregulated and

473 upregulated genes (logFC > 1, adjusted 𝑝 < 0.05; Figure 6A). A heatmap visualization highlighted the 14
most differentially expressed genes (DEGs, logFC > 2, padj < 0.01; Figure 6B). GO analysis identified female gamete
generation as the predominant biological process linked to BCL2L10 activity (Figure 6C).

Figure6. Analysis ofBCL2L10 gene expression andGOenrichment. (A) A volcanoplot based onBCL2L10highlights
DEGs; (B) A heat map generated using BCL2L10 expression levels shows genes that were either upregulated or
downregulated; (C) GO enrichment results of DEGs, filtered based on BCL2L10 gene expression, were scrutinized
using the metascape data repository.

3.6. Exploring BCL2L10 Expression through GSEA
TCGA‑based GSEA revealed significantly enriched pathways (FDR < 0.25) when comparing BCL2L10 expres‑

sion groups, with the top‑ranked pathway identified by NES shown in Figure 7.
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Figure 7. The insights of the GSEA. GSEA results showed that: (A) [reactome] role of phospholipids in phagocyto‑
sis; (B) [wikiPathways] chemokine signaling pathway; (C) [wikiPathways] networkmap of sarscov2 signaling path‑
way; (D) [reactome] chemokine receptors bind chemokines; (E) [wikiPathways] extrafollicular b cell activation by
sarscov2; (F) [reactome] anti inflammatory response favouring leishmania parasite infection; (G) [reactome] fceri
mediated nf kb activation; (H) [reactome] scavenging of heme from plasma; (I) [reactome] initial triggering of com‑
plement.

3.7. BCL2L10‑Dependent Modulation of Immune Cell Recruitment in Tumor Tissues
Our investigation revealed significant immunogenomic associations between BCL2L10 expression and 24 im‑

mune cell populations in HNSCC. BCL2L10 demonstrated: (i) positive correlations with NK CD56bright cells, and
(ii) negative correlations with pDC, TReg, CD8 T cells, and cytotoxic cells (Figures 8A, 8E–N). Distinct BCL2L10
expression patterns were observed across various immune infiltrates, particularly in aDC, CD8 T cells, cytotoxic
cells, macrophages, neutrophils, NK CD56dim cells, pDC, T cells, TReg, Th1 cells, TFH, and Tem (Figures 8B–D).
The study found that the expression of most immune markers for various types of DCs, macrophages, neutrophils,
NK cells, and T cells is associated with the level of BCL2L10 gene expression in HNSCC.
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Figure 8. Correlation between BCL2L10 and immune cell invasion. (A) Analysis of the correlation between
BCL2L10 expression and immune cell invasionprofile; (B–D) Variations in the enrichment levels of specific immune
cell subsets in groups with high and low BCL2L10 gene expression; (E–N) Relationships between the BCL2L10 gene
expression and tumor microenvironment characteristics.
Note: *𝑝 < 0.05; **𝑝 < 0.01; ***𝑝 < 0.001. ns: no significance.

4. Discussion
The incidence of HNSCC shows significant regional and population differences. Its diagnosis mainly relies on

histopathological examination combined with imaging assessment, but the rate of early diagnosis remains subop‑
timal [21]. In recent years, liquid biopsy technologies, such as circulating tumor DNA (ctDNA) testing, have pro‑
vided new approaches for the early diagnosis and efficacy monitoring of HNSCC [22]. In terms of treatment, while
the application of immune checkpoint inhibitors has significantly improved the prognosis for some patients, the
overall response rate is only 15–20%, and there are significant individual differences [23]. The main challenges
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in current HNSCC treatment include: treatment resistance due to tumor heterogeneity; treatment‑related toxicity
affecting patients’ quality of life; and lack of reliable predictive biomarkers. The root causes of these issues lie in the
complexity of the tumor microenvironment, including immune‑suppressive cell infiltration, abnormal vasculature,
and metabolic reprogramming. In particular, HPV‑negative and smoking‑related HNSCC show significantly poorer
responses to existing treatments compared to HPV‑positive tumors. Future research should focus on developing
precise typing systems based onmulti‑omics and exploring new combined treatment strategies, such as the combi‑
nation of immunotherapy and targeted therapy. These clinical realities highlight the urgent need for improved early
detectionmethods and thedevelopment ofmore effective systemic therapies that shouldbe tailored to tumormolec‑
ular characteristics [21–23]. Our investigation revealed significant associations between BCL2L10 expression and
the progression of HNSCC. Utilizing Cox proportional hazards regression, we developed a prognostic stratification
model that effectively categorized HNSCC patients into distinct risk groups. Notably, elevated BCL2L10 expression
correlated with adverse clinical outcomes, as high‑risk patients exhibited reduced survival rates. Univariate analy‑
ses confirmed BCL2L10 as a promising prognostic biomarker. These findings suggest that BCL2L10 may be useful
in risk assessment and in developing personalized therapeutic strategies for HNSCC.

Ferroptosis, a novel iron‑dependent programmed cell death mechanism, has garnered significant attention in
cancer research in recent years. From a pathophysiological perspective, the occurrence of ferroptosis involves sev‑
eral key stages: first, dysregulation of intracellular iron metabolism leads to the accumulation of free iron; second,
polyunsaturated fatty acids (PUFAs) undergo peroxidation under the action of lipoxygenases (LOXs); finally, the
antioxidant defense system (especially the glutathione‑GPX4 axis) is impaired. These changes collectively lead to
the disruption of cell membrane integrity, abnormal mitochondrial morphology, and imbalance in redox homeosta‑
sis [11,12]. Ferroptosis has multifaceted effects on cells. On one hand, it directly leads to the breakdown of the
cell membrane system and dysfunction of organelles; on the other hand, damage‑associated molecular patterns
(DAMPs) released during ferroptosis can activate immune responses, making it potentially valuable for tumor im‑
munotherapy. It is noteworthy that there are significant differences in the sensitivity of different tumor cells to
ferroptosis, and these differences are closely related to themetabolic characteristics, antioxidant capacity, and iron
metabolism status of tumor cells [24]. BCL2L10, as an atypical member of the BCL‑2 protein family, has unique
biological mechanisms. Unlike classical anti‑apoptotic proteins, BCL2L10 not only functions by inhibiting the mito‑
chondrial apoptosis pathway dependent on BAX/BAK but also forms complexes with various cell death regulatory
proteins [14]. The latest research has found that BCL2L10 plays a dual role in regulating ferroptosis: in some tu‑
mors, BCL2L10 inhibits ferroptosis by stabilizing the GPX4 protein; under specific conditions, it can also promote
ferroptosis, and this contradictory effect may be related to cell type andmicroenvironment factors [25]. In the field
of tumor treatment, the regulation of the BCL2L10–ferroptosis axis shows broad application prospects. Multiple
studies have shown that targeting BCL2L10 can significantly enhance the sensitivity of tumor cells to ferroptosis‑
inducing agents [26]. Our findings suggest that BCL2L10 may confer cytoprotective effects against ferroptosis in
HNSCC, analogous to its established anti‑apoptotic functions. The significantly elevated expression of BCL2L10 in
tumor tissues compared to normal tissues (Figures 1B–C) suggests a potential role in evading iron‑dependent cell
death. Clinically, elevated BCL2L10 expression was correlated with reduced overall survival (Figures 4A–C), po‑
tentially indicating a selection advantage for tumor cells that resist iron toxicity. This aligns with the metabolic
adaptation hypothesis, where BCL2L10‑mediated GPX4 inhibition may decrease mitochondrial susceptibility to
iron overload. The observed survival disparity may arise from two mechanisms: (1) direct iron detoxification
through pathways regulated by BCL2L10, and (2) indirect metabolic reprogramming that promotes tumor persis‑
tence. These findings suggest that BCL2L10 could serve as both a clinical prognostic marker and a potential target
for treatments aimed at modulating ferroptosis sensitivity in HNSCC.

Metabolic reprogramming is a key characteristic of tumor development and progression. Tumor cells alter
their metabolic pathways to meet the energy demands and biosynthetic needs required for rapid proliferation.
This metabolic reprogramming includes significant changes in lipid metabolism and iron metabolism, which to‑
gether promote the malignant progression of tumors. It is noteworthy that different tumor types exhibit unique
metabolic characteristics, which provides the possibility for developing tumor‑specific treatment strategies [27].
Lipid metabolism plays multiple roles in tumor development and progression. On one hand, tumor cells enhance
fatty acid synthesis and uptake tomeet the demands ofmembrane synthesis and energy storage. On the other hand,
lipid metabolites can act as signaling molecules to regulate the tumor microenvironment and metastasis process.
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Notably, the crucial role of lipid peroxidationproducts in ferroptosis offers newavenues for targeted antitumor ther‑
apies that aim to modulate lipid metabolism [28]. Abnormal iron metabolism is another significant characteristic
of tumors. Tumor cells increase iron uptake and storage by upregulating the expression of transferrin receptor and
ferritin. Iron is not only an essential element for DNA synthesis and energy metabolism but also promotes tumor
progression through the Fenton reaction, which generates reactive oxygen species. However, excessive iron can also
induce ferroptosis, making iron metabolism regulation a crucial target for cancer treatment [29]. The interplay be‑
tween lipid metabolism and tumor immunity is increasingly attracting attention. Lipid metabolic reprogramming
in the tumor microenvironment significantly affects the function of immune cells. Lipid metabolites can directly
regulate the expression of immune checkpoint molecules [30]. These findings offer new insights for developing
tumor immunotherapies based on metabolic regulation. Our integrated multi‑database analysis (GEO/TCGA/HPA)
revealed markedly elevated BCL2L10 transcript levels in HNSCC specimens compared to normal controls. Clini‑
cally, patients with overexpression of BCL2L10 have shown significantly poorer survival outcomes, indicating its
potential as both a diagnostic marker and a focus of clinical attention in the prognosis of HNSCC. This association
remained significant even after adjusting for univariate factors.

Protein–protein interaction network analysis using STRING revealed BCL2L11, BCL2L2, and BIK as key func‑
tional partners of BCL2L10 in HNSCC. Members of the BCL2 protein family play crucial roles in regulating cell apop‑
tosis and tumor development. BCL2L11, BCL2L2, and BIK are important members of this family, each with unique
biological functions. BCL2L11 is a pro‑apoptotic protein that induces mitochondrial outer membrane permeabi‑
lization by activating BAX/BAK, playing a key role in tumor suppression and chemosensitivity [31]. BCL2L2, on
the other hand, has a strong anti‑apoptotic function, promoting cell survival by inhibiting BAX/BAK activation, and
is often overexpressed in various types of tumors. BIK, as a BH3‑only protein, can neutralize anti‑apoptotic pro‑
teins and directly activate BAX/BAK, although its pro‑apoptotic activity is relatively weak [32]. The interaction
between BCL2L10 and these proteins forms a complex regulatory network. Studies have shown that BCL2L10 can
directly bind to BCL2L11 and inhibit its pro‑apoptotic activity, which may be an important mechanism underly‑
ing the resistance of certain tumors to apoptosis‑inducing therapies. Additionally, BCL2L10 exhibits a synergistic
effect with BCL2L2, together forming a stronger anti‑apoptotic complex that provides survival advantages to tu‑
mor cells. Notably, the interaction between BCL2L10 and BIK shows tissue specificity, promoting apoptosis in
some types of tumors while inhibiting it in others [33]. These interactions have multiple impacts on tumorigenesis
and cancer development. First, the imbalance of the BCL2L10–BCL2L11 axis leads to apoptosis escape, promoting
tumor occurrence. Second, the synergistic effect of BCL2L10 and BCL2L2 enhances the survival ability of tumor
cells, which is associated with poor prognosis. Additionally, the tissue‑specific interaction between BCL2L10 and
BIK may explain the differential responses of various tumors to apoptotic induction therapy [34,35]. Recent stud‑
ies have also found that these interactions affect ferroptosis sensitivity, providing potential targets for developing
new anti‑tumor strategies [35]. These findings emphasize the therapeutic potential of targeting this regulatory
axis, as BCL2L11/BIK/BCL2L2 regulators have shown promise in preclinical models of HNSCC. However, their in‑
teraction during HNSCC requires additional investigation. ROC curve analysis demonstrated moderate diagnostic
potential for BCL2L10 in HNSCC (AUC = 0.654, 95% CI 0.591–0.717), supporting its utility as a putative biomarker.
Elevated BCL2L10 expression correlated significantly with pathologic stage, clinical stage, histologic grade, and re‑
duced overall survival. Gene ontology analysis further implicated BCL2L10 in female gamete generation pathways,
highlighting its crucial role in oocyte maturation and fertilization processes.

The current prognostic evaluation in HNSCC primarily depends on conventional clinicopathological parame‑
ters, such as TNM staging, histological classification, and lymph node involvement status. The interplay between
ferroptosis and the tumor immunemicroenvironment has become a new focus in cancer immunotherapy research.
Recent studies have found that ferroptosis can significantly influence the infiltration pattern of tumor immune cells
through various mechanisms. When tumor cells undergo ferroptosis, the released lipid peroxidation products and
damage‑associatedmolecular patterns (DAMPs) can promote thematuration and antigen presentation of dendritic
cells (DCs), thereby enhancing the tumor infiltration and activation of CD8+ T cells. Additionally, glutamate release
induced by ferroptosis can affect their antitumor function bymodulating T cell metabolic reprogramming [36]. The
molecular mechanisms of ferroptosis regulating immune infiltration involve multiple signaling pathways. On one
hand, oxidized phospholipids released by ferroptotic cells can activate the TLR4/NF‑κB pathway in macrophages,
promoting their polarization towards the M1 type [37]. On the other hand, oxidized steroids accumulated during
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ferroptosis can inhibit the immunosuppressive function of myeloid‑derived suppressor cells (MDSCs) through LXR
receptors. Notably, ferroptosis can also affect the efficacy of immune checkpoint blockade therapy by modulating
PD‑L1 expression [38]. However, the existing body of research on the relationship between the BCL2L10 gene and
immunocytes in HNSCC is insufficient. In this study, we innovatively explored the correlation between BCL2L10
expression in HNSCC and 24 distinct immune cell subtypes. Our results indicate that the expression of the BCL2L10
gene is significantly and consistently correlatedwith the infiltration levels of NK CD56bright cells, pDC, TReg, CD8 T
cells, and cytotoxic cells in HNSCC, underscoring its potential role in immune regulation within the tumor microen‑
vironment. Research findings indicate that the expression levels of BCL2L10 are significantly associatedwith the in‑
filtration characteristics of immune cells in tumor tissues. In various solid tumors, the overexpression of BCL2L10
is closely associated with reduced infiltration of CD8+ T cells, increased regulatory T cells (Tregs), and myeloid‑
derived suppressor cells (MDSCs). This alteration in immune cell composition directly leads to the formation of
an immunosuppressive microenvironment, promoting tumor immune escape [39]. BCL2L10 has been confirmed
to upregulate the expression of key immune checkpoint molecules through multiple pathways. Experimental data
show that BCL2L10 can directly activate the transcription of PD‑L1 and indirectly enhance the expression of CTLA‑4
by stabilizing HIF‑1α protein [40]. Additionally, BCL2L10 promotes the expression of co‑inhibitory molecules such
as TIM‑3 and LAG‑3 by activating the STAT3 signaling pathway [41]. These findings explain why tumors with high
BCL2L10 expression have poor responses to immune checkpoint inhibitor therapy.

While this investigation provides valuable insights into BCL2L10’s role in HNSCC, several limitations should be
acknowledged. Our findingswere derived primarily from retrospective bioinformatics analyses of public databases;
the study lacks functional validation—future work should include in vitro assays and in vivo models to elucidate
BCL2L10’s mechanistic contributions to tumor progression, immune modulation, and tumor prognosis. Addition‑
ally, while we identified correlations between BCL2L10 and immune infiltration, the precise molecular pathways
underlying these observations remain unexplored.

5. Conclusion
In summary, BCL2L10 upregulation in HNSCC may impact tumor progression and disease prognosis through

pivotal molecular functions and pathways. Moreover, BCL2L10 expression correlates with the infiltration levels of
various immune cell types. To bridge the gap between computational insights and clinical relevance, future work
should employ laboratory experiments to validate BCL2L10’s mechanistic contributions to HNSCC.
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