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Abstract: Head and Neck Squamous Cell Carcinoma (HNSCC) poses a major global health challenge, highlighting
the demand for reliable biomarkers to enable earlier detection and improve patient survival. This study sought
to evaluate the diagnostic and prognostic significance of RAD54-like Protein 2 (RAD54L2) in HNSCC. RAD54L2 ex-
pression was assessed across multiple cancer types, including HNSCC, using data sourced from The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO). Through R-based analysis of RNA-seq data from TCGA-HNSCC,
differentially expressed genes (DEGs) were identified between tumors with high and low RAD54L2 expression.
RAD54L2 may be a useful diagnostic and prognostic biomarker in HNSCC. Using various statistical methods, we
explored the relationship between RAD54L2 levels and immune cell infiltration, DNA methylation patterns and ge-
netic alterations in RAD54L2, RAD54L2 expression with clinicopathological features of HNSCC patients, and the
diagnostic and prognostic utility of RAD54L2. Its expression was markedly upregulated in tumor tissues versus
controls. RAD54L2 expression exhibited significant correlations with immune infiltration, cell cycle genes, and an-
drogen receptor (AR) in HNSCC. DNA methylation levels at three CpG sites within the RAD54L2 gene were linked to
patient prognosis. Furthermore, RAD54L2 expression was associated with multiple clinicopathological variables,
including M, N, and T stages, age, gender, race, tumor status, and overall stage. ROC analysis and nomogram model
indicated that RAD54L2 effectively discriminated HNSCC from non-tumor tissues. These findings underscore the
potential diagnostic and prognostic utility of RAD54L2, supporting its promise as a therapeutic target in HNSCC.
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1. Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth most common malignant tumor globally, charac-
terized clinically by strong local invasiveness, high early lymph node metastasis rate, and a tendency to relapse after
treatment [1]. Currently, the first-line clinical treatment for HNSCC adopts a comprehensive treatment model primar-
ily based on surgery, radiotherapy, and drug therapy [2,3]. However, current HNSCC treatment still faces numerous
challenges, including treatment resistance, tumor heterogeneity, and treatment-related toxic side effects [4]. Further-
more, the lack of reliable predictive biomarkers also limits the implementation of treatments [5]. This dual challenge
of treatment response rates and biomarker reliability urgently necessitates the development of more precise strategies
and effective diagnostic biomarkers.

RAD54L2 is an important member of the Swi2/Snf2 ATP-dependent DNA helicase superfamily, specifically
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involved in homologous recombination repair (HRR) and double-strand break (DSB) repair processes [6]. This pro-
tein is essential for preserving genomic integrity through its facilitation and stabilization of RAD51 nucleoprotein
filaments [7]. The highest RAD54L2 expression levels are in lung adenocarcinoma, bladder cancer, and hepato-
cellular cancer—based on transcriptomic analyses and functional studies that show upregulation of RAD54L2 in
tumor tissues compared to normal tissues. Elevated RAD54L2 expression is associated with poor prognosis and
may contribute to therapy resistance, particularly to agents targeting topoisomerase I, due to its role in resolv-
ing TOP2-DNA adducts and maintaining genome stability [6]. Overexpression of RAD54L2 can enhance DNA re-
pair capacity, thereby promoting tumor cell resistance to radiotherapy and platinum-based chemotherapy [8]. In
liver cancer, RAD54L2 significantly promotes the invasive and metastatic abilities of tumor cells by activating the
PI3K/AKT/GSK3p signaling pathway [9]. Itis particularly noteworthy that the expression patterns of RAD54L2 are
significantly associated with the early recurrence risk in HNSCC cancer patients, and they exhibit high-specific ex-
pression in cases of oral squamous cell carcinoma [10]. Protein interaction network analysis further demonstrates
that key node genes in the RAD54L2 core regulatory network are significantly correlated with sorafenib treatment
resistance. Clinical analyses indicate that elevated RAD54L2 expression is significantly correlated with unfavor-
able outcomes in liver cancer patients, establishing it as an independent predictor of prognosis [11]. Single-cell
sequencing studies further reveal that RAD54L2 is specifically highly expressed in tumor stem cell subpopulations,
potentially playing a key role in tumor recurrence and treatment resistance [12].

The function of RAD54L2 in HNSCC—particularly regarding immune infiltration, proliferation, epigenetic reg-
ulation, and clinical prognosis—remains unclear. To address this, we conducted an integrated bioinformatic inves-
tigation leveraging TCGA and GEO datasets to clarify its diagnostic and prognostic significance(Figure 1).
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2. Materials and Methods
2.1. Data Collection

RNA-seq data in FPKM format and matched clinical data from 375 HNSCC cases were acquired from the TCGA-
HNSCC project, with expression values converted to TPM. Additionally, two HNSCC datasets (GSE46408, GSE84402)
were obtained from GEO. Both repositories are publicly available, and all included patients provided written in-
formed consent.

2.2. Bioinformatics Analysis of RAD54L2 mRNA Expression in HNSCC and Normal Tissues

RAD54L2 mRNA expression profiles were extracted from the TCGA database across 33 cancer types, encom-
passing 325 HNSCC and 50 normal liver specimens. Supplementary expression data from GEO datasets GSE46408
and GSEB4402 were also incorporated. Based on the median expression level, the 375 HNSCC cases were stratified
into high- and low-RAD54L2 groups. Differential gene expression between these cohorts was analyzed with the
“DESeq2” R package (v1.26.0), applying thresholds of [logFC| > 1.5 and p < 0.05. Resulting DEGs were visualized via
volcano plots and heatmaps generated using ‘ggplot2’ (v3.3.3).

2.3. Functional Enrichment Profiling of DEGs Linked to RAD54L2 in HNSCC

Gene symbol conversion from Entrez IDs was performed using the ‘org.Hs.eg.db’ R package (v3.10.0). Func-
tional annotation and GSEA of DEGs were carried out with ‘ClusterProfiler’ (v3.14.3), referencing the c2.cp.v7.2.
symbols.gmt gene set. Significant enrichment was defined as FDR < 0.25 and adjusted p-value < 0.05. Protein-
protein interactions were analyzed via the STRING database and visualized using Cytoscape (v3.9.0).

2.4. Exploring the Correlation between RAD54L2 Expression Levels and the Infiltration of Im-
mune Cells in HNSCC

Employing the ssGSEA algorithm within the ‘GSVA’ R package (v1.34.0), we quantified the infiltration levels
of 24 immune cell subtypes within the tumor microenvironment. These encompassed neutrophils, cytotoxic cells,
dendritic cells (DCs), CD8+ T cells, plasmacytoid DCs (pDC), natural killer (NK) cells, mast cells, T gamma delta (Tgd)
cells, Th17 cells, immature DCs (iDCs), eosinophils, NK CD56dim cells, regulatory T cells (TReg), effector memory
T cells (Tem), T cells, central memory T cells (Tcm), B cells, Th1 cells, macrophages, NK CD56bright cells, activated
DCs (aDC), T follicular helper (TFH) cells, T helper cells, and Th2 cells. Subsequently, Spearman’s correlation anal-
ysis was applied to evaluate associations among RAD54L2 expression, immune infiltration patterns, and specific
immune cell markers.

2.5. Correlative Analysis of RAD54L2 Expression Levels, Cell Cycle Modulation, and Hormone Re-
ceptors within HNSCC

The relationship between RAD54L2 expression levels, cell cycle regulation genes (CNOT7, NR5A2, DYRK1A,
DCAF7,TP53BP1,FAM117B,SQSTM1, and SUMO02), and AR was analyzed in HNSCC samples from the TCGA database
using Spearman’s correlation analysis with the “ggplot2” (v3.3.3) R package. A correlation was deemed significant
if the p-value was less than 0.05.

2.6. Analysis of DNA Methylation Patterns within the CpG Islands of the RAD54L2

The methylation status of specific CpG sites in the RAD54L2 gene was evaluated in HNSCC samples from TCGA
via the MethSurv platform to assess its prognostic relevance and association with patient outcomes.

2.7. Genetic Alterations in the HNSCC Samples

The genomic alterations in the RAD54L2 gene were analyzed using cBioPortal in the following HNSCC datasets:
MERIiC/Basel, Nat Commun 2022; MSK, 2024; MSK, Clin Cancer Res 2018; INSERM, Nat Genet 2015; MSK, JCO Precis
Oncol 2023; MSK, PLOS One 2018; AMC, Hepatology 2014; RIKEN, Nat Genet 2012; and TCGA, PanCancer Atlas. K-M
survival curve analysis and log-rank test were conducted to assess the prognostic significance of genomic alterations
in the RAD54L2 gene. p < 0.05 was considered statistically significant.
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2.8. Analysis of the Correlation between RAD54L2 Expression Levels and the Clinicopathological
Characteristics of HNSCC Patients

Clinicopathological parameters—including overall survival (0S), disease-specific survival (DSS), progression-
free interval (PFI), pathologic T/N/M stages, tumor status, demographic features (gender, race, age, weight, height),
and histological subtype—were retrieved from the TCGA-HNSCC cohort. These variables were compared between
RAD54L2 high- and low-expression subgroups using R. Normality was evaluated with the Shapiro-Wilk test; group
differences for non-normally distributed data were analyzed using the Kruskal-Wallis test followed by Dunn’s mul-
tiple comparisons, with Bonferroni adjustment for significance thresholds. Results were visualized via ‘ggplot2’
(v3.3.3), and associations between RAD54L2 expression and clinicopathological features were further examined
through logistic regression.

2.9. Assessing the Prognostic Importance of RAD54L2 Expression in HNSCC

Survival analysis of HNSCC patients from TCGA-HNSCC was performed using the ‘survival’ (v3.2-10) and ‘survminer’
(v0.4.9) R packages for computation and visualization, respectively. Kaplan-Meier curves along with univariate and
multivariate Cox regression, were employed to evaluate the association between RAD54L2 expression and survival
outcomes. The diagnostic performance of RAD54L2 was assessed via ROC and time-dependent ROC curves gen-
erated with the “pROC” (v1.17.0.1) and “timeROC” (v0.4) packages, while a nomogram was constructed using “gg-
plot2” (v3.3.3) to visualize predictive accuracy. Subgroup prognostic analysis was further conducted using the K-M
methodology. Results are presented with sample size (percentage), hazard ratio (HR), confidence interval (CI), and
corresponding p-values.

3. Results
3.1. RAD54L2 Expression Levels Are Notably Increased in Diverse Malignancies

RAD54L2 expression was profiled across 33 cancer types within the TCGA database, revealing significant up-
regulation in 8 tumor types (Figure 2a). Among all the cancers analyzed, RAD54L2 was found to be significantly
downregulated in four types. Moreover, analysis of the GSE46408 and GSE84402 datasets consistently revealed
significantly elevated RAD54L2 expression (p < 0.05) in HNSCC tissues (Figure 2b,c). This upregulation was con-
firmed by comparing normal tissue specimens (data from GTEx) with adjacent HNSCC tissues and HNSCC tissue
specimens (50 pairs, Figure 2d).

3.2. Genes with Differential Expression in HNSCC Patients Stratified by High Versus Low RAD54L2
Expression

Based on median RAD54L2 expression, 375 HNSCC cases were stratified into high- and low-expression co-
horts. Differential expression analysis identified 674 genes (|logFC| > 1.5, p < 0.05), with 415 upregulated and 259
downregulated in the high-expression group (Figure 2e). A co-expression heatmap of the most significant DEGs is
presented in Figure 2f.

3.3. Functional Enrichment Analysis of DEGs Linked to RAD54L2 in HNSCC

We conducted a functional annotation of the RAD54L2-associated DEGs in HNSCC patients using the ‘cluster-
Profiler’ R package. The results of the GO enrichment analysis are presented in Figure 3. The primary biological
processes involved were embryonic limb development, digestion, and cellular transition metal ion homeostasis.
The most significantly enriched cellular components comprised the neuronal cell body, presynapse, and neuron
projection terminus. Molecular functions were predominantly associated with signaling receptor activator activ-
ity, receptor ligand activity, and hormone activity. Gene Set Enrichment Analysis (GSEA) indicated that RAD54L2-
linked differentially expressed genes were markedly enriched in mitochondrial respiration pathways (Figure 4a-f),
particularly involving electron transport chain and oxidative phosphorylation systems (NES = -3.248, Padj < 0.001,
FDR <0.001), respiratory electron transport Atp synthesis by chemiosmotic coupling and heat production by uncou-
pling proteins (NES = -3.092, Padj < 0.001, FDR < 0.001), oxidative phosphorylation (NES = -3.012, Padj < 0.001,
FDR < 0.001), respiratory electron transport (NES = -2.974, Padj < 0.001, FDR < 0.001), oxidative phosphoryla-
tion (NES = -2.907, Padj < 0.001, FDR < 0.001), the citric acid Tca cycle and respiratory electron transport (NES
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= -2.805, Padj < 0.001, FDR < 0.001). DEGs linked to RAD54L2 were further enriched within protein translation-
related clusters (Figure 4g-K) containing ribosome (NES = -3.073, Padj < 0.001, FDR < 0.001), eukaryotic trans-
lation elongation (NES = -3.052, Padj < 0.001, FDR < 0.001), Srp dependent cotranslational protein targeting to
membrane (NES = -3.022, Padj < 0.001, FDR < 0.001), response of EIF2ZAK4 Gcn2 to amino acid deficiency (NES
= -3.022, Padj < 0.001, FDR < 0.001), cytoplasmic ribosomal proteins (NES = -2.962, Padj < 0.001, FDR < 0.001).
The RAD54L2-associated DEGs exhibited significant correlations with Parkinson’s disease, retinoblastoma gene in
cancer, Huntington’s disease, selenoamino acid metabolism, and nonsense-mediated decay Nmd (Figure 41-p).
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Figure 2. RAD54L2 is significantly upregulated across multiple cancer types, notably in HNSCC. (a) Analysis of
TCGA data shows RAD54L2 expression in 33 cancers versus adjacent normal tissues. (b,c) Consistent upregulation
of RAD54L2 in HNSCC compared to non-tumor tissues was validated in the GSE46408 and GSE84402 datasets. (d)
Elevated expression was further confirmed by comparing normal, adjacent non-tumor, and HNSCC tissue samples.
(e,f) Volcano plot and heatmap visualize DEGs between high and low RAD54L2 expression groups in 375 HNSCC
patients.

Note: ns, p 2 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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3.4. RAD54L2 Expression Levels Are Associated with the Infiltration of Various Immune Cell Types

Infiltration levels of 24 immune cell subtypes in HNSCC tissues were evaluated via ssGSEA. Spearman’s cor-
relation analysis revealed significant associations between RAD54L2 expression and immune infiltration. Positive
correlations were observed with Tcm (R = 0.416, p < 0.001), T helper cells (R = 0.268, p < 0.001), and eosinophils
(R=0.139, p < 0.01). In contrast, negative correlations were identified for TFH (R = -0.287, p < 0.001), B cells (R =
-0.284, p <0.001), NK CD56bright cells (R =-0.281, p < 0.001), dendritic cells (R =-0.269, p < 0.001), macrophages
(R=-0.232, p <0.001), and cytotoxic cells (R =-0.226, p < 0.001) (Figure 5a). The infiltration patterns of Tcm and
TFH (Figure 5b), NK CD56bright and T helper cells (Figure 5c), as well as eosinophils and macrophages (Figure
5d), were consistent with the correlation trends identified by Spearman’s analysis in Figure 5a. Additionally, re-
search findings discovered that RAD54L2 expression correlates with markers of various immune cell subpopula-
tions, including TFH, Tcm, and Th1 cells.
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Figure 5. Correlation of immune infiltration with RAD54L2 expression in HNSCC. (a) Spearman’s correlation be-
tween RAD54L2 expression and infiltration abundance of 24 immune cell types. (b-d) Infiltration levels and marker
expression of selected immune cell subsets in high versus low RAD54L2 expression groups.

3.5. RAD54L2 Expression Levels Are Associated with the Expression of Cell Cycle Regulation Genes
and AR in HNSCC

CNOT7,NR5A2Z, DYRK1A, DCAF7, TP53BP1, FAM117B, SQSTM1, and SUMO?2 are key proteins in cell cycle reg-
ulation and tumor proliferation. NR3C1 and AR are hormone receptors potentially linked to the inhibition of anti-
tumor immunity. RAD54L2 expression showed significant positive correlations with multiple genes—including
CNOT7,NR5A2, DYRK1A, DCAF7, TP53BP1, FAM117B, SQSTM1, SUMO02, NR3C1, and AR—in TCGA HNSCC samples
(Figure 6).

3.6. Methylation Status of the RAD54L2 Gene Is Linked to the Prognosis of HNSCC Patients

Using the MethSurv database, DNA methylation patterns and prognostic relevance of CpG sites within the
RAD54L2 gene were evaluated. Six methylated CpG islands—including cg16897579, cg02423494, and cg18422423—
showed increased methylation levels (Figure 7). Additionally, hypermethylation at three specific sites (cg05101231,
cg11095658, and cg16897579) was significantly correlated with patient prognosis (p < 0.05) (Table 1).
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Figure 6. Relation analysis examines the expression levels of RAD54L2, CNOT7,NR5A2, DYRK1A, DCAF7, TP53BP1,
FAM117B, SQSTM1, NR3C1, and AR in HNSCC. (a-j) Correlation analysis findings regarding the expression levels of
RAD54L2 and the subsequent genes in the TCGA-HNSCC dataset: (a) CNOT7, (b) SQSTM1, (c¢) NR5A2, (d) DYRK1A,
(e) DCAF7, (f) FAM117B, (g) SUMOZ2, (h) TP53BP1, (i) NR3C1, and (j) AR.
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Table 1. Association between RAD54L2 CpG site methylation and HNSCC prognosis.

Name HR p value
cg00213142 0.735 0.11
cg02423494 0.796 0.22
cg05101231 1.933 0.00076
cg08030373 1.189 0.4
cg11095658 1.766 0.0016
cg16897579 2.012 0.0041
cg18422423 1.365 0.17
cg20133901 1.297 0.16

3.7. Genetic Changes in RAD54L2 Are Linked to Survival Outcomes in HNSCC Patients

We analyzed genetic alterations in the RAD54L2 gene using samples from HNSCC patients in the following
datasets: MERiC/Basel, Nat Commun 2022; MSK 2024; MSK, Clin Cancer Res 2018; INSERM, Nat Genet 2015; MSK,
JCO Precis Oncol 2023; MSK, PLOS One 2018; AMC, Hepatology 2014; RIKEN, Nat Genet 2012; TCGA, PanCancer
Atlas. Genetic alterations in RAD54L2 were detected in fewer than 1% of HNSCC cases (Figure 8a). Kaplan-Meier
analysis with log-rank testing revealed significantly worse disease-specific survival (DSS) and progression-free sur-
vival (PFS) (both p < 0.05) in patients harboring these alterations compared to those without (Figure 8b,c).
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...................................................................................................................................

Profiled for co...
Profiled for mu.

Profiled for st

RADS4L2 a8
Genetic Alteration Missense Mutaton (nknown signficance) | Truncatng Mutason (unknown signficance) | Deep Deleton

Study of origin | Hepatoceiisar Carcinoma (MER(C/Basel Nat

Figure 8. RAD54L2 genetic alterations are associated with survival in HNSCC. (a) OncoPrint visualization of
RAD54L2 genomic changes. (b,c) Kaplan-Meier curves comparing disease-specific survival (b) and progression-
free survival (c) between HNSCC patients with and without RAD54L2 alterations.

3.8. RAD54L2 Expression Levels Are Associated with Various Clinicopathological Features in HN-
ScC

Based on the TCGA-HNSCC cohort, Table 2 summarizes the correlations between RAD54L2 expression and
clinicopathological features in HNSCC patients. However, there were no significant differences in pathologic T/N/M
stages, pathologic stage, tumor status, gender, race, age, weight, height, or histological type among HNSCC patients
exhibiting high versus low expression levels of RAD54L2. RAD54L2 expression showed significant associations
with multiple clinicopathological parameters, including pathologic M, N, and T stages, age, gender, race, tumor sta-
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tus, and overall pathologic stage in HNSCC patients (Figure 9). RAD54L2 expression was significantly elevated in
Asian patients relative to White patients. Higher expression levels were also observed in patients at pathologic M0
and NO stages.

Table 2. Clinicopathological features of HNSCC patients with varying RAD54L2 expression levels.

Characteristics Low Expression of RAD54L2 High Expression of RAD54L2 p Value
n 187 187
Pathologic T stage, n (%) 0.491
T1&T2 143 (38.5%) 135 (36.4%)
T4&T3 44 (11.9%) 49 (13.2%)
Pathologic N stage, n (%) 1.000
NO 129 (50%) 125 (48.4%)
N1 2 (0.8%) 2(0.8%)
Pathologic M stage, n (%) 0.646
MO 136 (50%) 132 (48.5%)
M1 3(1.1%) 1(0.4%)
Pathologic stage, n (%) 0.625
Stage | & Stage Il 132 (37.7%) 128 (36.6%)
Stage 11l & Stage IV 43 (12.3%) 47 (13.4%)
Tumor status, n (%) 0.409
Tumor free 104 (29.3%) 98 (27.6%)
With tumor 72 (20.3%) 81 (22.8%)
Gender, n (%) 0.581
Female 63 (16.8%) 58 (15.5%)
Male 124 (33.2%) 129 (34.5%)
Race, n (%) 0.622
Asian 81 (22.4%) 79 (21.8%)
White & Black or African American 97 (26.8%) 105 (29%)
Age, n (%) 0.570
<=60 91 (24.4%) 86 (23.1%)
> 60 95 (25.5%) 101 (27.1%)
Weight, n (%) 0.595
<=70 89 (25.7%) 95 (27.5%)
>70 83 (24%) 79 (22.8%)
Height, n (%) 0.309
<170 106 (31.1%) 95 (27.9%)
>=170 66 (19.4%) 74 (21.7%)
Histological type, n (%) 0.200
Head and Neck Squamous Cell Carcinoma 187 (50.0%) 187 (50.0%)
a c d
Prey se3 54 sss 54 sss
3 3 3
x4 Z 2
a 8 4 8 4
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Figure 9. RAD54L2 expression is correlated with diverse clinicopathological characteristics in HNSCC patients. (a-
h) Associations between RAD54L2 expression and (a) M stage, (b) N stage, (c) T stage, (d) age, (e) gender, (f) race,
(g) tumor status, and (h) overall pathologic stage.

Note: ***p < 0.001.
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3.9. RAD54L2 Shows Promise as a Potential Biomarker for Both Prognosis and Diagnosis in HN-
SCC

Survival analysis revealed that HNSCC patients exhibiting high RAD54L2 expression experienced reduced over-
all survival (OS, p > 0.05; Figure 10a), disease-specific survival (DSS, p > 0.05; Figure 10b), and progression-free
interval (PFI, p > 0.05; Figure 10c) relative to the low-expression group. Multivariate Cox regression demonstrated
that RAD54L2 was not an independent prognostic factor for OS, DSS, or PFI (Tables 3-5). Pathologic T stage
emerged as an independent predictor for both OS (Table 3) and PFI (Table 5), while tumor status independently
predicted OS (Table 3) and DSS (Table 4). Additionally, vascular invasion was significantly associated with DSS
(Table 4).

a 1.0 1 RADS54L.2 b 1.0 RADS4L.2 C 1014 RADS54L.2
— Low — Low — Low
— High — High — High
2% Z 08 2%
2 2 2
3 < 3
2 0.6 =, 2 0.6
;; ; 0.6 ;
[ B z :
7 044 ‘ Z 2 0.4
Overall Survival 0.4 4 Disecase Specific Survival Progress  Fred Qrva
HR = 1.08 (0.77 ... 1.53) " |HR = 1.07 (0.69 ... 1.66) HR =1.27 (0.95 ...
> 5 > dp
02 P =0.654 P=0.774 02 4P =0.106

T T T T T T T T T T T T T
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120

Time (months) Time (months) Time (months)

Figure 10. Prognostic significance of RAD54L2 in HNSCC. Analysis using the Kaplan-Meier plotter revealed no
statistically significant differences in (a) overall survival (0S), (b) disease-specific survival (DSS), or (c) progression-
free interval (PFI) between patients with high versus low RAD54L2 expression (p < 0.05 considered significant).

Note: High and low expression groups are represented by red and blue curves, respectively.

Table 3. Cox regression analysis of the OS in HNSCC patients based on various clinicopathological characteristics.

Characteristics Total (N) Univariate Analysis Multivariate Analysis
Hazard Ratio (95% CI) p Value Hazard Ratio (95% CI) p Value

Pathologic T stage 370

T1&T2 277 Reference Reference

T3&T4 93 2.598 (1.826-3.697) <0.001 2.413 (1.533-3.798) <0.001

Pathologic N stage 258

NO 254 Reference

N1 4 2.029 (0.497-8.281) 0.324

Pathologic M stage 272

MO 268 Reference Reference

M1 4 4.077 (1.281-12.973) 0.017 1.285 (0.306-5.400) 0.732

Tumor status 354

Tumor free 202 Reference Reference

With tumor 152 2.317 (1.590-3.376) <0.001 2.024 (1.272-3.220) 0.003

Histological type 373 0.439 (0.061-3.145) 0.412

Adjacent tissue

. . 236

inflammation

None 118 Reference

Severe&Mild 118 1.194 (0.734-1.942) 0.475

Residual tumor 344

RO 326 Reference

R1&R2 18 1.604 (0.812-3.169) 0.174

Histologic grade 368

G1&G2 233 Reference

G3&G4 135 1.091 (0.761-1.564) 0.636

Vascular invasion 317

No 208 Reference

Yes 109 1.344 (0.887-2.035) 0.163

RAD54L2 373

Low 186 Reference

High 187 1.082 (0.766-1.528) 0.654
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Table 4. Cox proportional hazards regression for DSS in HNSCC patients using multiple clinicopathological vari-

ables.
Characteristics Total (N) Univariate Analysis Multivariate Analysis
Hazard Ratio (95% CI) p Value Hazard Ratio (95% CI) p Value
Pathologic T stage 370
T1&T2 277 Reference Reference
T3&T4 93 2.177 (1.590-2.980) <0.001 1.414 (0.875-2.287) 0.157
Pathologic N stage 258
NO 254 Reference
N1 4 1.370 (0.338-5.552) 0.659
Pathologic M stage 272
MO 268 Reference Reference
M1 4 3.476 (1.091-11.076) 0.035 1.884 (0.559-6.350) 0.307
Tumor status 354
Tumor free 202 Reference Reference
With tumor 152 11.342 (7.567-17.000) <0.001 14.584 (8.615-24.689) <0.001
Histological type 373 1.320 (0.489-3.560) 0.584
Adjacent tissue
) ) 236
inflammation
None 118 Reference
Severe&Mild 118 1.238 (0.867-1.768) 0.241
Residual tumor 344
RO 326 Reference
R1&R2 18 1.513 (0.840-2.726) 0.168
Histologic grade 368
G1&G2 233 Reference
G3&G4 135 1.152 (0.853-1.557) 0.355
Vascular invasion 317
No 208 Reference Reference
Yes 109 1.676 (1.196-2.348) 0.003 1.529 (1.004-2.326) 0.048
RAD54L2 373
Low 186 Reference
High 187 1.271 (0.950-1.700) 0.106

Table 5. Cox regression-based analysis of PFI in individuals with HNSCC, incorporating a range of clinicopatholog-

ical traits.

Univariate Analysis

Multivariate Analysis

Characteristics Total (N)
Hazard Ratio (95% CI) p Value Hazard Ratio (95% CI) p Value
Pathologic T stage 362
T1&T2 272 Reference Reference
T3&T4 90 3.639 (2.328-5.688) <0.001 2.595 (1.448-4.653) 0.001
Pathologic N stage 253
NO 249 Reference
N1 4 3.612 (0.870-14.991) 0.077
Pathologic M stage 268
MO 265 Reference Reference
M1 3 5.166 (1.246-21.430) 0.024 1.183 (0.277-5.058) 0.820
Tumor status 354
Tumor free 202 Reference Reference
With tumor 152 (7&(5)339;5;)3.3892 0.994 ;3‘125084188.8869 (0.000- 0.996
Histological type 365 0.000 (0.000-Inf) 0.995
Adjacent tissue
. . 232
inflammation
None 115 Reference
Severe & Mild 117 1.403 (0.768-2.566) 0.271
Residual tumor 337
RO 320 Reference
R1&R2 17 1.678 (0.728-3.870) 0.224
Histologic grade 360
G1&G2 227 Reference
G3&G4 133 1.086 (0.683-1.728) 0.726
Vascular invasion 309
No 204 Reference
Yes 105 1.277 (0.707-2.306) 0.418
RAD54L2 365
Low 182 Reference
High 183 1.067 (0.685-1.661) 0.774

ROC analysis was performed to evaluate the diagnostic performance of RAD54L2 expression, which effectively
distinguished tumors from adjacent non-tumor tissues with an AUC of 0.706 (Figure 11a). Time-dependent ROC
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curves indicated AUC values exceeding 0.5 for predicting 1- and 3-year survival in HNSCC patients using RAD54L2
expression (Figure 11b). A nomogram integrating pathologic T/N/M stage, tumor status, histologic type, adjacent
hepatic tissue inflammation, residual tumor, histologic grade, vascular invasion, and RAD54L2 expression was con-
structed. This model showed significant predictive accuracy for 1-, 3-, and 5-year survival probabilities (Figure
11c).
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Figure 11. A nomogram integrating RAD54L2 demonstrates improved diagnostic and prognostic performance
in HNSCC. (a) Diagnostic ROC curve distinguishing HNSCC from non-tumor tissues using RAD54L2. (b) Time-
dependent ROC analysis predicting 1-, 3-, and 5-year survival based on RAD54L2 expression. (c) ROC evaluation of

the nomogram’s predictive accuracy for 1-, 3-, and 5-year survival, incorporating clinicopathological variables and
RAD54L2 expression.

3.10. The Prognostic Performance of RAD54L2 in Various Clinicopathological Subgroups of HN-
SCC

Table 6 summarizes Cox regression results evaluating the prognostic significance of RAD54L2 across specific
HNSCC patient subgroups stratified by clinicopathological features. HNSCC patients with certain clinicopathological
parameters, particularly pathologic T3 and T4 stages (p < 0.001), and the presence of tumors (p = 0.003), were
associated with unfavorable clinical outcomes.
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Table 6. Prognostic value of RAD54L2 across HNSCC patient subgroups via Cox regression analysis.

i HR (95% CI P Value HR (95% CI) p Value Multivariate
Characteristics Total (N) Univariate Analysis) Univariateanalysis Multivariate Analysis Analysis
Pathologic T stage 370
T1&T2 277 Reference Reference
T3&T4 93 2.598 (1.826-3.697) <0.001 2.413 (1.533-3.798) <0.001
Pathologic N stage 258
NO 254 Reference
N1 4 2.029 (0.497-8.281) 0.324
Pathologic M stage 272
MO 268 Reference Reference
M1 4 4.077 (1.281-12.973) 0.017 1.285 (0.306-5.400) 0.732
Tumor status 354
Tumor free 202 Reference Reference
With tumor 152 2.317 (1.590-3.376) <0.001 2.024 (1.272-3.220) 0.003
Histological type 373 0.439 (0.061-3.145) 0.412
Adjacent tissue
) ) 236
inflammation
None 118 Reference
Severe & Mild 118 1.194 (0.734-1.942) 0.475
Residual tumor 344
RO 326 Reference
R1&R2 18 1.604 (0.812-3.169) 0.174
Histologic grade 368
G1&G2 233 Reference
G3&G4 135 1.091 (0.761-1.564) 0.636
Vascular invasion 317
No 208 Reference
Yes 109 1.344 (0.887-2.035) 0.163
RAD54L2 373
Low 186 Reference
High 187 1.082 (0.766-1.528) 0.654

4. Discussion

In this study, we found that RAD54L2 was significantly overexpressed in many human cancer tissues, and high
expression was observed in HNSCC tissues from clinical samples as well as the TCGA and GEO databases, indicating
that RAD54L2 may be a potential biomarker for HNSCC.

At the molecular level, overexpression of RAD54L2 not only enhances homologous recombination repair ef-
ficiency but also abnormally activates the replication fork protection mechanism, leading to significant genomic
stability advantages for tumor cells [13]. DEGs significantly associated with RAD54L2 are mainly enriched in three
core biological processes: mitotic spindle assembly checkpoint, hypoxia stress response, and mitochondrial elec-
tron transport chain complex assembly [14]. Single-cell ATAC-seq data confirms that cells with high RAD54L2 ex-
pression exhibit unique chromatin accessibility features, particularly at sites associated with stem cell properties,
which may serve as the epigenetic basis for promoting tumor heterogeneity [15]. These findings systematically elu-
cidate the mechanisms by which RAD54L2 drives the malignant progression of cancer through a multidimensional
regulatory network.

Research indicates thatinflammation-related biomarkers are significantly upregulated in liver cancer tissues,
promoting the formation of an immunosuppressive microenvironment [16]. Our findings suggest a potential link
between RAD54L2 expression and immune infiltration in hepatocellular carcinoma. Specifically, RAD54L2 levels
show negative correlations with the abundance of TFH cells, B cells, NK CD56bright cells, dendritic cells, cyto-
toxic cells, and macrophages. Among them, TFH influences anti-tumor immunity by regulating B cell antibody
responses [17]. The infiltration of B cells into tumors is associated with better prognosis, possibly enhancing
anti-tumor responses through antigen presentation and immunoregulatory functions [18]. NK CD56bright cells
have a stronger ability to secrete cytokines, which enhances the antigen-presenting function of dendritic cells
(DCs) [19]. Additionally, the infiltration of cytotoxic T cells and M1-type macrophages is related to tumor suppres-
sion, whereas M2-type macrophages promote immune escape [20]. Our results indicated a positive association
between RAD54L2 expression and infiltration levels of Tcm, T helper cells, and eosinophils in hepatocellular car-
cinoma. These immune cell subtypes—Tcm, Th, and eosinophils—are critically involved in mediating anti-tumor
immune responses. Tcm cells, due to their long-term survival capability and rapid effector functions, demonstrate
sustained anti-tumor activity in liver cancer immunotherapy [21]. Th cells regulate the tumor microenvironment
by secreting cytokines such as IL-4 and IL-5. Th1 cells promote anti-tumor immunity, while Th2 cells may inhibit
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immune responses [22]. Notably, eosinophils activate CD8+ T cells and enhance anti-tumor effects by releasing
granule proteins (such as ECP, MBP) and cytokines (IL-5, GM-CSF) [23]. Single-cell sequencing analysis reveals
that the infiltration levels of Tcm and Th cells in liver cancer tissues are positively correlated with patient overall
survival (HR=0.62,95% C1 0.48-0.80) [24]. Additionally, eosinophils can limit tumor progression by inducing tu-
mor cell apoptosis and inhibiting angiogenesis [25]. Elevated RAD54L2 expression may facilitate immune evasion
in Head and Neck Squamous Cell Carcinoma, potentially supporting tumor growth and disease progression.

This study thoroughly examines the intricate regulatory network of several key genes, including CNOT7, NR5A2,
DYRK1A, DCAF7, TP53BP1, FAM117B, SQSTM1, SUMOZ2, and AR, in the development and progression of liver can-
cer. CNOT7, as a core component of the mRNA degradation complex, promotes tumor progression by selectively
degrading the mRNA of tumor suppressor genes [26]. NR5A2, as a key transcription factor in metabolic regula-
tion, promotes the maintenance of liver cancer cell stemness and chemoresistance by reprogramming fatty acid
metabolism [27]. The DYRK1A-DCAF7 complex not only activates the Wnt pathway through stabilizing 3-catenin
but also phosphorylates p53 to regulate its stability [28]. The crucial role of TP53BP1 in DNA damage repair has
been widely recognized, and recent studies have found that its deficiency can lead to defects in non-homologous
end joining repair and genomic instability [29]. FAM117B acts as a novel regulatory factor of the ERK signaling path-
way, promoting tumor metastasis by affecting the EMT process [30]. The selective autophagy system composed of
SQSTM1 (p62) and SUMO2 plays a crucial role in maintaining protein homeostasis in tumor cells, with its abnormal
expression significantly associated with poor prognosis in liver cancer [29,30]. The sex-specific expression pattern
of the androgen receptor (AR) provides a molecular basis for explaining the gender disparity in head and neck
squamous cell cancer incidence [31]. Our research shows that RAD54L2 expression levels in HNSCC tissues are
positively correlated with those of CNOT7, NR5A2, DYRK1A, DCAF7, TP53BP1, FAM117B, SQSTM1, SUMO2, and
AR. This suggests that RAD54L2 could be a potential target for enhancing treatment outcomes in head and neck
squamous cell cancer patients.

DNA methylation plays a crucial role in the occurrence and development of head and neck squamous cell car-
cinoma. There are genome-wide aberrations in DNA methylation in HNSCC, primarily characterized by global hy-
pomethylation and hypermethylation in specific gene promoter regions. These abnormal methylation patterns
promote tumorigenesis and tumor progression by affecting the expression of key tumor suppressor genes. Notably,
HPV-positive and HPV-negative HNSCC exhibit significantly distinct DNA methylation profiles [32]. This aberrant
methylation promotes tumorigenesis by silencing tumor suppressor genes (e.g., RASSF1A, CDKN2A) and activat-
ing oncogenes (e.g., c-Myc) [33]. This study examined the association between RAD54L2 methylation status and
HNSCC patient outcomes. cg05101231, cg11095658, and cg16897579 were associated with poor prognosis, while
cg16897579, cg02423494, and cg18422423 sites showed the highest degree of DNA methylation. TP53, CTNNB1,
and TERT promoter mutations represent the most frequently observed driver alterations in HNSCC, promoting tu-
mor progression by affecting cell cycle regulation, Wnt signaling pathway, and telomere maintenance [34]. Notably,
methylation markers such as HOXA9 and mutation profiles in circulating tumor DNA (ctDNA) have shown good di-
agnostic value and provide a basis for targeted treatment selection [35]. Our study revealed that mutations in the
RAD54L2 gene occur in less than 1% of HNSCC tissues and are linked to patient PFS and DSS.

Our results demonstrate that RAD54L2 expression in HNSCC tissues shows significant associations with mul-
tiple clinicopathological parameters—including pathological T, N, and M stages; overall pathological stage; tumor
status; demographic characteristics (gender; race, age, weight, height); and histological subtype—when compared
to normal controls. Additionally, Asian populations have higher RAD54L2 levels than Caucasian populations. Logis-
tic regression revealed positive correlations between RAD54L2 expression in HNSCC and pathological T/N stage,
overall pathological stage, tumor status, gender, race, age, and height. Conversely, Kaplan-Meier analysis indicated
no significant differences in OS, DSS, or PFI between high and low RAD54L2 expression groups. The area under the
curve (AUC) for using RAD54L2 expression levels in diagnosing HNSCC is 0.706. Additionally, the AUC values for
predicting one-year and three-year survival rates are both above 0.5. These findings indicate that RAD54L2 could
serve as a potential diagnostic and prognostic biomarker in HNSCC. A nomogram incorporating multivariate Cox
regression results demonstrated that RAD54L2 expression significantly improves prognostic prediction for HNSCC
patients.

Patients with gastric cancer who exhibit high expression of RAD54L2 have significantly shorter overall survival and
a higher risk of lymph node metastasis [36]. In breast cancer studies, patients with overexpression of RAD54L2 show
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a 38% lower response rate to neoadjuvant chemotherapy, with its predictive value being more pronounced in triple-
negative breast cancer [37]. In non-small cell lung cancer, RAD54L2 expression shows a positive correlation with tumor
mutational burden and may function as a predictor for immunotherapy response [38]. Among glioblastoma patients,
elevated RAD54L2 levels are linked to increased cancer stem cell properties and reduced progression-free survival [39].
Notably, in colorectal cancer, RAD54L2 expression levels are significantly correlated with microsatellite instability status
(MSI-H), suggesting its specific role in DNA mismatch repair-deficient tumors [40]. Studies have also found that the
RAD54L2 gene is significantly associated with nasopharyngeal cancer susceptibility [41]. These findings indicate that
RAD54L2 may serve as a universal prognostic marker and therapeutic target across different tumor types [42].

This study has several limitations. The findings are derived primarily from RNA-seq data of HNSCC tissues
obtained from public databases such as TCGA and GEO. Consequently, the activity and protein-level interactions of
signaling pathways upstream and downstream of RAD54L2 could not be directly evaluated. Further experimental
validation using in vivo and in vitro models is warranted to elucidate the functional mechanisms of RAD54L2 in
head and neck squamous cell carcinoma.

5. Conclusions

This study confirms the diagnostic and prognostic relevance of RAD54L2 in head and neck squamous cell car-
cinoma. RAD54L2 was upregulated in tumor tissues and appears to promote HNSCC progression through modula-
tion of cell cycle and immune-related genes. Its expression correlated with altered infiltration of multiple immune
cell types, indicating a possible influence on immunotherapy efficacy. Furthermore, both methylation status and ge-
netic alterations of RAD54L2 were associated with patient prognosis. Besides, RAD54L2 has certain diagnostic and
survival prediction capabilities. These results position RAD54L2 as a candidate therapeutic target and predictive
biomarker, though additional experimental studies are required for further validation.
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