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NOX4 as an emerging prognostic
and immunological biomarker
across pan-cancer analyses

Yusheng Liu?, Chunying Wu?, Qiang Wang?, Xiaoshan Zhao%?* & Xuefeng Jiang%?**
Despite extensive research highlighting the pivotal role of NOX4 in the development of various
malignancies, no systematic pan-cancer analysis has been conducted to evaluate its comprehensive
prognostic value and potential immunological functions. In this study, we explored the prognostic
significance of NOX4 and its role in immune modulation across different cancer types. We performed
a pan-cancer analysis of NOX4 expression and its prognostic implications using multiple databases,
including TCGA, GEPIA, GTEx, UALCAN, TISCH, GDSC, PDB, TIMER, and cBioPortal. This analysis
provided a detailed assessment of NOX4 expression profiles, clinical correlations, genetic variants,
tumor microenvironment interactions, immune relevance, therapeutic potential, and related

gene functions through various multi-omics approaches. To further investigate these findings,

we collected clinical samples from selected cancer types and validated NOX4 expression through
immunohistochemistry, H&E staining, and RT-PCR. Our results revealed that NOX4 was overexpressed
in most tumors, although its expression was significantly reduced in certain renal cancers. Moreover,
we observed distinct correlations between NOX4 expression and patient prognosis. Notably, NOX4
expression was significantly associated with tumor infiltration, indicating its potential as a target
forimmunotherapy. Additionally, NOX4 expression showed significant correlations with immune
checkpoint proteins (ICP), tumor mutation burden (TMB), microsatellite instability (MSI), RNA
stemness scores (RNAss), DNA stemness scores (DNAss), RNA methylation, and DNA methylation.
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The World Health Organization (WHO) reports that cancer is the second leading cause of death globally,
responsible for approximately 10 million deaths annually. Cancer accounts for roughly one-sixth of all deaths
worldwide!. Beyond these statistics, each case represents the profound impact on individuals and families,
who face significant emotional, financial, and healthcare challenges. The growth of large biological databases,
advancements in high-throughput technologies (e.g., genomics, proteomics, and metabolomics)?, and the
development of novel assays have enabled a wealth of studies that provide new insights into genome-wide
analyses and the identification of biomarkers for early detection of pan-cancer. These biomarkers include gene
mutations, RNA alterations, driver genes, and copy number variations. In recent years, the ability to trace tumor
origins has improved, facilitating earlier detection and potentially aiding in the prediction of clinical outcomes?.
Currently, a variety of cancer treatment options are available, including chemotherapy, surgery, radiotherapy,
immunotherapy, and targeted therapy. Pan-cancer analysis can identify both shared and unique characteristics
across different tumors, offering valuable insights for cancer prevention, therapeutic target development, and the
discovery of novel biomarkers*.

NADPH oxidases, members of the NOX family, are electron transport enzymes that function through the
inner cell membrane. The NOX family was first identified in the membranes of phagocytes. Currently, the
NOX family consists of seven members (NOX1-5 and DUOX1-2)°. Dysregulation of NOX members has been
widely observed in cancer models, with NOX4 being the most commonly implicated. NOX4 is a homolog of the
phagocyte NADPH oxidase GP91 PHOX (NOX2), and its unique enzymatic activity generates reactive oxygen
species (ROS), exhibiting a cell-specific expression pattern across various organs. NOX4 produces ROS in a
temporally and spatially regulated manner in response to specific extracellular and intracellular signals, thereby
modulating numerous physiological processes®. However, dysregulated NOX-derived ROS production has been
linked to a variety of pathological conditions, including carcinogenesis”3. NOX4 is frequently dysregulated in
tumors, leading to continuous production of hydrogen peroxide (H202), suggesting a key role for NOX4 in
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maintaining basal physiological REDOX homeostasis. Hypoxia-induced transcription and/or translation of
NOX4 mRNA can further enhance its activity”'?, resulting in increased ROS production. This ROS production
stimulates the expression of inflammatory cytokines in many cancer types, thus influencing the tumor
microenvironment. Differential levels of NOX4 mRNA and protein have been observed in tumors from various
sources!!-13,

Most studies on the role of NOX4 in tumors have focused on individual cancer types. However, there is a
lack of comprehensive research examining the association between NOX4 and multiple cancer types. Given
the complexity of tumorigenesis, it is crucial to explore the NOX4 gene’s role and assess its relevance to
clinical prognosis and underlying molecular mechanisms. In this study, we analyzed NOX4 expression and its
prognostic significance across various cancers using multiple databases, including TCGA, GTEx, UALCAN,
TISCH, TIMER, GEPIA, and cBioPortal. Clinical specimens were also collected for validation. Furthermore, we
examined the relationship between NOX4 expression and factors such as survival, genetic variations, immune
response, and drug sensitivity. Gene functional enrichment analysis and the STRING tool were employed to
investigate the potential mechanisms by which the NOX4 family contributes to tumor development.

Materials and methods
Figure 1 shows the workflow of this study.

Gene expression analysis

Gene expression analysis was performed using the “Gene_DE” module of TIMER?2 (http://timer.cistrome.org/),
where NOX4 was input to assess expression differences between tumor and adjacent normal tissues across
various cancer types or specific tumor subtypes from the TCGA project. For certain tumor types with limited
normal tissue samples or less common cancers (e.g., TCGA-GBM [Glioblastoma multiforme], TCGA-LAML
[Acute myeloid leukemia]), the UCSC Xena platform (https://xenabrowser.net/) was used to access datasets
comparing expression levels between these tumor tissues and corresponding normal tissues from the GTEx
database. TCGA normal data were then integrated with the GTEx data. Expression data for the NOX4 gene
were extracted and log-transformed using log2(x+0.001) to adjust for variations, and tumor species with fewer
than three samples were excluded from the analysis. This process resulted in expression data for 34 cancer types.
Statistical analysis was carried out using R (version 4.0.5), with differences in NOX4 expression between normal
and tumor samples evaluated. The unpaired Wilcoxon rank-sum test and signed-rank test were employed to
assess statistical significance. The abbreviations and full names of all cancer types in the datasets are provided
in Table 1.

For protein expression analysis, the UALCAN portal (http://ualcan.path.uab.edu/analysis-prot.html), an
interactive online resource for cancer omics data, was used to examine NOX4 protein expression (NP_058627.1)
in primary tumor and normal tissues from the Clinical Proteomic Tumor Analysis Consortium (CPTAC).
Datasets from six cancer types were selected for analysis: BRCA, OV, COAD, KIRC, UCEC, and LUAD. TISCH
(http://tisch.comp-genomics.org), a large online database focused on the tumor microenvironment (TME)
using single-cell RNA sequencing data, was accessed to obtain single-cell RNA-seq profiles for KIRC (Kidney
Renal Clear Cell Carcinoma).

Patients and clinical specimens

A study was conducted at People’s Hospital in Yangjiang, Guangdong, China, from 2021 to 2022, involving
17 patients with KIRC, 8 patients with GBM, 11 patients with CHOL, 22 patients with BRCA, 21 patients
with COAD, 16 patients with ESCA, 20 patients with LUAD, 18 patients with LUSC, 17 patients with LIHC,
11 patients with READ, 23 patients with STAD, and 14 patients with PRAD. The study was approved by the
Ethics Committee and the Institutional Review Board of People’s Hospital in Yangjiang and was conducted in
accordance with ethical standards, including the Declaration of Helsinki and Chinese Community Guidelines.
Written informed consent was obtained from all participants. A total of 416 cancer tissue specimens were
collected, including 4 paraffin-embedded specimens (2 KIRC and 2 normal samples) and 412 fresh specimens
confirmed by surgery and histopathological examination.

RT-PCR assays
RT-PCR was performed to detect the relative expression of NOX4 mRNA, following the manufacturer’s
instructions. The reaction system consisted of 10 pL SYBR Green, 0.4 pL of upstream and downstream primers,
2 uL of cDNA, and deionized water to a final volume of 20 pL. The thermal cycling reaction was carried out
on a real-time fluorescence PCR instrument under the following conditions: pre-denaturation at 95 °C for
30 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The melting curve was generated by heating the
samples from 60 °C to 95 °C, with a temperature increase of 0.5 °C every 5 s, followed by data collection during
the melting process. Each sample was analyzed in triplicate, and experiments were repeated three times. The
relative expression levels of target genes were calculated using internal reference gene normalization. Primers
were synthesized by Shanghai Biotechnology Co., Ltd. The gene-specific primer sequences for NOX4 and the
housekeeping gene GAPDH were as follows:

NOX4: Forward: 5-GTG TCT AAG CAG AGC CTC AGC ATC-3;, Reverse: 5-CGG AGG TAA GCC AAG
AGT GTT CG-3’; GAPDH: Forward: 5-CTC CTC CTG TTC GAC AGT CA-3), Reverse: 5-GCT CCG CCC
AGA TAC CATT-3.

Immunohistochemical analysis
The primary antibody for NOX4 was purchased from Santa Cruz, and the secondary antibody was obtained
from Fuzhou Meixin. All procedures were performed according to the manufacturer’s instructions. Tissue
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Fig. 1. Overview of the study design.

sections were blocked with 10% goat serum, incubated with NOX4 primary antibody (1:200 dilution) for 2 h,
and then incubated with the secondary antibody for 30 min. DAB was used for color development, followed by
dehydration and sealing. All specimens were fixed in 10% neutral formalin, embedded in paraffin, and sectioned
at a thickness of 4 um on slides pretreated with 10% poly-L-lysine. Staining intensity was scored as follows: 0 for
no staining, 1 for weak staining, 2 for clear staining of granules and brownish cytoplasm, and 3 for dark brown
cytoplasm. The positive cell count was scored as: 0 for no positive cells, 1 for <20% positive cells, 2 for 21-50%
positive cells, and 3 for >50% positive cells. The overall expression score was determined by multiplying the
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Abbreviation Full name

TCGA-BLCA Bladder Urothelial Carcinoma
TCGA-BRCA Breast invasive carcinoma

TCGA-CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
TCGA-CHOL Cholangiocarcinoma

TCGA-COAD Colon adenocarcinoma
TCGA-COADREAD | Colon adenocarcinoma/Rectum adenocarcinoma Esophageal carcinoma
TCGA-DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
TCGA-ESCA Esophageal carcinoma

TCGA-FPPP FFPE Pilot Phase IT FFPE

TCGA-GBM Glioblastoma multiforme
TCGA-GBMLGG Glioma

TCGA-HNSC Head and Neck squamous cell carcinoma
TCGA-KICH Kidney Chromophobe

TCGA-KIPAN Pan-kidney cohort (KICH + KIRC + KIRP)
TCGA-KIRC Kidney renal clear cell carcinoma
TCGA-KIRP Kidney renal papillary cell carcinoma
TCGA-LAML Acute Myeloid Leukemia

TCGA-LGG Brain Lower Grade Glioma

TCGA-LIHC Liver hepatocellular carcinoma
TCGA-LUAD Lung adenocarcinoma

TCGA-LUSC Lung squamous cell carcinoma
TCGA-MESO Mesothelioma

TCGA-OV Ovarian serous cystadenocarcinoma
TCGA-PAAD Pancreatic adenocarcinoma
TCGA-PCPG Pheochromocytoma and Paraganglioma
TCGA-PRAD Prostate adenocarcinoma

TCGA-READ Rectum adenocarcinoma

TCGA-SARC Sarcoma

TCGA-STAD Stomach adenocarcinoma

TCGA-SKCM Skin Cutaneous Melanoma

TCGA-STES Stomach and Esophageal carcinoma
TCGA-TGCT Testicular Germ Cell Tumors
TCGA-THCA Thyroid carcinoma

TCGA-THYM Thymoma

TCGA-UCEC Uterine Corpus Endometrial Carcinoma
TCGA-UCS Uterine Carcinosarcoma

TCGA-UVM Uveal Melanoma

TARGET-OS Osteosarcoma

TARGET-ALL Acute Lymphoblastic Leukemia
TARGET-NB Neuroblastoma

TARGET-WT High-Risk Wilms Tumor

Table 1. Abbreviations and full names of tumors in TCGA database.

staining intensity score by the cell count score. A product of 0-2 was considered negative, while a product of >3
was considered positive expression.

Survival prognosis analysis

Survival and clinical phenotype data were retrieved from all samples available in TCGA. Four survival metrics:
overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval
(PFI) were used to assess the relationship between NOX4 expression and patient prognosis. Forest plots were
employed to visualize these associations. The OS and disease-free survival (DFS) statistics for NOX4 expression
were obtained for all cancer types in TCGA using the “Survival Map” module of GEPIA2 (http://gepia2.cancer-p
ku.cn/#survival). A cut-off value of 50% was applied to categorize samples into high and low expression groups
based on expression thresholds. Log-rank tests were used for statistical significance, and survival maps were
also generated using the “Survival Analysis” module of GEPIA2. Kaplan-Meier analysis was performed, with a
significance threshold of P<0.05. Violin plots illustrating NOX4 expression across different pathological stages
(I, IL, 111, and IV) of all tumors in TCGA were generated using the “Pathological Stage Map” feature of GEPIA2.
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The expression data were log-transformed using log2[TPM (Transcripts Per Million) + 1] before visualization in
box plots or violin plots. The relationship between tumor stage, clinical phenotype, and NOX4 expression was
evaluated, with statistical significance set at P<0.05.

Genetic alteration analysis

After logging into the cBioPortal (https://www.cbioportal.org/), we selected the “TCGA Pan-Cancer Atlas
Studies” under the “Quick Select” section and entered “NOX4” to query its genetic alteration profiles. The
alteration frequency, mutation types, and copy number alterations (CNA) across all TCGA tumor types were
analyzed using the “Cancer Types Summary” module. The mutation sites of NOX4 were visualized in a schematic
format of the protein structure or in 3D (three-dimensional) using the “Mutations” module.

Correlation analysis of NOX4 expression with TMB or MSI

The Sangerbox platform (http://sangerbox.com/Tool) was used to explore the potential correlation between
NOZX4 expression and microsatellite instability (MSI) or tumor mutational burden (TMB) in different tumor
types from the TCGA cohort. TMB and MSI scores were obtained from TCGA. Correlation analysis between
NOZX4 expression and TMB or MSI was conducted using Spearman’s rank correlation method. The x-axis of the
plot represents the correlation coeflicient between NOX4 and TMB or MSI, while the y-axis represents different
cancer types. The size of the dots indicates the magnitude of the correlation coeflicient, and the color of the dots
reflects the statistical significance of the P-value.

Correlation analysis of NOX4 expression with RNA methylation and DNA methylation

We obtained a comprehensive pan-cancer dataset, TCGA-TARGET-GTEx (PANCAN), from the UCSC database,
which includes 19,131 samples and 60,499 identifiers. From this dataset, we specifically extracted NOX4 gene
expression data and the expression data of 44 RNA modification marker genes, categorized into m1A (10 genes),
mb5C (13 genes), and m6A (21 genes). These genes were selected from various sample types, including primary
solid tumors, primary tumors, blood-derived cancer-bone marrow, and blood-derived cancer-peripheral blood
samples. Normal samples were excluded, and each expression value was log2-transformed (x+0.001). Pearson
correlation analysis was performed to assess the relationship between NOX4 expression and RNA modification
marker genes. Additionally, we investigated DNA methylation levels of NOX4 across different cancer types
compared to their respective adjacent normal tissues using the UALCAN database. Statistical significance was
assessed using Student’s t-test, with a significance threshold of P<0.05.

Correlation analysis of NOX4 expression with tumor stemness

In previous studies, DNA and RNA tumor stemness scores were calculated based on methylation signatures for
each tumor. We extracted the stemness index and gene expression data from the TCGA Pan-Cancer dataset,
downloaded from the UCSC database. Each expression value was log2-transformed (x + 0.001) for normalization.
Cancer types with fewer than three samples were excluded from the analysis. Pearson correlation analysis was
then performed to investigate the relationship between NOX4 expression and tumor stemness scores for each
tumor type.

Tumor microenvironment analysis

Gene expression profiles for each tumor were extracted from the TCGA TARGET GTEx dataset. These profiles
were mapped to GeneSymbols, and the ESTIMATE scores for each sample were calculated using the ESTIMATE
R package (version 1.0.13, https://bioinformatics.mdanderson.org/public-software/estimate/). Immune
infiltration levels were estimated using several algorithms, including TIMER, CIBERSORT, IPS, QUANTISEQ,
XCELL, MCPCOUNTER, and EPIC. We extracted expression data for 155 immune pathway marker genes
(41 chemokines, 18 receptors, 21 MHC molecules, 24 immunoinhibitors, and 46 immunostimulators) and
62 immune checkpoint pathway genes (24 inhibitory and 36 stimulatory genes) from the pan-cancer dataset
obtained from the UCSC database. Pearson correlation analysis was performed to examine the relationship
between NOX4 expression and these immune-related genes. P-values and partial correlation coeflicients were
calculated using the purity-adjusted Spearman’s rank correlation test. The results were visualized using heatmaps
and scatter plots.

Drug sensitivity and molecular docking analysis

The Genomics of Drug Sensitivity in Cancer (GDSC) database, developed by the Sanger Institute, provides data
on tumor cell sensitivity and response to various drugs. This information is crucial for identifying potential
therapeutic targets, as variations in the cancer genome can influence the effectiveness of treatments, and different
targets may respond to drugs in distinct ways. Drug sensitivity data for screening were obtained from the GDSC
portal. Sensitivity was quantified by calculating the 50% inhibitory concentration (IC50) values using the R
package “Prophet”. A lower IC50 value indicates higher drug susceptibility, while a higher IC50 value indicates
lower susceptibility. The crystal structures of the proteins encoded by NOX4 were retrieved from the Protein
Data Bank (PDB, www.rcsb.org/pdb/home/home.do). The 3D structures of the compounds were obtained from
PubChem (https://www.ncbi.nlm.nih.gov/pccompound). The molecular docking process involved preparing
the protein and ligand, constructing the docking grid, and performing the docking of the compounds. Molecular
docking simulations were conducted using AutoDock VINA software, following the Schrodinger Glide docking
protocol. The best docking poses were selected based on hydrogen bonding, electrostatic, and hydrophobic
interactions in the ligand-receptor complexes. Binding energy values (kcal/mol) were used to assess the docking
results. PYMOL software was employed to visualize hydrogen bond interactions, binding affinities, interacting
amino acid residues, and the 3D structure of the ligand-receptor complexes.
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PPI network construction and hub gene recognition

We constructed a protein-protein interaction (PPI) network using the STRING database (https://cn.string-db.or
g/) to explore the relationships among genes co-expressed with NOX4. The interaction score was set to 0.15, and
the top 50 nodes, supported by “Experimental Support” and “Text Mining” evidence, were selected for further
visual analysis. Genes that directly interacted with NOX4 were considered central hub genes, while genes that
interacted with these central hub genes were classified as subordinate hub genes.

Enrichment analysis of NOX4 co-expression genes

The top 100 genes co-expressed with NOX4 were identified from the STRING database, based on their P-values
and correlation coefficients (R). We used the “Gene_Corr” module of TIMER?2 to generate heatmaps for the
selected genes, including partial correlation (COR) values and P-values derived from the purity-adjusted
Spearman’s rank correlation test. We integrated this data for Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis. Gene identifiers (“OFFICIAL_GENE_SYMBOL’) and species (“Homo sapiens”) were
uploaded to the Database for Annotation, Visualization, and Integrated Discovery (DAVID, https://davidbioinfo
rmatics.nih.gov/ ) for functional annotation. Enriched pathways were visualized using the “TidyR” and “ggplot2”
R packages. Gene Ontology (GO) enrichment analysis was conducted using the “clusterProfiler” R package. All
analyses were performed using R software (version 4.0.5), and statistical significance was considered at P<0.05.

Statistical analysis

In this study, all gene expression RNA-seq data were standardized using log2 transformation. The Wilcoxon
rank-sum test was employed to evaluate differential expression of NOX4 between normal tissue samples and
tumor tissue samples across 34 cancer types. Clinical prognosis analysis was performed using the Kaplan-Meier
method, log-rank test, and Cox proportional hazards regression model. Correlation analysis between variables
was conducted using either the Spearman or Pearson test, as appropriate. A significance level of P<0.05 was
considered statistically significant. All statistical analyses were performed using R software (version 4.0.5) for
data processing.

Results

Expression of NOX4 in pan-cancer

We conducted a comprehensive analysis of NOX4 expression across various tumor types using TCGA data.
The results revealed that NOX4 expression was significantly higher in multiple cancers, including breast cancer
(BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), liver hepatocellular
carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), pheochromocytoma
(PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma
(STAD), and thyroid carcinoma (THCA), compared to adjacent normal tissues. However, in cervical squamous
cell carcinoma (CESC), kidney renal clear cell carcinoma (KIRC), and kidney renal papillary cell carcinoma
(KIRP), NOX4 expression was lower than in adjacent tissues (Fig. 2A). To further assess NOX4 expression, we
compared tumor tissues with normal tissues from the GTEx dataset. We observed that NOX4 expression was
elevated in 26 tumor types compared to their respective normal tissues. In contrast, expression was lower in six
tumor types: KIRP, kidney papillary renal cell carcinoma (KIPAN), KIRC, kidney chromophobe (KICH), Wilms
tumor (WT), and uterine carcinosarcoma (UCS) (Fig. 2B). RT-PCR analysis confirmed a significant upregulation
of NOX4 mRNA in BRCA, ESCA, CHOL, COAD, STAD, LUSC, and GBM, while it was notably downregulated
in KIRC (Fig. 2C). These findings were consistent with our database analysis. However, no significant differences
were observed in READ, PRAD, and THCA (Figure S1). Analysis of the CPTAC dataset further confirmed a
significant reduction in NOX4 protein expression in clear cell RCC tissues compared to normal tissues (Fig. 2D,
P <0.05). Unfortunately, data for other tumor types were unavailable, likely due to gaps in the database. Molecular
subtyping can provide insights into the pathways and mechanisms deregulated in specific tumor subpopulations.
Based on unsupervised clustering, tumors were categorized into eleven proteome-based pan-cancer subtypes.
Each subtype (S1 to S11) corresponds to several tissue-specific tumor types'®. Our results indicated that NOX4
protein expression was significantly higher in S4 tumors (associated with oxidative phosphorylation, epithelial
functions, and the TCA cycle) and S8 tumors (related to the hemoglobin complex)!” (Fig. 2E). We investigated
NOZX4 expression in the tumor microenvironment (TME) of KIRC using the Single-Cell dataset from the TISCH
database. The results revealed that NOX4 is expressed in malignant cells, endothelial cells, and epithelial cells
within the TME of KIRC (Fig. 2F-H). Immunohistochemical analysis and H&E staining showed that NOX4
protein levels were low in KIRC tissues but highly expressed in normal tissues (Fig. 2L, J).

Prognostic value of NOX4 across tumors

To further investigate the relationship between differential NOX4 expression levels and the prognosis of cancer
patients, we evaluated the correlation between NOX4 expression and overall survival (OS), disease-specific
survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) across various tumor types using
the TCGA database. Univariate Cox regression analysis was performed for this purpose. As shown in Fig. 3A,
NOX4 expression was significantly associated with the prognosis of several tumor types, including GBMLGG,
LGG, LUAD, STES, STAD, COAD, COADREAD, MESO, PAAD, ACC, KIRP, KIPAN, KIRC, and SKCM.
Among these, NOX4 had the most significant prognostic impact in GBMLGG (P=3.2e-40, HR=1.64, 95% CI
[1.52,1.77]), followed by LGG (P=2.7e-7, HR=1.37, 95% CI [1.22, 1.55]) and ACC (P=5.7¢-3, HR=1.37, 95%
CI [1.09, 1.71]). When examining the correlation between NOX4 expression and DSS in various tumors, most
of the results were consistent with those observed for OS (Fig. 3B). The forest plot confirmed an association
between high NOX4 expression and poor DFI in CESC, LUAD, PRAD, ESCA, STES, STAD, PAAD, HNSC,
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Fig. 2. Expression levels of NOX4 in pan-cancer. (A) TIMER2.0 displays the expression of NOX4 across
TCGA tumors and corresponding normal tissues. (B) The expression of NOX4 in tumor and normal tissues,
as shown on the UALCAN website, which provides protein level data for NOX4 across various tumor types.
(C) RT-PCR analysis of NOX4 expression in different tumor types, indicating potential variations in NOX4
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PP <0.001, ¥***P<0.0001.
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Fig. 3. Prognostic value of NOX4 across tumors. (A) Overall survival (OS), (B) Disease-specific survival
(DSS), (C, D) GEPIA2.0 analysis of the impact of NOX4 expression on overall survival (C) and disease-free
survival (D) in TCGA pan-cancer.

ACC, and CHOL. Conversely, in PCPG, low NOX4 expression was associated with poor DFI (Figure S2A).
Further analysis of PFI, as shown in Figure S2B, revealed that high NOX4 expression in nine tumors (GBMLGG,
LGG, BRCA, STES, PRAD, COAD, COADREAD, PAAD, and ACC) was linked to poor PFI, while low NOX4
expression in six tumors (KIRP, KIPAN, KIRC, SKCM-m, SKCM, and DLBC) was associated with poor PFI. To
examine the prognostic implications of NOX4 expression in different tumor types, we categorized the TCGA
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dataset into high and low NOX4 expression groups. As shown in Fig. 3C, high NOX4 expression was significantly
associated with poor OS in COAD (P=0.013), LGG (P=1.75e-5), LIHC (P=0.033), MESO (P=0.024), and
LUAD (P=0.037). In contrast, low NOX4 expression was significantly linked to poor OS prognosis in KIRC
(P=0.042) and SKCM (P=0.00041). Analysis of disease-free survival (DFS) (Fig. 3D) indicated that high NOX4
expression was associated with poor prognosis in ACC (P=0.021), COAD (P=0.011), ESCA (P=0.042), and
PRAD (P=0.0047). These findings suggest that NOX4 expression is a potential prognostic biomarker in various
tumor types, with differential expression levels correlating with distinct patient outcomes.

Relationship between NOX4 expression and clinical phenotypes

Two key prognostic factors tumor infiltration depth (T category) and the number of positive lymph nodes (N
category) have been well-established as significant indicators of cancer progression'®!”. Therefore, we explored
the relationship between NOX4 expression and clinical factors, including tumor pathological stages, across a
range of cancer types. Using the TCGA dataset, we analyzed gene expression variations across different clinical
stages in 33 tumor types. We performed unpaired Student’s t-tests and ANOVA to assess differences between
samples. Significant variations in NOX4 expression were observed in 13 tumor types, including COAD (P=1.0e-
3), COADREAD (P=3.0e-5), BRCA (P=3.8¢-3), ESCA (P=9.0e-6), STES (P=3.3¢-9), KIRP (P=0.03), KIPAN
(P=0.02), STAD (P=1.0e-7), PRAD (P=4.9¢-14), THCA (P=4.8¢-4), and BLCA (P=1.5¢-7) at the T stage
(Fig. 4A). We identified 10 tumors with significant variations in NOX4 expression across N stages, including
COAD (P=0.03), COADREAD (P=2.2), BRCA (P=3.3e-4), KIRP (P=3.2e-3), KIPAN (P=6.4e-5), PRAD
(P=3.3e-6), THCA (P=4.1e-9), READ (P=3.2e-3), KICH (P=0.04), and CHOL (P=0.02). NOX4 expression
was consistently downregulated in KIRP and KIPAN, and progressively decreased in other tumors as the disease
advanced from T1 to T4 (Fig. 4A) and from NO to N3 (Fig. 4B). We further examined the correlation between
NOX4 expression and tumor pathological stages using the “Pathological Stage Plot” module in GEPIA2. The
analysis revealed that NOX4 expression was significantly correlated with pathological stages in several tumors,
including BLCA, ESCA, COAD, TCGT, STAD, SKCM, and THCA (P<0.05), but not in others (Fig. 4C).
Interestingly, a significant difference in NOX4 expression was observed between stages I and II, suggesting a
potential role of NOX4 in tumor progression at early stages.

Genetic alteration analysis of NOX4

Tumor mutation burden (TMB) is typically defined as the total number of nonsynonymous mutations occurring
per 1 million bases in the coding region of the tumor genome, including single nucleotide variations (SN'Vs) and
small insertions/deletions (INDELS). In this study, we analyzed the genetic alterations of NOX4 in specific tumor
samples from the TCGA cohorts. We used cBioPortal to examine the mutational landscape and chromosomal
abnormalities of NOX4 across various tumors in the TCGA dataset. As shown in Fig. 5A, the highest frequency
of NOX4 mutations was observed in UCEC, with a mutation frequency exceeding 6%, representing the largest
proportion among all mutation types. Notably, mutations in the NOX4 gene were found to be associated with
alterations in several other genes, including DLBC, COAD, CHOL, LGG, and ACC. Furthermore, all cases
exhibiting alterations in NOX4 also showed copy number amplification in AML. We further investigated the
location and types of NOX4 mutations, as illustrated in Fig. 5B. Missense mutations were the most common
mutation type, with the GS375E mutation being identified in four UCEC cases, one CHOL case, and two COAD
cases. The 3D structure of the NOX4 protein, including the GS375E mutation site, can be viewed online (Fig. 5C).
TMB is an important biomarker reflecting the overall mutational load in tumor cells. To assess the relationship
between TMB and NOX4 expression, we performed a Spearman’s rank correlation analysis across various tumor
types. The results revealed a positive correlation between NOX4 expression and TMB in LGG, COADREAD,
KIRP, OV, and ACC (Fig. 6A). Additionally, we examined the correlation between NOX4 expression and
microsatellite instability (MSI), a phenomenon that reflects changes in microsatellite size due to insertions or
deletions in tumor cells compared to normal tissues. Our analysis showed that NOX4 expression was negatively
correlated with MSI in GBMLGG, KIPAN, LUSC, and UCEC (Fig. 6B).

Correlation analysis of NOX4 expression with RNA and DNA methylation

RNA methylation refers to the chemical modification of RNA, particularly the methylation of adenine
residues, catalyzed by methyltransferases. Common RNA modifications include 6-methyladenosine (m6A),
5-methylcytidine (m5C), and 1-methyladenosine (m1A). m6A methylation is a reversible process, involving
methyltransferases (Writers), demethylases (Erasers), and methylated RNA-binding proteins (Readers). RNA
methylation plays a crucial role in various biological processes, including immunity, tumorigenesis, metastasis,
and stem cell renewal. We explored the correlation between NOX4 expression and RNA methylation-related
genes in different tumor types (Fig. 7A). Our findings indicate a strong positive correlation between NOX4
expression and RNA methylation in several cancers, including adrenocortical carcinoma (ACC), pancreatic
adenocarcinoma (PAAD), ovarian cancer (OV), and thyroid carcinoma (THCA). This suggests that NOX4
expression may influence tumorigenesis by regulating the expression patterns of RNA methylation genes in
specific cancers.

In addition to RNA methylation, we also examined DNA methylation, which has been shown to impact the
expression of genes associated with tumorigenesis'8. Using the UALCAN database, we analyzed the methylation
status of NOX4 and found that its promoter methylation levels were significantly lower in tumors such as TGCT,
colon adenocarcinoma (COAD), and kidney renal clear cell carcinoma (KIRC), compared to control groups. In
contrast, higher promoter methylation levels were observed in bladder cancer (BLCA), breast cancer (BRCA),
prostate adenocarcinoma (PRAD), lung adenocarcinoma (LUAD), thyroid carcinoma (THCA), uterine corpus
endometrial carcinoma (UCEC), stomach adenocarcinoma (STAD), cervical squamous cell carcinoma (CESC),
and cholangiocarcinoma (CHOL) (Fig. 7B). No significant changes in NOX4 methylation levels were detected in
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Fig. 4. Expression and clinical staging analysis of NOX4. (A) T staging, (B) N staging, (C) Pathological stage.

other tumor types (Figure S3). Together, these findings suggest that the increased expression of NOX4 in tumors
may be partly attributed to changes in its promoter methylation status.

Tumor stemness analysis

Cancer stem cells (CSCs) are a subset of cancer cells that share characteristics with normal stem cells, including
the ability to give rise to all cell types within a tumor. These cells are thought to have the potential to initiate
tumor formation and promote tumor growth, particularly as the tumor metastasizes to distant organs, resulting
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Fig. 5. Mutation status of NOX4 in TCGA carcinoma. The cBioPortal provides data on mutation type,
mutation site, and a 3D structure diagram of the NOX4 sequence.
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in the formation of secondary tumors. Compared to non-stem tumor cells, CSCs are associated with tumor
progression, metastasis, drug resistance, and enhanced self-renewal capabilities. This is facilitated by self-
protective mechanisms such as DNA damage repair, inhibition of apoptotic pathways, and the production
of drug-resistant proteins. To quantify tumor stemness, we employed a machine learning algorithm called
One-Class Linear Regression (OCLR)', which integrates transcriptome and methylome data. This allowed
us to calculate two stemness indexes: mRNAsi (reflecting gene expression profiles of stem cells) and MDNAsi
(representing epigenetic characteristics of stem cells). Correlations between these indexes and NOX4 expression
were calculated across various tumors. Our analysis (Fig. 8A) revealed a significant positive correlation between
NOX4 expression and stemness indexes in several cancers. For example, in BRCA (R=0.09, P=0.006), KIRP
(R=0.17, P=0.003), THYM (R=0.19, P=0.030), MESO (R=0.32, P=0.002), and UVM (R=0.33, P=0.002). A
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Fig. 7. (A) Pan-cancer correlation analysis of NOX4 expression with 44 RNA methylation genes. The

correlation matrix illustrates the relationships between NOX4 expression and RNA methylation genes across
tumors. Each cell in the matrix represents the correlation between NOX4 expression and a specific RNA
methylation molecule (listed on the right) in a particular tumor type (listed at the bottom). The correlation
coefficient and p-value are indicated by the color of each cell. (B) DNA methylation levels of NOX4 across
tumors. *P<0.05, **P<0.01, **P<0.001.
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Fig. 8. (A) Stemness scores based on DNA methylation derived from the Stemness group.(B) Stemness scores
based on RNA expression derived from the Stemness group. *P<0.05.

significant negative correlation was observed in one tumor, HNSC (R = -0.22, P=2.45E-7). As shown in Fig. 8B,
we found a strong correlation in 22 tumors, including a positive correlation in UVM.

Analysis of tumor immune microenvironment

A growing body of evidence highlights the critical role of the tumor microenvironment (TME) in tumorigenesis
and progression?>?!. Thus, understanding the relationship between the TME and NOX4 expression in pan-
cancer is of utmost importance. In this study, we used the ESTIMATE algorithm to calculate immune scores
for 34 tumor types from the TCGA, TARGET, and GTEx datasets and analyzed the correlation between NOX4
expression and these scores. Our findings showed that NOX4 expression was significantly positively correlated
with the ESTIMATE score in 27 tumor types, including COAD, READ, BLCA, and COADREAD. However, in
ALL-R, NOX4 expression was inversely correlated with the ESTIMATE score. The correlation coefficients for
the top 9 tumors are presented in Fig. 9, while results for other tumors can be found in Figure S4. Given the clear
relationship between NOX4 and immune response, we also examined the correlation between NOX4 expression
and immune cell infiltration levels across pan-cancer. As shown in Fig. 10A, NOX4 expression was significantly
associated with the abundance of various infiltrating immune cells in different tumors: B cells in 7 tumors,
CD4+T cells in 19 tumors, CD8+T cells in 20 tumors, macrophages in 24 tumors, neutrophils in 27 tumors,
and dendritic cells in 25 tumors. Notably, NOX4 expression was strongly correlated with immune cell abundance
in COAD, LIHC, and COADREAD (Fig. 10B). Immune infiltration was assessed using multiple algorithms,
including CIBERSORT, IPS, XCELL, QUANTISEQ, EPIC, and MCPCOUNTER, with results shown in Figure
S5. We observed that NOX4 expression was positively correlated with M1 macrophages, M2 macrophages,
Tregs, and CAFs in most tumors.

Immune checkpoints (ICP) play a pivotal role in regulating immune responses and determining the extent
of immune activation®. Figure 11A illustrates the relationships between NOX4 expression and 60 immune
checkpoint genes across different tumor types. Our analysis revealed a strong correlation between NOX4
expression and immune checkpoint genes in both inhibitory pathways (e.g., CD276, TGFB1) and stimulatory
pathways (e.g., TNFSF4, CD28, VEGFB, CX3CLI1, ILR4, IL2RA) in various tumors. Specifically, a close
association was observed between NOX4 expression and immune checkpoints in ovarian (OV), liver (LIHC),
prostate (PRAD), stomach (STES), and pancreatic (PAAD) cancers. These findings suggest that NOX4 may play
a significant role in tumor immunity by modulating immune checkpoint expression across various tumor types.
Furthermore, gene co-expression analysis was performed to explore the relationship between NOX4 expression
and immune-related genes in different tumors. The analyzed genes included those involved in MHC presentation,
immune activation and suppression, as well as chemokines and chemokine receptors. The heatmap of the results
(Fig. 11B) showed that most immune-related genes were co-expressed with NOX4, with a majority showing
positive correlations with NOX4 across various tumor types, except for DLBC, NB, and TGCT (P <0.05).

Drug sensitivity and molecular docking analysis

Drug sensitivity has long been a key focus in personalized cancer chemotherapy. Investigating drug sensitivity
in cancer is critical for tailoring treatments to individual patients and advancing precision medicine. However,
due to significant inter-individual variability in drug response, relying solely on limited scientific resources is
often ineffective. Therefore, identifying molecules linked to drug response is crucial for optimizing therapeutic
strategies. The Genomics of Drug Sensitivity in Cancer (GDSC) is currently the largest public database containing
drug susceptibility data and molecular markers in tumor cells. Based on multiple studies and integrated database
information, the GDSC database re-analyzes drug sensitivity and response across three retrieval levels: cell,
drug, and molecule. Our analysis revealed that NOX4 expression was negatively correlated with the sensitivity
of tumor cells to Dabrafenib, TGX221, and CHIR-99,021, but positively correlated with the sensitivity to AICAR,
Afatinib, Gefitinib, and EKB-569 (Fig. 12A). Bioinformatics analysis and molecular docking simulations further
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Fig. 9. Nine tumors showing the highest correlation coefficients between NOX4 expression and the tumor

microenvironment.

identified potential interactions between NOX4 and these drugs (Fig. 12B). The results indicated that NOX4 had
the weakest binding affinity with Dabrafenib, with a binding energy of -8.3 kcal/mol. This interaction formed
a conventional hydrogen bond with ASP7 at a distance of 2 A. In contrast, the NOX4-CHIR-99,021 complex
was stabilized by three hydrogen bonds with ALA299, ASP71, and TYR?70, interacting at distances of 2.1 A,
2.6 A, and approximately 2.2 A, respectively, with a binding energy of -8.0 kcal/mol. These findings suggest
that Dabrafenib and CHIR-99,021 could be potential inhibitors of NOX4. However, we were unable to obtain
meaningful molecular docking results for EKB-569 and Gefitinib. Detailed molecular docking results for the

other drugs are provided in Table SI.

Functional enrichment analysis

To further explore the molecular mechanisms underlying the role of NOX4 in tumorigenesis, we focused on
identifying NOX4-binding proteins and genes correlated with NOX4 expression for pathway enrichment analysis.
Using the STRING tool, we identified 50 NOX4-binding proteins supported by experimental and co-expression
evidence. The protein-protein interaction (PPI) network of these proteins, shown in Fig. 13A, includes 51 nodes
and 403 edges, with a mean node degree of 15.8. Our analysis revealed that NOX4 was correlated with NOX1,
NOX3, CYBB, DUOX1, DUOX2, and TLR4. Interestingly, all of these genes belong to the NOX family, except
for TLR4. The corresponding heatmap (Fig. 13B) showed a strong correlation between NOX4 and these six genes
across various tumor types. We then performed KEGG and GO enrichment analyses on the identified genes. The
TNF signaling pathway;
and “pathways in cancer” might be involved in the role of NOX4 in tumor pathogenesis. The GO enrichment
analysis indicated that many of these genes are associated with cellular processes related to RNA metabolism,

» «

KEGG pathway analysis (Flg 13C) suggested that the “AGE-RAGE signaling pathway;
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including “response to oxidative stress,” “cellular response to oxidative stress, “NADPH oxidase complex,’

» «

“endomembrane system,” “vesicle,” “oxidoreductase activity,” and “antioxidant activity” (Figs. 13D, E, and F).

Discussion

In recent years, cancer has emerged as a significant public health challenge. To better understand the underlying
molecular mechanisms of cancer and to develop more effective therapeutic strategies, numerous studies have
conducted pan-cancer analyses to identify new prognostic and diagnostic biomarkers. NOX4, an important
isoform of NADPH oxidase, plays a complex and crucial role in the initiation and progression of cancer. By
generating low levels of reactive oxygen species (ROS), NOX4 regulates various biological processes such as cell
proliferation, migration, and apoptosis®**%. Unlike other members of the NOX family, NOX4 exhibits constitutive
activity, continuously producing ROS and acting as a second messenger in cell signaling pathways. It modulates
key signaling pathways, including HIF2-a, p38 MAPK, TGF-B1/Smad2/3, Akt, and Caspase3°. In tumor cells,
NOX4 not only regulates cell growth and stress responses but also promotes metastasis and invasion through
this mechanism. However, under certain external stimuli, NOX4 can generate high levels of ROS, activating
downstream signaling pathways that further drive tumor progression®. Research has shown that NOX4 is highly
expressed in various cancer types, particularly in tumors of the lung, ovary, and pancreas, where its expression
in tumor tissues is typically higher than in adjacent normal tissues'>!>2¢. However, other studies suggest that
NOX4 gene knockout enhances carcinogen-induced solid tumor formation?. In breast cancer, NOX4 has been
shown to reduce the invasiveness of cancer cells by coordinating the PGCla/Drpl axis to regulate mitochondrial
turnover®®. Despite these findings, there remains a critical need for a comprehensive pan-cancer analysis of
NOX4 to elucidate its broader relationship with cancer. In this study, we systematically examined the expression
and function of NOX4 across 33 different cancer types using datasets from TCGA, GTEx, and CPTAC. Our
analysis covered gene expression, prognostic significance, tumor heterogeneity, and immune cell infiltration
within the tumor microenvironment.

In this study, we compared the expression of NOX4 in 34 different types of tumors and their corresponding
normal tissues. The results showed that, with the exception of UCEC and CESC, NOX4 exhibited significant
expression differences in most cancer types. Specifically, NOX4 was significantly overexpressed in 26 tumor
types, while it was significantly underexpressed in 6 types (KIRP, KIPAN, KIRC, KICH, WT, and UCS). These
findings are consistent with previous studies BLCA, BRCA, OV, PRAD, and GBM?, Notably, the expression
of NOX4 in KIRC was significantly lower, as evidenced by mRNA expression data from TCGA, total NOX4
protein levels from CPTAC, and our own RT-PCR and immunohistochemistry analyses of KIRC tumor samples.
Previous studies on renal cell carcinoma (RCC) have shown that NOX4 promotes tumor growth in renal cancer
cells, with evidence suggesting that NOX4 plays a critical role in the onset and progression of RCC*. It does
so by enhancing the expression and nuclear accumulation of HIF-2a, as well as influencing cell invasion and
branching, thereby supporting the tumor phenotype in renal cancer cells*’. Another study found that the nuclear
localization of NOX4 in RCC tissues was significantly correlated with disease progression and mortality®!.
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Fig. 11. (A) Pan-cancer correlation analysis of NOX4 expression with immune checkpoint genes. (B) Pan-
cancer correlation analysis of NOX4 expression with immune pathway marker genes reveals significant
associations (*P<0.05).

Higher nuclear NOX4 expression was strongly associated with increased disease progression and mortality,
and elevated nuclear NOX4 levels were linked to resistance to targeted therapies and immunotherapies®'. In
RCC, NOX4 has been found to localize to the inner mitochondrial membrane or the outer mitochondrial
membrane, and its co-localization with mitochondrial markers has been observed using MitoTracker Red
staining and immunofluorescence techniques®. Although these findings seem inconsistent with our results,
we hypothesize that this may be related to subcellular localization of NOX4 in RCC, tumor heterogeneity, and
metabolic reprogramming®”. Renal cancer cells often exhibit the Warburg effect, where they preferentially rely
on aerobic glycolysis even in the presence of oxygen*. This metabolic shift provides rapid energy for the tumor
and may reduce the cancer cells’ dependence on traditional oxidative phosphorylation pathways. Additionally,
the low expression of NOX4 in KIRC might be related to tumor type. In breast cancer studies, NOX4 expression
was found to be significantly overexpressed in Luminal-A MCF-7 cells (a model of estrogen receptor-positive
breast cancer) compared to MDA-MB-231 cells (representing basal-like breast cancer) and normal mammary
epithelial cells (MCF 10 A). In contrast, NOX4 expression was significantly downregulated in triple-negative
breast cancer (TNBC) patients?®. Prognostic analysis revealed that NOX4 expression levels are closely associated
with prognosis in multiple cancers. Our analysis indicated that high NOX4 expression was associated with
poorer overall survival (OS) and disease-free survival (DFS) in colon adenocarcinoma (COAD), low-grade
glioma (LGG), and lung adenocarcinoma (LUAD). The prognostic impact of NOX4 expression has been
confirmed in various cancers, including colorectal cancer, endometrial cancer, gastric cancer, retinoblastoma,
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and hepatocellular carcinoma'?**. NOX4 siRNA effectively inhibited tumor progression in xenograft models of
hepatocellular carcinoma®. In head and neck cancer cells, epidermal growth factor receptor (EGFR) inhibitors
induced autophagy via a NOX4-dependent mechanism®. These findings suggest that NOX4 expression may
serve as a prognostic biomarker with varying clinical significance across different cancers. Additionally, we
observed that NOX4 expression was associated with tumor stage in certain cancers, particularly in stages I and
IT of gastric cancer (STAD), where NOX4 expression was significantly elevated.

Tumor heterogeneity is a major challenge in cancer research and treatment. Within the same cancer type,
there exists significant cell and molecular heterogeneity between molecular subtypes, patients, tumor lesions, and
cells from specific lesions”’. From a cellular perspective, tumor heterogeneity is characterized by the presence
of subpopulations of cells with distinct morphological and phenotypic features. Although cancer cells originate
from a single malignant cell, they accumulate mutations in their DNA as they proliferate. Over time, tumors
evolve into a collection of highly aggressive clones with distinct abilities to survive, proliferate, and metastasize
to distant organs. In this context, we explored various aspects of NOX4 in relation to pan-cancer, including
mutations, methylation, and other factors. Our study revealed that the frequency of NOX4 mutations was highest
in uterine corpus endometrial carcinoma (UCEC), with mutations in NOX4 detected in all cases of diffuse
large B-cell lymphoma (DLBC), colon adenocarcinoma (COAD), cholangiocarcinoma (CHOL), lower-grade
glioma (LGG), and adrenocortical carcinoma (ACC). Additionally, all cases with alterations in the NOX4 locus
in acute myeloid leukemia (AML) were associated with copy number amplification. However, the prognostic
significance of these mutations in these cancers remains unclear, and further investigation is needed to better
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Fig. 13. NOX4-related gene enrichment analysis. (A) Using the STRING tool, we identified experimentally
validated NOX4-binding proteins. (B) Heatmap of NOX4-binding proteins across different tumor types,
including NOX1, NOX3, TLR4, CYBB, DUOX1, and DUOX2. (C) KEGG pathway analysis based on NOX4-
binding and interacting genes. (D) Bubble plot of GO analysis (biological processes, BP). (E) Bubble plot of GO
analysis (cellular components, CC). (F) Bubble plot of GO analysis (molecular functions, MF).

understand their clinical implications. We also found that NOX4 expression was positively correlated with tumor
mutational burden (TMB) in LGG, COAD, rectal adenocarcinoma (COADREAD), kidney renal papillary cell
carcinoma (KIRP), ovarian cancer (OV), and ACC. Conversely, NOX4 expression was negatively correlated with
microsatellite instability (MSI) in glioblastoma multiforme (GBM), LGG, KIPAN, lung squamous cell carcinoma
(LUSC), and UCEC. Additionally, we examined the relationship between DNA promoter methylation, RNA
methylation-modified genes, and NOX4 expression. The results consistently indicated that NOX4 expression
was closely associated with tumor heterogeneity, thereby influencing tumor progression.

The tumor microenvironment, comprising tumor cells, inflammatory cells, and the surrounding stroma,
includes both the immune microenvironment and the stromal microenvironment. It is a critical component
of tumor tissue and plays a significant role in tumor progression, angiogenesis, and genomic instability. The
immune microenvironment is often referred to as the “seventh hallmark” of cancer>®. Therefore, we examined the
role of NOX4 within the human tumor microenvironment. Our study found that NOX4 expression levels were
significantly and positively correlated with immune scores in 27 types of tumors, including rectal adenocarcinoma
(READ), colon adenocarcinoma (COAD), and bladder urothelial carcinoma (BLCA). Additionally, NOX4
expression was closely associated with the infiltration of immune cells, such as CD4+T cells, dendritic cells,
B cells, macrophages, CD8+T cells, and neutrophils, particularly in COAD, liver hepatocellular carcinoma
(LIHC), and COADREAD. These findings suggest that NOX4 interacts with immune cells, a relationship
that warrants further investigation. In contrast, cancer-associated fibroblasts (CAFs) in the tumor stroma
are known to regulate the infiltration and function of various immune cells®. Our study confirmed a strong
positive correlation between NOX4 expression and CAFs in the TCGA dataset, aligning with previous research.
This suggests that NOX4 may influence the tumor immune microenvironment by modulating the growth and
activity of fibroblasts, which in turn affects tumor progression. In HCC, studies using NOX4-/- mice revealed
a significant increase in M2-polarized macrophages, a reduction in liver fibrosis, and an enhancement of HCC
development?’. In NSCLC, NOX4 expression was closely associated with macrophage chemotaxis in NSCLC
patients®. NOX4 stimulates the production of various cytokines, including CCL7, IL-8, CSF-1, and VEGF-C,
through the generation of ROS, a process that is dependent on the PI3K/Akt signaling pathway®. In GBM
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cells, TGF-P1-induced metabolic reprogramming and epithelial-mesenchymal transition (EMT) are regulated
by NOX4/ROS*.. TGF-1, a crucial cytokine released from the tumor microenvironment (TME), plays a key
role in tumor initiation and malignant transformation. The metabolic alterations in tumor cells are a hallmark
of cancer, providing ATP to fuel cellular processes and generating metabolic intermediates necessary for the
synthesis of essential cellular components, which support cell proliferation, migration, and invasion*!. These
studies highlight the critical role of NOX4 in the invasive growth of tumor cells, particularly in the formation of
invasive cellular protrusions and the migration and invasion activities of tumor cells.

Many therapeutic strategies are available for targeting immune cells in tumors, such as pericyte therapy
with transgenic T cells and chimeric antigen receptor T (CART) cell therapy*2. Additionally, the use of immune
checkpoint inhibitors (ICIs) has emerged as a promising approach to enhance cancer immunity by blocking
immune checkpoint receptors or ligands, thereby inhibiting tumor metastasis and recurrence, while also
reducing off-target toxic effects®’. In the context of chemoresistance, ICIs are particularly effective for tumors
with high microsatellite instability (MSI) and high tumor mutational burden (TMB). Given these findings,
NOX4 may serve as a potential target in combination with novel anti-cancer immunotherapeutic drugs or
established immune checkpoint inhibitors to enhance cancer immunity and therapeutic response. Furthermore,
several studies have suggested that NOX4 could be a promising target in antitumor immunotherapy. Combining
chemotherapeutic agents with NOX4 depletion may offer a novel approach to overcoming resistance and
improving treatment outcomes. Drug resistance remains a primary challenge in cancer chemotherapy, often
limiting the effectiveness of treatment. Some studies have indicated that NOX4 is associated with chemoresistance.
For instance, Karthigayan et al. found that NOX4 acts as a mitochondrial energy sensor, linking cancer
metabolic reprogramming to drug resistance®. In ovarian cancer cells, NOX4 knockdown increased sensitivity
to targeted therapy and radiotherapy by reducing the expression of HER3 and NF-kB p65%. Moreover, the
combination of the NOX4 inhibitor GKT137831 with afatinib demonstrated a synergistic effect, reducing cell
viability in ovarian cancer cells. In our study, we conducted drug sensitivity analysis and molecular docking
assays, revealing that NOX4 expression was inversely correlated with the sensitivity to dabrafenib, TGX221, and
CHIR-99,021, while positively correlated with the sensitivity to AICAR, afatinib, gefitinib, and EKB-569. These
results suggest that NOX4 could be utilized as a novel drug target for anti-cancer immunotherapy, either alone
or in combination with established immune checkpoint inhibitors, to enhance the immune response against
tumors. Recent research has also highlighted a novel role for NOX4 in the regulation of cancer stemness, a key
phenotypic hallmark that shares many characteristics with cell metastasis. Although the underlying mechanisms
remain unclear, the regulation of cancer stemness by NOX4 may involve the modulation of stem cell-specific
transcriptional networks*>. However, further investigations are required to elucidate this potential relationship
and its implications for cancer therapy.

Our multi-omics analysis has unveiled several potential molecular mechanisms through which NOX4 may
contribute to cancer development and progression. The protein-protein interaction network and correlation
analysis highlighted strong associations between NOX4 and other members of the NOX family (NOX1, NOX3,
CYBB, DUOX1, DUOX2), as well as TLR4. This finding suggests intricate interactions within the NOX family,
potentially playing a crucial role in cancer pathogenesis*®. KEGG pathway analysis identified three key pathways
potentially involved in NOX4-mediated tumorigenesis the AGE-RAGE signaling pathway, TNF signaling
pathway, and various cancer-related pathways. The AGE-RAGE signaling pathway has been demonstrated
to promote inflammation and oxidative stress, factors known to contribute to cancer development*’. NOX4’s
involvement in this pathway may exacerbate these pro-tumorigenic processes. Similarly, the TNF signaling
pathway plays a critical role in inflammation and cell survival, and its dysregulation has been linked to multiple
cancers*®. The association of NOX4 with this pathway suggests it may modulate inflammatory responses and
cell fate decisions within the tumor microenvironment. GO enrichment analysis provided further insights into
NOZX4’s potential mechanisms in cancer. Significant enrichment of terms related to oxidative stress response
and NADPH oxidase complex activity aligns with NOX4’s established function as a major source of reactive
oxygen species (ROS) in cells’. Elevated ROS levels can lead to DNA damage, genomic instability, and alterations
in cell signaling pathways, all of which may promote cancer initiation and progression. The enrichment of
terms related to the endomembrane system and vesicles suggests that NOX4 may also play a role in intracellular
trafficking and secretion processes. This could potentially influence the tumor microenvironment through
the regulation of extracellular vesicle release or the secretion of pro-tumorigenic factors®. The association of
NOX4 with RNA metabolism-related processes is a novel finding that warrants further investigation. This could
indicate a previously unrecognized role for NOX4 in regulating gene expression at the post-transcriptional level,
potentially affecting the expression of oncogenes or tumor suppressors°32. NOX4 exhibits a strong correlation
with TLR4, a key player in innate immunity that has been implicated in promoting tumor growth and immune
evasion®. This association suggests that NOX4 may influence tumor-immune interactions, possibly through
modulation of TLR4 signaling or by affecting the tumor inflammatory microenvironment.

Conclusions

In conclusion, our first pan-cancer analysis of NOX4 revealed that NOX4 expression was not significantly
correlated with clinical prognosis, RNA and DNA methylation, tumor stemness, immune cell infiltration,
tumor mutational burden, or microsatellite instability across a range of tumor types. These findings provide
insights into the role of NOX4 in tumorigenesis from the perspective of clinical tumor samples. However, several
limitations should be considered. The small sample size for certain tumor types, the quality of the clinical data,
and the relatively limited body of research on NOX4 may introduce biases into our conclusions. Therefore, our
next steps will involve obtaining additional tumor tissue samples and conducting further preclinical research to
better understand the regulatory mechanisms of NOX4.
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Limitations

Although our pan-cancer analysis provides a comprehensive evaluation of NOX4 expression and its prognostic
and immunological correlations, several limitations remain. The majority of the data used in this study were
sourced from publicly available databases, which rely on retrospective data and may be subject to inherent
biases. These factors could affect the generalizability and accuracy of the study’s findings. Despite utilizing
multiple databases and multi-omics approaches, our study lacks in vitro and in vivo functional validation
across all cancer types, particularly regarding the specific mechanisms through which NOX4 impacts the
tumor microenvironment and immune regulation. The heterogeneity among different cancer types, patient
populations, and tissue samples may contribute to variations in NOX4 expression patterns, potentially limiting
the consistency of its prognostic value across all malignancies. Immunohistochemistry and RT-PCR validation
were performed on a limited number of selected cancer types, which may not fully represent the diversity of
cancer scenarios. While we have identified correlations between NOX4 expression and immune checkpoint
proteins, tumor mutation burden, and other biomarkers, the causal relationships and underlying molecular
mechanisms require further investigation through functional studies and clinical trials to establish NOX4 as a
viable prognostic and therapeutic target.

Data availability
All data are contained within the manuscript. The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.
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