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Abstract

Objective: This study aimed to utilize bioinformatics methods to identify ferroptosis-related genes
associated with the prognosis of nasopharyngeal carcinoma (NPC) and to develop a prognostic
prediction model for this cancer type.

Methods: The limma package identified differentially expressed genes (DEGs) between nasopharyngeal
carcinoma (NPC) and normal tissues from the GSE12452 dataset. Ferroptosis-related genes were
subsequently intersected with these identified DEGs to pinpoint differentially expressed ferroptosis-
related genes. Univariate Cox regression analysis, in conjunction with LASSO regression, was then
applied to the GSE10234 dataset to identify key prognostic risk genes and develop a prognostic
assessment model for NPC. Univariate and multivariate Cox regression analyses were further performed
to identify independent prognostic factors for NPC. Non-parametric tests were employed to evaluate the
association between risk scores and clinical characteristics within distinct high- and low-risk groups. The
clusterProfiler package was utilized for KEGG pathway enrichment analysis of DEGs comparing these
risk groups. Finally, to corroborate these findings, the expression of the identified prognostic genes was
compared between the human immortalized nasopharyngeal epithelial cell line NP69 and
nasopharyngeal carcinoma cell lines to validate their differential expression patterns.

Results: A prognostic signature was constructed using GLS2, TFRC, and EPSAT. In vitro experiments
confirmed high expression of GLS2 and TFRC in tumor cells, while EPSA1 exhibited low expression.
Survival analysis and ROC curve assessments demonstrated the model's effectiveness in predicting NPC
prognosis. Univariate and multivariate regression analyses subsequently revealed the risk score, derived
from this signature, as an independent prognostic factor for NPC. Non-parametric tests indicated that
this risk score was significantly associated (P < 0.05) with EB infection type, clinical stage, and
morphological characteristics across high- and low-risk groups. Finally, KEGG pathway enrichment
analysis showed that DEGs between these groups were predominantly enriched in pathways such as
homologous recombination repair, ribosome signaling, DNA replication, hematopoietic cell regulation, T
cell receptor signaling, and the lysosomal pathway.

Conclusion: This study identified three ferroptosis-related genes and constructed a prognostic model for
NPC. This model can predict patient prognosis and guide personalized treatment plans.

INTRODUCTION

Nasopharyngeal carcinoma is a malignant epithelial tumor originating in the nasopharyngeal mucosa 0,
Its incidence shows significant regional variation, with notably higher rates observed in coastal areas of

China, Southeast Asian countries, and northeastern Africa. Specifically, its incidence rate [2-4] g
predominantly concentrated in China's Guangdong and Guangxi regions. In recent years, global morbidity

and mortality rates associated with this cancer have shown a consistent upward trend °l. These tumors
are typically less differentiated and exhibit rapid progression. Due to the relatively concealed nature of
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nasopharyngeal lesions, early clinical symptoms and signs tend to be subtle, making early detection
challenging. Consequently, both distant metastasis and lymph node metastasis are common ©=71. Most
patients are diagnosed at advanced stages, often presenting with cranial nerve invasion, which results in
a 5-year survival rate of less than 20% 8-9] Therefore, there is an urgent need to identify accurate
prognostic molecular markers and develop a prognostic prediction model for nasopharyngeal carcinoma
to facilitate early assessment of patient prognosis.

Ferroptosis is a recently identified form of programmed cell death. Its primary characteristic is the iron-
dependent accumulation of lipid peroxides in mitochondria, which ultimately leads to cell death [0-12]
This process operates through mechanisms significantly distinct from those of apoptosis, necroptosis,
and pyroptosis [13-15] Research has demonstrated that ferroptosis is regulated by diverse molecular
mechanisms ['®]. Current studies indicate that ferroptosis can be induced in both cancerous and certain
normal cells through specific experimental compounds or clinical drugs, such as Erastin, Ras-selective

lethal molecule 3 (RSL3), and sorafenibl’’l. Notably, sorafenib is an anti-tumor agent approved by the
U.S. Food and Drug Administration (FDA) for the treatment of various advanced cancers [8-21]

Furthermore, ferroptosis has been closely linked to several diseases, including Alzheimer's disease,
acute kidney injury, myocardial ischemia-reperfusion injury, and inoma[ZZ]. Previous studies have
confirmed its significant role in head and neck squamous cell carcinoma [23-24] and numerous reports
have highlighted the importance of ferroptosis-related genes (FRGs) in tumor prognosis [25-27] However,
the relationship between FRGs and the prognosis of patients with nasopharyngeal carcinoma remains to
be elucidated. This study aims to investigate the expression and prognostic significance of FRGs in
nasopharyngeal carcinoma, establish a prognostic prediction model based on their differential
expression, and identify characteristic genes in clinical nasopharyngeal cancer specimens and adjacent
paracancerous tissues. This research seeks to provide a foundation for personalized treatment and
prognosis assessment for patients with nasopharyngeal cancer.

MATERIALS AND METHODS
1.1 Data Download and Processing

Nasopharyngeal cancer-related mRNA sequencing data and clinical information were downloaded from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Specifically, we utilized datasets GSE12452,
GSE53819, and GSE102349. GSE12452 contained 31 nasopharyngeal cancer tissues and 10 control
tissues, while GSE53819 comprised 18 nasopharyngeal cancer tissues and 18 control tissues. The
GSE102349 dataset provided clinical metadata, including patient ID numbers, Epstein-Barr virus (EB)
infection types, clinical stages, morphological characteristics, progression-free survival times, and
survival statuses. For survival analysis, patients with missing progression-free survival data were
excluded, resulting in a final cohort of 88 nasopharyngeal carcinoma patients. As GEO data are publicly
available, this study was exempt from local ethics committee approval. Additionally, 259 ferroptosis-
related genes were downloaded from the FerrDb database (http://www.zhounan.org/ferrdb).
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1.2 Identification of Differentially Expressed Ferroptosis-
Related Genes

Gene expression differences between nasopharyngeal cancer specimens and normal specimens were
compared using the R language's limma package, applied to gene chip datasets GSE12452 and
GSE53819. Common differentially expressed genes (DEGs) were identified by intersecting the results,
applying a screening criterion of a corrected P-value of 1. These DEGs were then intersected with the
previously downloaded ferroptosis-related genes to identify those specifically associated with
nasopharyngeal cancer. Visualization of these differentially expressed ferroptosis-related genes will also
be performed using R.

1.3 Identification of Risk-Related Ferroptosis Genes

LASSO regression combined with stepwise regression analysis will be used to identify risk genes. These
risk genes will then be employed to construct a prognostic assessment model, defining the risk score
(RS) as: RS = B;X1 + B,X, + ... + BnXn, where B represents the coefficients derived from multivariable

regression analysis of the risk genes, and X denotes the relative expression levels of each gene. The risk
score will be calculated for each sample using this formula. Samples will then be classified into high-risk
or low-risk groups based on whether their risk score is above or below the median risk score,
respectively. Survival curves and ROC curves will be utilized to evaluate the performance of the
constructed model.

1.4 Assessment of Immune Infiltration Differences
Between Risk Groups

The ssGSEA method will be employed to estimate the proportions of 28 common immune cells and
immune functions in each sample. Non-parametric tests will then be applied to evaluate the
associations between the identified risk groups, immune cell proportions, and immune functions.
Additionally, the estimate package will be used to calculate the stromal score and immune score for
each sample; these scores are expected to correlate closely with the risk coefficient. Finally, the
distribution of signaling pathways and biological processes between the high-risk and low-risk groups
will be discussed.

1.5 Identification of Independent Prognostic Risk Factors
in Nasopharyngeal Cancer Patients

Clinical feature information from nasopharyngeal cancer patient files will be organized and integrated
with the risk factors identified by the previously developed prognostic model. A Cox multifactor
regression analysis will then be conducted using the R 'survival' package. This analysis will include
generating forest plots to identify independent risk factors significantly influencing the prognosis of
nasopharyngeal cancer.
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1.6 Relationship Between Risk Score and Basic Clinical
Characteristics of Nasopharyngeal Cancer Patients

Utilizing the risk scores derived from each sample, this section analyzes the relationship between these
scores and various factors, including EB infection type, clinical stage, and histomorphological
characteristics.

1.7 Cell line culture

The NPC cell lines (CNE-1, CNE-2, and C666-1) and the human immortalized nasopharyngeal epithelial
cell line (NP69) were obtained from the Scientific Experimental Center of Guilin Medical University
(Guilin, China). The cells were maintained in high-glucose DMEM media (Solarbio, Beijing, China)
supplemented with 10% fetal bovine serum (Sijiging Biotech, Hangzhou, China) and 1% penicillin-
streptomycin solution (Solarbio, Beijing, China) in a 37°C, 5% CO, incubator (Thermo Fisher Scientific,

USA).
1.8 Real-time quantitative polymerase chain reaction

Real-time quantitative PCR (RT-gPCR) was performed using the SYBR Green method. Total RNA was
extracted using the TRIzol method (Vazyme). RNA concentration was measured using a NanoDrop-2000
spectrophotometer (Thermo Fisher Scientific, Inc.) and subsequently reverse transcribed using a
FastQuant RT Super mix kit (Tiangen Biotech, Co, Ltd.). gPCR was performed using SYBR-Green qPCR
Master Mix (Bimake Biotechnology) under the following thermal cycle conditions: initial denaturation at

95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 30 s. Data were

quantified using the 27 PPCT method, with GAPDH used as an internal control to normalize target gene

expression. The PCR primers used were as follows:
EPAS1-F TCAGAAAACATCAGCAAGT

EPAS1-R AGGTTCTCACGAATCTCC

GLS2-F CTGGGGAACAGCCATAGG

GLS2-R ACGCCGTGGGTCTAACTT

TFRC-F GAGACTTCTTCCGTGCTA

TFRC-R GAGACTCTTTTGGAGATACG

GPX4-F ATTCCCGAGCCTTTCAACCC

GPX4-R TATCGGGCATGCAGATCGAC

hGAPDH-F ATCCCATCACCATCTTCCAGG
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hGAPDH-R CCATCACGCCACAGTTTCC

1.9 Western Blot

Proteins were separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF)
membrane (MilliporeSigma). The membranes were then incubated overnight with primary antibodies
against EPAS1 (1:2000; Rabbit polyclonal, Catalog number 26422-1-AP, Wuhan Sanying), GLS2 (1:2000;
Rabbit polyclonal, Catalog number 20171-1-AP, Wuhan Sanying), TFRC (1:5000; Rabbit polyclonal,
Catalog number 10084-2-AP, Wuhan Sanying), and GAPDH antibody (rabbit monoclonal, [Catalog number
60004-1-lg, Wuhan Sanying], diluted 1:5000). After being washed with PBS-Tween20 (1:500), membranes
were incubated with the corresponding secondary antibody (1:5000; Wuhan Sanying) for 60 minutes.
Protein bands were visualized using an enhanced chemiluminescence detection kit (Beyotime). Images
were captured using a chemiluminescence imaging system (Shanghai Qinxian ChemiScope 6200Touch)
and analyzed with ImageJ (National Institutes of Health, Bethesda, Maryland, USA).

1.10 Statistical Analysis

Statistical analyses were performed using R version 4.0.2, which also facilitated graph generation. The
rank-sum test was employed to compare the expression levels of ferroptosis-related genes between
nasopharyngeal cancer and normal tissues. Cox regression analysis was used to construct a multigene
prognostic risk model. Survival and ROC curves were generated to assess the model's clinical detection
capability. Differences in risk scores among subgroups were evaluated using nonparametric tests.

RESULTS

2.1 Screening for differentially expressed ferroptosis
genes in different tissues

Public and clinical data for datasets GSE12452, GSE53819, and GSE102349 were downloaded from the
GEO database. Concurrently, 259 ferroptosis-related genes were obtained from the FerrDb database.
Specifically, GSE12452 contained 31 nasopharyngeal cancer (NPC) samples and 10 normal samples,
GSES53819 included 18 NPC samples and 18 normal samples, and GSE102349 provided 113 NPC
samples with corresponding follow-up data. Principal Component Analysis (PCA) was conducted to
illustrate the differences between tumor and normal tissue samples (Fig. 1A). The genes DEGs were
identified separately in GSE12452 and GSE53819, yielding an intersection of 406 genes. These 406 DEGs
were then intersected with the 259 ferroptosis-related genes, leading to the identification of 8
differentially expressed ferroptosis-related genes (Fig. 1B). These genes were further visualized using a
Venn diagram (Fig. 1C) and a volcano plot (Fig. 1D).

2.2 Construction of a Prognostic Risk Model for
Ferroptosis-Related Genes in Nasopharyngeal Carcinoma
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To identify ferroptosis-related genes significantly associated with nasopharyngeal carcinoma (NPC)
prognosis, LASSO regression analysis was performed on the 8 identified ferroptosis genes (Fig. 2A). This
analysis identified four ferroptosis genes—EPAS1, GLS2, IL33, and TFRC—as significantly related to NPC
occurrence and progression. Subsequently, stepwise regression further refined the selection to three
ferroptosis-related genes (EPAS1, GLS2, and TFRC) for constructing a prognostic prediction model for
NPC. The calculation formula for the risk model is: risk value (RS) = GLS2 x 0.5850393 - EPAS1 x
0.5591266 + TFRC x 0.5143543 (Fig. 2B).

2.3 Validation of Ferroptosis-Related Genes and the
Prognostic Model in Nasopharyngeal Carcinoma

Patients were stratified into high- and low-risk groups based on their calculated risk scores. Analysis of
these groups revealed that the progression-free survival rate in the high-risk group was significantly
lower than that in the low-risk group (P < 0.01) (Fig. 2C). To further validate the prognostic model's
accuracy, ROC curves were generated using the R "survival ROC" package for 1-, 3-, and 5 year survival
predictions (Fig. 2D). The model demonstrated strong predictive ability, with AUCs of 0.81, 0.75, and 0.78
for 1-, 3-, and 5-year survival, respectively, confirming its capability in predicting NPC patient prognosis.

2.4 Relationship Between High- and Low-Risk Groups and
Immune Infiltration

Gene Set Enrichment Analysis (GSEA) revealed significant differences in the expression of most immune
cells between the high-risk and low-risk groups (Fig. 3A). These differences were also notably associated
with common immune functions (Fig. 3B) and variations in tumor stroma and immune scores (Fig. 3C).
Subsequently, Gene Set Variation Analysis (GSVA), utilizing the limma package, was performed to
investigate differences in signaling pathways (Fig. 4A) and variations in shear enrichment biological
processes between the two groups (Fig. 4B). These analyses suggested a relationship with
microsatellite instability pathways.

2.5 Risk factors affecting the prognosis of nasopharyngeal
cancer.

Univariate and multivariate regression analyses (Fig. 5A, Fig. 5B) revealed that only the risk coefficient
significantly influenced progression-free survival in patients with nasopharyngeal cancer. Additionally,
the univariate analysis identified Epstein-Barr virus type as being associated with progression-free
survival in these patients.

2.6 Risk coefficient and clinical correlation with
nasopharyngeal cancer.
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Non-parametric test results indicated that various types of EB virus infections and different tissue
morphology types in the high- and low-risk groups were significantly associated with the risk coefficient
(Fig. 5C, Fig. 5E, P < 0.05). Although the small number of stage | and Il cases precluded a calculation of
differences between these two groups, notable differences in risk coefficients were still observed
between the high- and low-risk groups in stages Ill and IV (Fig. 5D, P < 0.05).

2.7 Expression analysis of prognostic genes in cell lines

The expression of three prognostic genes was verified by RT-gPCR in NPC cell lines. The RT-qPCR results
for the three prognostic genes in NPC cell lines (C666-1, CNE-2, and CNE-1) and the human immortalized
nasopharyngeal epithelial cell line (NP69) were consistent with the previously observed expression
differences (Figs. 6A-C).

Protein expression levels of TFRC, EPAS1, and GLS2 were further validated by western blotting in cell
lines. Western blot confirmed that the protein level of EPAS1 was decreased in NPC cell lines (C666-1,
CNE-2, and CNE-1) compared with that in the human immortalized nasopharyngeal epithelial cell line
(NP69). Similarly, the protein levels of TFRC and GLS2 were also significantly decreased compared with
those in NP69 (Figs. 6D-F). Therefore, TFRC, EPAS1, and GLS2 not only possess prognostic value for
NPC patients but are also expected to become potential therapeutic targets for NPC in the future.

DISCUSSION

Recent studies indicate that ferroptosis can either inhibit or promote tumor progression by releasing
signaling molecules within the tumor microenvironment!28], Additionally, siderophils may influence tumor
progression through chemotaxis or interactions with immune cells, regulating anti-tumor immune
responses [29--33] Furthermore, certain genes implicated in Head and Neck Squamous Cell Carcinoma
(HNSCC) are involved in drug-induced ferroptosis. Recent research has identified ferritin-related genes
that are closely associated with the overall survival rate of HNSCC patients®4. However, the relationship
between these genes and the overall survival rate of nasopharyngeal cancer (NPC) patients remains
unclear. NPC is a malignant tumor highly prevalent in southern regions of my country. Although early-
stage NPC has a high cure rate, the survival rate for patients with intermediate and advanced tumors
remains low despite comprehensive treatment. Prognosis is influenced by factors such as the extent of
tumor infiltration, lymph node metastasis, distant metastasis, and treatment duration. Nevertheless, the
absence of effective biomarkers poses a significant challenge in the diagnosis and prognosis
assessment of early-stage NPC. Therefore, identifying reliable molecular markers for predicting
nasopharyngeal carcinoma prognosis, along with developing prognostic prediction biological models, is
crucial for guiding patient outcomes.

Ferroptosis is a newly identified form of programmed cell death, and its potential involvement in both
normal physiological processes and disease development, similar to apoptosis and autophagy, is an

active area of research. The crucial role of iron in tumor cell death has been extensively reported!35-36],
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Abnormal iron metabolism and accumulation in cells and mitochondria can accelerate tumor growth and
contribute to malignancy[37]. Significantly, even when tumor cells evade other forms of cell death, they
often remain sensitive to ferroptosis[38], offering a theoretical basis for its investigation in cancer39. our
study analyzed nasopharyngeal cancer and normal tissue samples from the GEO database, identifying
25 differentially expressed ferroptosis-related genes. Univariate regression analysis further revealed
three genes significantly associated with nasopharyngeal cancer survival: TFRC, GLS2, and EPAS1.
Among these, ferritin-related genes, exemplified by the transferrin receptor (TFRC), showed an
independent association with survival. The transferrin receptor (TFRC) is a crucial protein for iron
transport and metabolism in the body. Beyond its role in iron homeostasis, TFRC also mediates cell
growth, proliferation, and metabolism. Its overexpression has been shown to significantly diminish c-
Myc-induced tumor formation 01,

In contrast, mitochondrial glutaminase (GSL2), a downstream target of p53, is the key enzyme
converting glutamine to glutamate. GLS2 expression increases in a p53-dependent manner, particularly
following DNA damage or oxidative stress, due to p53 association with its promoter. Studies show that
GLS2 overexpression inhibits tumor cell growth and colony formation!*'. EPAS1 (Endothelial PAS
Domain Protein 1 (EPAS1) is a crucial transcription factor enabling cells to respond to hypoxia. While
predominantly expressed in umbilical vascular endothelial cells, EPAST mRNA expression notably
increases under intracellular hypoxic conditions. Tumor cells are highly responsive to hypoxia, and
research indicates EPAS1 enhances tumor vasculature by regulating downstream genes, thereby
accelerating cancer cell proliferation and inhibiting apoptosis!4243].

In light of these findings, we constructed a prognostic model using these ferroptosis-related genes. We
calculated a risk score (RS) and analyzed its relationship with survival outcomes in high- and low-risk
groups. To assess the model's accuracy and clinical relevance, ROC curves were generated for 1, 3, and
5 years, with AUC values used for evaluation. With all AUC values exceeding 70%, the results suggest
that this risk assessment model effectively predicts the prognosis of patients with nasopharyngeal
cancer.

Several factors, including age, tumor grade, and stage, influence the prognosis of patients with NPC.
Early studies identified the Epstein-Barr virus (EBV) in the serum of NPC patients. Later, PCR technology
detected the EBV genome directly in tumor cells, further solidifying its association with NPC. Recent
technological advancements have shown EBV to be present in nearly all non-keratinizing NPC tumor
cells, a unique finding as it is rarely detected in other head and neck tumors, thus confirming its distinct
correlation with NPC [44]. The expression of specific EBV genes may indicate recurrence in advanced
NPC, suggesting their potential as prognostic indicators for advanced cases*>4%l. Our univariate
analysis identified EBV subtypes (EB_type) and risk models. When all identified risk factors were
integrated into a multifactorial regression analysis, only the risk coefficient emerged as a significant
determinant of progression-free survival in NPC patients. Further non-parametric tests indicated that this
risk coefficient was associated with the tissue's EB type and correlated with clinical stage, thereby
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reaffirming the stability of our risk assessment model for NPC. We speculate that this model, based on
its determined AUC values, could offer clinicians a reliable prognostic assessment tool.

This study has certain limitations. The ferroptosis-related gene model, established using the GEO
database, requires further validation with regional clinical data. Future research will utilize a new dataset
for a more in-depth analysis to identify 'ferroptosis core genes' closely associated with NPC prognosis
and to explore their relationships with multiple signaling pathways.

In summary, this study constructed a novel prognostic model comprising three ferroptosis-related genes
independently associated with overall survival. This model offers insights into predicting NPC patient
prognosis and provides clinicians with a theoretical foundation for personalized treatment strategies.
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FIGURE 1 | (A) PCA analysis of nasopharyngeal carcinoma (NPC) and normal tissue. (B) Ferroptosis-related genes
and their expression in nasopharyngeal carcinoma from datasets GSE12452 and GSE53819. (C) Visualization of

differential genes using a Venn diagram. (D) Visualization of the volcano plot for differential genes.

Figure 1

See image above for figure legend.
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FIGURE 2 | (A) LASSO regression analysis of differential ferroptosis genes associated with nasopharyngeal cancer. (B)
Construction of a risk model based on the risk ratios of three ferroptosis-related genes. (C) Analysis of the relationship
between risk values and survival outcomes in high and low-risk groups. (D) Receiver Operating Characteristic (ROC)
curves for 1, 3, and 5 years.
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See image above for figure legend.

Page 16/20



Group BB nhigh B low

T ok ® = & L e e o

100 g

-4
L]

Estimated Proportion
L
e
.I
=
=
O
e
e o
=K
.
s
. .
M
T *
Ll T
—al—
o=
-
——ml .
= ==
a8 » -
Estimated Proportion
ts
e o

0.254 >

.

L]

L]
sa—f}— ¢

¢ &3 0% %3]
;; § h - < - g
Cell Type immun; related functions
C
Wilgpxon, p = 2.2e-0€ 40001 Wilcoxon, p = 1.8e-06
1000 1
° 3000 1
2 2
8 Group 8 Group
wn 4 [}
s w2 - o
-
_g - ' high £ 2000 - high
n E
-1000 1
1000 -
low high low high
Group Group

FIGURE 3 | (A) Differences in immune cell expression between high- and low-risk groups. (B)
Correlation of common immune functions between high- and low-risk groups. (C) Correlation
between tumor stromal score and immune score in high- and low-risk groups.
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The relationship between tissue morphology and the risk coefficient.
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