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Abstract: Background: Head and neck squamous cell carcinoma (HNSC), a prevalent malignant tumor with a low
survival rate, is often accompanied by ferroptosis, which is a recently-described type ofprogrammed cell death.
Investigating the significance of ferroptosis driver genes in HNSC, this study aimed to assess their diagnostic and
prognostic values, as well as their impact on treatment and tumor immune function. The results of this investigation
provide novel insight into using ferroptosis-related genes as molecular biomarkers as well as precise chemothera-
peutic targets for the therapy of HNSC. Methodology: A detailed in silico and in vitro experiment-based methodology
was adopted to achieve the goals. Results: A total of 233 ferroptosis driver genes were downloaded from the FerrDB
database. After comprehensively analyzing these 233 ferroptosis driver genes by various TCGA databases, RNA-
sequencing (RNA-seq), and Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)
techniques, TP53 (tumor protein 53), PTEN (Phosphatase and TENsin homolog deleted on chromosome 10), KRAS
(Ki-ras2 Kirsten rat sarcoma viral oncogene homolog), and HRAS (Harvey Rat sarcoma virus) were identified as dif-
ferentially expressed hub genes. Interestingly, these hub genes were found to have significant (P < 0.05) variations
in their mRNA and protein expressions and effects on overall survival of the HNSC patients. Moreover, targeted
bisulfite-sequencing (bisulfite-seq) analysis revealed that promoter hypomethylation pattern was associated with
up-regulation of hub genes (TP53, PTEN, KRAS, and HRAS). In addition to this, hub genes were involved in di-
verse oncogenic pathways. Conclusion: Since HNSC pathogenesis is a complex process, using ferroptosis driver hub
genes (TP53, PTEN, KRAS, and HRAS) as a diagnostic and prognostic tool, and therapeutically targeting those genes
through appropriate drugs could bring a milestone change in the drug discovery and management and survival in
HNSC.
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Introduction co and alcohol consumption [2]. In developed
countries, such as North America and Europe,
the incidence of HNSC has decreased over the

years, primarily due to a reduction in tobacco

Head and neck cancer (HNSC) is a group of dis-
eases that originate in different regions of the

head and neck, such as the mouth, nose,
throat, larynx, and salivary glands [1]. The inci-
dence of HNSC varies globally, with a higher
prevalence in developing countries, particularly
in South and Southeast Asia, due to high tobac-

use [3]. However, the prevalence of human pap-
illomavirus (HPV) associated with HNSC has
increased, particularly in young adults, which
underscores the importance of awareness, pre-
vention, and early detection [4].
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HNSC often presents with symptoms such as
neck lumps, persistent sore throat or hoarse-
ness, difficulty in swallowing or breathing, pain
or numbness around the mouth or neck, among
others [5]. These symptoms may vary depend-
ing on the location of the cancer, and early diag-
nosis is essential in improving treatment out-
comes. The prognosis for HNSC largely depends
on the stage of the disease at the time of diag-
nosis, with early-stage tumors being easier to
treat and having a better prognosis than late-
stage tumors [6].

Ferroptosis is a type of regulated cell death that
is characterized by the accumulation of iron
and lipid peroxidation [7]. It is a unique form
of cell death that occurs through oxidative
stress caused by the accumulation of reactive
oxygen species (ROS) [8]. While apoptosis and
necrosis are the two main types of cell death,
ferroptosis is distinct in its molecular mecha-
nism, morphology, and physiologic functions
[9]. Ferroptosis has been implicated in many
different diseases, including cancer, neurode-
generative disorders, and organ failure [10].
Additionally, manipulation of ferroptotic path-
ways has been shown to be an effective strat-
egy for cancer treatment since cancer cells
have elevated iron levels and are more suscep-
tible to ferroptosis induction [9].

In recent times, there has been an increased
focus on identifying biomarkers of ferroptosis
at multiple levels, including morphology, pro-
tein, gene, and biochemistry [11]. In this re-
gard, Lin et al. explored the possibility of the
SLE7A11 gene serving as biomarker for ferrop-
tosis in HNSC and colorectal cancer patients
[12]. Moreover, Lu et al. constructed a long
non-coding RNA signature-based panel to pre-
dict the prognosis of HNSC patients [13].
Nonetheless, detecting dependable ferropto-
sis-related molecular biomarkers in HNSC con-
tinues to be a challenge.

The focus of this report was on analyzing vari-
ous ferroptosis driver genes in HNSC patients
for developing reliable diagnostic and prognos-
tic models of some valuable genes. To achie-
ve this, we sourced data from FerrDB (http://
www.zhounan.org/ferrdb/current/) database
and conducted a series of in silico and in vitro
analyses to identify cutting-edge ferroptosis-
related important molecular markers in HNSC
patients. This study demonstrated that the
identified ferroptosis-related molecular bio-
markers were closely related to HNSC develop-
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ment and have effects on the prognosis of
HNSC patients.

Methodology

Data source, DEGs, PPI, module, and hub gene
analysis

A total of 233 ferroptosis driver genes were
downloaded from the FerrDB database. The
FerrDB is the first of its kind in the world that
focuses on ferroptosis regulators and ferropto-
sis-disease associations.

The STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) database is a valu-
able and comprehensive resource for research-
ers studying molecular interactions and func-
tional relationships. With data gathered from
hundreds of organisms and multiple sources
including experimental evidence, text-mining,
and computational predictions, STRING offers
a wealth of information on protein-protein inter-
actions (PPIs), as well as gene co-expression
and functional associations. The database
enables users to build interaction networks,
visualize data, and analyze results, helping to
streamline research and support discovery. A
PPl of the obtained 233 ferroptosis driver
genes was developed in order to get the depth
of closeness among genes through STRING
database [14]. The PPl was developed with
a confidence score of 0.700 as a threshold
value. For all other parameters, STRING data-
base was used with default setting.

The developed PPl was then retrieved from the
STRING database in gto.tsv format and shifted
to Cytoscape, version 3.8 [15] for the module
and hub gene analyses. Cytoscape software is
a bioinformatics tool that allows for the visual-
ization and analysis of complex networks with-
in biological systems. With the help of this tool,
researchers are able to create and edit com-
plex network diagrams, perform data integra-
tion, and carry out various computational anal-
yses. The MCODE [16] analysis of the retrieved
PPl was conducted with default setting for mod-
ule analysis. Then, Cytohubba [16] analysis
helped to determine hub genes based on the
degree scores.

Hub gene expressions in TCGA datasets

UALCAN (University of ALabama at Birmingham
CANcer) database is an interactive web portal
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that enables researchers to analyze and visual-
ize the gene expression data of various cancer
types from The Cancer Genome Atlas (TCGA)
dataset [17]. It allows users to investigate the
differential expression of genes across differ-
ent types of tumors. In the present study, the
MmRNA and protein expressions of the hub
genes in normal and HNSC samples were pre-
sented analyzed by UALCAN and presented in
the form of boxplots.

Clinical parameter analysis

The UALCAN tool enables clinical parameter-
specific expression analysis for numerous can-
cer tissues, with corresponding normal control
samples [17]. By utilizing the TCGA expression
module of UALCAN, correlations between hub
genes and varying clinical data were investigat-
ed in patients with HNSC.

Expression validation, prognostic, and meth-
ylation analyses

For validating hub gene expression on more
HNSC TCGA datasets, we next used TCGA
expression modules of the GEPIA [18], OncoDb
[19], and GENT2 [20] databases. These data-
bases are designed for storing cancer genomic
and transcriptomic data that can be accessed
through a web interface. These web sources
allow researchers to conduct data analysis
by integrating various data types. Moreover,
these databases help researchers conduct
hypothesis-driven research that can expedite
the process of cancer diagnosis and treatment.
Furthermore, to conduct a prognostic analysis,
we utilized the “survival module” of the GEPIA
database. For the analysis of methylation in the
hub genes present in samples of HNSC and
controls, we employed the “methylation mod-
ules” of MEXPRESS [21] and OcoDB [19].

Mutation status and effect of mutations on the
survival of HNSC patients

cBioPortal is a web-based platform that pro-
vides a comprehensive and easy-to-use inter-
face for exploring and visualizing cancer
genomic data [22]. Developed primarily for can-
cer researchers, cBioPortal enables them to
access a vast array of genomic data and relat-
ed clinical information, curated from various
sources, in a user-friendly and intuitive manner.
It allows researchers to browse through genetic
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alterations, analyze patient data, and compare
results across different datasets. In this study,
the mutational profiling of the hub genes and
determination of the possible impact of the
mutations on the survival of HNSC patients was
done with the help this database using all HNSC
TCGA datasets, available in this database.

Sub-cellular localization and protein expres-
sion validation

The Human Protein Atlas (HPA) database has
revolutionized the way scientists and resear-
chers approach the study of human proteins
[23]. The database contains a comprehensive
resource of information about protein expres-
sion across a wide range of tissues and cell
lines. Through these comprehensive data,
researchers can study the function of human
proteins and better understand how they inter-
act with each other. This information is essen-
tial for developing new drugs, diagnosing dis-
eases, and identifying potential therapeutic
targets. Sub-cellular localization and immuno-
histochemistry (IHC)-based protein expression
outcomes of the hub genes in HNSC and con-
trol samples were determined with the help of
HPA.

Development of a hub gene-based prognostic
model

The least absolute shrinkage and selection
operator (Lasso) and multivariate Cox propor-
tional hazard regression analysis were further
developed to construct a prediction model with
“survival” package in R language [24]. In this
analysis, TCGA-HNSC dataset was used a
training dataset while GSE75538, GSE65858,
and E_MTAB_8588 datasets were used as the
validation datasets. The formula of the prog-
nostic model of HNSC patients’ prognosis was
as follows: risk score = the sum of the multi-
variate Cox regression coefficient variation of
each mRNA.

Gene enrichment analysis

DAVID (Database for Annotation, Visualization
and Integrated Discovery) is a bioinformatics
tool that aids in the functional interpretation of
large, complex datasets generated from high-
throughput experimentations such as microar-
rays, proteomics, and genomics. It integrates
biological information from different sources
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and provides an intuitive interface for the dis-
covery and visualization of gene ontology, bio-
logical pathways, and functional enrichment
analysis. DAVID offers various analysis tools,
such as clustering, gene set enrichment analy-
sis, and functional annotation tools that enable
researchers to generate biologically meaning-
ful results from large heterogeneous datasets.
DAVID tool was used in this work to detect the
hub gene-enriched functional and pathway
terms.

Immune cells infiltration analysis

TIMER (Tumor Immune Estimation Resource)
database [25] provides a comprehensive re-
source for analyzing the immune infiltrates of
tumors. This database contains a vast amount
of transcriptomic data from over 10,000 tu-
mors across 32 cancer types. Through TIMER,
researchers can analyze the immune cells.
Overall, TIMER is an essential database for
researchers who are interested in understand-
ing the immunologic profile of tumors and its
potential impact on cancer progression and
treatment. This database was used in the pres-
ent work for investigating relationships among
infiltration levels of the immune cells (CD8+ T
cells, CD4+ T cells, and macrophages) and
expression levels of the hub genes in HNSC
patients.

MicroRNA (miRNA) network and drug predic-
tion analyses

To gain understanding about the miRNA net-
work of the hub genes, we employed the
ENCORI database to construct it [26]. In order
to utilize the hub genes as therapeutic targets,
we probed the DrugBank database for predict-
ing drug interactions with the hub genes [27].

RNA-seq and targeted bisulfite-seq analyses
based in vitro validation of the hub gene ex-
pression and methylation levels

A total of one HNSC cell line, including FaDu,
and one normal human oral keratinocyte (HOK)
cell line were purchased from the ATCC
(American Type Culture Collection). The pur-
chased cell lines were cultured in DMEM
(HyClone), supplemented with 10% fetal bovine
serum (FBS; TBD), 1% glutamine, and 1% peni-
cillin-streptomycin in 5% CO, at 37°C. Total RNA
extraction from all these three cell lines was
done using TRIzol® reagent method [28], and
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the RNA samples were sent to Beijing Genomics
Institute (BGI) company for RNA-sequencing
analysis.

RNA sequencing (RNA-seq) and targeted bisul-
fite sequencing (targeted bisulfite-seq) analy-
sis: RNA and DNA samples were sent to Bei-
jing Genomics Institute (BGI) company for RNA-
seq bisulfite-seq analysis. Following RNA-seq
and targeted bisulfite-seq analyses, the gene
expression values of the hub genes were nor-
malized using reads per kilo base million reads
(RPKM) and fragments per kilo base million
reads (FPKM). The methylation values were
normalized as beta values. The obtained FPKM,
and beta values against hub genes in HNSC
and normal control cell line were compared to
identify differences in the expression and
methylation levels.

RT-gPCR validation analysis

The specific protocols are as follows: First, the
PrimeScript™ RT reagent kit (Takara, Japan)
was used for reverse transcription of the
extracted RNA from HOK and FaDu cell lines
into complementary DNA. Then, the RT-qPCR
was carried out on an ABI ViiA 7 Real Time PCR
System (Thermo Fisher, USA) with a SuperReal
SYBR Green Premix Plus (Tiangen Biotech,
China) as a fluorescent dye. GAPDH was used
as the internal reference in the present study.
All the experiments were done in triplicate in-
dependently. All the primers of each hub gene
are shown as follows. The 222°t method was
employed to evaluate the relative expression of
each hub gene [29].

GAPDHF 5-ACCCACTCCTCCACCTTTGAC-3’, GA-
PDHR 5-CTGTTGCTGTAGCCAAATTCG-3' [30].

TP53F 5-CCCCTCCATCCTTTCTTCTC, TP53R
5'-ATGAGCCAGATCAGGGACTG-3’ [31].

PTENF 5-TGGCATACACCAAATATAAGAGC-3’, PT-
ENR 5-TCCCTTATCAGATACATGACTTTCA-3’ [32].

KRASF 5-CGATACACGTCTGCAGTCAAC-3’, KR-
ASR 5-ACCCTGACATACTCCCAAGGA-3’ [30].

HRASF 5-TCTAGAGGAAGCAGGAGACAGG-3’, HR-
ASR 5-CTTTTCCCATCACTGGGTCAT-3’ [33].

Statistics details for in silico analyses

For Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment
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analysis, we used Fisher’s Exact test for com-
puting statistical difference [34, 35]. Corre-
lational analyses were carried out using the
Pearson method. For comparisons, a student
t-test was adopted in the current study. All the
analyses were carried out in R version 3.6.3
software.

Results

Ferroptosis driver gene acquisition, PPl net-
work construction, module, and hub genes
discovery

In total 233 ferroptosis driver genes were
downloaded from the ferrDB database, which
underwent analysis using STRING to determine
their PPI. A total of 233 nodes and 1567 edges
were identified in the constructed PPl network
(Figure 1A). MCODE plugin was then applied on
this network to identify the top module. The
identified top module consisted of 27 nodes
(highlighted in yellow) (Figure 1B, 1C). Lastly,
Cytohubba analysis further revealed top four
hub genes in this module, namely TP53 (tumor
protein 53), PTEN (Phosphatase and TENSsin
homolog deleted on chromosome 10), KRAS
(Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog), and HRAS (Harvey Rat sarcoma
virus), based on their degree score method
(Figure 1D).

Expression paradigm of the hub genes in TCGA

The ULACAN database was utilized to evaluate
the expression profiles of key hub genes includ-
ing TP53, PTEN, KRAS, and HRAS in the HNSC
TCGA dataset. The findings showed that mRNA
and protein expression levels of these genes
were significantly higher (P < 0.05) in HNSC
samples compared to non-tumor tissue sam-
ples, as demonstrated in Figure 1E-G. Further
analysis using the UALCAN, also revealed that
TP53, PTEN, KRAS, and HRAS hub genes were
up-regulated in HNSC samples with various
clinical findings at both mRNA and protein lev-
els when compared to normal control samples
(Figures 2 and 3).

Expression verification and survival analysis

The expression profiles of key hub genes includ-
ing TP53, PTEN, KRAS, and HRAS were further
verified in additional GEPIA, OncoDB, and
MuTarget TCGA HNSC cohorts. Results of the
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verification analysis indicated significant up-
regulation of these genes in HNSC samples
compared to controls (Figure 4A-C). Addition-
ally, survival outcome analysis showed that the
up-regulation of TP53, PTEN, KRAS, and HRAS
key hub genes were linked to worse prognosis
in HNSC patients (Figure 4D). These findings
suggest that dysregulation of TP53, PTEN,
KRAS, and HRAS key hub genes may be a sig-
nificant factor for the development and progno-
sis of HNSC.

Sub-cellular localization and protein expres-
sion validation analysis

The HPA database analysis indicated that the
TP53 protein was predominantly located in the
nucleoplasm, vesicles, and cytosol, while the
PTEN protein was present in both the cytosol
and nucleoplasm. Moreover, the HRAS protein
was observed in the cytosol and focal adhesion
sites, with HRAS being identified in the cytosol
and nucleosome as well (Figure 5A). Figure 5B
shows the examination of TP53, PTEN, KRAS,
and HRAS genes using IHC-based expression
data from HPA. It was revealed that the protein
levels of TP53, PTEN, KRAS, and HRAS were
higher in HNSC tissues compared to normal
samples. Therefore, it can be concluded that
up-regulation of TP53, PTEN, KRAS, and HRAS
proteins occurred in HNSC relative to control
samples (Figure 5B).

Development of hub gene-based prognostic
model

In the TP53, PTEN, KRAS, and HRAS gene-
based prognostic model analysis, the TCGA-
HNSC dataset was used a training dataset
while GSE75538, GSE65858, and E_MTAB_
8588 datasets were used as validation datas-
ets. We constructed a stepwise Cox regression
model including the parameters of hazard ratio,
c-index, and risk score. The evaluation of the
predictive prognostic model using a c-index
revealed the efficacy and robustness of the
model for prediction of the prognosis of HNSC
patients (Figure 5C).

Genetic alterations and their effect on the sur-
vival of HNSC patients

Through analysis of key hub genes TP53, PTEN,
KRAS, and HRAS using the cBioPortal web-
source, it was found that mutations in the TP53

Am J Transl Res 2023;15(7):4829-4850



Ferroptosis driver gene signature

TCGA samples

carcinoma
CPTAC samples

Expression of HRAS in HNSC based on Sample types
Protein expression of HRAS in Head and neck squamous

S s e e R S s e e —
8 8 &8 &8 8 &8 ° T P R A
uoyiw sod ydjuosuesy BT

TCGA samples
CPTAC samples

carcinoma

Expression of KRAS in HNSC based on Sample types
Protein expression of KRAS in Head and neck squamous

Py g
w E .
= fa
Y g — ......................... _ LH
) » I
£ % i
a g
§ H
© .M -] F}
2 T £
2 i :: H
TE e
2 § =2 2
E4 oz b
= £°
g 5
£ - - §
3 3
s 5
2 x
2 ¥
g £
& H
| s e e — E —mr—T—T—7T—1
8 ¢ 8 R’ & =° o & = ©° T & @
oy sod 1dposues) onjen-z
[ 5
3 K]
:
i ;
S 2
g = g
g g 5

Norma
a9

Expression of TP53 in HNSC based on Sample types
Protein expression of TPS!_In Head and neck squamous

O DY 3 U
‘..@Aa.&%. N WA

Ve

F
.
E
1,
B
£
g
i G

il

(OSNH) ewouped
1122 Snowsenbs xo3u pue eay ul saub ndul 4o wianed uojssaidxy

Am J Transl Res 2023;15(7):4829-4850

4834



Ferroptosis driver gene signature

Figure 1. A PPl network of the ferroptosis driver genes, a significant module in the constructed PPl network, a PPl network of the identified hub genes, and mRNA and
protein expression profiling of hub genes. (A) A PPl network of the ferroptosis-related genes, (B, C) A PPl network of the most significant module, (D) A PPI network
of identified four hub genes, (E) A heatmap of TP53, PTEN, KRAS, and HRAS hub genes in HNSC sample group and normal control group, (F) Box plot presentation
of TP53, PTEN, KRAS, and HRAS hub genes mRNA expression in HNSC sample group and normal control group, (G) Box plot presentation of TP53, PTEN, KRAS,
and HRAS hub genes protein expression in HNSC sample group and normal control group. HNSC, Head and neck squamous cell carcinoma; TP53, tumor protein
53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma
virus; mRNA, messenger RNA.
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variables. HNSC, Head and neck squamous cell carcinoma; TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS,
Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus.
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Figure 3. Protein expression profiling of TP53, PTEN, KRAS, and HRAS in HNSC samples of different clinical variables relative to controls via UALCAN. (A) Protein
expression profiling of TP53 in HNSC samples of different clinical variables, (B) Protein expression profiling of PTEN in HNSC samples of different clinical variables,
(C) Protein expression profiling of KRAS in HNSC samples of different clinical variables, and (D) Protein expression profiling of HRAS in HNSC samples of different
clinical variables. HNSC, Head and neck squamous cell carcinoma; TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10;
KRAS, Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus.
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Figure 4. Expression validation and survival analysis of TP53, PTEN, KRAS, and HRAS. (A) Expression validation of TP53, PTEN, KRAS, and HRAS in HNSC and nor-
mal samples from GEPIA database, (B) Expression validation of TP53, PTEN, KRAS, and HRAS in HNSC and normal samples from OncoDB database, (C) Expression
validation of TP53, PTEN, KRAS, and HRAS in HNSC and normal samples via MuTarget database, and (D) Survival analysis of TP53, PTEN, KRAS, and HRAS in HNSC
and normal samples from the GEPIA database. HNSC, Head and neck squamous cell carcinoma; TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog
deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus.
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Figure 5. Subcellular localization and protein expression validation, construction of prognostic model, exploration of genetic alteration frequencies, 0S, and DFS
analyses of hub genes. (A) Subcellular localization prediction of TP53, PTEN, KRAS, and HRAS, and (B) Protein expression analysis of TP53, PTEN, KRAS, and HRAS
in HNSC and normal samples, (C) Univariate Cox regression analysis, c-index scores, and risk scores and (D) Types, frequencies, and location of the genetic altera-
tions, OS and DFS analysis of TP53, PTEN, KRAS, and HRAS in genetically altered and unaltered HNSC groups. HNSC, Head and neck squamous cell carcinoma;
TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS,
Harvey Rat sarcoma virus; OS, Overall Survival; DFS, Disease free survival.
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gene were present in 39% of HNSC samples.
Additionally, mutations in the PTEN, KRAS, and
HRAS genes were present in 5%, 1.7%, and 6%
of HNSC samples, respectively (Figure 5D). The
most common genetic variations observed in
TP53 and HRAS were missense mutations
(Figure 5D), while PTEN and KRAS were most
frequently affected by deep amplification and
deep deletion genetic variations, respectively.
Furthermore, examining the HNSC samples
that had genetic alterations in the TP53, PTEN,
KRAS, and HRAS hub genes versus those with-
out such alterations using OS and DFS analy-
ses revealed that the former exhibited poorer
OS and DFS outcomes compared to the latter
group (Figure 5D).

Methylome analysis of the TP53, PTEN, KRAS,
and HRAS

The methylation levels of TP53, PTEN, KRAS,
and HRAS genes, which are key hub genes in
HNSC tumorigenesis, were further examined
to delve deeper into their oncogenic roles.
MEXPRESS and OncoDB databases were uti-
lized for this purpose. It was observed through
MEXPRESS analysis in Figure 6A that HNSC
tissue samples had lower methylation levels of
these genes compared to normal tissue.
OncoDB analysis also confirmed this finding
and its results are illustrated in Figure 6B.

Gene enrichment analysis

Next, we performed GO and KEGG enrichment
analyses. Among GO terms, hub genes were
enriched in “Beta-catenin destruction complex,
Wnt signalosome, extrinsic component of plas-
ma membrane, and chromosomal region” etc.,
CC terms, “GMP binding, DNA-dependent pro-
tein kinase activity, Histone deacetylase regu-
lator activity, and LRR domain binding” etc., MF
terms, “Replicative senescence, determination
of adult lifespan, response to X-Ray, and multi-
cellular organism aging” etc., BP terms, and
“Endometrial cancer, thyroid cancer, bladder
cancer, and melanoma” etc., and KEGG terms
(Figure 7A-D).

Immune cell infiltration analysis

Across the HNSC TCGA cohort, the TIMER data-
base was used to evaluate correlations among
CD8+ T cells, CD4+ T cells, and macrophage
infiltration level and expression and expres-
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sions of the TP53, PTEN, KRAS, and HRAS hub
genes. According to the outcomes of the TIMER
analysis, higher expressions of TP53, PTEN,
KRAS, and HRAS were correlated with higher
levels of CD8+ T cells, CD4+ T cells, and macro-
phages (Figure 7E).

miRNA network of TP53, PTEN, KRAS, and
HRAS

We used ENCORI and Cytoscape to create miR-
NA-mRNA co-regulatory networks for TP53,
PTEN, KRAS, and HRAS. These networks con-
tained a total of 470 miRNAs and 4 mRNAs
(Figure 8). By analyzing the networks, we dis-
covered that the miRNA has-let-7a-5p targets
all of the hub genes simultaneously. Conse-
quently, we speculate that has-let-7a-5p,
together with TP53, PTEN, KRAS, and HRAS
(Figure 8), may play a significant role in induc-
ing HNSC.

Drug prediction analysis of the hub genes

Through the DrugBank database, we selected
a total of 12 drugs (Table 1) which may influ-
ence TP53, PTEN, KRAS, and HRAS hub gene
expression, including some well known drugs,
namely cisplatin, fluorouracil, and estradiol
(Table 1). The identified drugs in this work may
be utilized in the treatment of HNSC patients.

RNA-seq, RT-qPCR, and targeted bisulfite-seq
analyses-based validation of the hub gene ex-
pression and methylation levels

In the current study, using RNA-seq, RT-qPCR,
and targeted bisulfite-seq data of one HNSC
(FaDu) and one normal human oral keratino-
cyte (HOK) cell line, the expression and promot-
er methylation levels of identified four hub
genes were validated. As shown in Figure
9A, it was noted by RNA-seq analysis that the
TP53, PTEN, KRAS, and HRAS hub genes were
expressed in both HNSC and normal control
cell lines and FPKM values of the TP53, PTEN,
KRAS, and HRAS were higher in the HNSC cell
line (FaDu) as compared to normal cell line
(HOK) (Figure 9A).

To further validate the aforementioned bioinfor-
matic analysis, the mRNA expression levels of
these hub genes were obtained by the RT-gPCR
experiment in HNSC cell line (FaDu) pairs of
normal control cell line (HOK). As suggested in
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Figure 6. Methylation status exploration of TP53, PTEN, KRAS, and HRAS through MEXPRESS and OncoDB in HNSC and normal samples. (A) Methylation status
exploration of TP53, PTEN, KRAS, and HRAS through MEXPRESS, and (B) Methylation status exploration of TP53, PTEN, KRAS, and HRAS from OncoDB. HNSC,
Head and neck squamous cell carcinoma; TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat

sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus.
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Figure 7. Gene enrichment and immune cell infiltration analyses of TP53, PTEN, KRAS, and HRAS. (A) TP53, PTEN, KRAS, and HRAS associated CC terms, (B) TP53,
PTEN, KRAS, and HRAS associated MF terms, (C) TP53, PTEN, KRAS, and HRAS associated BP terms, (D) TP53, PTEN, KRAS, and HRAS associated KEGG terms,
and (E) Correlation of TP53, PTEN, KRAS, and HRAS hub genes expression with different immune cells (CD8+ T, CD4+ T, and Macrophages) infiltration level. TP53,
tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat sarcoma viral oncogene homolog; HRAS, Harvey
Rat sarcoma virus; CC, Cellular component; MF, Molecular function; BP, Biological processes; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 1. DrugBank-based hub gene-associated drugs

Sr. No Hub gene Drug name Effect Reference Group

1 TP53 Acetaminophen Decrease expression of TP53 mRNA A20420 Approved
Doxorubicin A22419

2 PTEN Estradiol Decrease expression of PTEN mRNA A21359 Approved
Cisplatin A22257
Fluorouracil A22637
Resveratrol A23878

3 KRAS Estradiol Decrease expression of KRAS mRNA A21098 Approved
Estradiol A21100
Methotrexate A23222

4 HRAS Cyclosporine Decrease expression of HRAS mRNA A20661 Approved
Decitabine A21197
Quercetin A23791

TP53, tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat sar-
coma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus; mRNA, Messenger RNA.

Figure 9B, there were notable differences
between FaDu cell line and HOK cell line in all
four hub genes, including TP53, PTEN, KRAS,
and HRAS (Figure 9B). Interestingly, all these
genes had up-regulation in HNSC cell line rela-
tive to normal control cell line (HOK) (Figure 9B)
as previously predicted by TCGA datasets and
analyzed by RNA-seq technique Moreover, the
obtained beta values of the TP53, PTEN, KRAS,
and HRAS via targeted bisulfite-seq analysis
were lower in the HNSC cell line (FaDu) as com-
pared to the normal cell line (HOK) (Figure 9C).

RT-gPCR validation analysis of TP53, PTEN,
KRAS, and HRAS

To further validate the aforementioned bioinfor-
matic analysis, the mRNA expression levels of
these hub genes (TP53, PTEN, KRAS, and
HRAS) were obtained by the RT-qPCR experi-
ment in HNSC cell line (FaDu) pairs of normal
control cell line (HOK). As suggested in Figure
9, there were differences between FaDu cell
line and HOK cell line in all four hub genes,
including TP53, PTEN, KRAS, and HRAS (Figure
9). Interestingly, all these genes had up-regula-
tion in the HNSC cell line relative to normal
control cell line (HOK) (Figure 9) as previously
predicted by TCGA datasets and analyzed by
RNA-seq technique.

Discussion
Given the rising incidence of HNSC globally,

there is a need for reliable molecular biomark-
ers, since HNSC is a heterogeneous disease
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[36]. Ferroptosis, a novel form of programmed
cell death, plays a multifaceted role in tumor
development [37]. However, research on fer-
roptosis in HNSC is currently limited [38].
Accordingly, exploring ferroptosis influencer
genes linked to HNSC progression and progno-
sis is both critical and compelling. Focusing on
233 ferroptosis driver genes, an exploration of
HNSC-associated hub genes was carried out in
this study using a range of in vitro and in vivo
methods. As a result, it was found that TP53,
PTEN, KRAS, and HRAS were up-regulated hub
genes, serving as possible diagnostic and prog-
nostic biomarkers for HNSC patients. Genetic
mutations and promoter hypomethylation were
also examined as causative factors behind the
up-regulation of these genes in HNSC.

TP53 is a tumor suppressor gene that is fre-
quently mutated in various types of cancer
[39]. Its primary function is to maintain genom-
ic stability and prevent the formation of cancer-
ous cells by inducing cell cycle arrest, DNA
repair, or apoptosis (programmed cell death) in
response to DNA damage or other stresses
[40]. Recent studies suggest that TP53 may
also play a role in regulating ferroptosis, a form
of regulated cell death triggered by iron-depen-
dent lipid peroxidation [41]. Ferroptosis is a
novel mechanism of cell death that has been
implicated in various physiological and patho-
logical conditions, including cancer [42]. In can-
cer cells, the dysregulation of iron metabolism
and lipid peroxidation can promote tumor
growth and metastasis by suppressing ferrop-

Am J Transl Res 2023;15(7):4829-4850
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Figure 9. Validating TP53, PTEN, KRAS, and HRAS expressions and promoter methylation levels using HNSC (FaDu),
and the normal control cell line (HOK) through RNA-seq and targeted bisulfite-seq analysis. (A) RNA-seq based ex-
pression validation of TP53, PTEN, KRAS, and HRAS, (B) RT-gPCR based expression validation of TP53, PTEN, KRAS,
and HRAS and (C) Beta values based promoter methylation based validation of TP53, PTEN, KRAS, and HRAS. TP53,
tumor protein 53; PTEN, Phosphatase and TENsin homolog deleted on chromosome 10; KRAS, Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog; HRAS, Harvey Rat sarcoma virus; RNA-seq, RNA-sequencing; RT-qPCR, Reverse
Transcription Quantitative Real-Time Polymerase Chain Reaction; bisulfite-seq, bisulfite-sequencing.

tosis [43]. Several studies have shown that
TP53 mutations and dysregulation can affect
the sensitivity of cancer cells to ferroptosis-
inducing agents, either by impairing the expres-
sion or activity of ferroptosis regulators, such
as p21, SLC7A11, or GPX4 or by promoting the
up-regulation of anti-ferroptotic genes, such as
BCL-xL or MDM2 [44, 45]. TP53 up-regulation
has been found to resist ferroptosis in various
cancer types including, colorectal cancer, non-
small cell lung cancer, pancreatic cancet,
breast cancer, ovarian cancer, and glioblasto-
ma [9, 46].

PTEN gene, which stands for phosphatase and
TENsin homolog deleted on chromosome 10, is
a tumor suppressor gene that plays a critical
role in the control of cell growth, proliferation,
and survival [47]. Recent research has shown
that PTEN plays a key role in regulating the
sensitivity of cancer cells to ferroptosis [48].
According to earlier research, it was observed
that cancer cells with loss of PTEN function are
resistant to ferroptosis, and that PTEN is
required for the activation of ferroptosis in
response to certain drugs and other stressors
[49]. In addition, PTEN has been shown to regu-
late the expression of various genes involved in
ferroptosis, including those involved in lipid
metabolism, iron handling, and redox regula-
tion [50]. The identification of PTEN as a ferrop-
tosis-resistant biomarker in cancer holds sig-
nificant implications for the development of
new cancer treatments [50]. Targeting the
PTEN pathway may enhance the efficacy of fer-
roptosis-inducing agents in the treatment of
cancer [49]. This approach may also provide a
means to overcome resistance to other forms
of cell death, such as apoptosis and necropto-
sis. PTEN dysregulation is related to ferroptosis
resistance in various cancers, including pros-
tate cancer, glioblastoma, hepatocellular carci-
noma, melanoma, pancreatic cancer, and lung
cancer [51, 52].

The KRAS gene plays a crucial role in regulating
cell growth and division [53]. It instructs the
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body to produce a protein that is involved in
transmitting signals within cells, which are
essential for cell division [53]. The KRAS gene
has been identified as a ferroptosis-resistant
biomarker in cancer [54]. This gene is frequent-
ly mutated and dysregulated in cancer, and
recent studies have shown that it can facilitate
ferroptosis resistance by promoting lipid bio-
synthesis and antioxidant response [55, 56].
Targeting KRAS-induced ferroptosis resistance
may be a viable strategy for cancer therapy
[55]. KRAS dysregulation has been associated
with ferroptosis resistance in several types of
cancer, including lung cancer, pancreatic can-
cer, colorectal cancer, and ovarian cancer [57,
58]. Overall, less research has been done so
far on exploring ferroptosis resistant role of
HRAS in human cancers.

HRAS encodes a small GTPase that belongs to
the Ras oncogene family [59]. HRAS is fre-
quently mutated and dysregulated in human
cancers, particularly in HNSC cell carcinoma,
bladder cancer, and melanoma [60]. Recent
studies have shown that HRAS mutations or
overexpression induce ferroptosis resistance in
cancer cells [61, 62]. HRAS-mediated ferropto-
sis is dependent on the production of reactive
oxygen species (ROS) and the modulation of
glutathione peroxidase 4 (GPX4) activity [8].
Moreover, transcriptomic analysis has demon-
strated that HRAS expression is positively
associated with ferroptosis-related genes, such
as ACSL4, SLC7A11, and DPP4 [63]. In addi-
tion, HRAS expression correlates with low lev-
els of antioxidants and high levels of lipid per-
oxidation products, which are hallmarks of fer-
roptosis [64]. These findings suggest that HRAS
might serve as a useful biomarker for ferropto-
sis in cancer.

Numerous research studies have recently
asserted that immune cell infiltration may
greatly hasten the progression of cancer [65].
For instance, according to Hu et al, an
increased expression of the OGN gene can
stimulate infiltration of CD8+ T immune cells,
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resulting in the inhibition of blood vessel forma-
tion in cases of colon cancer [66]. With this
critical information in mind, we examined the
connections between hub genes and signifi-
cant immune cell infiltrates. Notably, greater
expressions of TP53, PTEN, KRAS, and HRAS
showed a positive correlation with the pres-
ence of CD8+ T cells, CD4+ T cells, and macro-
phages in HNSC samples. This suggests that
these genes may play a role in regulating HNSC
on an immunological level. KEGG analysis
results further support this hypothesis: TP53,
PTEN, KRAS, and HRAS hub genes were
enriched in the “Endometrial cancer, thyroid
cancer, bladder cancer, and melanoma” etc.,
pathways. However, still there is a need to con-
duct more experiments for validating hub gene
associations with immune infiltration in HNSC.

The expression of TP53, PTEN, KRAS, and
HRAS hub genes in HNSC patients were simul-
taneously regulated by hsa-let-7a-5p miRNA, as
identified by our study. Prior research reported
dysregulation of hsa-let-7a-5p in various can-
cers such as breast cancer, bladder cancer,
glioblastoma, and lung cancer hsa-let-7a-5p
[67-69]. However, any tumor suppressor or
tumor-causing role of hsa-let-7a-5p in HNSC
has not yet bee reported. Therefore, explora-
tion of the hsa-let-7a-5p oncogenic role in HNSC
development with further biologic experiments
will be highly valuable.

Conclusion

The current research disclosed a significant
module and subsequently denoted crucial fer-
roptosis driver hub genes (TP53, PTEN, KRAS,
and HRAS) as valuable diagnostic and pro
gnostic biomarkers for HNSC patients. Bio-
informatics, RNA-seq, and targeted bisulfite-
seq based expression, methylation survival,
and clinical variable analyses showed that
TP53, PTEN, KRAS, and HRAS hub genes were
significantly overexpressed and correlated to
the poor survival of HNSC. Further investigation
is necessary to fully elucidate the role of these
hub genes in the development of HNSC.
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