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Head and Neck Squamous Cell Carcinoma (HNSCC) is a complex malignancy distinguished by poor prognosis and
limited therapeutic options. Emerging evidence suggests that ferroptosis, a form of regulated cell death Persistent by iron-
dependent lipid peroxidation, is a cornerstone in cancer biology. This exploration focuses on SLC3A2, a gene implicated in
amino acid transport, as a potential regulator of ferroptosis in HNSCC. A bioinformatics approach was employed to
investigate the role of SLC3A2 in HNSCC. Pan-cancer analysis was conducted using TIMER 2.0 to assess SLC3A2
expression across various cancer types. Prognostic gene expression analysis comparing normal and primary tumor tissues
was performed using the UALCAN database. Genetic mutation analysis of SLC3A2 was examined in HNSCC patients.
Protein-protein interaction (PPI) networks were erected using the STRING database and visualized with Cytoscape
software. Functional annotation and pathway analysis were conducted using the KEGG database to elucidate the biological
pathways linked with SLC3A2. SLC3A2 was determined to be markedly overexpressed in HNSCC compared to other
cancer types. High SLC3A2 expression correlated with poor overall survival in HNSCC patients, indicating its potential as a
prognostic biomarker. Mutation analysis revealed frequent genetic alterations in SLC3A2 in HNSCC. PPI network analysis
identified key interacting proteins, highlighting SLC3A2central role in the network. Functional annotation and KEGG
pathway analysis implicated SLC3A2 in ferroptosis regulation and other critical cancer-related pathways. Our
bioinformatics analysis suggests that SLC3A2 is a key regulator of ferroptosis in HNSCC, with significant implications for
prognosis and therapeutic targeting.
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infection. Despite advancements in
modalities, head and neck cancer remains

treatment

a recurring and formidable malignancy originating
from the epithelial cells lining the mucosal surfaces of
the head and neck region. Despite the strides made in
diagnostic techniques and treatment modalities, the
prognosis for patients with HNSCC remains poor,
with a five-year survival rate of approximately 50%'.
According to GLOBOCAN 2020, India is projected to
see 2.1 million new cancer cases by 2040, marking a
57.5% increase from the figures reported in 2020. In
India, the risk of developing head and neck cancer
(HNC) is significant, with 1 in 33 males and 1 in 107
females affected. Among the various types of HNC,
mouth and tongue cancers are particularly common in
both genders across the country™. These cancers are
mainly squamous cell carcinomas and are strongly
linked to risk factors including tobacco use, alcohol
consumption, and human papillomavirus (HPV)
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significant health burden due to its high morbidity and
mortality rates™. This dismal outcome is often
attributed to late-stage diagnosis, high recurrence
rates, and the development of resistance to
conventional therapies. Thus, it is crucial to discover
new therapeutic targets and create more effective
treatment strategies for HNSCC®.

Recent research has underscored the potential role
of ferroptosis, a regulated form of cell death induced
by iron-dependent lipid peroxidation, in cancer
therapy. Unlike apoptosis, necrosis, and autophagy,
ferroptosis is characterized by the accumulation of
lethal lipid reactive oxygen species (ROS) and is
modulated by distinct genetic and biochemical
pathways™®. Key regulators of ferroptosis include
glutathione peroxidase 4 (GPX4), which suppresses
ferroptosis by decreasing lipid hydroperoxides, and
system Xc-, a cystine/glutamate antiporter that
supplies cystine for glutathione synthesis’. Targeting
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these regulators to induce ferroptosis has become a
potential strategy for overcoming therapy resistance
in various cancers, including HNSCC.

solute carrier family 3-member 2 (SLC3A2), also
known as 4F2 heavy chain (4F2hc) or CD98, is a vital
component of the heteromeric amino acid transporters
(HATs) family. This protein is essential for the
transport of neutral and basic amino acids across the
plasma membrane. SLC3A2 is a type Il membrane
glycoprotein with a large extracellular domain'®'".
The extracellular domain of SLC3A2 is characterized
by a series of conserved cysteine residues, which are
crucial for forming disulfide bonds and maintaining
the protein's structural integrity'®. This domain also
interacts with the light chains of the HAT family,
such as LAT1 (SLC7AS5) and LAT2 (SLC7AS),
facilitating the formation of functional amino acid
transport systems'>'*. The interaction between the
heavy and light chains is mediated through a non-
covalent bond, which is essential for the proper
localization and function of the transporters on the
plasma membrane'*. Moreover, previous study
reported as SLC3A2 is over expressed in various
cancer types, such as osteosarcoma'’, and renal cell
carcinoma'®, Lung cancer'.

In this investigation, we conducted a
comprehensive analysis of SLC3A2 in HNSCC using
various bioinformatics tools and databases. These
tools were chosen based on their reliability,
reproducibility, and ability to provide accurate data
interpretation, related with our study objectives of
uncovering the role of SLC3A2 in disease progression
and identifying potential therapeutic targets. We
investigated the expression levels of SLC3A2 in
normal versus primary tumor tissues, analyzed
mutation frequencies, and assessed protein expression
differences across different stages of metastasis.
Additionally, we evaluated the impact of SLC3A2
expression on overall survival in HNSCC patients.

Material and Methods

Analysis of SLC3A2 expression in pan-cancer cohorts
Pan-cancer data were procured from the TIMER
2.0 (http://timer.cistrome.org/), focusing on the
expression levels of the SLC3A2 gene across various
cancer types. TIMER 2.0 provides comprehensive
data on gene expression, immune infiltration, and
clinical outcomes across multiple cancer datasets'®.
For this study, the SLC3A2 gene expression levels
were retrieved and presented as log2 Transcripts Per
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Million (TPM). This normalization method ensures
comparability across samples by accounting for
sequencing depth and gene length. The data were
processed and visualized using built-in analytical
tools in TIMER 2.0, providing insights into the
differential expression of SLC3A2 across different
cancer types. This approach facilitated a robust and
standardized comparison of SLC3A2 expression,
highlighting its potential role in cancer biology.

Prognostic characteristics of SLC3A2

To evaluate the prognostic significance of SLC3A2,
we analyzed its mRNA expression levels and metastatic
potential in HNSCC using data retrieved from the
UALCAN database (http://ualcan.path.uab.edu/)"*?,
which was chosen for its user-friendly interface and
comprehensive clinical data, enabling easy access
to gene expression and survival analysis in a
various cancer. Additionally, overall survival analysis

was conducted using the GEPIA  database
(http://gepia.cancer-pku.cn/)*'.
SLC3A2 gene mutation analysis
The cBio Cancer Genomics Portal

(http://cbioportal.org) was utilized its in-depth analysis
of genomic alterations and co-expression networks,
supporting the exploration of genetic variations
associated with cancer progression. In this study, we
obtain data on the mutation and expression profiles of
SLC3A2 in Head and Neck cancer samples from TCGA
datasets. This platform offers a comprehensive analysis
of genetic alterations, including the identification of

mutations, amplifications, and deletions™*.

PPI network interaction

Protein-protein interaction (PPI) network networks
were constructed to wunderstand the functional
associations among the identified genes. Here we
determine the functional network for SLC3A2 using
the STRING database, an online tool (https://string-
db.org/)**. Interactions with a combined score
exceeding 0.08 were deemed significant, reflecting
the reliability of the protein connections. The
visualizing and analyzing the PPI network due to its
powerful network analysis plugins and user-friendly
interfaceusing Cytoscape software (version 3.5.1;
http://www.cytoscape.org)”. In the network, edge
widths were proportional to the combined score,
representing the strength of interactions. Hub genes,
defined as nodes with a degree greater than 10, were
identified as central elements in the network.
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Furthermore, highly interconnected gene clusters,
indicative of functional units or pathways, were
identified using the cytoHubba plugin in Cytoscape.

Enrichment analysis and Kyoto encyclopedia of SLC3A2 and
genomes pathways

Gene ontology (GO) and The Kyoto encyclopedia
of genes and genomes (KEGG) pathways were of hub
genes was obtained from Shiny Go 0.80 database
(http://bioinformatics.sdstate.edu/go/)**. High-level
biological functions and pathways were predicted for
targeted genes.

Statistical analysis

Gene expression analysis across the whole cancer
model was performed using the Wilcoxon test to
evaluate statistical significance. To perform a
comparison between normal and tumor tissues in the
TCGA dataset, the paired Student's r-test was
employed. Additionally, the log-rank test was used
to determine p-values for mRNA expression
analysis and to generate Kaplan-Meier plots for
evaluating overall survival. Statistical significance for
group comparisons was defined as ***P< 0.001 and
*xxEP<0.0001.

Results

Pan cancer analysis of SLC3A2

The pan-cancer analysis of SLC3A2 expression
revealed a significant variation in expression levels
across different cancer types. Notably, SLC3A2 was
expressed at particularly high levels in Head and
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Neck Squamous Cell Carcinoma (HNSCC) (Fig. 1).
The log2 Transcripts Per Million (TPM) values
indicated that SLC3A2 expression in HNSCC was
substantially higher compared to other cancer types
analyzed. This elevated expression indicates a
potential function of SLC3A2 in the pathogenesis of
HNSCC. Moreover, Overexpression of SLC3A2 is
HNSCC tumor rather than HNSCC normal.

Prognostic makers of SLC3A2

To analyze the mRNA expression levels of
SLC3A2 in normal versus HNSCC cancer patients,
we conducted a comparative analysis, presented in
(Fig. 2A). The results showed notable differences in
SLC3A2 expression between healthy individuals and
HNSCC patients. Additionally, we evaluated SLC3A2
expression across different stages of nodal metastasis
in HNSCC patients, as depicted in (Fig. 2B). The
findings revealed that SLC3A2 expression increases
with advancing nodal stages, underscoring its crucial
influence in the metastasis and progression of
HNSCC. Elevated SLC3A2 expression was linked to
a more aggressive disease course and poorer
prognosis for patients. SLC3A2 overexpression was
linked to tumor progression and reduced survival.
SLC2A3 expression showed significant variation
across nodal stages (P< 0.0001, P< 0.001).
Specifically, overexpression of SLC3A2 was
associated with altered metabolic processes in cancer
cells, enabling evasion of cell death and promoting
tumor invasion and metastatic spread’’. This
dysregulation correlated with reduced survival rates
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Fig. 1 — Pan-cancer analysis of SLC3A2 expression was conducted using data from the TCGA database, with expression levels presented
in TPM. Blue bars represent normal samples, while red bars indicate tumor samples. Red box highlighted represents HNSCC. SLC3A2;
TCGA, The Cancer Genome Atlas; TPM, Transcripts Per Million; The statistical significance computed by the Wilcoxon test is annotated

(*: P-value < 0.05; **: P-value <0.01; ***: P-value <0.001)
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Fig. 2 — Expression status of SLC2A3 in Head and Neck cancer. (A) mRNA expression of SLC2A3 in Head and neck cancer were
retrieved from TCGA samples using UALCAN database for normal (n=44; blue colour) and primary tumor (n=520; red colour);
(B) nodal metastasis property (normal, n=44; NO, n=176; N1, n=67; N2, n=12; N3, n=8) for SLC2A3 was visualized. The
cREE*P< (0.0001 and “***°P< 0.001 denotes the statistical significance were determine by student t test; and (C) The overall survival
rate of SLC2A3 (HR=1.4, p=0.024) in HNSCC was depicted using the Kaplan-Meier method in the KM plot. The colour blue represents
low expression, whereas red represents great expression. The overall survival (OS) curve was validated based on probability (%)

and time (months)

among HNSCC patients, as shown in (Fig. 2C). These
findings imply that SLC3A2 could be a useful
prognostic indicator and a possible target for
treatment in the treatment of HNSCC.Kaplan—Meier
analysis revealed high SLC2A3 expression was
associated with lower survival (HR = 1.4, p = 0.024).

Mutation analysis

Figure 3 depicts the frequencies and types of
genetic mutations observed in the SLC3A2 gene
across head and neck cancer samples. The analysis
showed that approximately 5.3% of the samples
exhibited mutations. Mutation plots of the SLC3A2
gene in these cancers, based on data from The Cancer
Genome Atlas (TCGA), revealed a mutation rate
exceeding 1.8% in patient samples, with missense
mutations being the predominant type.

PPI network interaction

The protein-protein interaction (PPI) network analysis
of SLC3A2 revealed a complex interaction map
involving multiple members of the solute carrier
(SLC) family. Using the STRING database, we
identified 11 nodes and 45 edges forming a tightly
connected network (Fig. 4A). The SLC family
members identified in this network include SLC3A2,
SLC7A8, SLC7A7, SLC7A6, SLC7AS5, SLC43Al,
SLC7A11, SLC7A10, BSG, LCN2 and SLC7A9.
These interactions suggest a coordinated role in amino
acid transport and cellular metabolism. Moreover, we
employed the cytohubba plugin in Cytoscape to
identify the top 5 hub genes within this network. The
hub genes, based on their degree of connectivity, are
SLC3A2, SLC7A8, SLC7A7, SLC7A6, and SLC7AS

SLC7TA8 1% “““u
SLC7A7  0.8% “““ N

SLC7A6 0.6%

SLC7A5  1.1% |

SLC3A2 1.8%

Genetic Alteration

# Missense Mutation (unknown significance) Splice Mutation (unknown significance)

¥ Truncating Mutation (unknown significance) | structural Variant (unknown significance)

I Amplification l Deep Deletion No alterations

Fig. 3 — Hub gene SLC3A2 gene mutation frequencies in
HNSCC-TCGA datasets obtained from the cBioPortal database.
Gene amplifications are shown by the red bar, deep deletion by
the blue bar, missense mutations by the green bar, and truncating
mutations by the grey bar

(Fig. 4B). These genes demonstrate high interaction
scores, indicating their central role in the network and
potential importance in regulating key biological
processes.

Functional annotation of SLC3A2

In this study, we observe the biological processes
of hub genes retrieved from cytoscape. In Figure 5,
revealed that SLC3A2 and their hug genes are mostly
involved in the ferroptosis, protein digestion and
absorption, Central carbon metabolisms in cancer,
mTOR signalling pathway, and IL-17 Signalling
pathway are predicated by the fold enrichment.

Kyoto encyclopedia of SLC3A2

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis for SLC3A2 elucidates its
involvement in several criticalbiological processes
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Fig. 4 — SLC3A2 interacts with hub genes in HNSCC. (A) Using the STRING web server and Cytoscape, the protein-protein interaction
(PPI) network was visualized, displaying 11 nodes and 45 edges, with high nodal strength;and (B) The cytoHubba plugin was used to
identify the top 5 hub genes based on their rank (1), resulting in a network of 5 nodes and 10 edges
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Fig. 5 — The functional annotation (GO) were visualized in
bubble chart (BP) according to their fold enrichment. GO — Gene
Ontology; BP, Biological Processes

and pathways, with a primary focus on the role of the
SLC3A2 gene in ferroptosis. In Figure 6, we observe
that the SLC3A2 gene inhibits the ferroptosis pathway
via GPX4-mediated hydroperoxides reduction.

Discussion

In this study, we employed a range of
bioinformatics approaches to elucidate the role of
SLC3A2 as a key regulator of ferroptosis in head and
neck squamous cell carcinoma (HNSCC). Through
anextensive analysis encompassing pan-cancer
expression data, tumor stage-specific expression
patterns, mutation analysis, protein-protein interaction
(PPI) network construction, and functional annotation,
we have provided significant insights into the
potential of SLC3A2 as a therapeutic target in
HNSCC.

Our pan-cancer analysis revealed that SLC3A2 is
ubiquitously expressed across various cancer types,
with notably high expression in HNSCC. This
widespread expression conveys that SLC3A2 Might
act as a fundamental role in cancer biology. However,
the particularly elevated levels in HNSCC highlight

its potential as a specific marker for this cancer type.
The differential expression patterns observed between
normal and primary tumor tissues further underscore
the involvement of SLC3A2 in tumorigenesis. Our
analysis of SLC3A2 expression in normal versus
primary tumor tissues of HNSCC patients
demonstrated a significant upregulation in tumor
tissues. This upregulation is indicative of the gene's
role in tumor development and progression. The
overexpression of SLC3A2 in tumor tissues may
enhance amino acid transport, supporting the
increased metabolic demands of rapidly proliferating
cancer cells. Moreover, the high expression levels of
SLC3A2 could be associated with the suppression of
ferroptosis, thereby promoting tumor cell survival.
Moreover, we further analysis the SLC3A2
expression across different pattern, with the highest
expression observed in advanced metastatic stages.
This indicates that SLC3A2 may have a pivotal
function not only in primary tumor growth but also in
the metastatic spread of HNSCC. The increased
expression of SLC3A2 in metastatic stages may
facilitate enhanced nutrient uptake and metabolic
adaptability, which are essential for the survival and
proliferation of metastatic cancer cells in new
microenvironments. Additionally, the regulation of
ferroptosis by SLC3A2 in metastatic cells could
influence oxidative stress-induced cell death, further
promoting the metastatic process.

Our mutation analysis revealed that 1.8% of
HNSCC patients exhibit missense mutations in the
SLC3A2 gene. While this mutation rate is relatively
low, the presence of such mutations could have
significant functional implications. Previously,
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Fig. 6 — KEGG flowchart (https://www.kegg.jp/kegg/keggl.html) for ferroptosis (Pathway ID: hsa04216)

Desai et al. identified a missense mutation in the
novel gene IRAKI1 in Indian HNSCC patient
samples™. Moreover, the well-known P53 mutation in
cancer is also a missense mutation”. Similarly, our
bioinformatics data indicate that missense mutations
in SLC3A2 may alter its transporter activity,
interaction with binding partners, or regulatory
mechanisms, potentially impacting its role in
ferroptosis and cancer progression. Additional
analysis is needed to elucidate the specific effects of
these mutations on SLC3A2 function and their
contribution to HNSCC pathology.

Using the STRING database, we predicted the
protein-protein  interaction (PPI) network for
SLC3A2, identifying 11 nodes and 45 edges. This
network imparts noteworthy understanding of
functional interactions and pathways in which
SLC3A2 is involved. The PPI network underscores
the central role of SLC3A2 in a complex web of
interactions that regulate various cellular processes,
including amino acid transport, cell proliferation, and
survival.To refine our analysis, we input the PPI
network data into Cytoscape and identified the top
five interacting genes based on rank, betweenness,
and other network metrics. These top five genes—
identified as key nodes in the network—are likely
critical regulators that interact closely with SLC3A2
and may play significant roles in modulating
ferroptosis.

Functional annotation of the top interacting genes
revealed their involvement in various biological
processes and pathways, with a prominent emphasis
on the ferroptosis signalling pathway. This finding is
particularly noteworthy, as it provides a mechanistic
link between SLC3A2 and ferroptosis regulation in
HNSCC. The identified genes include key regulators
of lipid peroxidation, iron metabolism, and
antioxidant defenses, all of which are critical
components of the ferroptosis pathway.Our KEGG
pathway analysis highlighted the interaction between
SLC3A2 and GPX4, a well-known inhibitor of
ferroptosis through the sequence signalling. SLC3A2,
also known as CD98 or 4F2hc, is a key player in
amino acid transport across the plasma membrane.
This protein, in association with various light chain
subunits, facilitates the exchange of extracellular
cystine with intracellular glutamate®®. Cystine is the
oxidized dimeric form of cysteine, an amino acid
essential for the synthesis of GSH. Upon entering the
cell, cystine is hastily reduced to cysteine, which then
serves as a precursor for GSH synthesis®'. The first
step in GSH synthesis is catalyzed by gamma-
glutamylcysteine synthetase (GCL), also known as
glutamate-cysteine ligase. This enzyme catalyzes the
condensation of cysteine with glutamate to form
gamma-glutamylcysteine. This reaction is the rate-
limiting step in GSH synthesis and is tightly regulated
by cellular conditions, such as oxidative stress. In the
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second step, gamma-glutamylcysteine is combined
with glycine by the enzyme glutathione synthetase
(GSS) to form GSH*. GSH is a tripeptide composed
of glutamate, cysteine, and glycine, and it consider as
a major antioxidant in cells by neutralizing reactive
oxygen species (ROS) and maintaining redox balance.
Glutathione is essential for safeguarding cells against
oxidative damage, primarily through its involvement
with glutathione peroxidase 4 (GPX4)”. GPX4 is a
unique enzyme that reduces lipid hydroperoxides to
their corresponding alcohols, thereby preventing the
propagation of lipid peroxidation and subsequent cell
death. GPX4 reduces lipid hydroperoxides (ROOH) to
lipid alcohols (ROH) using GSH as a cofactor. During
this process, GSH is oxidized to glutathione disulfide
(GSSG)™. This reaction is essential for regulating
lipid homeostasis and avoiding the buildup of lipid
peroxides, which can initiate ferroptosis. In the
absence of adequate GSH levels, GPX4 activity is
compromised, leading to the accumulation of lipid
hydroperoxides and the initiation of ferroptosis®. The
regulation of GPX4 by SLC3A2 suggests thatSLC3A2
may modulate ferroptosis by influencing GPX4 activity.
This interaction presents a potential therapeutic target,
where inhibiting SLC3A2 could lead to reduced GPX4
activity, increased lipid peroxidation, and induction of
ferroptosis in HNSCC cells.

The comprehensive bioinformatics  analysis
presented in this study suggests that SLC3A2 is a
promising therapeutic target in HNSCC. By targeting
SLC3A2, it may be possible to disrupt its interaction
with GPX4 and other key regulators, thereby inducing
ferroptosis and promoting cancer cell death. This
approach could be particularly effective in
overcoming therapy resistance, as cancer cells that
evade apoptosis may still be susceptible to
ferroptosis.Furthermore, the high expression of
SLC3A2 in metastatic stages of HNSCC indicates that
targeting this gene could also inhibit metastatic
spread, providing a dual benefit of reducing primary
tumor growth and preventing metastasis. The
development of SLC3A2 inhibitors or modulators
could thus represent a novel and effective strategy for
treating HNSCC.

Conclusion

In conclusion, our bioinformatics approaches have
elucidated the critical role of SLC3A2 in regulating
ferroptosis in HNSCC. The upregulation of SLC3A2
in HNSCC tumor and its dynamic expression across
metastatic stages highlight its potential as a
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therapeutic target. Targeting SLC3A2 to induce
ferroptosis could enhance the efficacy of existing
cancer therapies, warranting further experimental
studies to validate these findings and explore
therapeutic potential.
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